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ABSTRACT 

Biomethane, produced by biogas upgrading, is a promising energy source that can play a key role towards 

net-zero emissions targets. The incorporation of amine functionalities into adsorbents for biogas upgrading 

can facilitate the selective adsorption of CO2, but their effect has not been comprehensively studied within 

the context of CH4 mixtures. In this work, the effectiveness of amine functionalities in selectively separating 

CO2 from biogas, is investigated. Primary, diamine, and triamine organo-silanes grafted at various loadings 

on SBA-15 were used to study the adsorption mechanisms associated with amine functionalities for CO2:CH4 

gas mixtures. The successful incorporation of amines was confirmed with thermogravimetric analysis (TGA), 

Fourier Transform Infrared (FTIR), and elemental analysis (EA). The different amine reagents and loadings 

resulted in an alteration of adsorption mechanism that provided key information on the developing relationship 

between adsorption capacity, selectivity, and energy efficiency. Diamine with an amine loading of 2.5 mmol/g 

and a moderate silane coverage of 1.54 molecules/nm2 was found to provide the best balance of an enhanced 

CO2 adsorption capacity (1.12 mmol/g), a superior selectivity to densely grafted primary amines, and the 

lowest isosteric heat of adsorption of ~25 kJ/mol at 1.12 mmol/g compared to ~41 kJ/mol for primary and 

triamine materials. Amongst all the samples, a lower amine loading on the bare adsorbent enhanced CO2 

adsorption capacity and selectivity while minimising the heat duty associated with adsorbent regeneration. 

Moreover, under isothermal desorption conditions at 25 °C, some samples achieved working capacities 

comparable to higher amine loaded materials. 
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1. Introduction 

Atmospheric carbon dioxide (CO2) concentrations reached a record high in 2020, with global averages 

reaching 414 ppm, being largely responsible for a global warming of ~ 1 °C[1]. To minimise severe 

consequences of climate change,  it has become necessary to limit the extent of global warming to 1.5 °C 

from pre-industrial times by 2100, which would require meeting a net-zero emissions target by 2050[2,3]. 

Energy from fossil fuels continues to be the primary source of worldwide usage, but as a major contributor to 

greenhouse gases, has diverted research towards alternatives such as biogas[4]. Biogas, depending on the 

feedstock and upstream process, is a renewable energy source that can potentially be carbon neutral. Biogas 

is produced through anaerobic digestion, is primarily made up of CH4 and CO2, and is produced through 

processes that provide much lower lifecycle CO2 footprints compared to fossil fuels[5,6]. This qualifies biogas 

as a feasible source of energy towards the UK’s net-zero target. Moreover, upgrading biogas to biomethane 

for an increased calorific value while producing a high-purity CO2 tail gas for storage can drive this initiative 

towards a negative-emissions energy source[7].  

Amine scrubbing is a well-proven carbon capture technology that selectively absorbs CO2. However, the 

energy demand for regeneration is high which leads to a large energy penalty[8,9]. An alternative to scrubbing 

that potentially imposes lower energy demand for regeneration is swing adsorption technology. Swing 

adsorption processes utilise solid adsorbents and come with the added benefit of flexibility in process 

arrangements allowing for a wide range of operating conditions for a diverse set of applications[10–12]. The 

favourable characteristics of amine scrubbing and swing adsorption can be combined through amine 

functionalisation of a variety of sorbent materials, although each material presents its own challenges and 

sensitivity to moisture, some examples include activated carbon[13] (AC), zeolites[14], mesoporous silica[15], 

and polymers[16,17]. The incorporation of amines into solid adsorbents can be carried out in a variety of 

methods, including grafting, impregnation, or in-situ doping, with various studies aiming to maximise the 

capacity of adsorbents through amine functionalisation utilising a wet-impregnation method on mesoporous 

silica such as MCM-41. This material has a high pore volume and can load up to 70 wt.% of polyethyleneimine 

(PEI) or tetraethylenepentamine (TEPA), with an optimal value of 50%-60% to minimise diffusional 

resistance[18–20]. Amine impregnation has been shown to enhance capacity and selectivity at low pressures, 

and due to the dominating effects of chemisorption at low CO2 partial pressures, has been investigated for 

applications in flue gas treatment[21–23]. However, as the amine loading increases the required regeneration 
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temperature, the cyclability of these adsorbents is limited due to leaching. This is primarily caused by the 

absence of bonds between amine groups and the adsorbent surface[22,24,25]. In comparison, grafted amino 

organosilanes on mesoporous silicas form a covalent bond with the surface allowing for better cyclability. 

However, the maximum capacity is limited by the accessible surface silanols for amino-silane bond 

formations[26,27]. Whether by impregnation[18,19,28] or grafting[25,28–31] , many studies target high amine 

coverage to maximise adsorption capacity. These studies are mainly applied for post-combustion conditions, 

where the performance under CO2/N2 gas mixtures or in the presence of typical flue gas components is 

explored[22,23,30,32]. Hiyoshi et al.[24] studied SBA-15 with a range of surface functionalities on the 

adsorption of CO2 in CO2/N2 mixtures. However, they focused on adsorption temperatures of 60°C and limited 

the CO2 pressure to 15 kPa, conditions specific to flue gas. Alkhabbaz et al.[33] used calorimetry to 

understand the entropic and enthalpic contributions to the heats of adsorption of SBA-15 functionalised with 

3-aminopropyltrimethoxysilane (APS) and several secondary amine structures. They deduced the 

importance of entropic factors in adsorbent CO2 capture efficiency and showed the superiority of primary 

amines compared to secondary amines in achieving high CO2 uptakes at ultra-low pressures, up to 10 kPa. 

Overall, there is a limited number of studies with respect to CO2 adsorption efficiency ascribed to different 

amine functionalities and surface loadings in CO2/CH4 mixtures.   

Mafra et al.[34,35] and Garcia et al.[28] both demonstrated the enhanced selectivity of CO2 to CH4 in amine-

grafted SBA-15 at maximum grafting loadings. However, cyclic studies of SBA-15 functionalised with a high 

level of amines showed a lower working capacity for all amine types compared to raw SBA-15, at desorption 

conditions of 100 kPa and 10 kPa at 25 °C[35]. Similarly, in a cyclic stability study of triamine-functionalised 

SBA-15 in dry conditions, Belmabkhout et al.[32] reported a 67% loss in capacity under atmospheric 

desorption and a 20% loss under vacuum desorption at 25 °C. Although underperforming in dry conditions, 

in the same study they demonstrated the superior performance and cyclability of triamine-grafted MCM-41 

at 7.5% relative humidity compared to zeolite 13x and Darco-AC commercial adsorbents. Belmabkhout et 

al.[15,36] also showed that at ambient temperatures, CH4 interacts to a higher degree with functionalised and 

raw MCM-41 compared to N2. For a fully functionalised MCM-41 with triamine, they reported a molar 

selectivity of 28 for CO2/CH4 compared to 308 for CO2/N2 at 100 kPa CO2 partial pressure.  Xu et al.[37] 

studied the adsorption of CO2, CH4, and N2 mixtures on a monoethanolamine-modified β-zeolite from 5% to 

60% functionalisation. They showed that at functionalities above 15%, selectivity is enhanced and a lower 
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uptake of all components including CO2 is observed. The adsorbent’s specific surface area reaches 17 m2/g 

at this degree of amine functionalisation, which makes it difficult to determine the principal causes of the 

change in adsorption behaviour. This rationalises the need to utilise mesoporous media at low coverage to 

scrutinise the adsorbate-amine interactions to a greater degree. The lower coverage can provide essential 

information on the inter- and intra-molecular interactions at play while isolating them from diffusional 

limitations due to high loadings. The changes in inter- and intra-molecular interactions were analysed by Yoo 

et al.[38] through the heat of adsorption of mono-, di-, tri- and tetra-amines. They found that in certain cases, 

surface hydroxyl groups can interact with nearby amines to facilitate the chemisorption of CO2. Their findings 

highlighted the potential utilisation of low amine loadings for CO2 sorption. Nonetheless, the study was limited 

to ultra-low coverage and was not extended towards the selectivity of gas mixtures.  

Limitations in the isothermal cyclic utilisation of amine-functionalised adsorbents, and the concentration of 

most studies on maximum amine loadings, highlight the necessity to understand the developing relationship 

between the level of functionality and adsorbent performance for these materials. In CO2/CH4 gas 

separations, further studies are required that scrutinise the developing relationship between amine loading, 

amine type, and the resulting separation efficiencies achievable.  

In this work, a fundamental understanding of the change in adsorption mechanisms and separation efficiency 

with amine type and loading were studied, up to atmospheric pressure. This encompasses the initial pressure 

region in which the adsorption mechanisms of amine functionalised SBA-15 is undergoing a transition 

between chemisorption and physisorption. The effects of amine functionality on the adsorption of CO2/CH4 

mixtures was thus investigated by grafting primary amine, di-amine and tri-amine organo-silanes on SBA-15 

at varying amine loadings. The CO2 and CH4 capture capacity and selectivity of each amine type at different 

surface coverage was studied. This aided in the identification of amine-adsorbate interactions and elucidated 

important considerations in employing amine functionality for CO2/CH4 separations. Additionally, the isosteric 

heat of adsorption was calculated to understand the governing adsorption mechanisms as a function of amine 

type and amine loading. Finally, isothermal, and non-isothermal adsorption-desorption cycles were used to 

compare the implications of amine type and loading for low pressure adsorption, or temperature swing 

adsorption (TSA) applications.   

2. Material and methods 
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2.1 Materials 

As synthesised SBA-15 mesoporous silica was purchased in powder form from XFNANO®. The chemical 

reagents (3-aminopropyl)triethoxysilane (APTES), 3-(2-aminoethylamino)propyltri-methoxysilane (AEAPT), 

3-[2-(2-aminoethylamino) ethylamino]propyltrimethoxysilane (TAEPT), toluene (99.8%), and methanol 

(HPLC grade) were purchased from  Sigma-Aldrich, UK. All gases were supplied by BOC, UK with a purity 

above 99.99% for nitrogen, carbon dioxide, and methane. 

2.1 Material Synthesis 

For each sample, 1 g of SBA-15 was dried at 110 °C under vacuum (40 mbar) for 1 h to remove moisture 

and ensure minimal polymerisation of silane branches during grafting[26,34]. Once cooled, the system was 

purged with nitrogen, prepared for inert reflux, and 80 mL of toluene was introduced into the flask containing 

the SBA-15 powder. Subsequently, a given amount of amino organosilane was added as per Table 1 (0.1-2 

cm3 of amine per gram of SBA-15) and the mixture was heated to 70°C for 18 h under reflux.  The grafted 

SBA-15 was then filtered under vacuum suction and washed with an abundance of toluene and methanol. It 

is reported that drying of the sample in air can result in the oxidation of amino groups at elevated 

temperatures[39]. Therefore, the powder was left to dry in air for 24 h at room temperature. Each sample is 

designated as S-x-y, with x representing the amine type and y the amine loading.   

2.3 Characterisation methods 

2.3.1 Estimation of amine content  

The quantity of amine grafted on each sample was estimated by thermogravimetric analysis (TGA 8000, 

PerkinElmer) and C and N elemental analysis (vario EL III, Elementar). The TGA measurement was carried 

out with a sample weight of 8-10 mg, under nitrogen flow from 30 °C to 800 °C at a rate of 20 °C /min, with a 

10 min hold at 120 °C under nitrogen flow and a 5 min hold at 800 °C under air flow. Elemental analysis (EA) 

for C and N quantity was measured by a thermal conductivity detector through thermal combustion analysis. 

2.3.2 Fourier Transform Infrared (FTIR) spectroscopy 

FTIR spectra of samples over the range of 1000 - 3800 cm-1 were measured using a Shimadzu Attenuated 

Total Reflection (ATR) spectrometer to confirm the successful grafting of the amine branches and assess the 

gradual increase of functional moieties across all samples. Each sample was scanned 20 times at a resolution 

of 4 cm-1. 

https://www.fishersci.com/shop/products/3-2-aminoethylamino-propyltrimethoxysilane-tci-america-3/a077425g#?keyword=N-%5B3-trimethoxysilylpropyl%5D-ethylenediamine
https://www.fishersci.com/shop/products/3-2-2-aminoethylamino-ethylamino-propyl-trimethoxysilane-tech-acroseal-acros-organics-3/ac346170250#?keyword=n+3+trimethoxysilylpropyldiethylenetriamine
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2.3.3 Pore structure analysis 

The structural properties were calculated from nitrogen adsorption isotherms at -196 °C using a 3P Meso 

222 sorption analyser (3P Instruments). For each test, 0.2-0.3 g of sample was degassed at 90 °C for up to 

2 h under vacuum. The specific surface area was calculated by the Brunauer-Emmett-Teller (BET) method 

in the relative pressure of 0.05 to 0.2[40].  The pore volume was calculated from the volume of adsorbed 

nitrogen at p/po = 0.95 using the Barrett-Joyner-Halenda (BJH) method[41]. The pore size distribution (PSD) 

was determined by the Broekhoff-de Boer (BdB) method simplified using the Frenkel-Halsey-Hill (FHH) 

approximation denoted as BdB-FHH[42]. Specific surface area, pore volume, and average pore size of 

samples are summarised in Table 1. 

2.3.4 Volumetric gas adsorption measurement  

CO2 and CH4 isotherms were measured using the 3P Instrument’s sorption analyser. For each test, 0.25-0.3 

g of sample was degassed under the same procedure previously described for nitrogen physisorption 

analysis. The adsorption temperature was maintained at 25, or 40 °C by submerging the sample tube in an 

anti-freeze liquid bath (3P Instruments). All measurements were taken up to 100 kPa.  

The ideal gas adsorption theory (IAST) [43] method was employed to estimate the adsorption selectivity. It is 

important to note that the use of IAST is subject to certain limitations when applied to systems exhibiting 

energetic surface heterogeneity, or when one component adsorbs substantially more than the other [44,45]. 

Depending on the degree of functionalisation of the samples, surface heterogeneity may exist, especially at 

very low CO2 pressures. This is due to unreacted amine moieties, chemisorption sites, or chemisorbed 

species distributed across the surface. Considering these limitations, this model is used as a comparative 

tool of the various functionalised samples relative to each other, providing insight on the different influences 

on CO2/CH4 selectivity, particularly concentrating at CO2 partial pressures > 40 kPa, when chemisorption is 

no longer the principle adsorption mechanism. 

The IAST selectivity (𝑆̂) was calculated using Eq (1): 

𝑆̂ = 𝑞𝑖/𝑃𝑖𝑞𝑗/𝑃𝑗        (1) 

where q (mmol/g) and P (kPa) are equilibrium adsorption capacity and partial pressure of the gas species, 

respectively.  
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2.3.5 Gravimetric gas adsorption measurement  

Gravimetric CO2 adsorption and desorption for chosen samples were measured by TGA (TGA 8000, Perkin 

Elmer). A sample of 8-12 mg was degassed under a nitrogen flow of 60 mL/min at 110 °C for 30 min to ensure 

moisture is stripped away. The sample temperature was then stabilised at 25 °C and exposed to a flow of 60 

mL/min of CO2 for 25 min. The gas was then switched to nitrogen at 60 mL/min, and the temperature was 

kept at 25 °C for 30 min or increased at a rate of 15 °C/min to 40 °C and was maintained at 40 °C for 30 min. 

3. Results and discussion 

3.1. Surface analysis 

Nitrogen adsorption-desorption isotherms of samples at -196 °C are given in Figure 1. All samples exhibited 

a type IV isotherm with an H1 type hysteresis loop, indicating a narrow distribution of uniform mesopores, a 

typical feature of SBA-15[46]. The introduction of amino organosilanes led to a reduction in adsorbent pore 

volume and specific surface area as the amine loading increases. In agreement with previous studies[22,47], 

the effect of grafted amine loading on the pore volume and specific surface area is more pronounced as the 

amine moieties per organosilane branch increase in number, with TAEPT having the most considerable effect 

at lower silane loadings followed by AEAPT and APTES. In the case of AEAPT (diamine), 22% more nitrogen 

loading was achieved at a comparable surface area of 308 and 317 m2/g and pore volume of 0.78 and 0.81 

cm3/g for APTES and AEAPT, respectively. This is similarly seen with TAEPT, showing a 38% increase in 

nitrogen loading at a comparable surface area of 308 and 333 m2/g and pore volume of 0.78 and 0.87 cm3/g 

for APTES and TAEPT, respectively. Additionally, the affinity of each organosilane towards the formation of 

surface bonds varied based on the reagent used. Surface grafting occurred more readily at lower reagent 

volumes of 0.45 mL in the order of APTES >AEAPT>TAEPT, inversely proportional to the molecular length 

of each reagent. 

The change in the pore size distribution with an increasing amount of grafted functional groups was calculated 

from the N2 isotherms up to P/Po=0.85, which marks the final saturation plateau, and presented in Figure S1 

in the Supplementary Information[35,40,48,49]. It demonstrates the likely heterogeneous distribution of silane 

molecules within the pores of SBA-15, and clustering of amines or single isolated amines may both be present 

and should be considered when analysing the amine dependent CO2 adsorption behaviour. The peak pore 

size for all functionalised samples was estimated from the nitrogen desorption branch showing a starting 

maximum pore diameter for raw SBA-15 of 7 nm.  
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Figure 1. Nitrogen adsorption-desorption isotherms at -196°C for functionalised samples with different 
amine loadings of (a) APTES, (b) AEAPT, and (c) TAEPTs, in comparison with raw SBA-15. 

 

Table 1. Physical and chemical properties of raw and functionalised SBA-15 

  

 

 

 Amine loading (mmol/g) 
 

 

  

Sample 

Reag-
ent 
type 

 
Reagent  
quantity    
(mL) Amine type(S) 

TGA – 
Tridentate/
Biden-OH* 

TGA-
Bidentate
+ 

Elemental 
Analysis 

 
 
Silane 
loading§ 

Silane 
Molec
ule/n
m2 ǂ 

SBET 

(m2/
g) 

Vp 
(cm3/
g) 

Dp 
(nm) 

S-0 -  - - - -  
- 

- 490 1.20 7.0 

S-P-1.4 APTES 0.45 Primary 1.49 0.99 1.46 1.46 1.79 406 1.04 6.4 

S-P-1.7 APTES 1.00 Primary 1.78 1.19 1.71 1.71 2.10 308 0.78 6.3 

S-P-2.6 APTES 2.00 Primary 2.42 1.62 2.60 2.60 3.19 267 0.63 5.7 

S-D-
1.6 AEAPT 0.25 

Primary  
Secondary 1.84 1.6 1.59 0.79 0.98 340 0.89 6.5 

S-D-
2.5 AEAPT 0.35 Primary/  

Secondary 2.40 2.09 2.47 1.23 1.54 317 0.81 6.3 
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S-D-
2.8 

AEAPT 0.45 Primary/  
Secondary 

2.95 2.57 2.78 1.39 1.71 288 0.74 6.2 

S-T-1.7 TAEPT 0.19 
Primary/ 
2 Secondary 2.09 1.89 1.70 0.56 0.70 352 0.92 6.8 

S-T-2.4 TAEPT 0.23 Primary/ 
2 Secondary 2.61 2.36 2.40 0.78 0.98 333 0.87 6.4 

S-T-3.5 TAEPT 0.45 Primary/ 
2 Secondary 3.90 3.53 3.52 1.17 1.44 274 0.66 6.3 

* Estimate of amine loading from TGA data for tridentate-type bonding with the adsorbent surface or bidentate with an -OH side chain. 
+ Estimate of amine loading from TGA data for bidentate-type bonding with the adsorbent surface with a methyl/ethyl branch remaining on the 
unsubstituted portion of the amino organosilane. 
§ Silane loading calculated from the elemental analysis of each sample. 
ǂ Calculated amine surface coverage from the effective surface area of raw SBA-15 sample S-0 and the total measured amine loading in mmol/g. 

 

3.1.2. Chemical properties   

The measured infrared (IR) spectra of the functionalised samples (Figure 2a) confirm the successful grafting 

of the amino organosilanes on the surface of SBA-15. There is an increase in peak intensity at 1045 cm-1 

coinciding with Si-O-Si bond vibrations within the range of 1130 – 1000 cm-1. According to Figure 2b, the 

samples with the lowest loadings exhibit shallow peaks due to the small percentage of organics grafted (7%-

10%). Nonetheless, there are clear peaks for NH2 bending vibrations at around 1641 cm-1 for all primary 

amines. This is accompanied by the broad, yet weak band at 1566 cm-1 for organic silica containing a primary 

amine moiety. The presence of secondary amine moieties is more difficult to distinguish, but a magnification 

of the relevant IR regions associated with APTES, AEAPT, and TAEPT is provided in Figure S2 in the 

Supplementary Information. 

 

Figure 2. IR spectra for (a) selected functionalised samples and (b) primary amine-functionalised samples 
offset and magnified from 1500 to 3500 cm-1

, compared to raw SBA-15.  
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TGA results presented in Figure S3 provide the total mass of grafted organic content. However, to accurately 

estimate the amine loading by TGA, an understanding of the bond type formed with the surface silanols is 

required. The possible variation in amine loading for different bonds between the organosilane and the 

surface can be seen in Table 1, as TGA – Bidentate and TGA-Tridentate. Bidentate refers to the formation 

of two bonds between the organosilane and the adsorbent surface while tridentate refers to grafting by 

forming three bonds. The R group in a bidentate surface bonding may exist as a methoxy in AEAPT and 

TAEPT, or ethoxy in APTES, or hydroxyl group for all amine reagents (Figure  3)[26,50]. It is important to 

note that the bidentate amine loading in Table 1 only refers to the presence of methyl or ethyl on the R-group. 

On the other hand, the calculated amine loading, for a hydroxyl R-group, is considered as a tridentate bond. 

For all amine types, the IR bands that coincide with the lateral methyl and ethyl branches, substituted during 

the grafting, are difficult to distinguish as they peak within 1075-1190 cm-1 and are masked by the sharper 

Si-O-R peak. The type of surface bonding was therefore estimated from a combined input of measured data, 

using both elemental analysis and TGA measurements. This was carried out using the total weight change 

attributed to organic content measured by TGA, and then correlated to the reported nitrogen content by EA. 

The weight measured by TGA can indicate different loadings of amines on the adsorbent’ surface, and 

depends on the type of surface bond formed, which can be bidentate with a hydroxy, methoxy, or ethoxy side 

chain, or surface tridentate bonds[29,35]. The conversion of organic weight burnt off by TGA to amine loaded 

in mmol/g requires the molecular weight of the species bonded to the surface, which will vary depending on 

the type of bond formed between the amino organosilanes and the surface. Since the concentration of N and 

C from EA give an accurate total quantity of amines grafted, this can be related to the calculated amine 

loading from the TGA data, which will vary depending on different surface bonds and their respective 

molecular weight, giving an indication to the principal bond type formed. In this manner, the amine 

concentration measured from the Elemental Analysis can be correlated to the likelihood of a certain bond 

type. APTES data agrees with previous 1H−29Si heteronuclear correlation solid-state nuclear magnetic 

resonance (ssNMR) analysis by Mafra et al.[34], indicating a susceptibility for tridentate grafting with SBA-15 

for this type of amine. In comparison, some of the diamine and triamine EA results can potentially indicate a 

higher quantity of bidentate bond types compared to primary amine-grafted samples. The method used limits 

definitive conclusions on the type of bonding due to possible silane polymerisation, shown to primarily result 

from the presence of moisture within the system[26,51]. Although the synthesis procedure was formulated to 
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ensure a moisture-free environment, there remains a possibility of polymerisation as suggested by previous 

research by Vrancken et al. of APTES grafted silica gel. 

 

Figure 3.  Silica surface grafted organo-silanes. R represents the methoxy or ethoxy or hydroxyl group in 
bidentate grafting.  For tridentate grafting, all three silane branches are bonded to the surface of SBA-15 
and R represents surface Si-O-Si bonds.  

3.2 Adsorption mechanisms of CO2 and CH4 

The measured CO2 and CH4 isotherms of the APTES, AEAPT, and TAEPT samples at 25°C and 40°C are 

provided in Figures 4-6, respectively. A summary of measured adsorption data, and estimated selectivity 

and heat of adsorption of samples are tabulated in Table S1. The measured CO2 adsorption isotherms were 

fitted using the modified two-site Toth isotherm model, developed by Serna-Guerrero et al.[52], Eq. 2, and 

CH4 adsorption isotherms were fitted by the Henry model,  Eq. 3[53].    

𝑞 = [ 𝑛𝑠𝑏1𝑃(1 + (𝑏1𝑃)𝑡1)1 𝑡1⁄ ] + [ 𝑛𝑠2𝑏2𝑃(1 + (𝑏2𝑃)𝑡2)1 𝑡2⁄ ] (2) 

 𝑞 = 𝐾𝑃 
(3) 

 

where  𝑛𝑠, 𝑏, and 𝑡 are the Toth isotherm parameters with the 1 or 2 subscripts indicating the adsorption site. 

The variables 𝑛µ𝑠 , and 𝑏µ  represent the Sips isotherm constants, and 𝑛  represents the Sips isotherm 

exponent. To understand the adsorption mechanisms as a function of amine loading, the isosteric heat of 

adsorption of each sample was calculated using the Clausius Clapeyron equation, Eq. 4 (Figure 7) 

ln 𝑃2𝑃1 = −∆𝐻𝐴𝑑𝑠𝑅 ( 1𝑇2 − 1𝑇1) (4) 

where 𝐻𝐴𝑑𝑠  is the isosteric heat of adsorption, 𝑇1  and 𝑇2  are the isotherm temperatures of the relative 

pressures of P1 and P2, and R is the universal gas constant.  
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For APTES samples (containing only a primary amine), an increase in amine loading from 1.4 N (S-P-1.4) to 

1.7 N (S-P-1.7) caused a significant rise in the heat of adsorption (Figure 7). However, the increase in heat 

of adsorption was moderate when amine loading was increased from 1.7 N to 2.6 N mmol/g (S-P-2.6). S-P-

1.4, with the lowest loading, has the lowest heat of adsorption starting at ~ -50 kJ/mol then drops to -40 

kJ/mol as q increases from 0.1 to 0.3 mmol/g. Compared to the raw sample S-0, there is an approximate 

increase of 20 kJ/mol in the heat of adsorption of S-P-1.4. Chemisorption can be characterised by heats of 

adsorption of > -40 kJ/mol with binding energies that separate chemisorption from physisorption at about 48 

kJ/mol[54,55]. As a result, it can be concluded that S-P-1.4 shows a minimal enhancement of adsorption 

through chemisorption, but with a 62% increase in adsorption capacity compared to non-functionalised S-0 

at 100 kPa and 25 °C (Figure 4a). In comparison, an increase in amine loading from 1.4 mmol/g (S-P-1.4) 

to 1.7 mmol/g (S-P-1.7) resulted in a 33% increase in adsorption capacity at 100 kPa but was accompanied 

by a considerable rise in the heat of adsorption (121 kJ/mol at 0.3 mmol/g). This is likely a result of the higher 

availability of adjacent amine sites in the S-P-1.7 sample, satisfying the 2:1 amine-to-CO2 ratio expected for 

chemisorption to occur under dry conditions and the formation of carbamate or carbamic acid[56,57]. 

 A further increase in amine loading from 1.7 mmol/g (S-P-1.7) to 2.6 mmol/g (S-P-2.6) did not have a 

significant effect on the heat of adsorption but enhanced the CO2 capacity by 30% at 100 kPa (146 kJ/mol at 

0.3 mmol/g). This may be a result of the initial fast reaction between CO2 and the readily available amine 

sites, resulting in a strong interaction between adsorbate and amine, and a higher heat of adsorption at 

loadings below 0.4 mmol/g. This initial spike in adsorption is followed by a more uniform distribution of CO2 

on the remaining active sites in a manner comparable to S-P-1.7 and subject to similar interaction strengths. 

  



13 
 

  

Figure 4. Adsorption isotherms of APTES grafted SBA-15 for (a) CO2 at 25 °C and (b) CH4 at 25 °C, (c) 
CO2 at 40 °C and (d) CH4 at 40 °C (●) S-0, (▲) S-P-1.4, (🟥) S-P-1.7, (◆) S-P-2.6. The dotted lines 
represent the model predictions. 

  

  

Figure 5. Adsorption isotherms of AEAPT grafted SBA-15 for (a) CO2 at 25 °C and (b) CH4 at 25 °C, (c) 

CO2 at 40 °C and (d) CH4 at 40 °C (●) S-0, (▲) S-D-1.6, (🟥) S-D-2.5, (◆) S-D-2.8. The dotted lines 

represent the model predictions. 
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Figure 6. Adsorption isotherms of TAEPT grafted SBA-15 for (a) CO2 at 25 °C and (b) CH4 at 25 °C, (c) 
CO2 at 40 °C and (d) CH4 at 40 °C (●) S-0, (▲) S-T-1.7, (🟥) S-T-2.4, (◆) S-T-3.5. The dotted lines 
represent the model predictions. 

 
Figure 7. Isosteric heat of adsorption for raw SBA-15 and functionalised samples  
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For AEAPT samples (containing one primary and one secondary amine), an increase in amine loading from 

1.6 (S-D-1.6) to 2.5 N mmol/g (S-D-2.5) caused a considerable enhancement in adsorption capacity from 0.3 

to 0.6 mmol/g (Figure 5a), while only a slight rise in heat of adsorption (~ 15 kJ/mol) was observed (Figure 

7). This response is distinctive compared to the APTES samples since S-D-2.5 achieves an adsorption 

capacity across all pressures that exceeds S-P-1.7 but with a heat of adsorption closer to S-P-1.4 (60 to 25 

kJ/mol). Similar performance has been previously reported for secondary amine containing amino organo-

silanes and can be explained by the formation of lower stability carbamic acid, and the availability of two 

amine pairs along the same silane chain to satisfy the 2:1 requirement for the chemisorption of CO2 while 

minimising the occupation of active sites for physisorption on the adsorbent surface[33,58].  

For TAEPT samples (containing one primary and two secondary amines), a contrasting trend was observed 

with S-T-1.7, S-T-2.4, and S-T-3.5: they have higher nitrogen loadings than their diamine counterparts yet 

lead to a noticeably smaller enhancement in adsorption capacity at an equivalent -ΔHAds (Figure 5a and c, 

Figure 6a and c, Figure 7). A comparison of S-T-2.4, S-D-2.5, and S-P-2.6 highlights the effects of increasing 

amine moieties at similar amine loadings, and indicates that at this level of coverage, CO2 uptake reaches 

0.78 mmol/g, 1.12 mmol/g, and 1.29 mmol/g, respectively.  

The sorbents with high loading of primary, diamine, and triamine agree with Zelenak et al.[58] work. Primary 

and diamine samples having similar heats of adsorption along a wider range of CO2 loadings. In their work 

triamine grafted at 3.6 mmol/g presented an overall lower heat of adsorption than both primary and diamine. 

However, in their case the SBET and pore volume was much smaller than presented samples in this study. 

For materials with lower loading, Yoo et al.[59] presented calorimetric data of diamine and triamine grafted 

at 0.85 mmol/g and 1.2 mmol/g of amine, showing similar heats of adsorption starting at 80 kJ/mol and 

following a decreasing profile similar to the one presented in Figure 7. 

These results demonstrate that a higher amine efficiency is obtained from only primary amine-grafted 

samples compared to a mixture of secondary and primary amine moieties. Triamine, which contains two 

secondary amines per each primary amine, leads to a less efficient utilisation of amine moieties for 

chemisorption, even at low amine loadings. This has been attributed to steric hindrances that reduce the total 

number of accessible secondary amines[24,47]. There is also a limitation on the intramolecular interaction of 

adjacent amines, which hampers the realisation of a 2:1 stoichiometric ratio of amine to CO2 for carbamate 

formation under dry conditions[56,60,61]. Additionally, recent studies by Cendak et al.[62] confirmed the 
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presence of isolated CO2 species in APTES modified SBA-15 with controlled amine spacing creating isolated 

APTES branches. Their study combined with the higher amine efficiency observed by APTES in this work 

indicates that secondary amines may similarly enhance the adsorption of CO2, evidenced by the low heat of 

adsorption observed in diamine and triamine. 

For Chemisorption of CO2 by diamine and triamine branches, there are many possible amine-amine and 

amine-adsorbent interactions, shown most recently through NMR spectroscopy by Szego et al.[63]. However, 

it has been reported by Hahn et al.[64] and Mafra et al.[34] that there is a tendency for a secondary amine to 

be protonated and stabilised by surface hydrogens (from hydroxyl groups), in place of chemisorbed CO2 (as 

carbamate or carbamic acid), thus lowering the available amine sites for CO2 adsorption. Additionally, 

triamine organosilanes have the longest molecular length, and Hahn et al.[64] and Zelenak et al.[58] 

proposed that a primary amine moiety and a secondary amine moiety can interact to adsorb CO2 along one 

amine branch. This is more likely to occur in the absence of lateral amines and at low grafted amine coverage. 

This leaves the lower secondary amine unpaired, and prone to be stabilised by surface bonds, making it 

unavailable for CO2 chemisorption at the pressures studied. Results here confirm hypothesis by Zelenak et 

al.[58], which attributes a smaller contribution from chemisorption as the molecular length of the organosilane 

increases, and a larger influence of physisorption in the adsorption of CO2 as pressure increases. 

 
Figures 4c, 5c, and 6c present the CO2 adsorption isotherms of APTES, AEAPT, and TAEPT at 40 °C. 

Although amines primarily interact with CO2 via chemisorption, a mechanism that is assisted by higher 

operating temperatures, a decrease in total capacity was observed as the adsorption temperature increased 

from 25 to 40 °C. This observation is in agreement with studies by Sayari and co-workers[52,60] on primary- 

and triamine-functionalised MCM-41 from 25 to 55 °C. Investigating the decrease in capacity observed for 

primary amine shows a 0.28 mmol/g decrease in S-P-1.7 compared to 0.19 and 0.21 mmol/g for S-P-1.4 and 

S-P-2.6, respectively. There is also a clear shift from a flatter slope in initial CO2 uptake towards a much 

steeper rise as amine loading increases. The larger decrease in adsorption capacity by S-P-1.7 indicates the 

availability of more physisorption sites compared to S-P-2.6, due to the higher dependency of adsorption on 

temperature. Since S-P-1.4 did not demonstrate an equivalent decrease in capacity, these physisorption sites 

in S-P-1.7 are likely caused by polarised chemisorbed species acting as physisorption sites, as has been 

previously suggested by Mafra et al. [34,35] This may additionally be attributed to the distribution of active 

amine sites along the length of the adsorbent’s cylindrical pores, a higher amine loading closer to the 
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adsorbent surface hinders the diffusion of CO2 into the pores, leading to a larger drop in capacity at higher 

temperatures[65,66]. To further explore this hypothesis, adsorption data measured by TGA for CO2, across 

the varying loadings of primary amine grafted SBA-15, is presented in Figure S4. There is initial faster 

adsorption by S-P-1.7, indicating more accessible amine sites for CO2-amine interactions compared to S-P-

1.4 and S-P-2.6. There may be additional factors involved, but results presented here show the larger role 

physisorption has in S-P-1.7 compared to S-P-2.6, and is supported by the similarities in the heat of 

adsorption for both samples at CO2 loadings above 0.4 mmol/g, as presented in Figure 7. 

In the case of AEAPT, from 25 to 40°C the adsorption capacity of both S-D-1.6 and S-D-2.5 at 100 kPa 

decreases by 0.17 mmol/g (26% and 16%, respectively).  The largest drop in capacity of 0.40 mmol/g (a 

further 26%) is seen for S-D-2.8, the densest sample with the smallest pore volume (0.74 cm3/g).  

Comparable to S-P-1.7 (Vp = 0.78 cm3/g), this may be a consequence of diffusion effects from the longer 

AEAPT molecule, due to localised clustering of the organosilanes within the adsorbent pores. The CH4 

adsorption capacity and selectivity (separation factor) can highlight the effects of amine type and surface 

coverage on the performance of grafted adsorbents. It was found that in all samples, an increase in amine 

surface coverage caused a reduction in the total adsorbed CH4, and the highest amine loading showed the 

largest decrease in CH4 adsorption capacity. The decrease in adsorption capacity was dependent on the type 

of amine employed, with a minimum and maximum decrease (from raw SBA-15) of 11% for S-D-1.6, and 

42% for S-D-2.8. The similarity in uptake can be attributed to the overall weak affinity of the adsorbent towards 

CH4 molecules below 100 kPa. The individual contribution of porosity and intermolecular interactions can be 

scrutinised by correlating the available pore volume and silane surface coverage to changes in adsorbate 

uptake (Figure S5). It is important to note that at lower silane loadings the overall effect on CH4 adsorption 

is weak, especially at 40 °C; this can potentially lead to similar CH4 uptake amongst some samples such as 

AEAPT samples presented in Figure 5d for S-D-1.6 (silane loading of 0.79 mmol/g) and S-D-2.5 (silane 

loading of 1.23 mmol/g) at 40 °C. However, the evidently weak intermolecular forces at this temperature 

between diamine and CH4 accentuate the different adsorption behaviour of each amine type, with APTES 

demonstrating a smaller variation in uptake at 25 °C instead of 40 °C (Figure 4b and d). For triamine at 40 

°C, the extent of reduction in CH4 adsorption was limited to a minimum; all three samples adsorbed almost 

the same quantity of CH4 of ~0.033 mmol/g, a 38% decrease from S-0 (Figure 6d).  
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At equivalent silane surface coverage, triamine and diamines exhibit a similar CH4 uptake (Figure S5b). This 

is not the case for primary amine, as its shorter molecular length leads to a higher uptake at a similar level of 

molecules/nm2. Investigating the effect of pore volume, as presented in Figure S4a, S-P-2.6 and S-T-3.5 

with high amine functionalisation led to similar adsorption capacities, likely attributed to the pore blockage 

from the low pore volume of 0.63 and 0.66 cm3/g, respectively. At moderate coverage, S-P-1.7 (Vp = 0.78 

cm3/g) achieved an uptake 18% higher than S-D-2.5 (Vp = 0.81 cm3/g) and 3.7% lower than S-T-2.4 (Vp = 

0.87 cm3/g).  The association of available effective surface area and CH4 adsorption is especially pronounced 

in the higher coverage samples (S-P-2.6, S-D-2.8, and S-T-3.5) as can be seen in Figure 4b, 5b, and 6b, 

and in adsorption isotherms at 40°C for APTES and AEAPT (Figure 4d and 5d). It is not clear if electrostatic 

interactions between CH4 and primary and secondary amines play a part in the change in CH4 adsorption due 

to different amine coverage. Further experiments should be carried out at higher pressures to better 

understand the role of amine grafting in CH4 adsorption mechanism, whether it is a result of electrostatic 

forces between the amine groups and CH4, a decrease in pore volume and effective surface area, or a 

combination of both.  
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Figure 8. CO2/CH4 IAST selectivity (log scale) at 25 °C up to 100 kPa  pressure of a 60:40 CH4:CO2 mixture 

for raw SBA-15 with (a) APTES, (b) AEAPT, and (c) TAEPT at different amine loadings.  

Figure 8 presents the CO2/CH4 selectivity of all samples at 25 °C. All samples become more selective 

towards CO2 as the amine quantity increases. At a CO2 partial pressure of 40 kPa (Figure 9), the primary 

amine with the lowest loading (S-P-1.4) shows a higher selectivity (51) compared to S-D-1.6 (34) and S-T-

1.7 (41), even though all have similar amine loadings. On the other hands, for the samples with the highest 

CO2 uptake, S-P-2.6 had the lowest selectivity of 240, compared to 374 for S-D-2.5 and 276 for S-T-3.5.  

Referring to Figure 9, there is a linear increase in selectivity as amine loading increases, which may indicate 

similar molecular interactions between CH4 and the amine moieties. This interaction can be associated with 

a primary or secondary moiety, depending on the distribution of the organosilane branches and the 

accessibility of the CH4 molecule to the amine moiety. This is seen by S-D-2.8, which is more linearly related 

to the APTES samples, indicating similar primary amine interactions. While in comparison, S-T-3.5 is more 

linearly related to the remaining AEAPT and TAEPT materials, indicating a combined contribution of primary 

and secondary amine interactions with CH4, coupled with likely steric influences. Simultaneously, accessible 

amines act as active sites for CO2 adsorption, through both chemisorption and physisorption interactions. 

Thus, the linear relationship can be attributed to the same accessible amine moieties, influencing both CO2 

and CH4 adsorption, with a much stronger effect on the former adsorbate. 

At a higher temperature of 40 °C (Figures S6 and S7), the selectivity follows a similar order, and referring to 

APTES and TAEPT functionalised samples with high CO2 adsorption capacities, the selectivity of S-P-1.7, 

S-P-2.6 and S-T-3.5 increase by almost equivalent magnitudes. Comparatively, AEAPT functionalised 

samples both showed a decrease in the selectivity, especially in S-D-2.8. At this temperature, S-P-1.4, S-D-

1.6, and S-T-1.7 all have very similar selectivity values ranging from 31 to 41. The effect of temperature on 

the selectivity of higher-loaded samples can be a result of the lower quantity of CO2 physisorption active sites 

in S-P-2.6 and S-T-3.5, in these materials, the temperature increase has a smaller effect on CO2 adsorption, 

indicating a lower quantity of CO2 adsorption by Van der Waals forces.. Additionally, at both temperatures, 

the effect of molecular interactions between amines and the octupole moment of CH4 should be considered. 

Low to moderate loadings of APTES may indicate a higher degree of CH4 adsorbate-amine interactions 
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compared to AEAPT and TAEPT, even when pore volume contributions are considered, as discussed 

previously.     

At very low CO2 partial pressures, chemisorption is the dominant adsorption mechanism in all functionalised 

samples, but the selectivity remains a relevant parameter for the comparison of the extent of separation. At 

a pressure of 11 kPa of a 40:60 CO2:CH4 mixtures, the IAST selectivity of S-P-2.6, S-D-2.5, and S-T-3.5 are 

1317, 2251, and 1390, respectively. The deviation in selectivity amongst these samples at this pressure 

follows the same trend as at 40 kPa CO2 partial pressure, but with larger differences in selectivity that continue 

to rise as pressure decreases below 5 kPa, coinciding with the initial high CO2 uptake via chemisorption. 

 

Figure 9. CO2/CH4 selectivity as a function of amine loading of functionalised SBA-15 at CO2 partial pressure 

of 40 kPa and 25 °C 

The CO2/CH4 adsorption characteristics of prepared samples in this work, in comparison with other 

adsorbents in literature are provided in Table S2 (SI). The low CH4 adsorption capacity and high CO2/CH4 

selectivity of presented samples can be considered superior to most benchmark adsorbents, even at low 

amine loadings of 1.4-1.7 mmol/g. Calgon BPL and Norit C carbon-based adsorbents were shown to be 

limited to a selectivity of ~3, with CH4 capacities > 0.45 mmol/g[67]. Zeolite 13x was shown to adsorb similar 

quantities of CH4 to the carbon cased adsorbents (~ 0.5 mmol/g), but has a larger molar selectivity of 13-15 

due to the higher CO2 (4.5 mmol/g)[68,69]. MOFs, such as MIL-53 (Cr) and MOF-508b, have CH4 capacities 

of 0.4-0.5 mmol/g, with CO2 capacity of 1.2-1.6 mmol/g in equimolar CO2/CH4 breakthrough experiments at 

100-200 kPa and 30°C[70,71]. A more recent study by Golmakani et al.[7] on novel  polymeric adsorbents, 

showed slightly higher CH4 adsorption of 0.12 mmol/g compared to the adsorbents presented here, with CO2 

adsorption capacity of 0.6 mmol/g. Higher CH4 adsorption capacities result from the adsorbents presented 
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here compared to low-moderate amine grafted SBA-15, which in this study show significantly lower CH4 

adsorption of ~0.05 – 0.06 mmol/g, at CO2 adsorption capacities that range from 0.68 to 1.11 mmol/g. 

However, it should be noted that the enhanced selectivity of amine functionalities imposes energy penalties 

of regeneration, which is what makes this study scrutinizing the correlation between amine loading and 

separation efficiency necessary to further advance the development of state-of-the-art adsorbents. 

3.3. Isothermal versus non-isothermal operation 

Isothermal and non-isothermal performance can provide valuable information on the regeneration efficiency 

for each amine type and surface loading. The presented data aims to support conclusions made from the 

calculated heat of adsorption, while comparing the efficacy of the prepared materials to desorb CO2, either 

by temperature modulation or by CO2 partial pressure modulation (using a purge gas). These results are the 

first step towards narrowing down the energy dependency of each amine type and loading for commercial 

pressure swing processes, following the pelletisation of the utilised SBA-15 powder. The desorbed quantity 

of CO2 can confirm the conclusions made from the equilibrium adsorption data and the heats of adsorption. 

Figure 10 presents the adsorption uptake per amine loading (molar quantity of adsorbed CO2 per mmol of 

nitrogen per gram of adsorbent), under isothermal adsorption-desorption at 25 and 40 °C (Figure 10a and 

c), and non-isothermal conditions with adsorption carried out at 25 °C and desorption at 40 °C (Figure 10b), 

measured by TGA. S-P-2.6 has the highest adsorption efficiency as a function of amine quantity. However, 

referring to Figure 11, which summarises the molar fraction desorbed per molar fraction adsorbed (CDes/CAds), 

it loses almost 46% of its adsorption capacity after the first cycle under atmospheric desorption at 25 °C. This 

can indicate that functionalisation to a maximum extent is not always beneficial at these operating conditions.  

This is highlighted by the isothermal cycle at 40 °C, in which desorbed quantities are equivalent to the 25 °C 

isothermal cycle for all samples, except S-P-1.4 and S-T-2.4. This loss of capacity makes S-P-1.4, S-P-1.7 

and S-D-2.5 comparable alternatives under isothermal operating conditions; they provide a working capacity 

and amine efficiency equivalent to S-P-2.6 and S-D-2.8 while outperforming S-T-2.4 and S-T-3.5. Under a 

higher desorption temperature of 40 °C the samples with higher loading, specifically S-P-2.6, S-P-1.7 and S-

D-2.8, achieve the highest adsorption per amine efficiency by a large margin. The difference between S-P-

2.6 and S-P-1.7 is small, suggesting that amine efficiency does not increase proportionally with amine loaded, 

and moderate functionalities may provide better performance under cyclic low-temperature operation. 
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According to Figure 4a, under equilibrium adsorption at 100 kPa and 25°C, S-P-1.4 achieved a capture 

capacity of 0.74 mmol/g compared to 0.45 mmol/g for S-0. The increase in adsorption capacity is a result of 

the incorporation of amines which enhance adsorption of CO2 primarily by chemisorption. However, in Figure 

11, under isothermal desorption, the enhancement in capacity is still significant, as only a 0.15 mmol/g loss 

in capacity is measured at 25°C compared to the 0.29 mmol/g enhancement in total adsorption for S-P-1.4. 

This quality is shared by all the samples with a lower amine loading, demonstrating a lower heat of adsorption. 

The results from isothermal desorption at 25 °C under nitrogen flow support studies by Mafra et al.[34,35].  

They concluded that under certain conditions less stable carbamic acid species are formed and stabilised by 

surface hydrogens. These formed entities are more readily desorbed under milder conditions. This may imply 

that a right balance of amine functionalisation for effective isothermal desorption and cage-like internal 

morphology for a pressure dependence of adsorption-desorption cycles would provide the ideal adsorbent 

formulations for PSA and pressure vacuum swing adsorption (PVSA) applications.  

To further progress the work towards commercial pressure swing application, the future research should 

focus on the functionalisation of palletised SBA-15 based on the outcomes of this work, in order to enable 

fixed bed breakthrough measurement using binary gas mixtures, and under isothermal/non-isothermal 

desorption conditions. 

 

  
Figure 10. CO2 molar capacity per amine loaded at (a) isothermal adsorption-desorption cycle of 25 °C, (b) 

non-isothermal adsorption-desorption from 25 °C to 40 °C, and (c) isothermal adsorption-desorption cycle of 

40 °C.  
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Figure 11. Ratios of desorbed CO2 per total adsorbed CO2 (CDes/CAds) under isothermal and non-isothermal 

conditions. 

In comparison with typical liquid absorbers in amine scrubbing, such as 30wt% MEA and DEA [72], all the 

grafted samples in this work presented a lower equilibrium capacity. However, MEA 30 wt% was reported to 

have a heat of adsorption o ~89 kJ/mol, which is higher compared to some of the samples presented here. 

For example, S-D-2.8’s calculated heat of adsorption corresponding to CO2 loadings above 1.0 mmol/g was 

~45 kJ/mol. Similarly, isothermal desorption studies of low-moderate amine loaded SBA-15, such as S-P-1.4 

or S-D-2.5, showed a very efficient desorption of CO2, reported to be between 70 to 90% when purged. 

Results here summarise the advantages of using sorbents for carbon capture, but a full techno-economic 

analysis is required for more practical comparison, which draws upon fixed-bed studies of amine 

functionalised sorbents 

4. Conclusions 

Different amine types and loadings lead to distinct trends in the adsorption of CO2 and CH4, providing key 

insights on the interactions between the adsorbent surface and adsorbates. The elucidation of the resulting 

interactions provides necessary information on process and adsorbent design considerations for amine 

incorporated adsorbents in CO2/CH4 separations. In this study, primary amine, diamine, and triamine were 

grafted on SBA-15 and characterised through structural and chemical morphology by TGA, FTIR, EA, and 

nitrogen adsorption measurements. It was found that low amine loadings enhanced the adsorption capacity 
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of CO2 and its selectivity in CO2/CH4 mixtures, while minimising the heat of adsorption associated with 

chemisorption. Diamine-grafted samples with a moderate surface coverage maintained a low CH4 adsorption 

and demonstrated a balance of capture capacity and heat of adsorption that is comparable to high-coverage 

primary amines. In a similar manner, moderately-grafted primary amine desorbed CO2 at an efficiency 

equivalent to densely-grafted primary amines. The variation in amine loading and resulting performance 

implies that optimal grafting quantities can potentially exist below the maximum surface coverage of an 

adsorbent base, showing superior uptake and selectivity to CO2 from CH4 at atmospheric conditions. They 

show promise as materials for low pressure processes such as vacuum swing adsorption (VSA). The 

interaction of CH4 with amines can be concluded as negligible at around 25-40 °C and 100 kPa, but further 

studies at higher pressures should be employed to confirm the mode of electrostatic interactions dictating 

CH4 adsorption for different amine concentrations. Furthermore, in conventional commercial biogas 

upgrading by pressure swing processes, the adsorption step occurs at high pressure (>5 bar) to maximise 

the adsorbed quantity of CO2. Therefore, exploring the effect of different amines and their functionalities on 

adsorption at elevated pressure is essential to further advance adsorbents for biogas upgrading, across a 

wider range of operating processes and conditions. 

The presented data indicates that adsorbents with lower amine loadings can balance the distribution of 

adsorption mechanisms between chemisorption and physisorption, providing an enhancement in adsorbents 

for the separation of CO2/CH4 mixtures while minimising implications on adsorbent regeneration for cyclic 

applications. Moreover, although moderately amine-grafted sorbents can benefit from higher kinetics and 

lower heat of adsorption, compared to those that are grafted to maximum loading, their adsorption capacity 

is lower. Therefore, their cyclic performance for biogas upgrading needs to be further evaluated and optimised 

using dynamic PSA simulations.  
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Abbreviations 

AEAPT 3-(2-aminoethylamino)propyltri-methoxysilane 
APS 3-aminopropyltrimethoxysilane 
APTES (3-aminopropyl)triethoxysilane 
BdB-FHH Broekhoff-de Boer - Frenkel-Halsey-Hill 
BJH Barrett-Joyner-Halenda 

https://www.fishersci.com/shop/products/3-2-aminoethylamino-propyltrimethoxysilane-tci-america-3/a077425g#?keyword=N-%5B3-trimethoxysilylpropyl%5D-ethylenediamine
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EA Elemental analysis 
FTIR Fourier transform infrared spectroscopy 
IAST Ideal gas adsorption solution theory 
IR Infrared 
MM Molecular mechanics 
NMR Nuclear magnetic resonance 
PSA Pressure swing adsorption 
PVSA Pressure vacuum swing adsorption 
TAEPT 3-[2-(2-aminoethylamino) ethylamino]propyltrimethoxysilane 
TGA Thermogravimetric analysis 
TSA Temperature swing adsorption  
UFF Universal Forcefield 
VSA Vacuum swing adsorption 

 

Nomenclature 

Parameter Description  Unit b Toth isotherm parameter 1/kPa 
CDes Desorption capacity  mmol/g 
Cads Adsorption capacity mmol/g 
Dp Pore diameter  nm 
K Henry isotherm parameter mmol/kPa-g n Sips isotherm exponent - ns Toth isotherm parameter mmol/g P Pressure kPa 
Q Molar uptake mmol/g R Ideal gas constant J/mol-K Ŝ Selectivity - 
SBET BET surface area m2/g T Temperature K t Toth isotherm parameter - 

Vp Pore volume cm3/g ∆HAds Isosteric heat of adsorption J/mol 
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 Modified SBA-15 by grafting different loadings of primary, di-, and tri-amines   
 Desorbate-adsorbent interactions dependent on amine type and loading were studied  
 Effect of amine type and coverage on isosteric heat of adsorption was studied 
 Isothermal and non-isothermal desorption was evaluated 
 Moderate functionalities enhanced CO2 adsorption and minimised regeneration energy 
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