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Abstract 

Ethylene is a core building block in the chemical industry and its separation from ethane 

is very challenging due to high energy requirements. Adsorption-based processes can be 

an alternative. In this work, we explore for the first time the application of periodic 

mesoporous organosilica (PMO) materials, whose surface properties can be tuned with 

different functional groups. With the aim of correlating the PMO structure with ethane 

and ethylene adsorption, eight different PMO materials have been prepared, viz. the 

phenylene-bridged PMO, PMO aminated at the organic bridges, and PMO 

functionalized by silylation of free silanol (inorganic) moieties. High pressure 

adsorption isotherms were measured, and the separation selectivity and phase diagrams 

of a binary mixture of ethane and ethylene were estimated. Results have shown that, 
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overall, the PMO studied tend to be more selective towards ethylene than ethane 

probably due to the interactions between the quadrupole moment of ethylene and the 

free silanols in the samples. After silylation, the novel materials presented surfaces with 

higher affinity towards ethane than those of the pristine material. For the aminated 

samples, functionalization with primary amines originated materials displaying better 

selectivity towards ethylene than those functionalized with secondary or tertiary amines. 

 

1. Introduction 

Ethylene, the primary building block of several polymers used in the manufacturing of 

plastics, is one of the most important feedstocks in the petrochemical industry [1–4]. 

This short-chain olefin is mainly produced via steam cracking of hydrocarbons such as 

naphtha or ethane. To obtain a high-purity product, ethylene needs to be separated 

during the final steps of this process from remaining ethane, which can be recycled as 

feedstock [1–4]. However, ethylene and ethane have similar volatilities and molecular 

dimensions [4–6] which make their mixtures inherently difficult to separate and a 

technological challenge for the petrochemical industry [7,8]. Conventionally, this type 

of separation is done by low-temperature (cryogenic) or high-pressure distillations in 

large columns (often with more than 100 trays), which significantly increases total costs 

due to the high energy requirements (ca. 85% of the total costs of the steam cracking 

process are due to ethylene/ethane separation) [2–5]. As such, it is crucial to explore 

more cost-effective and sustainable alternatives for this energy-intensive separation [4]. 

Adsorption-based processes, such as pressure or temperature swing adsorptions (PSA or 

TSA, respectively) or simulated moving bed (SMB), in which an adsorbent material is 

used to selectively adsorb one of the components in a gaseous mixture, can be regarded 

as possible alternatives [4,8]. Several classes of porous materials have already been 

tested for the separation of ethylene from ethane, including zeolitic materials [4,6,9–11], 

metal-organic frameworks (MOF) [6,12–19], clay-based materials [20–22], silicas [23–

25] and carbon-based adsorbents [26–28], with some exhibiting higher selectivity 

towards ethylene and others towards ethane. Additional examples of porous materials 

for this separation, particularly of different types of zeolitic materials and MOF, can be 

found in a comprehensive review by Wang et al. [8]. 

Periodic mesoporous organosilicas (PMO) represent another class of porous materials 

with interesting properties for this separation. First developed in 1999 by three 
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independent research groups [29–31], PMO are hybrid porous materials consisting of 

inorganic silica moieties bridged by organic linkers in layers ordered periodically, 

typically along the walls of porous channels arranged hexagonally [29–34]. These 

materials are highly versatile due to their hybrid nature, in which different functional 

groups can be used during synthesis or post-synthesis modifications, and pore structure, 

in which different pore sizes and morphologies can be achieved [29–34]. As such, PMO 

have already been tested in a number of different applications including catalysis, 

chromatography and adsorption for gas separation [32–34]. However, to the best of our 

knowledge, PMO have not yet been tested for the adsorptive separation of ethylene 

from ethane. With this in mind, the aim of this work was to assess the potential of PMO 

as adsorbents for the separation of ethylene from ethane, as well as to evaluate the 

effect, on the overall adsorption capabilities of the materials, of different types of 

modifications in the organic or inorganic moieties in the framework. For this purpose, 

we tested the performance of a set of PMO adsorbent materials for this separation, using 

the volumetric method to measure the adsorption equilibrium isotherms of pure ethane 

and pure ethylene at 25 °C and pressures up to 1000 kPa (10 bar). The experimental 

adsorption data from the equilibrium isotherms was then implemented in a well-

established methodology in order to obtain separation parameters such as selectivity and 

equilibrium phase diagrams for binary mixtures of these two gases. Eight different types 

of PMO were tested (cf. Scheme 1): a parent phenylene-bridged PMO and three 

phenylene-bridged PMO functionalized by silylation of free silanol moieties in the 

framework synthesized for the first time in the present study, and four PMO (three with 

a phenylene organic bridge and one with a biphenylene organic bridge) functionalized 

by amination of the organic bridges, with syntheses already described in previous works 

[35–38]. 

 

2. Experimental section 

2.1 Chemicals 

Octadecyltrimethylammonium bromide (ODTMA, 98%, Aldrich), 4,4’-

bis(triethoxysilyl)biphenylene (BTEBP, Aldrich, 95%), hydrochloric acid (HCl, 37% 

v/v, Carlo Erba), nitric acid (HNO3, 65%, Panreac), sulfuric acid (H2SO4, 95–97% v/v, 

Panreac), tin chloride (SnCl2, 98%, Aldrich), isopropylamine (CH3CH(NH2)CH3, 

>99.5%, Aldrich), acetonitrile (99.5%, Sigma), potassium iodide (KI, 99.5%, Riedel-de-
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Haën), dichloromethane (CH2Cl2, >98%, Sigma-Aldrich), sodium hydrogen carbonate 

(NaHCO3, 99.55%, Sigma-Aldrich), 2-bromopropane (CH3CH(Br)CH3, 99%, Aldrich), 

3-chloropropionitrile (ClCH2CH2CN, 98%, Aldrich), chlorotrimethylsilane (Me3SiCl, 

99%, Fluka), chlorotriphenylsilane (Ph3SiCl, 96%, Aldrich ), 

benzylchlorodimethylsilane (PhCH2SiMe2Cl, 97%, Aldrich), toluene (98.8%, Aldrich), 

acetone (PA, Sigma-Aldrich) were purchased from commercial sources. All chemicals 

were used as received without further purification. 

 

2.2. PhPMO synthesis and functionalization 

Phenylene PMO (denoted here as PhPMO) was prepared according to the literature 

procedures [39,40]. The PMO synthesis starts with hydrolysis and condensation of 1,4-

bis(triethoxysilyl)benzene (BTEB) precursor [41] in the presence of supramolecular 

structure directing agent ODTMA. The mixture was stirred at room temperature during 

24 h and then subject to 24 h of hydrothermal treatment at 100 °C. Finally, the white 

solid was filtered and washed. The template was removed using an ethanol/HCl solution 

under reflux. 

The amine-modified phenylene PMO (NH2PhPMO, Scheme 1) was prepared upon a 

two-step reaction with very strong acid solutions of i) HNO3/H2SO4 and of ii) 

SnCl2/HCl under microwave-assisted heating [35]. 

The N-alkylated PhPMO (iPrNHPhPMO, Scheme 1), with an isopropyl 

functionalization inserted in the amino group of NH2PhPMO sample and N,N-

dialkylated PhPMO (CNPrNPhPMO, Scheme 1), with two propionitrile functional 

groups inserted in the same amino group of NH2PhPMO material were prepared using a 

microwave-assisted procedure [36,37]. The post-synthetic N-alkylation and N,N-

dialkylation reactions of 2-bromopropane and 3-chloropropionitrile on NH2PhPMO, 

respectively, were made in the presence of KI and acetonitrile at 175 °C. 

The amine modified biphenylene PMO (denoted here as NH2BphPMO, Scheme 1) was 

prepared using our previous procedure [38], similar to that used for NH2PhPMO. 

The silylation reactions of R–Si–Cl to the free silanols of phenylene-PMO (Scheme 1, 

denoted here as PhPMO_R), where R can be Me3, Ph3 or Me2Ph, were performed as 

follows. In a typical synthesis, 300 mg of PhPMO were activated at 110 °C under 

vacuum. Then, 4.5 mL of dried toluene were added followed by dropwise addition of 

one of the following R–Si–Cl precursors: 

i) 1.5 mL of Me3SiCl; 
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ii)  1.5 mg of Ph3SiCl in 5 mL of toluene;  

iii)  1.5 mL of Me2Si(CH2Ph)Cl. 

The mixture was stirred at room temperature during 24 h. After 24 h, the white powder 

was filtered-off and further washed with acetone, dichloromethane and water. Finally, 

the resulting PhPMO_R materials were dried at 60 °C. 

 

Scheme 1. Schematic representation of the a) silylation reaction of R–Si–Cl to the free silanols of 
PhPMO; amination reaction and N-alkylation reaction of the phenylene-moieties of the PhPMO and b) 
amination reaction of the biphenylene moieties of the BphPMO materials. 
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2.3. Characterization of materials  

The physical and chemical properties of all the synthesized materials were evaluated by 

powder X-ray diffraction (PXRD), low temperature (-196 °C) nitrogen adsorption-

desorption isotherms, 29Si magic angle spinning (MAS) and cross polarized (CP) MAS 

nuclear magnetic resonance (NMR), 13C CP-MAS NMR and attenuated total reflectance 

(ATR) Fourier transform infrared (FTIR) spectroscopies, thermogravimetric analysis 

(TGA) and elemental analysis (EA). Description of the experimental conditions is 

presented in the Supporting Information (SI) given in Appendix A. 

 

2.4. Ethane / ethylene adsorption measurements  

Adsorption equilibrium isotherms of ethane (C2H6, 99.995%, Air Liquide) and ethylene 

(C2H4, 99.95%, Air Liquide) were measured for the PMO adsorbent samples at 25 °C 

and in increasing pressures up to ca. 1000 kPa (10 bar), using the volumetric method. 

These experiments were performed in a lab-made stainless-steel volumetric apparatus 

(Scheme S1, in the SI) with a pressure transducer (MKS, Baratron 627D14TBC1B), and 

equipped with a vacuum system (Pfeiffer Vacuum, HiCube 80 Eco) that achieves 

vacuum pressures better than 10-2 Pa. Prior to collecting experimental data, all samples 

were degassed in situ at 120 °C for 2 h, under a vacuum pressure of 10-4 Pa. This 

temperature corresponds to a plateau on the TGA curves (Figure S8), and from our 

previous experience with these materials this procedure is adequate to activate the 

materials in our vacuum setup. During the experiments, the temperature of the 

adsorption system and of each sample was controlled via a stirred thermostatic water 

bath with an accuracy of 0.01 °C (Julabo, MB-5).  

Experimental pure-component adsorption equilibrium isotherms for all samples were 

fitted using the Virial model. The non-ideality of the gas phase was taken into account 

by using the second and third virial coefficients. Additionally, the experimental excess 

adsorbed amounts were converted to the absolute adsorbed amounts by taking into 

account the porous volume of the material and the density of the gas phase using the 

virial coefficients. Considering the Ideal Adsorbed Solution Theory (IAST) [42], 

average selectivity values and equilibrium phase diagrams were obtained using a 

method proposed by Myers [43]. The implementation of this method requires the use of 

an analytical expression for the experimental adsorption equilibrium isotherms that, in 
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the scope of this work, is given in the form of a virial equation of state, in which the 

pressure, p, is a function of the adsorbed amount, nads, as follows: 

 � �
����

�
exp��
���� � ������

�
� ������

�
� (1) 

where K is the Henry constant and C1, C2, and C3 are the respective constants of the 

virial series expansion. A detailed description of the complete implementation of this 

method can be found in previous works [44,45]. 

 

3. Results and discussion 

3.1. Characterization of PMO 

The structural properties of the PMO adsorbents were determined using PXRD and low 

temperature N2 adsorption isotherms techniques. Figure 1 displays the PXRD 

diffraction patterns of PhPMO, PhPMO_Me3, PhPMO_Ph3 and PhPMO_Me2Ph 

materials. The parent PhPMO has 2D hexagonal symmetry (p6mm) lattice with a d 

spacing of 4.65 nm for the strong (100) reflection at low-angle (Table 1). 

 

Figure 1. Powder X-ray diffraction patterns of a) PhPMO, b) PhPMO_Me3, c) PhPMO_Ph3 and d) 
PhPMO_Me2Ph. 

 

In the case of the silylated adsorbents, slight changes are observed in the PXRD (Figure 

1) corresponding to the loss of definition of the 2D hexagonal arrangement, which is in 

agreement with the introduction of functional groups into the pores. The d100 obtained 

for the PhPMO_Me3, PhPMO_Ph3 and PhPMO_Me2Ph samples are 4.56, 4.56 and 4.50 
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nm, respectively (Table 1). A medium-range reflection at d ~ 0.76 nm is observed in all 

materials which corresponds to the molecular-scale periodicity in the PhPMO pore 

walls along the channel direction [39]. The parent PMO and all new silylated PMO 

materials show these peaks at the same d spacing. Thus, the silylation reaction of PMO 

using different silyl organic reagents is carried out preserving both meso- and 

molecular- periodicities. 

 

Table 1. Structural and chemical properties of PMO and modified PMO materials. 

Samples 
d100 
(nm) 

aa 
(nm) 

SBET
b
 

(m2·g-1) 
VP

c 
(cm3·g-1) 

dP
d 

(nm) 
Ce 
(%) 

He 
(%) 

Ne 
(%) 

PhPMO and silylated PMO 
PhPMO 4.65 5.36 901 0.77 3.6 38.45 2.56 – 
PhPMO_Me3 4.56 5.27 709 0.81 3.2–3.7 38.82 3.00 – 
PhPMO_Ph3 4.56 5.27 709 0.79 3.2–3.7 38.65 2.86 – 
PhPMO_Me2Ph 4.50 5.19 241 0.28 3.2 42.01 3.17 – 

Aminated PMO 
NH2BphPMO 4.67 5.39 588 0.53 3.0 48.52 3.41 4.44 
NH2PhPMOf 4.46 5.15 666 0.63 3.4 33.41 3.40 2.30 
iPrNHPhPMO 4.32 4.99 568 0.74 3.2 38.05 3.44 3.00 
CNPrNPhPMO 4.64 5.36 659 0.81 3.3 36.65 2.94 2.94 

a Unit cell parameter calculated as (2d100/√3). b The values of the fitted parameters used to calculate the 
BET surface areas, and the corresponding correlation coefficients, can be found in Table S1, in the SI. c 
BJH Adsorption cumulative volume of pores. d Pore diameter obtained from the BJH method with the 
corrected Kelvin equation, i.e., KJS-BJH method at the maximum of pore size distribution calculated on 
the basis of adsorption data. e Determined by elemental analysis. f Values from the sample synthesized in 
reference [35]. 
  

In the case of the aminated materials, the d100 of NH2BphPMO, NH2PhPMO, 

iPrNHPhPMO and CNPrNPhPMO are 4.67, 4.46, 4.32 and 4.64 nm, respectively (Table 

1 and Figure S1, in the SI). The reflection associated to the molecular-scale periodicity 

is also observed at d ~ 0.76 nm for the aminated PhPMO samples [35–37], while in the 

case of the NH2BphPMO material this reflection appears at d ~ 1.9  nm [38] (Figure S1 

in the SI). The difference achieved in the molecular-scale periodicity between PhPMO 

and BphPMO is related with the size of the organic bridges of the PMO, that is bigger 

in the case of the PMO with biphenylene moieties. 

The presence of different organic silyl groups into the pores was confirmed by N2 

adsorption-desorption experiments (Figure S2, in the SI). The pristine PhPMO shows a 

type IV isotherm [46], characteristic of conventional mesoporous materials such as 

MCM-41 [47], which corresponds to the presence of a narrow distribution of mesopores 

with uniform size. The introduction of silylated organic groups into the mesochannels is 

sustained by a decrease of the specific BET surface area (SBET) and pore volume (VP) 
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presented in Table 1 and Figure S2. The PhPMO, PhPMO_Me3, PhPMO_Ph3 and 

PhPMO_Me2Ph adsorbents have SBET of 901, 709, 709 and 241 m²⋅g-1, respectively 

(Table 1). The decrease in SBET and VP is much more evident for the PhPMO_Me2Ph 

sample, due to the medium bulky nature of this group, which can probably diffuse better 

into the PMO channels than the Ph3 silylated functional group (bulkier functional 

group), during functionalization. A comparison of the pore size distribution (PSD) 

curves of pristine PhPMO and organic silylated-modified PhPMO adsorbents is 

revealed in Figure S3, with the values of the pore diameters provided in Table 1, 

showing maximum shifting from 3.6 to 3.2 nm, respectively. A similar behavior is also 

observed in the aminated PMO samples as reported in previous works [35–38], where 

the SBET, VP and dP are reduced after amine- and alkylation-functionalization reactions 

(Figures S4 and S5 in the SI). 

Solid-state 13C CP-MAS NMR, 29Si MAS and CP-MAS NMR spectra of PhPMO, 

PhPMO_Me3, PhPMO_Ph3 and PhPMO_Me2Ph prepared samples are presented in 

Figures 2 and S6, respectively.  

 

Figure 2. 13C CP-MAS (left) and 29Si MAS (right) NMR spectra of the a) PhPMO, b) PhPMO_Me3, c) 
PhPMO_Ph3 and d) PhPMO_Me2Ph materials. * denotes the spinning side bands and # denotes the 
presence of ethanol. 
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The 13C CP-MAS NMR spectra support the different organic silyl modification of the 

PhPMO material. The pristine PhPMO (Figure 2a) displays a characteristic resonance at 

133 ppm that is related with the aromatic carbon atoms of the phenylene bridge of the 

PMO material as described in the literature [39]. The incorporation of the SiMe3 groups 

is detected by the presence of a resonance at ca. -1.4 ppm (Figure 2b) corresponding to 

the methyl groups linked to the silicon atom [48]. The spectrum for PhPMO_Ph3 

(Figure 2c) displays a low intensity peak at 127 ppm that corresponds to inserted phenyl 

groups. This low intensity indicates a small concentration of SiPh3 groups, which can be 

explained by a low functionalization due to their bulky nature and concomitant low 

diffusion along the channels of the PhPMO. The insertion of SiMe2Ph groups into the 

PMO was successfully achieved, which is supported by the presence of resonances at 

138.7, 127.8 and 123.6 ppm, corresponding to the carbon atoms of the inserted 

phenylene group, and at -3.1 and 27.3 ppm (Figure 2d), assigned to the carbon atoms of 

the inserted methyl and Ph–CH2 moieties, respectively [48]. 

The grafting of the methyl and phenyl silylated reagents to the free silanols in PhPMO 

is confirmed by 29Si NMR spectroscopy (Figures 2 and S6). The 29Si MAS and CP-

MAS NMR spectra of the parent PhPMO have resonances at ca. -81, -71 and -61 ppm 

corresponding to T3, T2 and T1 (Tm = SiR(OSi)m(OH)3-m) organosiliceous species, 

respectively. The percentages of the Tm species are presented in Table S2 and were 

calculated from the deconvolution of the overlapping peaks of 29Si MAS spectra. 

PhPMO shows 58.7%, 29.1% and 12.2% for Tm species, with m = 3, 2 and 1, 

respectively. The grafting of the organic silylated functional groups to the T1 and T2 

silanols of PhPMO is confirmed by the decrease of intensity of the resonances 

corresponding to these species (Figure S6) when comparing with the T3 environments 

(cf. Table S2). Nevertheless, in all silylated materials there is still a significant number 

of remaining T2 environments. The silylated PMO materials with highest amount of T3 

species and with the lowest quantity of T1 species is PhPMO_Me3, followed by 

PhPMO_Me2Ph and PhPMO_Ph3, with 64.6%, 62.1% and 61.1% for T3 species, and 

5.1%, 7.0% and 9.9% for T1 species, respectively (Table S2). Furthermore, upon 

silylation it is evident the appearance of an extra peak in the 29Si CP-MAS and MAS 

NMR spectra of the PhPMO_Me3 and PhPMO_Me2Ph materials at high frequency (ca. 

10.6 and 7.9 ppm, respectively), which may be assigned to M type Me3Si–OSi and 

Me2PhCH2Si–OSi silanols, respectively [49]. This resonance is absent in the spectrum 

of the PhPMO_Ph3 silylated material. While Qn species are detected in all materials, 
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their quantity is clearly more perceptible in the material silylated with the Ph3SiCl, 

which is associated to the cleavage of the C–Si bond during the attempt of silylation of 

the materials surface [50]. The 13C CP MAS and 29Si MAS and CP MAS NMR (not 

shown) of the aminated PhPMO and BphPMO are in agreement with the ones achieved 

in our previous works [35–38], showing the successful functionalization of the samples. 

Table S2 also shows the percentages of the Tm species calculated for these samples. In 

general, aminated PMO materials present lower amounts of free silanols (both T1 and T2 

species) than the silylated samples, showing that the amination reaction and posterior 

amino alkylation seems to promote further hydrolysis and condensation reaction of 

these species. This behavior is more pronounced in the case of the geminal silanol 

groups (T1 species) for the iPrNHPhPMO sample (Table S2). As observed for the 

silylated PMO adsorbents, Qn species are also more evidenced in the amine-modified 

PMO samples when compared with the non-modified pristine PMO materials (not 

shown) [35–38]. 

The functionalization of the PhPMO with different organic silyl groups was also 

followed by ATR-FTIR spectroscopy (Figure S7). The C=C stretching modes of the 

aromatic groups in the framework of the PhPMO are observed in the interval between 

1500 and 1680 cm-1. The aromatic C–H stretching bands appear at 3050–3070 cm-1 and 

the methyl C–H stretching bands appear at 2840–3000 cm-1, with the presence of the 

latter attributed to residual amounts of the surfactant used in the syntheses. The presence 

of methyl silylated groups upon functionalization is observed on both PhPMO_Me3 and 

PhPMO_Me2Ph materials, by the appearance of a strong, sharp band at 1257 cm-1 

together with another strong band at 852 cm-1, related to the presence of the C–H 

bending modes. Additionally, the PhPMO_Me2Ph material also presents an increase of 

intensity of the medium-weak bands at 1495 and 1624 cm-1 related to the C=C of the 

phenylene groups. The modification of the PhPMO with the Ph3SiCl precursor is not 

convincingly detected by ATR-FTIR spectroscopy, which suggests the slight 

functionalization of this material with this group. This can be related with the bulky 

nature of the precursor and its subsequent poor diffusion into the pore channels of the 

PhPMO. 

The TGA of the parent PhPMO and the modified PhPMO materials (Figure S8) shows 

that all materials display a first weight loss, below 100 °C, which corresponds to 

desorption of physisorbed water. The grafting of organic silylated groups to the free 

silanols of the parent PhPMO leads to a reduction of its thermal stability from ca. 600 
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°C to 190 and 200 °C for PhPMO_Me3 and PhPMO_Ph3, respectively. The PhPMO 

material incorporating Ph and Me organic groups (viz. PhPMO_Me2Ph) is thermally 

stable up to 155 °C. 

Table 1 presents the C, H and N percentages in the PMO materials determined by EA. 

The percentages of C and H in PhPMO are 38.45% and 2.56%, respectively. The 

grafting of R–Si groups into the PhPMO leads to an increase of both C and H density 

into the PhPMO, with a carbon content of 38.82%, 38.65%, and 42.01% and a hydrogen 

content of 3.00%, 2.86% and 3.17% for PhPMO_Me3, PhPMO_Ph3 and 

PhPMO_Me2Ph materials, respectively. In the case of the aminated PMO materials, the 

C content increases from NH2PhPMO < CNPrNPhPMO < iPrNHPhPMO < 

NH2BphPMO as expected, due to the insertion of the alkyl groups in the case of the 

modified NH2PhPMO materials and to the presence of biphenylene groups that replaced 

the phenylene moieties in the case of the NH2BphPMO sample. The aminated samples 

possess between 2.30–4.44% of N, being the lowest N content found for the 

NH2PhPMO and the highest one for its homologous NH2BphPMO material. This 

difference in N content (almost twice higher in the case of NH2BphPMO) can be related 

to the possible bifunctionalization of the benzene groups of the BphPMO (cf. Scheme 1) 

[38]. 

 

3.2. Adsorption of ethane and ethylene  

The pure-component adsorption equilibrium isotherms obtained for ethane and ethylene 

at 25 °C and up to pressures of 1000 kPa (10 bar) for the eight PMO adsorbent materials 

can be found in Figure 3 (and individually for each material in Figure S9).  

 

Figure 3. Adsorption equilibrium isotherms of pure ethane (C2H6, solid symbols) and pure ethylene 
(C2H4, blank symbols) at 25 °C on PhPMO and silylated PMO (left) and aminated PMO (right). Solid 
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lines represent the nonlinear least-squares fit of the Virial model to the experimental points. Individual 
curves for both gases for each material are given in SI (Figure S9). 

 

As can be seen, all eight PMO samples show similar types of adsorption equilibrium 

isotherms for both gases, and, overall, for pressures below 5 bar ethylene adsorption is 

higher than ethane in all PMO materials. Regarding the two different sets of 

functionalizations, silylation of the inorganic free silanol moieties and amination of the 

organic phenylene bridges of the PMO, for the silylated samples, it can be seen in the 

isotherms in Figure 3 that PhPMO_Ph3 is the material adsorbing the highest quantities 

of ethane and ethylene, followed by PhPMO_Me3 and lastly PhPMO_Me2Ph. For the 

aminated materials it can be seen in the isotherms in Figure 3 that the samples modified 

with primary amines, NH2PhPMO and NH2BphPMO, show higher adsorbed amounts 

for both gases than CNPrNPhPMO, modified with a tertiary amine, followed by 

iPrNHPhPMO, modified with a secondary amine. 

The functionalization of the pores of the PMO decreases the pore volume and surface 

area (cf. Table 1) and this is expected to decrease the adsorption capacity for gases at 

high pressures, i.e., less adsorption space is available to be filled with the gas molecules. 

The effect of the functionalization of the samples on surface interaction with ethane and 

ethylene becomes even more obscured by some differences in functionalization extent 

and concomitant variation in the surface area decrease. The variation of the surface area 

on the adsorbed amounts can be compensated by expressing the ethane and ethylene 

adsorbed amounts per surface area of the material. Thus, to better understand the effect 

of the functionalization on the adsorption of ethane and ethylene, the adsorption results 

per mass of material (Figure 3 and Figure S9) and per surface area of material (Figure 

S10) will be analyzed in more detail to obtain complementary information. Considering 

first the adsorbed amounts per mass of material, it can be seen in Figure 3 that all 

functionalized samples, with the exception of NH2BphPMO which originated from a 

different parent PMO (viz. BphPMO), show an overall decrease in the adsorption of 

both gases in comparison with the parent PhPMO, which indicates that all the 

modifications appear to decrease the adsorption capacity of PhPMO for ethane and 

ethylene. The loss of adsorption potential could, in part, be a consequence of the bulky 

nature of some functional groups that occupy part of the available pore space (cf. Table 

1). A good example is PhPMO_Me2Ph which is, among the samples with the highest 

degrees of functionalization, the one that has the lowest surface area and pore volume 
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(cf. Table 1) and is the material showing the lowest adsorption of pure ethane and 

ethylene (cf. Figure 3). As a general trend, it can be observed that aminated samples 

tend to adsorb slightly higher amounts of both gases than silylated samples, despite 

having lower SBET and VP values. The silylated samples present higher affinity for 

ethylene over ethane as a consequence of incomplete functionalization of the parent 

PMO materials or the occurrence of chemical interactions between the quadrupole 

moment of ethylene and free silanols in the samples. It can also be observed in Figure 3 

that the majority of the PMO materials tend to adsorb higher amounts of ethane than 

ethylene for pressures in the range of 600–900 kPa and onwards, the exceptions being 

PhPMO and PhPMO_Me3, which show higher adsorption of ethylene than ethane until 

the last data point collected (at ca. 1000 kPa). This could be due to the fact that higher 

pressures will result in higher amounts of gas being adsorbed on the limited pore 

volume, which may lead to an increase in intermolecular (van der Waals) interactions 

between gas molecules [7]. The strength of these types of interactions is based on the 

polarizability of the molecules, and given that the polarizability of ethane (4.47×10-24 

cm3) is higher than that of ethylene (4.25×10-24 cm3) [7,51]. This could be the reason 

why, at higher pressures, there is an overall higher adsorption of ethane over ethylene. 

Nevertheless, this switch in the adsorption behavior with the increase of the pressure 

occurs at different pressure values for the different materials, showing that the surface 

functionalization influences the polarization of the adsorbed ethane molecules [52,53]. 

For instance, in the case of the silylation modification, the ethane polarization seems to 

increase in the order PhPMO_Me3, < PhPMO_Ph3 < PhPMO_Me2Ph, with the 

PhPMO_Me2Ph starting to adsorb a larger amount of ethane than ethylene at the 

pressure of approximately 580 kPa. This indicates that the presence of Ph surface 

groups at the surface of the PMO seems to have a higher impact on polarizing the 

adsorbed ethane molecules than the Me groups. In this analysis it should be considered 

that the PMO materials’ silanols modification with the Si–Ph3 groups occurred at lower 

degree than with Si–Me2Ph groups, due to the former’s bulky nature. On the other hand, 

in the case of the amino modification of the PMO materials, the secondary amines seem 

to have a higher influence on the polarization of the ethane molecules than primary or 

tertiary amines. 

To properly reveal the effect of the functionalization on the surface affinity for the 

gases, the amounts adsorbed per surface area of each material are represented in Figure 

S10. The silylation on the PhPMO_Me2Ph resulted in a significant increase of the 
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amounts adsorbed per surface area (cf. it is almost the double at 1000 kPa) comparing to 

the other materials. Thus, in this case it is clear that, although silylation decreased the 

amounts adsorbed per mass of material due to the reduction of the pore volume, it 

increased the surface affinity for the gases. The other silylated samples do not show the 

same behavior. This difference could be related with the effective introduction of 

pending Ph on the PhPMO_Me2Ph sample, that was not achieved in the PhPMO_Ph3 as 

discussed in Section 3.1. In the aminated samples, there are not so many marked 

differences. Nevertheless, a slightly higher interaction of the surface of the samples 

functionalized with primary amines (NH2PhPMO and NH2BphPMO) with the gases is 

noticed. 

To further continue the analysis of the results, the experimental adsorption equilibrium 

isotherms were fitted with the virial equation of state (1) (solid lines in Figure 3) and the 

obtained parameters are listed in Table 2. 

 

Table 2. Henry constants (K), virial coefficients (C1 and C2) and correlation coefficients (R2) for the 
nonlinear least-squares fit of the Virial model to the experimental points for the adsorption of ethane 
(C2H6) and ethylene (C2H4) at 25 °C on the studied materials. 

Gas Sample K (mol·kg-1·kPa-1) C1 (kg·mol-1) C2 (kg·mol-1)2
 R2 

C2H6 

PhPMO 6.55×10-3 0.42 - 0.065 0.99958 
PhPMO_Ph3 5.75×10-3 0.51 - 0.094 0.99965 
PhPMO_Me3 4.97×10-3 0.59 - 0.128 0.99961 
PhPMO_Me2Ph 4.18×10-3 0.55 - 0.122 0.99975 
NH2PhPMO 6.27×10-3 0.48 - 0.084 0.99972 
NH2BphPMO 7.73×10-3 0.76 - 0.135 0.99949 
CNPrNPhPMO 5.32×10-3 0.56 - 0.108 0.99964 
iPrNHPhPMO 4.35×10-3 0.59 - 0.135 0.99984 

C2H4 

PhPMO 1.05×10-2 0.59 - 0.070 0.99974 
PhPMO_Ph3 8.67×10-3 0.67 - 0.093 0.99974 
PhPMO_Me3 8.85×10-3 0.88 - 0.150 0.99941 
PhPMO_Me2Ph 5.50×10-3 0.74 - 0.129 0.99986 
NH2PhPMO 9.80×10-3 0.66 - 0.083 0.99982 
NH2BphPMO 1.17×10-2 0.92 - 0.128 0.99967 
CNPrNPhPMO 7.74×10-3 0.79 - 0.132 0.99980 
iPrNHPhPMO 5.95×10-3 0.86 - 0.175 0.99980 

 

As can be seen in Table 2, the Henry constants for the adsorption of ethylene are higher 

than those of ethane for each material tested, which confirms that, especially at lower 

pressures, the materials tend to adsorb higher amounts of ethylene than ethane. Since in 

the low-pressure region the adsorption is mainly driven by the interactions with the pore 

surface, this indicates that in all cases the surfaces interact more strongly with ethylene 

than with ethane. 
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In regard to the different materials, NH2BphPMO has the highest Henry constants for 

both pure gases, 7.73×10-3 mol·kg-1·kPa-1 for ethane and 1.17×10-2 mol·kg-1·kPa-1 for 

ethylene, which suggests that both gases show the highest affinity for this material, in 

agreement with the analysis of Figure S10 discussed above. For the other seven 

samples, the ones showing the highest and lowest Henry constants are the most 

noteworthy: PhPMO shows the highest Henry constants for both gases, 6.55×10-3 

mol·kg-1·kPa-1 for ethane and 1.05×10-2 mol·kg-1·kPa-1 for ethylene, as per previous 

findings that both sets of functionalization (silylation and amination) seem to reduce the 

adsorption capabilities of PhPMO for ethane and ethylene; PhPMO_Me2Ph shows the 

lowest Henry constants for both gases, 4.18×10-3 mol·kg-1·kPa-1 for ethane and 5.50×10-

3 mol·kg-1·kPa-1 for ethylene, which indicates that both gases show the lowest capacity 

on this material, despite having a higher degree of functionalization, as already 

mentioned. However, comparing all the materials, it should be noticed that 

PhPMO_Me2Ph has the lowest values for SBET, VP and dP (cf. Table 1), resulting in the 

highest adsorbed amounts per surface area (Figure S10). 

The evaluation of the separation potential of binary mixtures on the materials was 

carried out through the implementation of a method proposed by Myers [43], using the 

virial equation of state (1) fitted to the experimental adsorption data and considering 

IAST [42]. Using this methodology, it was possible to calculate, for each material, the 

average selectivity of the separation of ethylene in regard to ethane (C2H4/C2H6), 

considering a binary mixture at 25 °C and up to 1000 kPa (Figure 4), and the 

equilibrium phase diagrams at 25 °C and 500 kPa (Figure S11). In Figure 4, it is 

possible to see that selectivity for ethylene decreases with increasing pressures for all 

samples, which indicates that this separation parameter worsens with growing amounts 

of adsorbed gas and with pressure. Nevertheless, the variation is not significant 

throughout the pressure range for all materials, the highest variation belonging to 

PhPMO_Me3, with values between 1.74 and 1.29. 

Regarding the different sets of samples, it is also noticeable that both types of 

functionalization (silylation and amination) appear to generally reduce the selectivity for 

ethylene of the parent PhPMO, which goes in accordance with previous adsorption 

findings, the only exception being PhPMO_Me3, in which there is an evident increase in 

the selectivity towards ethylene. For instance, from the silylated PMO materials, 

PhPMO_Me3 has the lowest amount of free silanols (cf. Table S2) and highest SBET and 

VP values (cf. Table 1) due to the smaller functional group size (methyl groups). The 
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combination of these factors seems to influence both adsorption capacity and selectivity 

of all materials. 

 

  

Figure 4. Variation of the average selectivity towards ethylene with pressure at 25 °C on PhPMO and 
silylated PMO (left), and aminated PMO (right). 

 

Comparing with results reported in the literature for other materials, the PMO materials 

studied in this work show similar or lower overall selectivities. However, it should be 

noted that this comparison only gives a general idea of the performance difference 

between the materials, as selectivity results reported depend on the experimental 

conditions used (i.e., pressure, temperature, composition and methodology). Several 

authors reported adsorption experiments up to atmospheric pressure, which may not 

provide a comprehensive assessment of the materials’ performance, particularly for 

industrial applications. Thus, we opted to compare the selectivity results obtained in this 

work with reported values close to atmospheric pressure and, when possible, 25 °C. 

Comparing with zeolitic materials, for NaY a selectivity for ethylene around 3.5 at 100 

kPa and 100 °C was reported [4], while for titanium silicates with several different 

cations, reported selectivities for ethylene for ETS-10 materials varied between ca. 1.5 

and 13.5 at 100 kPa and 25 °C [10] and for ETS-4 adsorbents between 8 and 67 at 100 

kPa and 25 °C [11]. The main challenge in these cases is the very strong binding of 

ethylene to the materials, which makes it difficult to regenerate the adsorbents and 

obtain the pure olefin. In the case of MOF adsorbents, reported results vary from 

ethane- to ethylene-selective materials due to their hybrid chemical nature. For zinc-

based MOF materials, selectivities for ethane in the range of 1.4 to 2.7 at 100 kPa and 

25 °C [12,17,19] and around 9 at 100 kPa and 43 °C [16] were reported, while for 

zirconium-based MOF selectivities for ethane between approximately 0.8 and 2.6 at 100 
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kPa and 25 °C were found [13]. For iron-based MOF materials, selectivities for ethane 

of 1.9 [15,17] and 4.4 [17] at 100 kPa and 25 °C, and for ethylene of around 13 at 100 

kPa and 45 °C [18] were presented. For clay-based adsorbents, selectivities for ethylene 

between ca. 1.8 and 5.3 at 100 kPa and 25 °C [20,21] and 8.6 at 100 kPa and 30 °C [22] 

were described. For porous silicas, selectivities for ethylene in the range of 1.5 to 4.5 at 

100 kPa and 70 °C [23] and 1.6 at 100 kPa and 30 °C [24,25] were observed. Finally, 

for carbon-based materials, selectivities for ethane reported varied from 1 to ca. 2.2 for 

pressures at or close to 100 kPa and 25 °C [26–28]. 

Equilibrium phase diagrams were also calculated (Figure S11) and all curves show 

similar shapes, with no significant differences found between each material’s behavior. 

Considering, as an example, an equimolar gas mixture of ethane/ethylene, all materials 

show a molar fraction of ethylene in the adsorbed phase between ca. 59% and 54%, the 

former corresponding to the adsorbed molar fraction of ethylene for PhPMO_Me3 and 

the latter for PhPMO_Me2Ph. Considering the silylation effect on the selectivity and 

separation, it is interesting to note that the introduction of only methyl groups on the 

surface leads to an increase in affinity for ethylene, comparing with the parent PhPMO, 

while the introduction of phenyl groups leads to an increase in affinity for ethane. It 

must be recalled that a complete functionalization is difficult to achieve due to the long 

channels of the PMO and reagent diffusion constraints. If a higher degree of 

functionalization could be obtained, the final material would probably have a higher 

affinity for ethane than for ethylene. For the aminated samples, the functionalization 

with primary amines seems to give materials (NH2PhPMO and NH2BphPMO) with 

better selectivity (for ethylene) than functionalization with secondary or tertiary amines 

(iPrNHPhPMO and CNPrNPhPMO). 

 

4. Conclusions 

Three new silylated PMO were prepared and tested together with five other different 

PMO materials for the pure-component adsorption of ethane and ethylene, to assess 

their potential in the separation of a gaseous mixture of these two hydrocarbons. 

Moreover, it was our intention to correlate their adsorption behavior and distinct 

chemical environments of the functional groups present at the surface of these materials. 

Along with the parent PhPMO, two types of functionalization have been tested: 

silylation of the free silanol moieties and amination of the phenylene bridges of the 
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PMO. 

The results of the pure-component adsorption equilibrium isotherms show that, overall, 

the adsorption of ethylene is higher than that of ethane for all materials. In the case of 

the silylated samples, this affinity for ethylene can be attributed to incomplete 

functionalization of the parent PMO, that leads to the occurrence of chemical 

interactions between the quadrupole moment of the alkene and remaining free silanols 

in the samples. Furthermore, it can be seen, in general, that the modifications tend to 

decrease the adsorption capabilities of the parent PhPMO for both pure gases, which 

can be related to the structural properties of the functionalized materials, namely the 

pore volume. The material with the highest Henry constants for pure ethane and 

ethylene is NH2BphPMO, indicating that both pure gases show the highest affinity for 

this material, which is interesting considering it originated from a different type of 

parent material (BphPMO). Inversely, despite showing a high degree of 

functionalization, PhPMO_Me2Ph is the material with the lowest Henry constants for 

both pure gases, which can be associated to its low values of SBET, VP and dP and to the 

presence of a high amount of free silanol species. 

The separation potential of binary mixtures has also been evaluated for each material 

upon determination of average selectivities and equilibrium phase diagrams. Results 

show that the average selectivity for ethylene decreases with increasing pressures for all 

samples, which indicates that the higher the amount of gas mixture fed to the materials, 

the more difficult it is to selectively adsorb the olefin. Moreover, selectivity results are 

consistent with the notion that the materials’ functionalization appears to reduce the 

capabilities of PhPMO, with the exception of PhPMO_Me3, which shows an increase in 

the selectivity towards ethylene in comparison with the parent PMO. However, at high 

pressures, the surface functionalization influences the ethane polarization. PMO 

materials modified by phenylene or secondary amines groups through silylation or 

organic post-functionalization reactions, respectively, showed to be more selective 

towards ethane than the other PMO materials, at pressures higher than 600 kPa. This 

result anticipates a possible application of PhPMO_Me2Ph and iPrNHPhPMO materials 

on the separation of ethane/ethylene at higher pressures, if the ethane selectivity is 

desired. In the PhPMO_Me2Ph case, this may eventually be achieved with a more 

effective functionalization of the inorganic moiety (i.e., the free silanols). 
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Appendix A. Supplementary data 

Experimental details of the characterization of the PMOs, namely PXRD, solid state 

NMR, TGA, ATR-FTIR, elemental analysis. Results of the characterization of the 

materials. Additional analysis of the adsorption of ethane and ethylene on the PMOs: 

adsorption isotherms for each individual material, expressed by mass and by surface 

area of the materials, and isothermal (25 °C)-isobaric (500 kPa) xy phase diagrams. 
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• Separation of ethane/ethylene on periodic mesoporous organosilicas is studied 

• Periodic mesoporous organosilicas tend to be more selective towards ethylene 

• Silylation of the materials surface increases the affinity for ethane 

• Primary amines functionalization gave better selectivity than secondary or tertiary 

amines 
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