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Abstract 

Nowadays, new technologies are being developed to substitute conventional energy 

resources. Biogas has emerged to avoid the intensification of global warming and 

promote waste valorization. However, undesirable chemicals must be removed prior to 

its utilization. Siloxanes stand out as biogas contaminants since they can damage process 

equipment’s. Therefore, in this work, COSMO-based/Aspen Plus computational 

methodology was applied to evaluate as first-time, ionic liquids (ILs) as siloxanes 

absorbents on biogas upgrading context. Thus, molecular simulation using COSMO-RS 

method was used to analyze the interactions between siloxanes/ILs based on excess 

properties. Moreover, it was used to select the most promising ILs among a wide sample 

(900) of solvents for latter process simulation stage based on thermodynamics (Henry’s 

law constants) and kinetics (low viscosity). The results revealed that ILs with fluorinated 

anions are the best for the task. Then, the performance of selected ILs on siloxane capture 

at industrial scale was evaluated by means of Aspen Plus process simulations. Thus, the 

absorption efficiency in a packed column was analyzed by comparing the silicon 

concentration in outlet gas stream for each IL, using a rigorous RADFRAC column in 

Rate-base mode. Operating pressure inside the column was also studied as key operating 

variable. Last, simulations of the complete siloxane capture processes were carried out to 

treat a realistic biogas stream, including the analysis of both absorption and regeneration 

columns. Process simulation results revealed that thermodynamics is the key property for 

the selection of ILs for siloxanes capture. Moreover, most of the selected ILs can satisfy 

silicon outlet concentration legislation (<5 mgSi/Nm3) in almost all the studied operating 

conditions. Last, solvent regeneration using air stripping column demonstrated the 

reversibility of the process in mild conditions of temperature (100 ºC) and vacuum 
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pressure (0.1 bar). In sum, ILs are proposed as promising siloxanes absorbents of 

siloxanes-containing streams, mainly focused on biogas upgrading. 

 

Introduction 

Biogas technology has emerged as an alternative to conventional energy resources 

due to the intensification of global warming [1]. Biogases are considered green, 

environmental, and valuable renewable fuel, including anaerobic digestion biogas (AD) 

and landfill gas (LFG), whose major constituent is methane (CH4) [2]. Biogas also 

contains other undesirable chemicals such as CO2, ammonia, H2S, halogenated 

hydrocarbons, and siloxanes [3]. Siloxanes constitute the compounds that present most 

adverse effect on biogas utilization [1]. Siloxanes are volatile organic compounds that 

contains silicon-oxygen atoms joint (Si-O bonds) with organic groups such as methyl, or 

ethyl, among others [4]. They constitute a contaminant and an obstacle in biogas 

applications since they can severely damage equipment’s, especially turbines, heat 

exchangers or gas engines [5] due the formation of silica (SiO2) and microcrystalline 

quartz during combustion process that can be deposited at valves, spark plugs and 

cylinder heads [6]. For these reasons, it is necessary to remove traces of this contaminant 

from biogas before its application [7]. In fact, the maximum siloxane concentration in 

biogas (specified by engine manufacturers) is in the range 0.03-28 mg/m3 [8]. Thus, 

different separation methods have been applied for siloxanes removal, among which stand 

out adsorption and absorption processes. Adsorption technology using activated carbons 

[9], silica gel [5] or zeolites presents some advantages on its use such as easy operation, 

strong adsorption ability (high adsorbent capacity), wide raw materials and low costs [10]. 

The removal efficiencies of this technology can reach up to 90-99% values [1]. However, 

some disadvantages found are the high regeneration temperature required, loss of 

adsorption capacity after regeneration process and a limited thermal regeneration 

efficiency due to the formation of polymerization products, that in most cases make 

regeneration unfeasible or require several units (one for use and one for regeneration). 

Additionally adsorbents are very sensitivity to moisture conditions [11]. Absorption 

processes usually employ methanol or Selexol® as physical solvents. Also siloxanes are 

effective removed by chemical absorption, since they can be destroyed  with strong acids 

and bases and their removal efficiency increase with the type of contacting phase [12]. 

Their efficiencies are higher than 97% when using an organic solvent and lower than 95% 
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with an inorganic one [1]. The main drawbacks reported are the high investment and 

operation costs, environmental safety and corrosion, high energy required for removal 

process and absorbent regeneration. Moreover, siloxanes are difficult to be completely 

removed by physical absorption [8]. Other technologies that are being investigated for 

siloxanes removal are cryogenic condensation or membranes separation [1]. Cryogenic 

condensation efficiencies are governed by the operating temperature, reaching 99.3% for 

temperatures of -70 ºC and decreasing to 15-50%  at higher ones (-25 ºC) [6]. It is a non-

toxic technology with an easy operating way, but it implies high investment and operation 

costs, high energy required (to reach low temperatures) and it is economically feasible 

only when using high flow rate and high siloxanes loadings [13]. Membranes separations 

are simple and easy-operating technologies but they imply high investment costs, 

presenting risk of fouling, blocking and pollution [6]. In general, they present efficiencies 

higher than 80% [1]. 

It is well known that biogas contains CH4 (60%) and carbon dioxide (40%) as well 

as other impurities described before. Therefore, it is important to remove not only 

siloxanes but also CO2 present on biogas streams to increase the quality for its use [14]. 

Biogas upgrading concept was created focused on CO2 elimination. It aims to increase 

the calorific value of the biogas to convert it to a higher fuel standard [15]. Regarding 

CO2 removal methods, some disadvantages are found on the different technologies. Thus, 

physical absorption requires a huge amount of solvent to completely remove CO2 [16]. 

Chemical absorption is a high energy-demanding technology to regenerate the amine-

based solvent [17]. Adsorption process usually requires a complex technology since it 

uses pressure swing adsorption process [18]. Membranes technology presents low CO2 

selectivity and CH4 purity reached are not enough for the separation [19]. Cryogenic 

separation needs high investment and operating cost for cooling the mixtures [20]. In the 

last decade, the kind of solvents called ionic liquids (ILs) have been widely studied as 

CO2 absorbents due to their unique properties such as low vapor pressure, high thermal 

stability, high absorption capacity, among others [21]. It has been demonstrated 

competitive absorption capacities when compared with traditional solvents such as amine 

solutions [22, 23]. Recently, ILs have been applied on biogas upgrading due to the high 

CO2/CH4 selectivity values found [16, 24, 25]. To the best of our knowledge, no works 

involving siloxanes capture using ILs are reported up to date. In this context, our group 

has successfully used a multiscale research strategy -integrating both molecular and 
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process simulation- to design new gas separation processes based on ILs, including CO2 

[23, 26-28], NH3 [29], H2S [30], acetylene [31], toluene [31], among other solutes. As 

first step, a selection of the ILs able to absorb efficiently the solute can be done –among 

a huge database of cations and anions- by molecular simulation using COSMO-RS 

method [32]. Then, process simulations are applied to study the technical and economic 

viability of the gas capture operation based on the selected ILs at industrial scale, using 

the COSMO-based/Aspen Plus methodology [33]. For this purpose, ILUAM database 

was created allowing to use a collection of 100 ILs that did not exist on Aspen Properties 

databases [34]. 

The aim of this work is to evaluate the application of ILs as siloxanes absorbents 

based on molecular and process simulations. First, molecular simulation is employed to 

select ILs that can potentially capture the siloxanes among a wide sample of cations (35) 

and anions (35). COSMO-RS methodology is also used to analyze the solute-solvent 

intermolecular interactions, to understand the siloxane solubility in ILs. Then, Aspen Plus 

process simulator is applied to evaluate the behavior of selected ILs on siloxane 

absorption in commercial packing columns at process scale. Last, solvent regeneration 

process is studied to demonstrate the viability of IL reuse and to estimate related energy 

duty. A final concept test is performed by treating realistic multicomponent biogas flow 

with absorption technology based on ILs, to simultaneously capture siloxanes and CO2, 

filling the quality standards of biomethane. 

Computational details 

COSMO-RS molecular simulation 

ILs geometries were optimized using the independent counter ions (C+A) model at 

BP86/TZVP computational level using solvent effect by COSMO continuum solvation 

method as implicit in Turbomole. Siloxanes structures involved in this work (Table 1 

collects the studied siloxane compounds, their physical properties, and the used 

nomenclature) were optimized at the same calculation level in gas phase. Once the 

geometries were optimized until their minimum energy level, a single point was 

performed in order to obtain the polarized charge distribution (σ-surface and σ-profile) 

stored in *.cosmo files. All the calculations required to obtain each *.cosmo file were 

carried out using Turbomole 4.5.2 and its graphical interface TurbomoleX v19. Then, 

COSMO-RS calculations were done using COSMOthermX software (version 19.0.4) and 

its parametrization BP_TZVP_19. Thus, σ-profile of pure compounds were obtained. 
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Regarding solute-IL interactions, Henry’s law constants of siloxanes in ILs, excess Gibbs 

energy, entropy, and detailed contributions to excess enthalpies in equimolar siloxane-

ILs mixtures were calculated. A detailed description of COSMO-RS calculations 

involving ILs can be found in our previous works [28-31, 35]. 

Aspen Plus process simulation 

COSMO-based/Aspen Plus methodology was used to model siloxanes absorption 

and desorption operations based on ILs in both Equilibrium and Rate-Based modes of 

RADFRAC column. ILUAM (CA-RB) database was employed to incorporate selected 

ILs in Aspen Plus v11 process simulator since they are not available in extensive Aspen 

Properties databases). The compounds of gas inlet flow (siloxanes and CH4) were used 

as default on Aspen Properties databases. In the case of siloxanes, it was completed the 

property package information by adding σ-profiles (SGPRF1-5) and COSMO volume 

(CSACVL) calculated with COSMO-RS method. First study comprises the evaluation of 

each siloxane separately with a gas flow containing 40 mgSi/Nm3 [1] of siloxane and 

balanced with CH4 with a volume flow of 300 Nm3/h (as average of biogas European 

plants [36]). The IL flow was maintained at 50 kg/h and it was evaluated the siloxanes 

concentration in the clean gas. The siloxanes limit in clean gas flows is 5 mgSi/Nm3, so it 

will be our reference to evaluate the behavior of selected ILs [37]. The total pressure was 

changed from 1 to 10 bar whereas temperature was maintained at 298.15 K. Regarding, 

siloxanes absorption column, it was modeled using RADFRAC in both Equilibrium and 

Rate-Based modes with 5 stages. The column height was 2 m of FLEXIPAC 700Y 

packing and the diameter was calculated to ensure a % approach to maximum capacity of 

70%. Second study involves the complete process of siloxane capture from a realistic 

biogas stream (containing all the siloxanes in the composition found in Table 2), including 

the absorption column and regeneration stage by stripping (Scheme 1). Table 2 

summarizes the design details of the simulated process. 
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Scheme 1. Process diagram including capture process of siloxanes and IL 

regeneration steps 

 

Table 1. Physical properties of siloxanes involved in this work 

Siloxane Formula MW 
(g/mol) 

Pvap (Pa) 
@ 298 K* 

Melting 
Point 
(K)** 

Boiling 
Point 
(K) ** 

Octamethyltrisiloxane (L3) C8H24O2Si3 236.5 1076.0 186.8 425.7 

Decamethyltetrasiloxane (L4) C10H30O3Si4 310.8 483.0 197.1 467.6 

Dodecamethylpentasiloxane (L5) C12H36O4Si5 384.8 124.5 189.2 503.1 

Hexamethylcyclotrisiloxane (D3) C6H18O3Si3 222.5 47.0 336.8 407.3 

Octamethylcyclotetrasiloxane (D4) C8H24O4Si4 296.6 20.4 290.2 448.5 

Decamethylcyclopentasiloxane (D5) C10H30O5Si5 370.8 6.0 233.9 483.9 
* Experimental data from [38] 
**Experimental data collected from NIST available in Aspen Plus v11 

 

Table 2. Operating conditions and column properties. 

Column design Absorption Stripping 
Height (m) 2 2 

Packing type FLEXIPAC 700Y FLEXIPAC 700Y 
Number of stages 5 5 
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Operating conditions Absorption Stripping 
Gas volume flow (Nm3/h) 300 8-40 
Solvent mass flow (kg/h) 50 -- 

Temperature (K) 298.15 333.15-373.15 
Pressure (bar) 1-10 0.1 

Component Composition* -- 

CH4 40 % -- 

CO2 60 % -- 

Composition (µg/Nm3) 
L3 L4 L5 D3 D4 D5 
280 310 800 120 1900 124000 

  *Composition from [39] 

 

Results 

COSMO-RS molecular simulation 

The prediction of thermodynamic properties of siloxane-ILs mixtures is possible 

thanks to COSMO-RS methodology [32]. It allows the quantification of interaction 

energy between surfaces with the polarized charge distribution (σ). σ-profile is the 

representation of polarized charge distribution in a histogram [40]. The chemical nature 

of the compounds can be rapidly analyzed by σ-profile representation. Thus, Figure 1 

shows the σ-profile of the siloxanes involved in this work, comprising linear and cyclic 

ones. The three different regions in which it is divided are depicted on Figure 1. As 

general trend, σ-profile of all the compounds is dominated by a series of peaks in the non-

polar region. Moreover, they also present some peaks in the H-bond acceptor region, 

which means a slight basic character due to the oxygen atoms in their structures. Minor 

differences are found between cyclic and linear-based siloxanes. It can be observed that 

in the case of linear compounds, they present a peak in the more positive region of the 

histogram; this is slightly stronger hydrogen bond acceptor capacity. Therefore, it can be 

anticipated that siloxanes will present favorable mixtures with non-polar compounds with 

acid character. Due to the observed negligible differences found between linear and cyclic 

compounds the following analysis will be centered on D3 compound. 



8 
 

 

Figure 1. σ-profile of siloxanes studied on this work 

Next stage of the study is focused on the selection of ILs with favorable properties 

for siloxanes absorption. Thus, a Henry’s law constants screening among our huge 

database of ILs (>5000) has been carried out for the final selection. Figure 2 illustrates 

the obtained results in an IL sample of 30x30 combinations cation-anion for D3 siloxane. 

The complete names of cations and anions can be found in Table S1 of Supplementary 

Material. First, it is important to remark that lower Henry’s law constants (dark green 

region) imply higher siloxanes solubility. As can be seen, KH values are lower than 1 bar 

in the most part of the evaluated ILs. This means a high solubility of D3 in ILs, even 

higher than those reported for CO2, H2S, etc. [27, 28, 30]. Attending to the obtained 

results, it is clearly seen that both the cation and the anion has influence on D3 solubility. 

Therefore, it is important to select those that present favorable interactions. It seems that 

voluminous non-polar cations -such as quaternary phosphonium, ammonium or 

sulfonium-, in combination with bulky fluorinated anions with delocalized charge -such 

as [FEP]- and [NTf2]-- promotes the siloxane solubility in IL. Therefore, we selected a 

collection of favorable 6 cations and 6 anions to further analysis. Starting with the cations, 

we considered [P666,14]+ cation because of its favorable KH. We also select [N2HHH]+, 

[bmim]+, [emim]+, [bmpyr]+ and [choline]+ cations in order to study the head group family 

effect on D3-ILs interactions. Regarding the anions, [FEP]- and [NTf2]- were selected 

because they generally promote low KH. In addition, ILs based on [TCM]- anion were 

also included due to their relatively low viscosity. Finally, it was incorporated a family 

of anions typically employed to chemically absorb CO2 (present on biogas gas flows) 

such as [2CNPyr]-, [Ac]- and [Gly]- [41-43]. 
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Figure 3 represents the excess enthalpy of D3-IL equimolar binary mixture as a 

function of KH of D3 in more than 1000 ILs, including those solvents previously selected. 

As can be seen, the curve presents an asymptotic behavior when values tend to KH values 

of 0, increasing the siloxane solubility in IL (lower KH) when the mixture becomes more 

exothermic (stronger attractive solute-solvent interactions). On the contrary, increasing 

endothermicity until a value close to 1 kcal/mol implies KH leading to 10 bar; then, the 

entropy contribution becomes dominant drastically increasing the KH values until >100 

bar. It can be concluded that high solubilities are related to exothermic siloxane-IL 

mixtures; however, entropy may play a significant role for less favorable IL absorbents. 

Regarding the selected ILs, they cover the whole range of mixing behavior, from 

exothermic to endothermic mixtures. Next stage is focused on a detailed COSMO-RS 

analysis on the influence of the cation and the anion on the excess properties of siloxane-

IL mixtures determining the absorption phenomena.  

Figure 2. Henry’s law constants (KH) screening of D3 in 900 ILs at 298.15 K 
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Figure 3. Excess molar enthalpies (HE) of equimolar D3-ILs mixtures versus 

Henry’s law constants (KH) by COSMO-RS at 298.15 K. 

Figure 4A shows the excess molar enthalpies, entropies and Gibbs free energies of 

D3-IL for series of selected anions with the fixed cation [P666,14]+. As can be seen, the 

enthalpy is clearly governing the interaction between D3 and these ILs. From those 

selected, [FEP]- anion is the only one that exhibits a negative value of excess Gibbs free 

energy, whereas the rest of the anions present positive ones, being ordered as a function 

of excess enthalpy values. It is important to remark that entropy contribution is 

unfavorable only in the case of [P666,14][FEP], whereas the rest of the ILs present a 

favorable entropy contribution to the mixture. Once it is concluded that enthalpy is 

governing the absorption process in this IL sample with common cation, Figure 4B 

reveals the intermolecular interaction contributions to excess molar enthalpy in D3-ILs. 

As can be seen, polar/electrostatic forces (Misfit) are the main contribution to the 

enthalpy, computing the 60% of the total. Those ILs that present hydrogen bond acceptor 

groups ([Gly]-, [Ac]- or [2CNPyr]-) have unfavorable influence on D3-ILs mixture, 

probably due to repulsive D3-anion interactions. Despite having endothermic mixtures, it 

can be seen (Figure 4B) that KH values are between 0.001-0.005 bar, which means that 

D3 solubility is very high in all [P666,14]-based ILs, not being strongly influenced by the 

selected anion. 
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Figure 4. Excess molar enthalpies, entropies and Gibbs energies (A) and HE 

contributions (Van der Waals, Hydrogen Bond and Misfit) vs KH values (B) of [P666,14]+ 

cation with different selected anions and D3 siloxane at 298.15 K computed by COSMO-

RS. 

Figure 5A shows excess enthalpy and entropy contributions to excess Gibbs energy 

for D3-ILs systems with the common anion [FEP]-. In the case of the cation influence, 

we observed significant both enthalpic and entropic contributions to excess Gibbs energy, 

so no one is clearly governing the process. The cases of the [P666,14][FEP] and 

[N2HHH][FEP] presents negative excess Gibbs free energy of mixture with D3, in contrast 

to the rest of the cations considered. It is interesting to note that D3-[P666,14][FEP] system 

presents an almost ideal mixing behavior (HE and -TSE close to 0) whereas D3-

[N2HHH][FEP] presents significant favorable enthalpic and unfavorable entropic changes 

with mixing phenomena, which cancel each other, leading to GE values close to zero. 

Figure 5B revealed the contributions to excess molar enthalpy for each IL system. In this 

case, we observe significant attractive interactions between D3 and the hydrogen bond 

donor group of some cations ([Choline]-, [N2HHH]+). Regarding KH values for D3-IL series 

with common [FEP]- anion (Figure 5B), they cover a wide range from 0.001 to 0.025 bar, 

so it seems that cation selection has a great influence on siloxane-IL mixing behavior and, 

consequently, on D3 solubility in IL. 
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Figure 5. Excess molar enthalpies, entropies, and Gibbs energies (A) and HE 

contributions (Van der Waals, Hydrogen Bond and Misfit) vs KH values (B) of [FEP]- 

anion with different selected cations and D3 siloxane at 298.15 K computed by COSMO-

RS. 

From previous analysis, a collection of 9 ILs were selected as promising siloxanes 

absorbents. Table 3 collects their properties such as molecular weight, D3 Henry’s law 

constant and viscosity. As can be seen, they were selected attending to low KH values of 

D3 (as reference) in IL, which means high siloxane solubility. Moreover, we decided to 

include two ILs based on [Ac]- with higher KH since they are commonly used in CO2 

capture as chemical absorbents [42]. Thus, it can be evaluated an IL system able to 

simultaneously remove both CO2 and siloxanes from biogas streams. The rest of the ILs 

were selected based on their low viscosity values to analyze the possible mass transfer 

kinetic restrictions of the operation. A huge range of molecular weights was also selected 

to investigate its influence on the absorption process. Last, it is important to remark that 

all the selected ILs are included in ILUAM database [34], being used the CA-RB databank 

on following Aspen Plus calculations. 
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Table 3. Selected ILs properties 

Ionic Liquids MW (g/mol) D3 KH (bar)a µ (cP)b @ 298.15 K 

[P666,14][FEP] 928.9 0.0018 353.1 

[P666,14][NTf2] 764.0 0.0022 342.9 

[emim][FEP] 556.2 0.0078 59.7 

[emim][Ac] 170.2 0.0138 138.5 

[bmim][Ac] 198.3 0.0289 447.2 

[bmim][NTf2] 419.4 0.0340 51.4 

[emim][NTf2] 391.3 0.0941 34.1 

[bmim][TCM] 229.3 0.1822 28.5 

[emim][TCM] 201.2 0.9312 14.6 
aKH estimated by COSMO-RS 
bExperimental viscosity from ILUAM [14] 
 

To complete current COSMO-RS analysis, Figure 6 and 7 show the excess enthalpy 

and entropy contributions to excess Gibbs energy of the solute-solvent equimolar binary 

mixtures, including all the siloxanes of the study (Table 1) with [emim][FEP] due to its 

low KH and [bmim][Ac] as reference of CO2 chemical absorbent. As can be seen, 

enthalpic contribution seems to govern the absorption process in [emim][FEP] case 

(Figure 6A), whereas entropic changes do it in [bmim][Ac] (Figure 7A). The COSMO-

RS analysis shows that cyclic siloxanes (D3, D4 and D5) present higher solubility in the 

ILs (lower KH values) than linear siloxanes (L3, L4 and L5). The length of molecule 

seems to present a minor effect on cyclic siloxanes solubility in ILs, whereas it plays a 

relevant role in linear siloxanes, significantly increasing the gas solubility for linear 

siloxane of higher molecular size. Regarding contributions to excess enthalpy, in the case 

of [emim][FEP] hydrogen bond contribution has a positive effect on siloxanes solubility 

whereas in the case of [bmim][Ac] it presents a negative effect. In any case, it can be 

concluded that all the siloxanes present very high gas solubility in ILs independently of 

their nature and the selected ILs. Next stage will be centered on the evaluation of selected 

ILs on realistic siloxane absorption in commercial packed columns. 
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Figure 6. Excess molar enthalpies, entropies, and Gibbs energies (A) and HE 

contributions (Van der Waals, Hydrogen Bond and Misfit) vs KH values (B) of 

[emim][FEP] with different siloxanes at 298.15 K computed by COSMO-RS. 

Figure 7. Excess molar enthalpies, entropies, and Gibbs energies (A) and HE 

contributions (Van der Waals, Hydrogen Bond and Misfit) (B) of [bmim][MeCOO] with 

different siloxanes at 298.15 K computed by COSMO-RS. 
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Aspen Plus process simulation 

The first step was to evaluate the process performance of selected ILs in siloxane 

capture by using a commercial packed column. Series of synthetic streams of 300 Nm3/h 

composed by methane and 40 mgSi/Nm3 of each studied siloxane are put in contact with 

50 kg/h of IL in an absorption column at Table 2 conditions. Figure 8 depicts the obtained 

outlet concentration of the different siloxanes at 1 bar of total pressure and 298 K. 

Figure 8. Siloxane outlet concentrations after absorption column at 1 bar and 298 K 

for synthetic mixtures of CH4/Siloxane with 40 mg/Nm3 of correspondent compound.  

Starting with D3 and L3 cases, it is concluded that ILs present a wide different 

absorbent behavior, from almost no siloxane recovery in the case of [emim][TCM] to 

nearly complete recovery in [emim][FEP]. The anion is clearly dominating the absorption 

efficiency of the ILs, being the order [FEP]- > [NTf₂]- > [Ac]- > [TCM]-. If we establish 

a minimum outlet concentration of 5 mgSi/Nm3 as a limit commonly specified for grid 

injection [37], [FEP]- and [NTf₂]- anions are able to reach this specification for D3 and L3 

at ambient pressure. Regarding the effect of the siloxane employed, as expected the 

recovery remarkably increases with the siloxane size (D5>D4>D3). The differences 

between linear and cyclic siloxanes are minor and vary from case to case, being related 

to the mass solubility of the siloxane in the correspondent IL (Table 4). It should be 

emphasized that, at the given operating conditions, the benchmark value (5 mgSi/Nm3) of 

outlet concentration is reached (even overcome) for all siloxanes using some of selected 

ILs: [bmim][NTf2], [P666,14][FEP] and [emim][FEP]. 
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Table 4. Equilibrium solubility of the different siloxanes in the ILs at 298 K and 

10-5 bar of partial pressure (1 bar of total pressure). 

IL Solubility (g/kgIL) 
D3 L3 D4 L4 D5 L5 

[emim][TCM] 0.16 0.10 0.62 0.17 0.97 1.25 
[bmim][TCM] 0.27 0.21 1.26 0.48 2.52 4.46 

[emim][Ac] 0.19 0.24 1.27 1.03 3.18 6.63 
[bmim][Ac] 0.20 0.28 1.40 1.28 3.84 8.81 

[emim][NTf₂] 0.84 0.78 4.80 2.33 18.68 68.23 
[P666,14][NTf₂] 0.54 1.31 4.70 9.21 27.88 167.46 
[bmim][NTf₂] 1.20 1.30 7.48 4.38 30.89 173.10 
[P666,14][FEP] 1.05 2.43 9.22 16.23 55.63 266.79 
[emim][FEP] 18.70 15.01 98.02 53.58 320.42 1064.67 

 

After analyzing the operation at 1 bar, the effect of pressure on the siloxane 

absorption in IL is evaluated. Figure 9 presents the outlet concentration of the absorption 

column at the different total pressures (1, 5 and 10 bar) for three of the ILs studied (rest 

of the ILs can be found in Figure S1 of Supplementary Material). 

Figure 9. Outlet siloxane concentration at different pressures for [bmim][Ac] (A), 

[bmim][NTf₂] (B) and [emim][FEP] (C). 

 In the case of [bmim][Ac] (Figure 9A), an increase of the operating pressure 

greatly increases the siloxane capture. Thus, the outlet concentration of all studied 

siloxanes reaches values below 5 mgSi/Nm3 at 10 bar. In the case of [bmim][NTf₂] (where 

remarkably lower outlet concentration than [bmim][Ac] is observed), the absorption 

efficiency increases from 1 to 5 bar, remaining almost unchanged from 5 to 10 bar.  This 

is explained because the solubility at higher pressures for all siloxanes (Table S2 of 

Supplementary Material) is far above the total amount of siloxane available in the inlet 

gas stream, so increasing the pressure is very inefficient. In the case of [emim][FEP] 
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(which allows very low siloxane outlet concentration), an opposite pressure effect is 

observed: the siloxane uptake decreases at higher pressure, rising its outlet concentration. 

This effect can be explained because, although the selectivity of siloxane over methane 

is very high (> 105 in most cases, Table S3 in Supplementary Material), increasing the 

pressure up to 5 bar almost does not change the amount of siloxane absorbed, whereas 

still increases the absorption of methane, lowering the CO2/CH4 selectivity, and implying  

slightly higher concentration of siloxane in the clean gas. 

Finally, the complete process of siloxane capture (Scheme 1) was simulated by 

COSMO-based/Aspen approach using real biogas stream, containing all six siloxanes, 

carbon dioxide and methane [38], in the composition detailed in Table 2. This biogas is 

typical from wastewater treatment plants, with an average siloxane composition near 

40 mg/m3 ,where D4 and D5 is usually above 90% of total siloxanes [1]. Figure 10 

presents the outlet concentration of total siloxane in the absorption column at 1 bar of 

total pressure and 298 K for different absorbent mass flows using selected IL. 

 Figure 10. Effect of the ILs mass flow on the siloxane outlet concentration of 

absorption columns at 298 K and 1 bar. 

The ILs can be classified attending to the absorbent behavior observed for pure D5 

(Figure 8). First, [Ac]- and [TCM]- anion based ILs present comparatively low siloxane 

capture, finding that an increment in the IL mass flow clearly improves the siloxanes 

separation. In contrast, for ILs based on [FEP]- and [NTf₂]- anions, the siloxane solubility 

is very high. For this reason,  the amount of IL required to completely remove the 
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siloxanes from gas streams is very low; then, an increase in the liquid flow does not have 

any practical effect on the separation efficiency, achieving a removal of 99% in the case 

of [emim][FEP] for a flow such low like 5 kg/h of IL. 

However, such affinity toward siloxanes make the regeneration of the IL more 

difficult. In current separation proposal (Scheme 1), the solvent regeneration was 

attempted by using a small air stripping column (Table 2). Two ILs with clear different 

behavior were evaluated, [emim][FEP] and [bmim][Ac], being the first IL the best 

siloxane absorbent  and the later  an IL proposed  for biogas upgrading , due to its 

favorable CO2 chemical absorption [44]. For this study, the saturated IL was put in contact 

with an air stream at a total pressure of 0.1 bar at different operating temperatures (60, 70 

and 80 ºC).  

Figure 11. IL regeneration at total pressure of 0.1 bar and different temperatures 

(60, 80 and 100ºC) and stripping air flow (10, 20 and 30 kg/h) for [emim][FEP] (front) 

and [bmim][Ac] (back). 

Figure 11 depicts the percentage of siloxane removed from the exhausted IL stream 

in the regeneration column, as a function of the temperature and the stripping air flow. In 

the case of the best absorbent, [emim][FEP], as expected, an increase in the operating 

temperature clearly improves the regeneration, due the lower solubility of siloxanes at 

higher temperatures. The same occurs when increasing the stripping flow employed, that 
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reduces the partial pressure of siloxane in the gas phase, promoting a more efficient IL 

regeneration. In the case of [emim][FEP], the regeneration needs at least 100ºC and high 

air flows (50 kg/h) to reach a reasonable siloxane recovery value (> 90%). In the case of 

[bmim][Ac], the IL is almost completely regenerated at all the studied conditions, due to 

its relatively lower siloxanes affinity. 

It should be noted that the very high uptake of siloxanes in [emim][FEP] (200 g/kg 

at 0.5 g/m3 D4 and 298 K and 1 bar) is comparable or even higher than some of 

conventional adsorbents, such activated carbons (50-300 g/kg at similar conditions [38]) 

or zeolites (100-200 g/kg at similar conditions [38]). An improvement in the application 

of this IL in siloxane capture may be its immobilization in a porous solid to generate 

supported or encapsulated ILs [43, 45]. It would allow using ILs in gas-solid separation 

technology, with materials presenting similar uptake capacity than conventional 

adsorbents but remarkably easier regeneration (the regeneration temperatures commonly 

used for adsorbent is up to 250 ºC [3].  In the case of [bmim][Ac], we noticed that, despite 

having lower performance than other selected ILs, all the solvent requirements and 

regeneration conditions needed for siloxane capture process are lower than those needed 

for CO2 capture in a biogas application [44], so a great advantage is found being able to 

simultaneously remove both CO2 and siloxanes in biogas upgrading applications. 

 

Conclusions 

COSMO-based/Aspen Plus methodology was successfully applied to reveal the 

promising application of ILs to siloxanes capture, centered on biogas upgrading 

technology. Molecular simulation results using COSMO-RS method suggested the high 

affinity of ILs for linear and cyclic siloxane gas compounds, obtaining Henry’s law 

constants in the range 0.001-1 bar. Intermolecular interaction analysis of siloxane-IL 

mixtures let us conclude that the absorption phenomenon is governed by excess enthalpy 

in most favorable ILs. The results showed that ILs with fluorinated anions present the 

best behavior from the thermodynamic point of view. COSMO-RS analysis was extensive 

to all the involved siloxanes resulting in almost the same conclusions. ILs tested on 

process simulation stage were selected based on not only thermodynamics (low KH), but 

also low MW and low viscosity. Process simulation results in rigorous absorption packed 

column revealed that ILs performance is ordered as a function of the anion, being [FEP]- 
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and [NTf2]- those that exhibit the highest siloxane separation efficiency, due to their high 

siloxane gas solubility. The observed effects of operating pressure in the column were 

related with siloxane/CH4 selectivity. Finally, simulations of the complete siloxane 

capture process using a real biogas stream (including all the siloxanes and CO2) confirmed 

the previous extracted conclusions. ILs regeneration using stripping columns with air 

demonstrated the reversibility of the process in mild conditions of temperature (100 ºC) 

and pressure (0.1 bar). 
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