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Abstract

Ethylene is a core building block in the chemicalustry and its separation from ethane
is very challenging due to high energy requiremehtisorption-based processes can be
an alternative. In this work, we explore for thesffitime the application of periodic
mesoporous organosilica (PMO) materials, whoseasarproperties can be tuned with
different functional groups. With the aim of coathg the PMO structure with ethane
and ethylene adsorption, eight different PMO matsrhave been preparedz the
phenylene-bridged PMO, PMO aminated at the orgabicdges, and PMO
functionalized by silylation of free silanol (inamgic) moieties. High pressure
adsorption isotherms were measured, and the sepassiectivity and phase diagrams

of a binary mixture of ethane and ethylene weréneded. Results have shown that,



overall, the PMO studied tend to be more selectowards ethylene than ethane
probably due to the interactions between the qumudeumoment of ethylene and the
free silanols in the samples. After silylation, tieevel materials presented surfaces with
higher affinity towards ethane than those of thistime material. For the aminated
samples, functionalization with primary amines origed materials displaying better

selectivity towards ethylene than those functiareaiwith secondary or tertiary amines.

1. Introduction

Ethylene, the primary building block of severalyuokrs used in the manufacturing of
plastics, is one of the most important feedstockshe petrochemical industry [1-4].
This short-chain olefin is mainly produced via steeracking of hydrocarbons such as
naphtha or ethane. To obtain a high-purity prodetiylene needs to be separated
during the final steps of this process from renraneéthane, which can be recycled as
feedstock [1-4]. However, ethylene and ethane lsawdar volatilities and molecular
dimensions [4—6] which make their mixtures inhegerifficult to separate and a
technological challenge for the petrochemical itiduf/,8]. Conventionally, this type
of separation is done by low-temperature (cryogeaichigh-pressure distillations in
large columns (often with more than 100 trays),chlsignificantly increases total costs
due to the high energy requirementa. (85% of the total costs of the steam cracking
process are due to ethylene/ethane separation). [Rs5such, it is crucial to explore
more cost-effective and sustainable alternativeshie energy-intensive separation [4].
Adsorption-based processes, such as pressure pettaiure swing adsorptions (PSA or
TSA, respectively) or simulated moving bed (SMB)which an adsorbent material is
used to selectively adsorb one of the componensisgaseous mixture, can be regarded
as possible alternatives [4,8]. Several classepoobus materials have already been
tested for the separation of ethylene from ethenvdyding zeolitic materials [4,6,9-11],
metal-organic frameworks (MOF) [6,12—-19], clay-ldhseaterials [20-22], silicas [23—
25] and carbon-based adsorbents [26-28], with semigbiting higher selectivity
towards ethylene and others towards ethane. Additiexamples of porous materials
for this separation, particularly of different typef zeolitic materials and MOF, can be
found in a comprehensive review by Wasi@l. [8].

Periodic mesoporous organosilicas (PMO) represeothar class of porous materials

with interesting properties for this separationrsFideveloped in 1999 by three



independent research groups [29-31], PMO are hylmrdus materials consisting of
inorganic silica moieties bridged by organic lirkken layers ordered periodically,
typically along the walls of porous channels aremhdiexagonally [29-34]. These
materials are highly versatile due to their hylmature, in which different functional
groups can be used during synthesis or post-syathexlifications, and pore structure,
in which different pore sizes and morphologies lbarachieved [29-34]. As such, PMO
have already been tested in a number of differ@pli@tions including catalysis,
chromatography and adsorption for gas separati®n3&8]. However, to the best of our
knowledge, PMO have not yet been tested for therptse separation of ethylene
from ethane. With this in mind, the aim of this Waevas to assess the potential of PMO
as adsorbents for the separation of ethylene frirane, as well as to evaluate the
effect, on the overall adsorption capabilities bé tmaterials, of different types of
modifications in the organic or inorganic moietiasthe framework. For this purpose,
we tested the performance of a set of PMO adsorhat#rials for this separation, using
the volumetric method to measure the adsorptionibqum isotherms of pure ethane
and pure ethylene at 25 °C and pressures up to RBA0(10 bar). The experimental
adsorption data from the equilibrium isotherms whsn implemented in a well-
established methodology in order to obtain separgiarameters such as selectivity and
equilibrium phase diagrams for binary mixturesh@de two gases. Eight different types
of PMO were testedc{. Scheme 1). a parent phenylene-bridged PMO ance thre
phenylene-bridged PMO functionalized by silylatioh free silanol moieties in the
framework synthesized for the first time in thegaet study, and four PMO (three with
a phenylene organic bridge and one with a bipheweyrganic bridge) functionalized
by amination of the organic bridges, with syntheslesady described in previous works
[35-38].

2. Experimental section

2.1Chemicals

Octadecyltrimethylammonium  bromide  (ODTMA, 98%, Auh), 4,4-
bis(triethoxysilyl)biphenylene (BTEBP, Aldrich, 95%hydrochloric acid (HCI, 37%
vlv, Carlo Erba), nitric acid (HN§) 65%, Panreac), sulfuric acid {604, 95-97% vl/v,
Panreac), tin chloride (Sngl98%, Aldrich), isopropylamine (GE&H(NH,)CHs,
>99.5%, Aldrich), acetonitrile (99.5%, Sigma), pxi;um iodide (KI, 99.5%, Riedel-de-



Haén), dichloromethane (GBI, >98%, Sigma-Aldrich), sodium hydrogen carbonate
(NaHCG;, 99.55%, Sigma-Aldrich), 2-bromopropane (CHI(Br)CHs, 99%, Aldrich),
3-chloropropionitrile (CICHCH,CN, 98%, Aldrich), chlorotrimethylsilane (M®iCl,
99%, Fluka), chlorotriphenylsilane (E3Cl, 96%, Aldrich ),
benzylchlorodimethylsilane (PhGHiMe,Cl, 97%, Aldrich), toluene (98.8%, Aldrich),
acetone (PA, Sigma-Aldrich) were purchased from moential sources. All chemicals

were used as received without further purification.

2.2.PhPMO synthesis and functionalization
Phenylene PMO (denoted here as PhPMO) was prepa@uiding to the literature
procedures [39,40]. The PMO synthesis starts wytirdilysis and condensation of 1,4-
bis(triethoxysilyl)benzene (BTEB) precursor [41] ihe presence of supramolecular
structure directing agent ODTMA. The mixture wasratl at room temperature during
24 h and then subject to 24 h of hydrothermal meat at 100 °C. Finally, the white
solid was filtered and washed. The template wa®vewh using an ethanol/HCI solution
under reflux.
The amine-modified phenylene PMO (BPhPMO, Scheme 1) was prepared upon a
two-step reaction with very strong acid solutiont ip HNO3/H,SO, and of ii)
SnCL/HCI under microwave-assisted heating [35].
The N-alkylated PhPMO iPrNHPhPMO, Scheme 1), with an isopropyl
functionalization inserted in the amino group of JRHPMO sample and\,N-
dialkylated PhPMO (CNPrNPhPMO, Scheme 1), with tpmpionitrile functional
groups inserted in the same amino group otRHPMO material were prepared using a
microwave-assisted procedure [36,37]. The posthgfit N-alkylation and N,N-
dialkylation reactions of 2-bromopropane and 3-odpoopionitrile on NHPhPMO,
respectively, were made in the presence of Kl aedoaitrile at 175 °C.
The amine modified biphenylene PMO (denoted herds#8BphPMO, Scheme 1) was
prepared using our previous procedure [38], sinhdahat used for N{#PhPMO.
The silylation reactions of R—Si—Cl to the freeaasils of phenylene-PMO (Scheme 1,
denoted here as PhPMO_R), where R can bg Flg or MePh, were performed as
follows. In a typical synthesis, 300 mg of PhPMOrevactivated at 110 °C under
vacuum. Then, 4.5 mL of dried toluene were adddldvied by dropwise addition of
one of the following R—Si—Cl precursors:

)] 1.5 mL of MeSiCl,



i) 1.5 mg of PESICl in 5 mL of toluene;

i) 1.5 mL of MeSi(CH,Ph)CI.
The mixture was stirred at room temperature dudn. After 24 h, the white powder
was filtered-off and further washed with acetoniehlbromethane and water. Finally,
the resulting PhPMO_R materials were dried at 60 °C
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Scheme 1.Schematic representation of the a) silylation tieacof R-Si-Cl to the free silanols of
PhPMO; amination reaction amdtalkylation reaction of the phenylene-moieties lné PhPMO and b)
amination reaction of the biphenylene moietieshefBphPMO materials.



2.3.Characterization of materials

The physical and chemical properties of all thetlsgsized materials were evaluated by
powder X-ray diffraction (PXRD), low temperaturel®6 °C) nitrogen adsorption-
desorption isotherm$?Si magic angle spinning (MAS) and cross polariz88)( MAS
nuclear magnetic resonance (NMBY; CP-MAS NMR and attenuated total reflectance
(ATR) Fourier transform infrared (FTIR) spectros@sy thermogravimetric analysis
(TGA) and elemental analysis (EA). Description b& texperimental conditions is

presented in the Supporting Information (Sl) givreAppendix A.

2.4.Ethane / ethylene adsor ption measurements

Adsorption equilibrium isotherms of ethanel{g, 99.995%, Air Liquide) and ethylene
(CoH4, 99.95%, Air Liquide) were measured for the PMQ@atent samples at 25 °C
and in increasing pressures upcgo 1000 kPa (10 bar), using the volumetric method.
These experiments were performed in a lab-madalesatsteel volumetric apparatus
(Scheme S1, in the SI) with a pressure transdiMKS( Baratron 627D14TBC1B), and
equipped with a vacuum system (Pfeiffer Vacuum, Hi€ 80 Eco) that achieves
vacuum pressures better thari®¥a. Prior to collecting experimental data, all ks
were degasseth situ at 120 °C for 2 h, under a vacuum pressure 6f B@. This
temperature corresponds to a plateau on the TGResufFigure S8), and from our
previous experience with these materials this phoee is adequate to activate the
materials in our vacuum setup. During the experisiethe temperature of the
adsorption system and of each sample was controlkea stirred thermostatic water
bath with an accuracy of 0.01 °C (Julabo, MB-5).

Experimental pure-component adsorption equilibriswtherms for all samples were
fitted using the Virial model. The non-ideality tife gas phase was taken into account
by using the second and third virial coefficierslditionally, the experimental excess
adsorbed amounts were converted to the absolutertats amounts by taking into
account the porous volume of the material and tesidy of the gas phase using the
virial coefficients. Considering the Ideal Adsorb&blution Theory (IAST) [42],
average selectivity values and equilibrium phasag@dims were obtained using a
method proposed by Myers [43]. The implementatibthis method requires the use of

an analytical expression for the experimental gagmr equilibrium isotherms that, in



the scope of this work, is given in the form ofiaal equation of state, in which the

pressurep, is a function of the adsorbed amouifS as follows:

nads s s
exp(Cln""“lS + C,n29” 4 Cynads ) (1)

p:

whereK is the Henry constant ar@, C,, andC; are the respective constants of the

virial series expansion. A detailed descriptiontiod 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 adsorbentewetermined using PXRD and low

temperature B adsorption isotherms techniques. Figure 1 displdys PXRD
diffraction patterns of PhPMO, PhPMO_MePhPMO_Ph and PhPMO_Mgh
materials. The parent PhPMO haB Bexagonal symmetrypémm) lattice with ad
spacing of 4.65 nm for the strong (100) reflecthow-angle (Table 1).
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Figure 1. Powder X-ray diffraction patterns of a) PhPMO, RhPMO_Mg, ¢) PhPMO_Phand d)
PhPMO_MegPh.

In the case of the silylated adsorbents, slighhgba are observed in the PXRD (Figure
1) corresponding to the loss of definition of tHg Bexagonal arrangement, which is in
agreement with the introduction of functional greupto the pores. The o, obtained
for the PhPMO_Mg PhPMO_Phand PhPMO_Mg’h samples are 4.56, 4.56 and 4.50



nm, respectively (Table 1). A medium-range reflactatd ~ 0.76 nm is observed in all
materials which corresponds to the molecular-sgagodicity in the PhPMO pore
walls along the channel direction [39]. The parBMO and all new silylated PMO
materials show these peaks at the sdrapacing. Thus, the silylation reaction of PMO
using different silyl organic reagents is carriedt @reserving both meso- and

molecular- periodicities.

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

di00 a SBETb Ve dpd (o H°® N°®
Samples  (nm) (nom)  (mPgh) (entg)  (nm) %) (%) (%)
PhPMO and silylated PMO
PhPMO 465 536 901 0.77 3.6 38.45 2.56 —
PhPMO Mg 456 527 709 0.81 3.2-3.7 38.82 3.00 -
PhPMO_Ph 456 527 709 0.79 3.2-3.7 38.65 2.86 -
PhPMO MePh 450 519 241 0.28 3.2 42.01 3.17 -
Aminated PMO

NH,BphPMO  4.67 539 588 0.53 3.0 48.52 3.41 4.44
NH,PhPM3 446 515 666 0.63 3.4 33.41 3.40 2.30
iPINHPAPMO ~ 4.32 499 568 0.74 3.2 38.05 3.44 3.00
CNPINPhPMO 4.64 536 659 0.81 3.3 36.65 2.94 2.94

2 Unit cell parameter calculated agi{@/\'3).° The values of the fitted parameters used to catietthe
BET surface areas, and the corresponding corralatefficients, can be found in Table S1, in the®SlI
BJH Adsorption cumulative volume of pordsPore diameter obtained from the BJH method with th
corrected Kelvin equation.e., KIS-BJH method at the maximum of pore size ithigtion calculated on
the basis of adsorption dafaDetermined by elemental analysi/alues from the sample synthesized in
reference [35].

In the case of the aminated materials, thgo of NH,BphPMO, NHPhPMO,
iIPrNHPhPMO and CNPrNPhPMO are 4.67, 4.46, 4.32 a6w@l@m, respectively (Table
1 and Figure S1, in the Sl). The reflection asgedi@o the molecular-scale periodicity
is also observed at~ 0.76 nm for the aminated PhPMO samples [35-8file in the
case of the NbEBphPMO material this reflection appearsdat 1.9 nm [38] (Figure S1
in the Sl). The difference achieved in the molecstzle periodicity between PhPMO
and BphPMO is related with the size of the orgdmidges of the PMO, that is bigger
in the case of the PMO with biphenylene moieties.

The presence of different organic silyl groups ithe pores was confirmed by, N
adsorption-desorption experiments (Figure S2, @3h. The pristine PhPMO shows a
type IV isotherm [46], characteristic of conventbrmesoporous materials such as
MCM-41 [47], which corresponds to the presence saaow distribution of mesopores
with uniform size. The introduction of silylatedganic groups into the mesochannels is
sustained by a decrease of the specific BET suidiaea Sse1) and pore volumeVp)



presented in Table 1 and Figure S2. The PhPMO, RhN;, PhPMO_Ph and
PhPMO_MePh adsorbents hav@&er of 901, 709, 709 and 241 m?, respectively
(Table 1). The decrease #er andVp is much more evident for the PhPMO_Jab
sample, due to the medium bulky nature of this grevhich can probably diffuse better
into the PMO channels than the sP$ilylated functional group (bulkier functional
group), during functionalization. A comparison d¢fetpore size distribution (PSD)
curves of pristine PhPMO and organic silylated-rfiedi PhPMO adsorbents is
revealed in Figure S3, with the values of the pdi@meters provided in Table 1,
showing maximum shifting from 3.6 to 3.2 nm, redpety. A similar behavior is also
observed in the aminated PMO samples as reportpdeiious works [35-38], where
the Sset, Vp anddp are reduced after amine- and alkylation-functimadion reactions
(Figures S4 and S5 in the SI).

Solid-state'®*C CP-MAS NMR, *Si MAS and CP-MAS NMR spectra of PhPMO,
PhPMO_Meg, PhPMO_Ph and PhPMO_Mgh prepared samples are presented in

Figures 2 and S6, respectively.
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Figure 2.'%C CP-MAS (left) and®Si MAS (right) NMR spectra of the a) PhPMO, b) Ph®MVle;, ¢)
PhPMO_Ph and d) PhPMO_M&£h materials. * denotes the spinning side bands#amnotes the
presence of ethanol.



The **C CP-MAS NMR spectra support the different orgasilgl modification of the
PhPMO material. The pristine PhPMO (Figure 2a) ldigpa characteristic resonance at
133 ppm that is related with the aromatic carbamat of the phenylene bridge of the
PMO material as described in the literature [3%]e Tncorporation of the SiMe&roups

is detected by the presence of a resonanca. al.4 ppm (Figure 2b) corresponding to
the methyl groups linked to the silicon atom [48he spectrum for PhPMO_Ph
(Figure 2c) displays a low intensity peak at 12/mgpat corresponds to inserted phenyl
groups. This low intensity indicates a small cortion of SiPh groups, which can be
explained by a low functionalization due to theulkdy nature and concomitant low
diffusion along the channels of the PhPMO. Theriise of SiMePh groups into the
PMO was successfully achieved, which is supportedhb presence of resonances at
138.7, 127.8 and 123.6 ppm, corresponding to th®ocaatoms of the inserted
phenylene group, and at -3.1 and 27.3 ppm (Figdyeaasigned to the carbon atoms of
the inserted methyl and Ph—gidoieties, respectively [48].

The grafting of the methyl and phenyl silylatedgesats to the free silanols in PhPMO
is confirmed by?°Si NMR spectroscopy (Figures 2 and S6). TP MAS and CP-
MAS NMR spectra of the parent PhPMO have resonaates -81, -71 and -61 ppm
corresponding to T T? and T (T" = SiR(OSi)}{(OH)s.m) organosiliceous species,
respectively. The percentages of th® Species are presented in Table S2 and were
calculated from the deconvolution of the overlagpipeaks of?°Si MAS spectra.
PhPMO shows 58.7%, 29.1% and 12.2% fdt Species, withm = 3, 2 and 1,
respectively. The grafting of the organic silylatesictional groups to the'Tand T
silanols of PhPMO is confirmed by the decrease raénsity of the resonances
corresponding to these species (Figure S6) wherpaony with the T environments
(cf. Table S2). Nevertheless, in all silylated matsriakere is still a significant number
of remaining T environments. The silylated PMO materials withheist amount of T
species and with the lowest quantity of Species is PhPMO_Me followed by
PhPMO_MePh and PhPMO_Rhwith 64.6%, 62.1% and 61.1% for Species, and
5.1%, 7.0% and 9.9% for'Tspecies, respectively (Table S2). Furthermore,nupo
silylation it is evident the appearance of an exak in the°Si CP-MAS and MAS
NMR spectra of the PhPMO_NMand PhPMO_Mg’h materials at high frequenaga(
10.6 and 7.9 ppm, respectively), which may be assigto M type MgS-OSi and
Me,PhCHSI—OSi silanols, respectively [49]. This resonancahsent in the spectrum

of the PhPMO_Phisilylated material. While Qspecies are detected in all materials,

10



their quantity is clearly more perceptible in thaterial silylated with the RBICI,
which is associated to the cleavage of the C-Sdlhming the attempt of silylation of
the materials surface [50]. THEC CP MAS and®Si MAS and CP MAS NMR (not
shown) of the aminated PhPMO and BphPMO are inemgeat with the ones achieved
in our previous works [35-38], showing the sucaddsinctionalization of the samples.
Table S2 also shows the percentages of thepEcies calculated for these samples. In
general, aminated PMO materials present lower amsaftfree silanols (both*Tand
species) than the silylated samples, showing ti@atammination reaction and posterior
amino alkylation seems to promote further hydrayand condensation reaction of
these species. This behavior is more pronounceitiancase of the geminal silanol
groups (T species) for thePrNHPhPMO sample (Table S2). As observed for the
silylated PMO adsorbents,"@pecies are also more evidenced in the amine-iaddif
PMO samples when compared with the non-modifiedtipe PMO materials (not
shown) [35-38].

The functionalization of the PhPMO with differentganic silyl groups was also
followed by ATR-FTIR spectroscopy (Figure S7). TBeC stretching modes of the
aromatic groups in the framework of the PhPMO dreeoved in the interval between
1500 and 1680 cth The aromatic C—H stretching bands appear at &MB-cni and

the methyl C—H stretching bands appear at 2840-880%) with the presence of the
latter attributed to residual amounts of the sudiacused in the syntheses. The presence
of methyl silylated groups upon functionalizatienobserved on both PhPMO_Mend
PhPMO_MePh materials, by the appearance of a strong, shand at 1257 crh
together with another strong band at 852'cnelated to the presence of the C—H
bending modes. Additionally, the PhPMO_J&b material also presents an increase of
intensity of the medium-weak bands at 1495 and 1884 related to the C=C of the
phenylene groups. The modification of the PhPMChwite PRSICI precursor is not
convincingly detected by ATR-FTIR spectroscopy, obhisuggests the slight
functionalization of this material with this grouphis can be related with the bulky
nature of the precursor and its subsequent pofusth into the pore channels of the
PhPMO.

The TGA of the parent PhPMO and the modified PhPi&erials (Figure S8) shows
that all materials display a first weight loss, dvel 100 °C, which corresponds to
desorption of physisorbed water. The grafting ajamic silylated groups to the free

silanols of the parent PhPMO leads to a reductioitsdhermal stability fronta. 600

11



°C to 190 and 200 °C for PhPMO_Mand PhPMO_Pi respectively. The PhPMO
material incorporating Ph and Me organic grougg. (PhPMO_MePh) is thermally
stable up to 155 °C.

Table 1 presents the C, H and N percentages iPM®@ materials determined by EA.
The percentages of C and H in PhPMO are 38.45% 2268%, respectively. The
grafting of R—Si groups into the PhPMO leads taramease of both C and H density
into the PhPMO, with a carbon content of 38.82%63%, and 42.01% and a hydrogen
content of 3.00%, 2.86% and 3.17% for PhPMO3;Mdé&hPMO Pk and
PhPMO_MePh materials, respectively. In the case of the atathPMO materials, the
C content increases from NPhPMO < CNPrNPhPMO <iPrNHPhPMO <
NH.BphPMO as expected, due to the insertion of thgl agjkoups in the case of the
modified NHHPhPMO materials and to the presence of biphenyjemaps that replaced
the phenylene moieties in the case of theBhPMO sample. The aminated samples
possess between 2.30-4.44% of N, being the lowestohtent found for the
NH,PhPMO and the highest one for its homologous,BghPMO material. This
difference in N content (almost twice higher in tase of NHBphPMO) can be related
to the possible bifunctionalization of the benzgreups of the BphPMCcf. Scheme 1)
[38].

3.2. Adsorption of ethane and ethylene

The pure-component adsorption equilibrium isotheoinsined for ethane and ethylene
at 25 °C and up to pressures of 1000 kPa (10 bathé eight PMO adsorbent materials
can be found in Figure 3 (and individually for eaxhterial in Figure S9).

3.5 35 1

PhPMO and Silylated PMO Aminated PMO
3.01 3.0
2.5 251
N
g 20/ S 201
£ £
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C% F /
1.04 PhPMO: GHg | CH4 O 104 //A NHZPhPMO: GHe | GHa
PhPMO_Pl CoHs + | GHa A : NH2BphPMO: GHs + | GHa A
051 PhPMO_Me: CoHs | GoHa 051 &7 CNPINPhPMO: GHg = | GHa O
00 PhPMO_MePh: GHs ® | GH4 O 00 & iPrINHPhPMO: GHs = | GHa
. 0 200 400 600 800 10C 0 200 400 600 800 1000
p (kPa) p (kPa)

Figure 3. Adsorption equilibrium isotherms of pure ethanegH§; solid symbols) and pure ethylene
(C,H,4, blank symbols) at 25 °C on PhPMO and silylated@Pleft) and aminated PMO (right). Solid
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lines represent the nonlinear least-squares fthefVirial model to the experimental points. Indival
curves for both gases for each material are ginesl (Figure S9).

As can be seen, all eight PMO samples show sinyjaes of adsorption equilibrium
isotherms for both gases, and, overall, for pressbelow 5 bar ethylene adsorption is
higher than ethane in all PMO materials. Regardihg two different sets of
functionalizations, silylation of the inorganic &ailanol moieties and amination of the
organic phenylene bridges of the PMO, for the aigdl samples, it can be seen in the
isotherms in Figure 3 that PhPMO 3R the material adsorbing the highest quantities
of ethane and ethylene, followed by PhPMO ;Mad lastly PhPMO_M#®h. For the
aminated materials it can be seen in the isotherrRgyure 3 that the samples modified
with primary amines, NlEPhPMO and NEBphPMO, show higher adsorbed amounts
for both gases than CNPrNPhPMO, modified with &iagr amine, followed by
iIPrNHPhPMO, modified with a secondary amine.

The functionalization of the pores of the PMO dases the pore volume and surface
area ¢f. Table 1) and this is expected to decrease therptilso capacity for gases at
high pressures,e., less adsorption space is available to be filleth wWie gas molecules.
The effect of the functionalization of the sampdessurface interaction with ethane and
ethylene becomes even more obscured by some difiesein functionalization extent
and concomitant variation in the surface area @sereThe variation of the surface area
on the adsorbed amounts can be compensated byssikxmgehe ethane and ethylene
adsorbed amounts per surface area of the mat€has, to better understand the effect
of the functionalization on the adsorption of ethamd ethylene, the adsorption results
per mass of material (Figure 3 and Figure S9) ardsprface area of material (Figure
S10) will be analyzed in more detail to obtain céengentary information. Considering
first the adsorbed amounts per mass of materiadant be seen in Figure 3 that all
functionalized samples, with the exception of JBHhPMO which originated from a
different parent PMOWz BphPMO), show an overall decrease in the adsmorpoif
both gases in comparison with the parent PhPMOclwhndicates that all the
modifications appear to decrease the adsorptiomatigpof PhPMO for ethane and
ethylene. The loss of adsorption potential couldpart, be a consequence of the bulky
nature of some functional groups that occupy phth® available pore spacef.(Table

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

degrees of functionalization, the one that hasldlest surface area and pore volume
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(cf. Table 1) and is the material showing the lowedgogption of pure ethane and
ethylene ¢f. Figure 3). As a general trend, it can be obsethatl aminated samples
tend to adsorb slightly higher amounts of both gaban silylated samples, despite
having lower Sser and Vp values. The silylated samples present higher igffifor
ethylene over ethane as a consequence of incomipletgéionalization of the parent
PMO materials or the occurrence of chemical intewas between the quadrupole
moment of ethylene and free silanols in the samplesn also be observed in Figure 3
that the majority of the PMO materials tend to adsmigher amounts of ethane than
ethylene for pressures in the range of 600-900&fkaonwards, the exceptions being
PhPMO and PhPMO_Mewhich show higher adsorption of ethylene tharae¢huntil
the last data point collected @. 1000 kPa). This could be due to the fact that dngh
pressures will result in higher amounts of gas dpeadlsorbed on the limited pore
volume, which may lead to an increase in intermdbac(van der Waals) interactions
between gas molecules [7]. The strength of thegestpf interactions is based on the
polarizability of the molecules, and given that garizability of ethane (4.47x 10
cm’) is higher than that of ethylene (4.25%4@n?®) [7,51]. This could be the reason
why, at higher pressures, there is an overall higlsorption of ethane over ethylene.
Nevertheless, this switch in the adsorption belrawith the increase of the pressure
occurs at different pressure values for the differmaaterials, showing that the surface
functionalization influences the polarization oéthdsorbed ethane molecules [52,53].
For instance, in the case of the silylation modiiien, the ethane polarization seems to
increase in the order PhPMO_Me< PhPMO_Ph < PhPMO_MegPh, with the
PhPMO_MePh starting to adsorb a larger amount of ethane #taylene at the
pressure of approximately 580 kPa. This indicatedt the presence of Ph surface
groups at the surface of the PMO seems to havegl@ehiimpact on polarizing the
adsorbed ethane molecules than the Me groupsidratialysis it should be considered
that the PMO materials’ silanols modification witie Si—Pl groups occurred at lower
degree than with Si-MPh groups, due to the former’s bulky nature. Onativer hand,

in the case of the amino modification of the PMQaenals, the secondary amines seem
to have a higher influence on the polarizationh&f €thane molecules than primary or
tertiary amines.

To properly reveal the effect of the functionaliaat on the surface affinity for the
gases, the amounts adsorbed per surface areatofrederial are represented in Figure

S10. The silylation on the PhPMO_pRh resulted in a significant increase of the
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amounts adsorbed per surface ackait(is almost the double at 1000 kPa) comparing to
the other materials. Thus, in this case it is cteat, although silylation decreased the
amounts adsorbed per mass of material due to thectien of the pore volume, it
increased the surface affinity for the gases. Tthercsilylated samples do not show the
same behavior. This difference could be relatech vite effective introduction of
pending Ph on the PhPMO_MRh sample, that was not achieved in the PhPM@a®h
discussed in Section 3.1. In the aminated samplhese are not so many marked
differences. Nevertheless, a slightly higher intBom of the surface of the samples
functionalized with primary amines (NFhPMO and NEBphPMO) with the gases is
noticed.

To further continue the analysis of the results, ékperimental adsorption equilibrium
isotherms were fitted with the virial equation tdte (1) (solid lines in Figure 3) and the

obtained parameters are listed in Table 2.

Table 2. Henry constantsK(), virial coefficients C; and C,) and correlation coefficientsR{) for the
nonlinear least-squares fit of the Virial modeltbe experimental points for the adsorption of ethan
(C,Hg) and ethylene (g,) at 25 °C on the studied materials.

Gas Sample K (mol-kg*-kPa') C, (kg-mol")  C, (kg-mol")? R
PhPMO 6.55x10 0.42 -0.065 0.99958
PhPMO_Ph 5.75x10° 0.51 -0.094 0.99965
PhPMO_Mg 4.97x10° 0.59 -0.128 0.99961

CH PhPMO_MePh 4.18x10 0.55 -0.122 0.99975

26 NH,PhPMO 6.27x18 0.48 -0.084 0.99972
NH,BphPMO 7.73x18 0.76 -0.135 0.99949
CNPrNPhPMO 5.32x1d 0.56 -0.108 0.99964
iPrNHPhPMO 4.35x 10 0.59 -0.135 0.99984
PhPMO 1.05x10 0.59 -0.070 0.99974
PhPMO_Ph 8.67x10° 0.67 -0.093 0.99974
PhPMO_Me 8.85x10° 0.88 -0.150 0.99941

CH PhPMO_MePh 5.50x 16 0.74 -0.129 0.99986

24 NH,PhPMO 9.80x18 0.66 -0.083 0.99982
NH,BphPMO 1.17x18 0.92 -0.128 0.99967
CNPrNPhPMO 7.74%x1d 0.79 -0.132 0.99980
iPrNHPhPMO 5.95x 1 0.86 -0.175 0.99980

As can be seen in Table 2, the Henry constantthé&adsorption of ethylene are higher
than those of ethane for each material tested, wtanfirms that, especially at lower
pressures, the materials tend to adsorb higher misi@f ethylene than ethane. Since in
the low-pressure region the adsorption is mainiyesir by the interactions with the pore
surface, this indicates that in all cases the sadanteract more strongly with ethylene

than with ethane.
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In regard to the different materials, BBphPMO has the highest Henry constants for
both pure gases, 7.73x10nol-kg"-kPa' for ethane and 1.17xF0mol-kg" kPa" for
ethylene, which suggests that both gases showigiedt affinity for this material, in
agreement with the analysis of Figure S10 discusdsave. For the other seven
samples, the ones showing the highest and lowestyHeonstants are the most
noteworthy: PhPMO shows the highest Henry constémtsboth gases, 6.55xF0
mol-kg*-kP&" for ethane and 1.05xFOmol-kg' kPa' for ethylene, as per previous
findings that both sets of functionalization (saybn and amination) seem to reduce the
adsorption capabilities of PhPMO for ethane andlette; PhPMO_Mgh shows the
lowest Henry constants for both gases, 4.18%10!- kg*- kP&" for ethane and 5.50x10

% mol-kg"- kPa' for ethylene, which indicates that both gases stimMowest capacity
on this material, despite having a higher degreefunictionalization, as already
mentioned. However, comparing all the materials, siould be noticed that
PhPMO_MePh has the lowest values 8se1, Vp anddp (cf. Table 1), resulting in the
highest adsorbed amounts per surface area (Fidire S

The evaluation of the separation potential of hinamxtures on the materials was
carried out through the implementation of a metpozposed by Myers [43], using the
virial equation of state (1) fitted to the experinted adsorption data and considering
IAST [42]. Using this methodology, it was possildecalculate, for each material, the
average selectivity of the separation of ethylemeregard to ethane {8./C,Hg),
considering a binary mixture at 25 °C and up to QL®®a (Figure 4), and the
equilibrium phase diagrams at 25 °C and 500 kPgu(Ei S11). In Figure 4, it is
possible to see that selectivity for ethylene deses with increasing pressures for all
samples, which indicates that this separation parm@nworsens with growing amounts
of adsorbed gas and with pressure. Nevertheless,v#mniation is not significant
throughout the pressure range for all materials, tighest variation belonging to
PhPMO_Meg, with values between 1.74 and 1.29.

Regarding the different sets of samples, it is akiceable that both types of
functionalization (silylation and amination) appéagenerally reduce the selectivity for
ethylene of the parent PhPMO, which goes in accmelavith previous adsorption
findings, the only exception being PhPMO_jVia which there is an evident increase in
the selectivity towards ethylene. For instancemfrthe silylated PMO materials,
PhPMO_Mg has the lowest amount of free silanals Table S2) and higheSer and

Vp values ¢f. Table 1) due to the smaller functional group gmethyl groups). The
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combination of these factors seems to influencé bdsorption capacity and selectivity

of all materials.

201 PhPMO and Silylated PMO 20 Aminated PMO
84 T PhPMO 1.8 NH,PhPMO
---PhPMOPH | —eee- NH,BphPMO
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Figure 4. Variation of the average selectivity towards ethglevith pressure at 25 °C on PhPMO and
silylated PMO (left), and aminated PMO (right).

Comparing with results reported in the literatuse dther materials, the PMO materials
studied in this work show similar or lower oversdllectivities. However, it should be
noted that this comparison only gives a generah ide the performance difference
between the materials, as selectivity results tepodepend on the experimental
conditions usedif., pressure, temperature, composition and methogpld&everal
authors reported adsorption experiments up to gihesg pressure, which may not
provide a comprehensive assessment of the matep@t®rmance, particularly for
industrial applications. Thus, we opted to compgheeselectivity results obtained in this
work with reported values close to atmospheric sares and, when possible, 25 °C.
Comparing with zeolitic materials, for NaY a seleity for ethylene around 3.5 at 100
kPa and 100 °C was reported [4], while for titanigificates with several different
cations, reported selectivities for ethylene forSEI0 materials varied betweea. 1.5
and 13.5 at 100 kPa and 25 °C [10] and for ETS<biments between 8 and 67 at 100
kPa and 25 °C [11]. The main challenge in thesesas the very strong binding of
ethylene to the materials, which makes it diffictdt regenerate the adsorbents and
obtain the pure olefin. In the case of MOF adsaihereported results vary from
ethane- to ethylene-selective materials due ta tmgdrid chemical nature. For zinc-
based MOF materials, selectivities for ethane enringe of 1.4 to 2.7 at 100 kPa and
25 °C [12,17,19] and around 9 at 100 kPa and 43186] were reported, while for
zirconium-based MOF selectivities for ethane betwagproximately 0.8 and 2.6 at 100
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kPa and 25 °C were found [13]. For iron-based MCdtemals, selectivities for ethane
of 1.9 [15,17] and 4.4 [17] at 100 kPa and 25 @] #or ethylene of around 13 at 100
kPa and 45 °C [18] were presented. For clay-badsedrbents, selectivities for ethylene
betweerca. 1.8 and 5.3 at 100 kPa and 25 °C [20,21] ancaB81®0 kPa and 30 °C [22]
were described. For porous silicas, selectivittesethylene in the range of 1.5 to 4.5 at
100 kPa and 70 °C [23] and 1.6 at 100 kPa and 3[24(25] were observed. Finally,
for carbon-based materials, selectivities for e¢hagported varied from 1 . 2.2 for
pressures at or close to 100 kPa and 25 °C [26-28].

Equilibrium phase diagrams were also calculategufié S11) and all curves show
similar shapes, with no significant differencesrfdbetween each material’'s behavior.
Considering, as an example, an equimolar gas nebatiethane/ethylene, all materials
show a molar fraction of ethylene in the adsorblealsp betweeoa. 59% and 54%, the
former corresponding to the adsorbed molar fractibethylene for PhPMO_Meand
the latter for PhPMO_M#®&h. Considering the silylation effect on the selégt and
separation, it is interesting to note that theadtrction of only methyl groups on the
surface leads to an increase in affinity for ethglecomparing with the parent PhPMO,
while the introduction of phenyl groups leads toimcrease in affinity for ethane. It
must be recalled that a complete functionalizatsodifficult to achieve due to the long
channels of the PMO and reagent diffusion condsaitf a higher degree of
functionalization could be obtained, the final metlewould probably have a higher
affinity for ethane than for ethylene. For the aatéd samples, the functionalization
with primary amines seems to give materials {RRPMO and NEBphPMO) with
better selectivity (for ethylene) than functionalibn with secondary or tertiary amines
(iPrNHPhPMO and CNPrNPhPMO).

4. Conclusions

Three new silylated PMO were prepared and testgether with five other different
PMO materials for the pure-component adsorptioretbbine and ethylene, to assess
their potential in the separation of a gaseous umixtof these two hydrocarbons.
Moreover, it was our intention to correlate thedsarption behavior and distinct
chemical environments of the functional groups @nésit the surface of these materials.
Along with the parent PhPMO, two types of functiwetion have been tested:

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

The results of the pure-component adsorption daquiln isotherms show that, overall,
the adsorption of ethylene is higher than thattb&ee for all materials. In the case of
the silylated samples, this affinity for ethylenancbe attributed to incomplete
functionalization of the parent PMO, that leads ttee occurrence of chemical
interactions between the quadrupole moment of tkena and remaining free silanols
in the samples. Furthermore, it can be seen, iergénthat the modifications tend to
decrease the adsorption capabilities of the paP@RMO for both pure gases, which
can be related to the structural properties offtletionalized materials, namely the
pore volume. The material with the highest Henrynstants for pure ethane and
ethylene is NEBphPMO, indicating that both pure gases show tlgadst affinity for
this material, which is interesting consideringoriginated from a different type of
parent material (BphPMO). Inversely, despite shgwim high degree of
functionalization, PhPMO_M#@h is the material with the lowest Henry constdats
both pure gases, which can be associated to itvéwes ofSer, Ve andde and to the
presence of a high amount of free silanol species.

The separation potential of binary mixtures has &lsen evaluated for each material
upon determination of average selectivities andilibgum phase diagrams. Results
show that the average selectivity for ethylene eleses with increasing pressures for all
samples, which indicates that the higher the amotighs mixture fed to the materials,
the more difficult it is to selectively adsorb tbkefin. Moreover, selectivity results are
consistent with the notion that the materials’ timtalization appears to reduce the
capabilities of PhPMO, with the exception of PhPN&;3, which shows an increase in
the selectivity towards ethylene in comparison with parent PMO. However, at high
pressures, the surface functionalization influentles ethane polarization. PMO
materials modified by phenylene or secondary ammmesips through silylation or
organic post-functionalization reactions, respetsiv showed to be more selective
towards ethane than the other PMO materials, aspres higher than 600 kPa. This
result anticipates a possible application of PhPM&,Ph andPrNHPhPMO materials
on the separation of ethane/ethylene at higherspres, if the ethane selectivity is
desired. In the PhPMO_MRh case, this may eventually be achieved with aemor
effective functionalization of the inorganic moidtye., the free silanols).
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Appendix A. Supplementary data

Experimental details of the characterization of BMdOs, namely PXRD, solid state
NMR, TGA, ATR-FTIR, elemental analysis. Results tok characterization of the
materials. Additional analysis of the adsorptionettiane and ethylene on the PMOs:
adsorption isotherms for each individual materedpressed by mass and by surface
area of the materials, and isothermal (25 °C)-igol{&00 kPa)ky phase diagrams.
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