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Abstract

Siliceous foams with three-dimensional mesoporous structures were synthesised and used to
prepare polyethyleneimine (PEI) and tetraethylenepentamine (TEPA)-functionalised sorbent
materials for CO. capture, with a particular focus on the performance of impregnated amine
blends versus single amine sorbent systems. Using thermal gravimetric analysis supported by
other characterisations, the obtained results demonstrated that compared to the impregnated
mono-component PEI and TEPA sorbent systems, the binary PEI-TEPA blend sorbents all
achieved significantly higher CO- capacities and faster adsorption kinetics, due to the enhanced
formation of micro-cavitieswithin the supported aminelayersthat led to reduced CO2 diffusion
resistance and increased accessibility of the aminesto CO». It was found that at 70 °C and 15%
CO2 in N2, the CO, adsorption capacity of the silica-supported PEI-TEPA (3:2) at 70 wt%
amine loading increased by 40% compared to the supported PEI at the same level of amine
impregnation, whilst the time to achieve 80% and 90% of the equilibrium adsorption capacity
was reduced by 70% and 35%, respectively. Extended cyclic adsorption-desorption tests
showed that the TEPA-blended PEI sorbents all exhibited considerably higher thermal stability
than both the supported PEI and TEPA sorbents, being indicative of the suppressed urea
formation even in the pure and dry CO> gas stream used in the desorption cycles. Calculations
indicated that compared to the silica-supported PEI sorbents, the higher adsorption capacities
achieved by the binary PEI-TEPA sorbent systems could |ead up to 10% reduction in the energy
requirement for sorbent regeneration, highlighting the suitability of using amine blending as a
facile effective strategy to promote the overall performance of polyamine-based adsorbents for

CO» separation.
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1 Introduction

Carbon capture and storage (CCS) has increasingly been recognised as a necessity, not an
option, for achieving net-zero greenhouse gas emissions without threatening global energy
security [1, 2]. Amine scrubbing is the state-of-the-art technology for post-combustion CO»



capture, which shows high capture efficiency of CO> even at very low CO. concentrations [3,
4], but a combination of itslarge capital and operating cost, high energy penalty and arange of
operational issues have proven to be the major barrier for its wide practical applications in
power plants and industries [5, 6]. Techno-economic and environmental assessment studies
suggest that CO» capture with 30 wt % aqueous MEA solvent can result in up to 80% increase
in the cost of eectricity for atypical pulverised fuel power plant [7], which can account for
70-80% of the total cost of whole CCS chain [8]. Therefore, exploration of aternative cost-
effective capture technologies has been the focus of numerous research activities, with solid
adsorbent-based capture technologies aso known as dry scrubbing showing sound promise for
significantly reduced energy penalty [6, 9]. The Mission Innovation Carbon Capture
Innovation Challenge (CCIC) report [10] highlights that revolutionary, not just incremental,
advances in cost reduction are needed, and it recommends that among various capture
technologies, adsorption-based capture shows the most promise for breakthrough cost
reductions if necessary requisites are met with the capture materials. Clearly, the development
and deployment of high performing capture materials holds the key to the success of solid
adsorbents based capture systems. Among many adsorbents currently under development,
amine functionalized solid adsorbents [11] are well recognised as being a class of adsorbents
outperforming virtually any other solid adsorbents (e.g. zeolite [12], MOFs [13] and carbon
based adsorbents [14-16] in many important aspects, such as their favourable operating
temperature windows of 50-80 °C, high CO. adsorption capacity and selectivity and fast
adsorption rate at low CO» partia pressures (<15% v/v), which arethe key requisites of capture
material s recommended by the CCIC report. It has been reported that a solid adsorbent looping
CO> capture process, which can be easily facilitated either with circulating fluidised bed or
dua fluidised bed technologies, is able to provide breakthrough energy cost reductions of 30-

50% or more compared to advanced solvent systems[17].

Instead of using aqueous solution as the carrier, amine functionalized solid adsorbents were
prepared by using porous solid substrates, usually mesoporous silica to support the amines.
Typicaly, two main methodol ogies have been used to prepare amine-based silica adsorbents,
one being the grafting method where the CO»-active amino groups are chemically bound onto
the silica support by using linker silanes [18-23] and the other being the method of wet
impregnation in which polymeric amines, often polyethyleneimines (PEIs) are physically
deposited onto the surface of the porous support, which involves firstly the preparation of the

solution of the amines followed by the removal of the solvent used once the wet impregnation



is done [24-27]. Compared to amine grafting, the impregnation technique has been more
frequently used because of its ssmplicity, lower cost and ability to upload significantly larger
guantities of aminesto facilitate higher adsorption capacities[24, 28-32]. Many different types
of amines have been used in preparing supported amine adsorbents, such as diethanolamine
(DEA) [33], Polyalylamine (PAA) [34], tetraethylenepentamine (TEPA) [35, 36] and
polyethyleneimines (PEIs) [37-41]. Among them, PEIsand TEPA are mostly investigated, due
to their high thermal stability and adsorption capacity that can be achieved at the desirable
adsorption temperatures of 5075 °C [42, 43]. TEPA-impregnated silica adsorbents benefit
from improved adsorption capacity and amine efficiency because of the lower viscosity and
higher mobility of the lower molecular mass amine but can suffer from poor thermal stability
or amine evaporation loss, which can lead to large losses in CO2 capacity in acommonly used
temperature swing adsorption (TSA) process [30, 44, 45]. In contrast, the polymeric PEIs can
maintain much longer lifetime performance due to their high thermal stability, though their
CO» adsorption rates may not be as good as those of TEPA-based sorbents because of the
higher CO; diffusion resistance in the more viscous amines [46, 47]. For post-combustion CO2
capture, the thermal stability of any adsorbentsis of paramount importance in determining the
ultimate capture performance. As a result, PEIs have been more commonly used in preparing
amine-modified adsorbents, and pilot tests at various scales have demonstrated the novel
suitability of solid-supported PEI adsorbents for CO» capture from both coal-fired and natural
gas fired power plants as well asfrom the air [43, 48].

The energy requirement for sorbent regeneration is another key performance parameter that
needs to be considered when selecting sorbent materials for CO. capture, and many
investigations have been carried out to evauate the energy requirements of CO» capture with
supported PEI adsorbents and their relationship with the working capture capacity of the
sorbent materials [49-53]. Sostrom and Krutka [51] evaluated the regeneration energy
requirement of different types of PEI adsorbents, and they found that the energy requirement
was sharply reduced from 4.3 to 2.6 GJ/tCO, when the working capacity increased from 0.652
to 1.59 mol/kg under same sorbent regeneration conditions. The investigation by Zhang et a
[53] revealed that working capacity was one of the most influential factors that impact the
regeneration energy requirement of a sorbent material, and it shows that the regeneration
energy was decreased from 2.46 to 2.18 GJ/tCO. when the working capacity increased from
1.35 to 2.03 mol/kg, which was much lower than the 3.9 GJtCO. obtained for typical MEA
systems and 3.3 GJ/tCO; for advanced MEA systems. All the above works highlighted the



importance of CO, adsorption capacity in reducing the overall energy penalty of CO- capture.
Higher adsorption capacity could reduce the mass of sorbents used for each unit of CO>
captured, which will reduce the sensible heat required to heat up and cool down the adsorbents
in atemperature swing process [50]. In addition, high adsorption capacity can also minimize
the usage of sorbent and therefore reduce the auxiliary energy requirement to circulate the

sorbent materials in the adsorption and desorption cycles.

Therefore, a key research focus has been to boost the CO, adsorption capacity of polyamine-
based sorbent materials by maximising the amine loading whilst reducing the mass transfer
limitations of adsorption [23]. One of the most important strategies that have been examined
has been the devel opment of new porous silica supportswith large pore volumes and pore sizes.
Numerous studies have found that the adsorption capacity of supported amine adsorbents
increased with pore size and total pore volume [35, 36, 41]. Amine sorbent materials prepared
using silica supports with larger pore sizes and greater pore interconnections, such as MCF
[29], KIT-6 [37] and mesoporous silica capsules (HMS) [40], were found to exhibit much
higher adsorption capacities than those prepared with SBA-15 [23], MCM-41[38] and MCM-
48 [39] asthe porous support. Efforts have been made to improve the accessibility of supported
amines to CO. and hence to reduce CO» diffusion resistance by introducing dispersants or
diffusion promoters into the bulk amines during wet impregnation. Non-amine surfactants,
such as PEG[54-59], SPAN 80[58] and CTAb[58, 60, 61] and lower molecular mass amines,
such as triethanolamine (TEA) [61], monoethanolamine (MEA) [62], diethanolamine (DEA)
[62, 63], 3-(aminopropyl)triethoxysilane (APTES) [64, 65, 66] have been investigated. Meth
et al [56] studied the effect of PEG addition on the adsorption performance of PEI (Mn ~25000)
impregnated fumed silica sorbents, and they found that the presence of PEG could improve
both the adsorption capacity and amine efficiency of the PEI sorbents due to sharply reduced
diffusiona limitations of CO> in the bulk phase of the supported PEI, with the optimal
adsorption temperature decreased from 80 °C to 50 °C before and after PEG addition. The
research by Tanthana and Chuang [59] revea ed that two types of CO, adsorption exist in PEG-
doped PEI adsorbents, including the strongly adsorbed CO; via carbamate formation and the
weakly adsorbed CO- due to the intermolecular hydrogen bond formed between the PEG and
amine groups (NH2>-O). The weak CO; adsorption due to hydrogen bonding decreased with
increasing adsorption temperature, which may account for the decrease of amine efficiency
with temperature observed by Sakwa-Novak et a [57]. In addition to PEG, other dispersing
surfactants, such as P123, F127 and Span80 were also studied [58, 60]. For instance, Wang et



al [58] found that al the sorbent materials mediated with the additives showed higher CO»
adsorption capacities than their non-mediated counterparts, with Span 80 showing the best
performance where an 26% increase in CO» capacity was obtained for the PEIl sorbents
mediated with 7 wt% SPAN 80. The findings suggest that the co-impregnation of surfactants
can enable the creation of additional CO. pathways or channels within the bulk phase of the
supported polyamines, which helps reduce the CO. diffusion resistance and improve the
accessibility of the amine groups to CO», whilst the hydroxyl groups present in some of the
surfactants examined may be able to mediate the interactions between CO. and amine groups
to enhance the CO> adsorption [59].

However, it is noteworthy that there may exist limitations for using surfactant co-impregnation
to improve the adsorption performance of supported polyamine adsorbents, because firstly it
may not necessarily be able to increase the CO; adsorption performance at practical flue gas
temperatures [57, 58]; secondly, the co-impregnation of surfactants, which are mostly
hydroscopic, can potentially increase significantly the co-adsorption of moisture and hence
increase the regeneration energy requirement [54]; and thirdly, the sorbent preparation cost can
be considerably increased as it usually involves the use of secondary organic solvents to

dissolvethe surfactants [58] or pre-treatmentsthe original sorbentse.g. ethanol extraction[61].

Some low molecular mass amines may serve the samerole but without the common issues with
the surfactants used for co-impregnation. Dao et a. [62] examined arange of different types of
low molecular weight amines (e.g. TEPA, TEA, DEA, MEA, PZ) for preparing supported
mixed amine sorbent materials by wet impregnation, and it was found that the silica sorbent
prepared with 40 wt% TEPA and 30 wt% DEA showed the highest CO- uptake of 5.91 mmol/g
at 50 °C and 1 bar CO», which was believed to be attributable to the DEA-contained hydroxyl
groups that can improve the mobility of the amines whilst aso stabilize the carbamate anion
through hydrogen bonding. However, despite the synergistic effect observed, the supported
low molecular weight amines blend sorbents may have lifetime performance issues due to the
potential significant evaporation losses that may occur at relatively high adsorption and
desorption temperatures, although no cyclic adsorption-desorption tests were performed in the
investigation by Dao et al [62]. Fauth et a. [66] found that the silica-supported PEI sorbents
mediated with 3-(aminopropyl)triethoxysilane all showed higher capacities and amine
efficiencies with excellent cyclic performances than the non-mediated ones at different CO»
partial pressures, highlighting the suitability of using relatively lower molecular mass amines

to mediate the polymeric PEl-based CO, capture materials. To date, the magority of



investigations on supported polyaminesfor CO2 capture have been focused on devel oping more
porous support materials as a means to maximise the amine loading, whereas investigations
into effective amine blending strategies, which can be used to improve the mobility and
accessibility of supported viscous polymeric amines during CO; adsorption, have been very
limited to date. In this study, a series of mesocellular siliceous foam (MCF) materials with
different pore sizes were synthesized and used as the support to prepare supported PEI blend
capture materials, and TEPA instead of surfactants or other low molecular weight amines was
used as the substitute of promotor to prepare the blended PEI adsorbents. Based on the
performance data of the new adsorbent materials, the energy performance of the materials for
CO- capture with circulating fluidised bed were assessed.

2 Experimental

2.1 preparation of MCF silica and amine-modified silica adsor bents

In this research, al chemicals were obtained from Sigma-Aldrich, including Pluronic P123
(EO20-PO70-EO20, MWa = 5800), HClI (37%), 1,3,5-trimethylbenzene (TMB), tetraethyl
orthosilicate (TEOS, 99.999%), ammonium fluoride (NH4F, 99.99%), TEPA and branched PEI
with an average molecular weight of 600. The mesoporous cellular silica foam with 3D
interconnected pore structures were prepared via the microemulsion templating method as
reported by Schmidt-Winkel [67]. Inatypical process, 8g of Pluronic P123 and 20.1ml of 37wt%
HCI were mixed with 130 ml deionized water at 40 °C. After P123 was completely dissolved,
acalculated amount of TMB as the pore-expanding agent was added to the solution. Following
2 hours of stirring at 40°C, 18.4 ml of TEOS were added to the mixture and the resultant
solution was then kept at 40 °C for 20 hours. Then 92 mg of NH4F was dissolved in 10g of
water and added to the solution before it was left to ageing at selected different temperatures
for 24 hours. The white precipitate formed was then separated by centrifuging and dried in
atmospheric conditions. The dried precipitate was then calcined at 550 °C for 8 hours in air.
For easy comparison, the samples prepared with afixed TMB/P123 ratio of 1:1 at the different
aging temperatures of 100, 120 and 160 °C were labelled asMS-1, MS-2, MS-3, respectively.
The sample prepared with a TMB to P123 ratio of 1:3 at 100 °C was labelled as M S-4.

To prepare the amine functionalized MCF adsorbent materials, a typical facile wet
impregnation method was used. For a given target level of amine loading, calculated amounts
of PEI, TEPA or binary TEPA-PEI mixtures were first dissolved into 10 ml water under

constant stirring conditions, and the corresponding amount of M CF silica was then added into



the agueous amine solution. After overnight stirring, the aqueous mixture was then dried at

40 °C in avacuum oven for 24 hours to obtain the supported amine sorbent materials.

2.2 Characterization of MCF materials

The textura properties of the MCF materias synthesised were characterized by using N>
sorption isotherms at 77 K with aMicrometrics ASAP 2420 instrument. In each measurement,
the sampleswerefirst degassed at 120 °C for 16 hrs before the measurement. Surface areawas
calculated by using the Brunauer-Emmett-Teller (BET) method, while the Barrett, Joyner, and
Haenda (BJH) method was used to determine the pore size and window size. The whole range
pore size distribution was determined by the density functional theory (DFT) method.

A JEOL 7100F Field Emission Gun Scanning Electron Microscope (FEG-SEM) (JEOL USA,
Inc.) was used to study the morphology of the MCF samples. Fourier-transform infrared
spectroscopy (FTIR) analysis was performed using a Bruker Tensor-27 FT-IR Spectrometer.
The spectra were recorded in the 4000-400 cm? region.

2.3 Characterization of amine-modified M CF adsor bents

The CO> adsorption performance of amine modified MCF adsorbents was characterised by
using a thermogravimetric analyser (TGA Q-500) in a simulated flue gas stream containing15%
CO2 in N2. For each adsorption test, about 15 mg adsorbent was first dried at 110 °Cin aflow
of nitrogen (100 ml/min) for 30 min, and the adsorbents was then cooled down to 70 °C for
CO> adsorption with the gas switched to 15% COz in N2 at aflow rate of 200 ml/min. In order
to investigate the stability and regenerability of MCF-supported amine sorbents, cyclic
adsorption-desorption test of selected samples was aso conducted. In each cycle, the sample
was first kept at 70 °C in simulated flue gas for 10 min for adsorption, and then the adsorbent
was heated up to 100 °C and kept at this temperature for desorption for 10 min with the gas

switched to N2 before it was alowed to cool down to 70 °C to start another cycle.



3 Results and Discussions

3.1 Textural properties of mesoporoussilica support
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Figure 1 Nitrogen adsorption isotherms and pore size distribution (PSDs) of MCF
prepared under different conditions

Figure 1 shows the nitrogen adsorption-desorption isotherms and pore size distributions of the
porous MCF samples synthesized under different conditions. It can be seen that al MCF
samples had typical type IV isothermswith narrow type H1 hysteresisloopsin the high relative
pressures (P/Po) region, which is characteristic of mesoporous materials with large accessible
mesopores of high pore size uniformity and pore connectivity [68]. It is evident that with
increasing TMB/P123 mass ratio (Fig. 1a) or aging temperature (Fig. 1b), the sorption
hysteresis loop became narrowed and shifted towards higher relative pressure regions with
increasing amount of nitrogen being adsorbed, indicating the formation of larger and/or
increasingly more ordered mesopores or even macropores. The results show that compared to
the TMB/P123 ratio, the aging temperature appearsto have alarger impact on the pore structure
of the MCF materials synthesised. As shown in Fig. 1b, a dight increase in the aging
temperature from 120 to 160 °C led to the formation of significantly larger meso or even
macropores with wide pore size distributions, whereas no significant changes in pore size
distributions were observed as the TMB/P123 ratio was increased from 1 to 3. This suggests
that though higher TMB concentrations and aging temperatures both can enhance silica
condensation as a result of accelerated hydrolysis of TEOS, aging temperature plays a more
important role in the aggregation of smaller silicamicellesto form larger particles, giving rise

to wider pore size distributions with less ordered pore structures.



Table 1 Specific Surface Areas and Pore Structure Parameter s of the M CF samples

BET Surface PoreSize Window Size Vwmeso Viotal (cm¥g)

Area (m?/g) (nm) (nm) (cm3/g)
MS1 492 19.8 13.0 2.04 2.08
MS-2 360 25.7 19.2 1.94 2.02
MS-3 294 33.6 25.1 1.96 2.26
MS4 487 234 151 2.30 2.40

Table 1 summarizes the surface textural properties of the MCF samples derived from nitrogen
sorption isotherms. As expected, the surface area decreased astotal pore volumeincreased, due
to the formation of larger pores with larger pore window sizes with increasing aging
temperature and TMB/P123 ratio. An increase in the aging temperature from 100 to 160 °C
was found to lead to a sharp decrease in the surface area of the MCF materials from 492 to 294
m?/g while the total pore volume of the materials was increased from 2.08 to 2.26 cm/g.
Similar but more moderate trend was observed when TMB/P123 ratio was increased from 1 to
3. Clearly, compared to the TMB/P123 ratio, the aging temperature seems to play a
significantly greater role in the formation of larger pores. For instance, as shown in Table 1,
the pore diameter and pore window size of the MCF sample synthesised with a TMB/P123
ratio of 1 was significantly expanded from 19.8 to 33.6 nm and 13.0 to 25.1 nm, respectively
asthe aging temperature increased from 100 to 160 °C. Thishighlightsthe novel pore expanding
effects of aging temperature.

Figure 2 shows the morphologies of MCF samples prepared under different conditions. MS-1
prepared at 100 °C and TMB/P123 ratio of 1 exhibit amost uniform spherical morphology.
When increasing the aging temperature from 100 to 160 °C, the spherical silica particles with
reduced size tend to assemble into larger particular aggregates. In contrast, aggregation did not
occur by changing TMB/P123 ratio but a transformation from spherical to large €llipsoidal
particles was evident with increasing TMB/P123 ratio from 1 to 3 at 100 °C. The SEM imaging
of the MCF particles at high magnifications reveals that all silica samples have 3D-
interconnected open polygonal networks framed by silica struts (Figure S1), highlighting the
typical characteristic structural feature of the MCFs.
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Figure 2 Morphology of the M CFs synthesized under different preparation conditions

3.2 CO2 adsor ption performance
3.2.1 CO2 adsor ption performance of PEI/TEPA modified MCF materials
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Figure 3 Adsorption performance of TEPA and PEI individually modified MCF
adsorbents and itsrelationship with the surface textural properties of the M CF supports
a, b: CO2 uptake of amine modified MCFs at 70 °C and 15% CO:2 in N2; ¢, d: the
relationship between CO:2 adsor ption capacity and total pore volume, poreand window
size of MCF supports.

Figure 3(a, b) shows the CO> uptake of the MCF sorbent materials prepared with different

loading levels of individual PEI and TEPA. The CO adsorption capacity was measured at 70
°C in 15% CO- balanced with N>. It can be seen that all the amine modified M CF adsorbents
showed increased CO; capacity with increasing levels of amine loading but significant
variations in CO» uptake are evident, which appears to be determined by the surface textura

properties of the silica support used. At a PEI loading level of 70 wt%, MS-1 gave rise to the
highest adsorption capacity of 3.60 mmol/g, followed by MS-4 that yielded a capacity of 3.31
mmol/g. However, at a lower PEI loading level of 60 wt% g, the highest CO, adsorption
capacity of 3.25 mmol/g, was obtained for MS-4 prepared with the highest PMB/P123 ratio of
3 but at the lowest aging temperature of just 100 °C. In comparison with PEI, the impregnation
of TEPA was found to lead to generaly higher CO» uptakes for al the MCF materials at the
same loading levels, as shown in Figure 3b. At a TEPA loading level of 70 wt%, the MCF
sample M S-4 achieved the highest CO, adsorption capacity of 4.73 mmol/g among all the MCF
samples, which was over 30% higher than the highest capacity of 3.60 mmol/g achieved by the
M CF-supported PEI sorbents. The higher CO» adsorption capacity obtained for the supported
TEPA sorbents is clearly due to the considerably higher content of primary and secondary
amino groups present in TEPA compared to the branched PEIs that also contain significant
guantities of tertiary amine moieties, which could represent up to 20-35% of total amino groups
in PEI depending on the branchedness of different PEIs. The tertiary amine groups present in
the PEls are generally unreactive towards CO. under dry conditions, as their reactions with

CO: require the essential participation of water [44]. In addition, the higher CO. uptake



observed for the supported TEPA might also benefit from the lower viscosity and molecular
mass of TEPA, which can give rise to higher molecular mobility and the accessibility of the
amine groups for improved CO> adsorption performance [30]. A comparison with similar
previous investigations as shown in Table 2 shows that the CO> uptake is significantly higher
than those of many, if not al, of the best-performing supported PEI and TEPA adsorbent

materials.

The results also reveal that for both TEPA and PEI impregnation, there appears to exist an
optima or maximum amine loading level, which varied considerably for different MCF
materials examined because of their different textural properties. It was found that beyond the
optimal level, further increase in amine loading could only lead to margina or negligible
increases in CO» uptake for most of the MCF samples (e.g. MS-4 for PEI and MS-1 for TEPA
impregnation) whilst for some MCF samples (e.g. MS-3 for PEI and TEPA impregnation), it
could cause sharp decreases in CO» capacity, and this highlights the effect of the textural
properties of MCF materials on their performance for amine impregnation. The findings are
consistent with previous studies on TEPA or PEI impregnation [62, 70].

Table 2 Comparisons of the perfor mance of amine-I mpr egnated mesoporous silica
CO: partia pressure  CO> adsorption capacity Ref

Support  Aminetype

(bar) (mmol/g)
MS-1 PEI 0.15 3.60 Thiswork
MS-4 TEPA 0.15 4.73 Thiswork
MCM-41 PEI 0.15 297 [26]
MCM-41 PEI 0.15 2.02 [55]
SBA-15 PEI 0.15 3.18 [24]
SBA-15 PEI 0.15 2.40 [69]
KIT-6 PEI 0.15 1.95 [41]
KIT-6 ,PEI 1 3.06 [71]
MCF PEI 0.15 4.10 [29]
MCF PEI 0.15 3.45 [72]
MCF PEI 0.15 3.10 [42]
KIT-6 TEPA 0.10 3.20 [73]
SBA-15 TEPA 1 3.93 [74]
MCM-41 TEPA 0.15 2.45 [62]
MCF TEPA 0.1 4.56 [36]
MCF TEPA 1 4.50 [75]

Figure 3 (c, d) show the variation of CO; uptake as a function of the textural properties of the
MCF materias. It is evident that the adsorption performance of the supported amines was
determined by both the type of the amines for impregnation and the textural properties of the

MCF supports. At an amine impregnation level of 60 wt%, as shown in Fig. 3c, a linear



relationship was obtained between the CO, uptake of the supported PEI and the total pore
volume of the MCF support materials, which agrees well with previous investigations [29, 49,
72, 76]. For TEPA impregnation, however, there appeared to exist an optimal or maximum
pore volume beyond which further increases in pore volume was found to cause sharp
decreases in CO. uptake, which is consistent with the observation that most of the MCF-
supported TEPA sorbents became pasty when the TEPA content reached 70 wt%. It isgenerally
believed that the larger the pore volume that a porous support can have, the more amines can
be accommodated and hence higher CO> uptake can be achieved [49, 72, 75]. While this
presumption could be generaly applicable to the impregnation of higher molecular mass
amines despite the potentially deceased amine efficiencies, it may not necessarily hold in the
case of the impregnation of low molecular mass amines (e.g. TEPA and other lower molecular
weight amines). Based on the above results, it can be reasonably inferred that for impregnation
of low molecular mass amines, too large a pore size or volume, which are usually at a large
cost of supporting surface areas (Table 1), can lead to the formation of ponding amines or
emergence of amine ponding effect due to excessive accumulation of unsupported amines,
giving riseto dramatically reduced overall accessibility of the amines and hence decreased CO»

capacity with increasing impregnation levels of lower molecular amines.

Meanwhile, correlation analyses reveal ed that the CO» uptake of the supported PEIs decreased
linearly with increasing pore size and pore window size of the MCF supports (Fig. 3d) when
impregnated with 70 wt% PEI, indicating the deceased accessibility of the supported amines
as the amine layer was destined to become thicker with increase in the pore/window size at a
cost of the surface area (Table 1). However, no evident relationship was found at 60wt% PEI
and for TEPA, both at 60 and 70 wt% loading levels. This suggests that the importance of the
pore/window size of a given porous support in determining the CO capacity or amine
efficiency of its supported amines can vary significantly with the type of amines for

impregnation and the levels of amine loading.
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Figure 4 CO2 adsor ption kinetics of MCF-supported TEPA and PEI adsorbents
a, b: TGA adsorption profilesat 70 °C and 15% COz2in Nz; c-d: timeto achieve 80% and
90% of the equilibrium adsor ption capacity

Figure 4 shows the CO; adsorption kinetics and the times taken to reach 80% and 90% of
equilibrium adsorption capacity for different M CF-supported sorbent materias. It can be seen
from Figure 4(a, b) that the CO, adsorption on amine-modified M CF samples appearsto follow
a two-stage process. a sharp linear CO» uptake within the first few minutes of adsorption,
followed by a slow adsorption process where the sorbent materials could only achieve
marginal increasesin CO. uptake over a prolonged period of adsorption, the latter being more
indicative of the changing CO: diffusion resistance within the phase of supported amines



during CO: adsorption [77, 78]. As the amount of CO» adsorbed by the amine increased, the
viscosity or density of the supported amine phase aso increased due to the formation of salt
bridges and/or hydrogen bonded networks of amine-CO, zwitterions or carbamates, resulting
in increased CO; diffusion resistance [ 79-81]. The adsorption kinetics were further evaluated
by comparing the times taken to achieve 80% (tso) and 90% (tgo) of the equilibrium adsorption
capacity for different sorbent materias, as shown in Figure 4 (c-f). It can be seen that the tso
and too both varied not only with different silica supports but also with the type and loading
level of the amines used for impregnation. It was found that the PEI and TEPA sorbents
prepared with the M S-3 support, which had the largest pore size and lowest surface area (Table
1), showed the longest tgo and teo, highlighting the high CO: diffusion resistance arising from
the greatly increased thickness or reduced accessibility of the amine layer as aresult of the low
surface area of this porous support. In general, al the supported-TEPA sorbents were found to
exhibit significantly faster CO. adsorption rates, as shown by their tgo and too Which were up to
4 times shorter than those of the supported PEI sorbents in the same conditions, as shown in
Fig. 4(c-f). Thisis clearly due to the higher content and lower steric hindrance of the primary
and secondary amine groupsin the supported TEPA molecules, compared to the PEI molecules.
In addition, the amount of amine impregnated is another important factor affecting the CO>
adsorption kinetics. It can be seen that all the MCF-supported PEI and TEPA sorbents were
able to quickly achieve 80% of the equilibrium CO- capacity in 1-5 minutes but it could take
up to 25 min for the sorbents to reach 90% of equilibrium capacity particularly at high amine
impregnation levels, indicating the increasing mass transfer resistance as more CO; is adsorbed

and the CO. molecules migrated deeper into the amine layer.

When the adsorption capacity and kinetics are both taken into account, the porous silica, MS-
1, which hasthe largest surface area of 492 m?/g with the smallest pore size (19.8 nm) and pore
window size (13.0 nm) appears to be the best performing support for TEPA impregnation,
whereas MS-1, which has adlightly lower surface area but with larger pore size (23.4 nm) and
window size (15.1 nm) than MS-4, isinstead the most favourable for supporting the polymeric
PEI.



3.2.2 CO2 adsor ption performance of blended amines modified MCF materials
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Figure 5 CO2 adsorption performance of binary amine (PEI-TEPA) modified MCF
adsorbentsat 15% COzin N2and an adsor ption temperature of 75 °C.

(a) adsorption capacity of the supported binary TEPA/PEI sorbents with different
relative TEPA content (total amineloading 70 wt%); (b-c): adsor ption profilesfor TEPA,
PEI and binary PEI/TEPA sorbents; (d): the relationship between the CO2 adsor ption
capacity and the pore volume and size of the silica support

The results above demonstrate that TEPA with low viscosity and good mobility exhibited
significantly better performance than PEI, in terms of both the adsorption capacity and kinetics.
However, the relatively low boiling point of TEPA may pose a challenge to its robustness and
longevity in practical applications. In this study, we examined the suitability of using TEPA to
improve the overall performance of PEI-based sorbents for CO. capture, with an expectation
that the two amines would complement each other in the binary sorbent system. Figure 5
displays the CO. adsorption performance of the MCF-supported binary amine sorbent
materials. It can be seen that that at a 70 wt% loading level of the amine mixture, the binary
amine adsorbents al achieved significantly higher CO. uptakes than the supported PEI, with



CO» adsorption capacity increasing amost linearly with increase in the relative content of
TEPA in the binary mixture. As shown in Fig. 5a, the MS-1 supported binary amine mixture
showed the best performance and the CO- capacity reached 4.03 mmol/g at a PEI/TEPA mass
ratio of 3:2, which was 12% higher than that of the supported PEI (3.60 mmol/g) and represents
one of the highest reported so far under similar conditions (Table 2). The largest improvement,
however, was observed for the binary amine modified MS-3 where the CO> capacity increased
by 40% to 3.37 mmol/g for 20% TEPA co-impregnation (PEI/TEPA = 4:1), and by 45% to
3.46 mmol/g when the impregnation was increased to 40% (PEI/TEPA = 3:2), respectively,
compared to the 2.40 mmol/g obtained for the PEI at the same loading level.
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Figure 6 CO2 adsor ption kinetics of M CF-supported binary amine sor bents at 70 °C and
15% COzin N2

(a, b): Timesto achieve 80% and 90% of equilibrium adsor ption capacity; (c, d): effect
of pore size of the silica supports on tso (c) and teo (d) of the supported binary amine
sorbents. (e): variation of tso with the relative content of TEPA in comparison with tso
and teo

Figure 6 shows the CO. adsorption kinetics of the binary amine modified MCF adsorbents.
The times to achieve 80 and 90% of equilibrium CO, adsorption capacity (tso and too) were
used to characterise the CO. adsorption kinetics of the amine sorbent materials prepared. As
can be see, dl the TEPA-blended PEI sorbents exhibited faster CO. adsorption than the mono-
component PEI sorbent system and the improvement in adsorption kinetics increased with
increasing levels of TEPA co-impregnation, as shown by the decrease both in teg and in tgo in
particular. For instance, as shown in Fig. 6d, compared to the tgo of the supported PEI (2.80
min), the time to achieve 80% of equilibrium capacity was shortened to just 1.12 min for the
MS-1-supported PEI with 20 % TEPA (PEI/TEPA at 4:1 by mass) and to 1.19 min when the
TEPA content was increased to 40 % (PEI/TEPA at 3:2), which were both close to the shortest
tgo of 1.02 min obtained for the supported TEPA. This represents more than 50% reduction in
thetime required to reach 80% of equilibrium capacity for the binary amine sorbents, compared
to the PEI sorbents at the samelevel of amineloading (tso= 2.80 min). The largest improvement
in adsorption kinetics, however, was obtained for the MS-4 supported PEI/40 wt% TEPA
mixture where the time to achieve 80% of equilibrium capacity decreased by ca. 70% to just
1.47 min, compared to the 4.44 min obtained for the MS-4 supported PEI at the same amine
loading of 70 wt% (4.44 min). Similarly, thetgeo of all the supported binary amine sorbents was
also found to decrease greatly with increasing relative TEPA content (Fig. 6b), though decrease

was not as much as that observed for tgo (Fig. 6a). For example, the teo was reduced by 35% for



the MS-1 supported PEI/TEPA (3:2) (9.05 min) and 37% for the MS-3 supported PEI-TEPA
(4:1), compared to their corresponding PEI counterparts.

Figure 6(c, d) shows the variation of tgo and teo With the pore size of the M CF supports. For al
the amine sorbents prepared, the tgo and tgo were both found to increase linearly with increase
in the pore size of the MCF silica supports, indicating the increasingly faster CO. adsorption
or reduced migration or diffusion resistance within the supported amines, due to the increased
thickness of the supported amine layer as aresult of the decreased surface areawith increasing
pore size of the support. However, it isimportant to note that both the tso and tgo and their rate
of increase with pore size were found to be much lower for the binary amine mixtures than for
the PEI acrossthe whole range of pore sizesexamined. This suggeststhat the blending of TEPA
into the polymeric PEI during impregnation dramatically increased the accessibility or reduced
the mass transfer resistance of the supported PEI for CO. adsorption, particularly for the silica
supportswith larger pore sizeswhere the layer of supported PEI tendsto be thicker dueto their
reduced surface areas. Previous studies have demonstrated that micro-cavities of varying sizes
can be formed at varying scales within the impregnated bulk phase of PEI layers, leading to
the decreased diffusion resistance for CO, migration whereas the formation of micro-cavities
is less significant for impregnated low molecular mass amines [29, 32]. Compared to the
impregnated mono-component PEI sorbent system, the faster adsorption rates (Fig. 6(a,b)) and
higher CO» capacities (Fig. 5) obtained for the binary PEI/TEPA sorbents suggest that the co-
impregnation of TEPA with the polymeric PEI appears to be able to significantly enhance the
formation of micro-cavities within the bulk phase of the supported amine layers, because of

the reduced viscosity and hence increased thermal mobility of the supported amine layer.

Fig. 6e showsthe timesto achieve 30% of equilibrium capacity (tzo) in comparison with tgy and
too for the amine sorbent materials. Surprisingly, it was found that the PEI had a considerably
shorter t3o than TEPA whilst the tzo of the binary PEI-TEPA sorbents increased with increasing
content of TEPA, being in contrast to the trends observed for the tgo and tgo. This means that
both the PEI and its binary blends with TEPA all achieved faster adsorption kinetics than the
TEPA sorbent during the early stages of CO. adsorption, despite their intrinsicaly lower
abundances of primary and secondary amino-functional groups as shown by the FTIR spectra
in Fig. Sifor the TEPA, PEI and binary amine modified adsorbents. This highlights the higher
initial accessibility of the amine functiona groups or lower mass transfer resistance of COz in
both the PEI and its blends with TEPA, indicating the presence of higher levels of micro-
cavities and channels for CO- diffusion in the silica-supported PEI and PEI/TEPA than in the



TEPA sorbents. However, it appears that the size of the micro-cavities decreased dlightly with
increasing content of TEPA in the binary sorbents as indicated by the increased t3o (Fig. 6€),
presumably due to the enhanced formation of smaller micro-cavities as a result of the co-
impregnation, giving riseto increased masstransfer resistance during early stages of adsorption.
Neverthel ess, the formation of smaller micro-cavities or channels appeared to lead to increased
adsorption capacity with faster adsorption kinetics during later stages of CO, adsorption, as
shown in Fig. 5(a,b) and Fig. 6(a,b), due to the increased exposure or dispersion of the amines
a finer scales and as the adsorption became less diffusion-controlled after early stages of
adsorption.
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Figure 7 therelationship between regeneration energy and working capacity

The regeneration heat of adsorbent iscritical in determining the CO» capture cost and therefore
has been considered as the most important criteria to evaluate the economic performance of a
commercia scale CO> capture plant. Our results demonstrate that the blending of TEPA as a
substitute for COo-inactive surfactants or dispersants can greatly improve the overal
performance of PEI-based adsorbent materials for CO» capture in terms of both the adsorption
capacity and adsorption kinetics, leading to increased process efficiency and reduced energy
penalty according to previousinvestigations[53, 82]. Based on atemperature-swing adsorption
process with circulating fluidised bed technology for CO» capture [83] and using the
methodologies reported previously (Supplementary material), the energy requirement of

sorbent regeneration, which represents the major part of the energy penalty of CO> capture,



was assessed for the TEPA-blended PEI sorbent materials in comparison with the mono-
component PEI sorbent system, and the results are shown in Figure 7. It can be found that the
regeneration energy requirement decreased greatly with increase in the adsorption capacity.
Depending on the content of the PElI impregnated, the regeneration energy of the MCF-
supported mono-component PEI adsorbents varied from 1.93 to 2.09 GJit COy, which is
approximately only half of the energy requirement of atypical MEA system (3.9 GJtCO) [53].
Compared to the PEI adsorbents, a further up to 10% decrease in regeneration energy
requirement could be obtained for the TEPA-blended PEI adsorbent materials, due to the
improvements in both the adsorption capacity and adsorption kinetics, which together led to
higher working capacities.

3.2.3 Cyclic performancetesting of amine-modified M CF adsor bents
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Figure 8 Cyclic adsorption—desorption profiles of selected amine modified MCF
adsorbents at70 wt% amineloading in simulated flue gaswith a CO2 partial pressure of
15% CO2z in N2. (@): cyclic adsorption-desorption profiles in TGA conditions; (b):
variation of normalized adsorption capacities with adsorption-desorption cycles,
adsor ption temperature: 70 °C; desor ption temperature: 100 °C.

In practical applications, in addition to high CO, adsorption capacity, the regenerability and
cyclic stability of CO, adsorbents, which determines their life-time performance, are also of
vital importance. Therefore, which showed the best performance were selected for cyclic
adsorption-desorption tests under simulated flue gas condition by temperature swing process.
Figure 8 shows the cyclic adsorption-desorption performance for the selected best-performing
PEI, TEPA and binary amine adsorbent materias. It can be found that during the 50 cycles of
adsorption-desorption tests, both the PEI and the PEI-TEPA binary amine adsorbents exhibited
significantly higher cyclic stability than the mono-component TEPA sorbent system, which
showed a steady decrease with increase in the number of adsorption-desorption cycles. To

better reveal the cyclic performance of the sorbents for CO, adsorption, Fig. 8b shows the



variation of normalized CO, adsorption capacities with the number of adsorption cycles. The
normalised CO, capacity was defined as the ratio between the cyclic CO> capacity (Cn)
achieved by an adsorbent material in a specific cycle to the initial CO> capacity (Co) of the
adsorbent. As shown in Fig. 8b, the PEI-TEPA binary amine sorbent surprisingly exhibited
higher as opposed to lower thermal stability or cyclic performance than the supported PEI
sorbent, despite the higher thermal volatility of the TEPA co-impregnated. The CO; capacity
of the PEI-TEPA sorbent decreased sightly by atotal of only 3.4% from 3.24 to 3.13 mmol/g
over the 50 cycles test, being lower the 3.8% loss observed for the PEI sorbent (from 2.90 to
2.79 mmol/g). As expected, the mono-component TEPA sorbent appeared to be theleast stable,
where thelossesin CO» capacity were found to accel erate significantly with increasing number
of adsorption cycles particularly after the first 30 cycles of the test, as shown in Fig.8b. It is
generdly believed that the loss in CO> capacity of amine-based sorbent systems arises from
the evaporation loss of impregnated amines typically due to the presence of lower boiling
amine components present as impurities in the amine for impregnation [29] and from the
thermal and/or oxidative degradation of the amines over time [84]. The small but sharp losses
in CO» capacity observed inthefirst few cyclesfor all the amine sorbents prepared were clearly
because of the evaporation loss of the lower boiling amine impurities present in the PEI and
TEPA for impregnation, whereas the losses in CO capacity in following cycles were
attributable mainly to the irreversible urea formation particularly at the higher temperatures
used for desorption. In addition, the cyclic adsorption-desorption performance for selected
adsorbents in extreme case using pure CO> as stripping gas was also carried out. As shown in
Figure S2, similar to the results obtained by using nitrogen as stripping gas, both the PEI and
the PEI-TEPA binary amine adsorbents exhibited significantly higher stability than the TEPA
sorbent system during the 50 cycles of adsorption-desorption tests. However, due to extreme
desorption condition used, the adsorption capacity obtained wasrelatively low. Inreality, steam
or steam-CO. mixturein place of pure CO> was practically used in regeneration process, much
higher adsorption capacity can be achieved [85]. Though further investigations may be needed,
the much lower losses observed for the binary PEI-TEPA than for the TEPA sorbent suggest
that the co-impregnation of PEI and TEPA greatly suppressed the urea formation, presumably
due to the induced dilution of primary amine functionalities, which are most liable to urea
formation [84, 86], and the formation of micro-cavities at finer scales that can effectively
reduce the resistance of CO> diffusion into and out of the supported binary amine layers during

the adsorption and high temperature desorption cycles [32].



4 Conclusions

A range of three-dimensional porous silica materials with interconnected pore structures have
been synthesised and used to prepare supported binary PEI-TEPA adsorbent materials for CO»
capture in comparison with the mono-component PEI and TEPA sorbent systems. While all
the prepared materials exhibited high performance for CO. adsorption, the binary PEI-TEPA
sorbents showed the best performance, as highly characterised by the dramatically increased
CO- capacity and adsorption kinetics compared to the mono-component PEI and TEPA sorbent
systems. The characterisations demonstrate that the CO. adsorption capacity and adsorption
kinetics both increased with increase in the relative content of TEPA in the binary sorbent
system. At atotal amine loading level of 70 wt%, the CO- capacity of the best-performing PEI
sorbent with 40 wt% TEPA co-impregnated were found to be 45% higher than those of the
mono-component PEI sorbent system, while the times to achieve 80 and 90% of equilibrium
capacity was decreased by 70% and 35%, respectively. However, the co-impregnation of PEI
and TEPA was found to lead to decreased adsorption kinetics at the initial stages of CO>
adsorption, though the decrease was insignificant. Cyclic adsorption-desorption tests confirm
that all binary PEI-TEPA sorbents exhibited higher cyclic stability particularly if compared to
the mono-component TEPA sorbent systems. The cyclic testing results al so tend to suggest that
the co-impregnation can greatly suppress irreversible urea formation during CO. adsorption
and desorption cycles, presumably dueto the induced dilution of primary amine functionalities
and enhanced formation of micro-cavities at finer scales within the supported binary amine

layers.
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