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Abstract

The synthesis and characterization of pristine and afomgionalized periodic
mesoporous phenylersdlicas having different pore sizese repaied We explore the
potential of these materials for @CH4 separation, by studying the adsorption of pure CO
and pure ChlgasesThe aminated periodic mesoporous phenygitea with the smallest
pore size is the best adsorbent to,Ofesentinga Heny 6 s const anltbarof 0. 56
at 35 UC. However, t he cor sieextemelydown@06 Henr y o6
mol-kg!-bar! at 35 °C). It is observed a direct correlation between the %spb Filanols
species and t he \\ndants, alEch mdy bet ubed to Hheoreticglly pedict o

experimentaCOHenr yé6s constants of potential adsordkb



1. Introduction

The world energy demands have been increasing in the last dedden by
strong economic growth and expanding populatigkisernative energyesources have
been proposed to satisfy part of the energy supfiegias is an alternative energy source,
produced through th@naerobic digestion processorganic matter, such as sewage, animal
byproducts, and agricultural, indusiy and municipal solid wast&’ Biogas is composed
mainly by methane (60 70 %) and carbon dioxide (3310 %) andoresentdraces oH.S,
CO, Kb and N.. Thus,CO; is the major contaminant aris separation from methanetise
most critical step in biogas upgradii®® The purifiedbiogas(enriched in methanéias
high interest oncet can be used for household applications, fuel vehicles or electricity
generatiort. The commercial solutions available for €@ptake from biogas use absorptio
process through the use of amine solvents such as monoethanol amine (MEA),
diethanolamine (DEA)or methyl diethanolamine (MDEA)which are able to interact
chemically with CQ. The available commercial technologies to AIMs separation
presentseveral dawbacks associated with: he low CQ loading capacity of the solvent;
i) the degradation of the amine solvent in contact widises as for exampMOy, SQ, O;
gasesjii) the high cost of solution regeneratian) the corrosion of the equipment bigd
amine solution and) the scale upf the equipment uséd.Therefore, an energy efficient
process to uptake the G©@ontaminant from CHklis required for the wide application of
biogas withthe purpose of incressy the purity and also to avoid the corrosion of
equipment and pipelines promoted by the acid §&3112Moreover up-takenCO, can be
then used as an effective refrigeraht® Current methodologiesto purify off-gas (the
effluent gas produced from the anaerobic digestion process of organic neaitetd

increase its caloric valti@reabsorption, cryogenic distillation, membrane separation, and


https://en.wikipedia.org/wiki/Effluent

adsorptiont®> The latter is a very attractive technigdem small to mediunscale
operationsbut relies on the availability of highly effective adsorbent materials.

The development of adsorbento uptake the C® gas from biogasvia adsorptive
separation involves the preparation of materials with different nature and stfdcture.

Various mesoporous and microporous adsdb@arbon®' 1°, MOFs®20921 zeolited® 122
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, clay$®?’ and silicabased mesoporous materfdfs) have been proposed for €O
adsorption/separation from biogas. Although, these adsorbenstilareot ideal for CO,
uptake from biogas mainly due to their unsatisfactory performances. Thus, the ideal
adsorbent is still undiscovered anded to presentall optimal features ador instance,

high capacity, perfect selectivity, losigrm durability, stability, fast uptake processesl

easy regeneration consistent with negligible capacity loss on multiple adsorption/desorption
cycles® In an attempto achievethis, we are exploring the possibility of applyipgriodic
mesoporouphenylenesilicas (AMOs)*Y' 33 asadsorbers for CO,/CH4 gas separatiorThe
interest touse PM@ as adsorbents in this fieldlres in the assumption that teenaterials
possessigh specific surface areas, high pore volumes amedeasy to benodified3" 3’
Additionally, PMOs also have the advantages of exhibiting meand moleculascale
periodicities that can promote a good diffusion of the moledthesadsorbates but also the
reagentsrequiredto modify the PMOg within the channelsPMOs possesshoth the
increasedorganization of the pores arntle presence of the organic functiofsuch as
ethylene, phenylene, biphenylene, gtthat arewell integrated in the walls. Moreover,
PMOs are characterized hiternatng organieinorganic groups along the pore walhich

assign alternating hydrophokiydrophilic character-urthermore, it is possible tmntrol

the porosity of the PMOs ing) thetemplateassisted selissembly methott 37 All of the

featuresaboveincrease the attractiveness PMOs aspotential adsorbents for G@Ha



adsorpion/separation Recently,alkyl amine functionalitiegmore specifically theN-[3-
(trimethoxysilyl)propyl}ethylenediamine)grafted on the silanol®f phenylenebridged
PMO and ofSBA-15weretested in thedsorption opure CQ at 25 °C ina pressure range
up to 1.2atm38 It wasobserved that the alkyl amiRMO adsorbs a largeamount of CQ
at afaster adsorption ratevhen compared wittSBA-15, which demonstrags that the
functionalization of PMOs wit amineds more relevanthana similar degree and nature of
functionalization insilica for the adsorption of COInterestingly, the unmodified SBA5S
silica also adsorbs a smaller amount of.@en compared with the unmodified PMO.
This behavior wasxplained bythe higher hydrophobicity of the PMO pore walhen
compaed with that ofSBA-15. Hence, water adsorption is expected to be more acute in
SBA-15 than in PMO materials, competing more with,@@ available adsorption sites on
the former classfanaterials, soprganailica insteadof puresilica supports were proposed
for immobilization of amines groupaiming materials for C®adsorption/separatioii
Despite the facthat PMOs are more expensive than silidta superior ability obmine
modified PMOs to adsorb C®@ can be transferre@nd should be exploretbr these
application

Here, we considered thehenylenebridged PMOs as potential andidates for the
CO,/CH4 separationin this way, fhenylenebridged PMOwith different pore sizewere
preparedby changing the alkyl chain length of the cationic surfaétamce he pore size
and pore curvature may play an important role on the diffusion of the tsagegas
moleculesinside the poresAdditionally, the amount of amine functionalities into the
materials, their locations and the type of silanols are certainly important variables on the
adsorptive properties of these materials. &ter the synthesisf the PMOs, the mono

nitration of the benzyl bridges was performed with nitric acid in the presence of sulfuric



acid. Then, the nitro group was reduced to the amine in the presence of tin chloride and
hydrochloric acid® To the best of our knowledge, the amination of the phenylene bridge in
the G-PMOs withn < 18, was not attempted befoidencewe describdor the first time

the synthesis and charactation of aromaticamine-funtionalized PM@ with pore sizes
ranging from 2.4 and 3.7 nrAll materialsaretestedon the CQ andCHs adsorption The
physicochemical characterization is performed to fully understand the potentialsef the

materias for CO,/CH,4 separation.

2. Experimental section
2.1.Chemicals and Reagents

Dodecytrimethylmonium bromide (C1TMA, 99%, Aldrich,
tetradecyltrimethylammonium bromide  (Cis-TMA, 99%, Aldrich),
hexadecyrimethylammonium bromide (CisTMA, 95%, Aldrich),
octadegltrimethylammonium bromideQie-TMA, 98%, Aldrich), ethanol (PA, Panreac),
hydrochloric acid (HCI, 37% v/v, Carlo Erba), nitric acid (Hj®5% v/v, Panreac),
sulfuric acid (HSQu, 9597% v/v, Panreac)tin chloride (SnGl, 98%, Aldrich) and
isopropylamie (>99.5%, Aldrich) were purchased from commercial sourceshakgcals

were used as received.

2.2.Materials synthesis
2.2.1. G-PMO adsorbents preparation
Phenylenebridged PMOs with different pore sizes (hereafter denotelNDOS n =
12, 14, 16 or 8) were prepareébllowing procedures previously described in literatifr&.

The 1,4bis(triethoxysilyl)benzene (BTEB) precur$bris hydrolyzed and condensed



around asurfactant the Cn.trimethylammoniumbromidetemplate(Cy-TMA, n =12, 14, 16

or 18, Scheme 1
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Scheme 1Synthesigoute forC,-PMOs, n = 12, 14, 16 and 1§repared withCi>TMA,

Ci14TMA, C16-TMA and Ge-TMA surfactans, respectively

In a typical synthesi®f the G-PMO materials the surfactants dissolved in a
mixture of distilled water and 6 M aqueous sodium hydroxide afi 28D °C. BTEB was
subsequently added dropwise under vigorous stirring, at room tempefatanaolar ratio
BTEB : water is always constant and equal td6B1 (molar rato corresponding only to the
distilled water) with the quantities of surfactant and NaOH adjusted according to the
surfactant usedc.f. Table 1) The mixturewas kept for 20 minutesn an ultrasonidath
(Bransonic ultrasonic cleaner 15HIHH). Thereacton mixturewas stirred for 24 hours
at room temperatureand was then transferr@ato a Teflon lined autoclavéor additional
24 hours at 100 °C. The fingrecipitate was recovered by filtration, washed with warm
distilled water and dried at 60 °C.

To dbtain porors PMO materials the surfactants were removed through solvent
extraction?333%41 An aliquot of 0.5 g of the assynthesizedpowder was stirred in a

solution of 4.5 g of 37% HCI and 125 mL ethanol, for 8 hours at 80 °C. The powder was



filtered off, washed with ethanaind water and driedvernightat 60 °C.The confirmation

of thetemplateremovalwas made through’C NMR spectroscopand TGA analysis

Table 1. Molar ratioof the surfactant and NaOH for eaChPMO in relation to the BTEB

precursor

CiePMO CiePMO C14PMO Ci>PMO

Surfactant 0.96 1 1.05 1.4

NaOH 4.05 3.85 3.65 3.04

2.2.2. NB-Cyh-PMO adsorbents preparation

The amine phenylenenodifications(to prepareNH»-C,-PMO, n =12, 14, 16 or 18
were made usinghe sametwo-step procedureeported bylnagakiet al*® First a strong
acid treatment with HN@H>SOQs was used to incorporate the nitro groups into the
phenylene moieties of PMO followed hgeatmentwith SnCh/HCI to reducethe nitro

groups to the desired amine functionalities (Schgme
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Scheme 2Synthesis route for tharane functionalization othe C,-PMOs, n=12, 14, 16

and 18.

2.3. Materials characterization
All PMO materials were evaluatedy powder Xray diffraction (PXRD),N»-
sorption and transmission electron microscopy (TEWHe chemical properties of the

materials were evaluated by elemental analysis (E&),°N and?°Si solid-statenuclear



magnetic resonand®MR) and Fourier tranrmed infrared (FTIR)spectroscopiesThe
thermal stability was evaluated by thermogravimetric analyses (TR8de information
concerning the measurements (@f)e methods, equipment modedad conditions used$

availablein thesupporting information(Sl).

2.4. Adsorption measurementprocedure

Adsorption isotherms of carbon dioxide and methane were measured-on as
synthesizednd aminemodified PMO materialsat 308 K and pressures up to 2,heing
an inhouse built manometric apparatlsgure S1The samples were activated, according
to the heating program shown in Fig@2(first at 80 C during 5 hours and then at 18D
during 10 hours)under vacuum of ca. 14 mbar. The £&nd CHs gases were used as
provided by Air Liquide (France), with a pty of 99.998% and99.95 % respectively.

The experimental adsorption measurement technique adopted was previously
describet® and is shortly summarizechere Before performing each adsorption
measurement, the void volume was determined by Helium picnometry, as descoed
previous publication (43 To perform an adsorption experimetite gasto be adsorbeds
fed into the gas tank until an initial pressures Peached while the sample is kept isolated,
in another tank, by a closed valve. After the gas feed, the pressure in the gas tank is allowed
to stabilize over a given period of time. The adsorption process starts when the valve
isolating the sample is oped, and a pressure decrease is observed until a plateau is
reached. Pressure and temperature readings are constantly recorded over time, so that the

adsorption uptake can be computed as a function of time. This procedure is repeated



sequentiallyfor different values of pressurestarting from the previously equilibrated
pressure point

Each experimental pure component adsorption isotherm was tfittad_angmuir
model Thef i t t i ng parameters were then used
adsorption Ku, in mol-kg?-bar?) for each gas and each adsorlsntaking theslope of the
isotherm in the limit of zero coveragéhe Henry constant thuwmeasuesthe affinity of

each gas toward the solid surfathe Langmuir equation is expressedEiguation 1:

g5 Xb XP
T Tib xp

(Equationl)
whereq is the amount adsbed, gs is the Langmuir saturation capagityis the Langmuir
surface affinity parametendP is the pressure

We then estimated the legoverage C@selectivity(S) of each material by taking the ratio

oftheHeE nr yés const an(guatibond)r t he t wo gases

co2 co2 co2
KH _ s X b

COZ/CHE _ .
S - KCH* - qCH* x pCH* (Equation?2)

3. Results and Discussion
3.1.Characterization of Materials
The structural order of theon-modified samples was studied by PXRBigurela
(SI) shows the PXRD patterns of surfactainee C1-PMO, G4+-PMO, GePMO and Ge-
PMO samples. Theatterns are in agreement witiose reported iprevious studig®®*!
being compatible with atwo-dimensionalhexagonal symmetrypémn) lattice The d
spacingof the strong lowangle (100) reflectiorhanges slightly from sample to sample.

The lattice parametgr a, calculated from the @ values of the (100) peak for the

1C

t

(0]



surfactantfree G>-PMO, G4PMO, Ge-PMO and GePMO materials ard.14 4.32 4.76
and5.36 nm, respectively(Table2). The increase of the lattice parametessults in larger

pore sizes (Figure 1d) as a functiortlod alkyttail lengths.
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Figure 1. PXRD patterns of thea) C,-PMOs b) and c) NH2>-C,-PMOs Pore size
distribution profiles(d) calculated from the Nadsorption isotherm for NHHC1-PMO
(squares, black lineNH2>-C14-PMO (rhombus, black dashed lin&)H>-C1e-PMO (circles,

grey line) and NH-C1s-PMO (triangles, grey dashed line).

Table 2. Structural properties of-€MOs and NHC,-PMOs materials. Pore parameters
obtained from Xray diffraction patterns and nitrogen sorption data.

Sample digo/ NM a/ nm? Sser/ Mgt Ve/cmig? dp/ NP b/ nnf
CiPMO 3.59 4.14 1004 0.14 2.54 1.60
NH2-C1-PMO 3.63 4.19 924 0.23 2.41 1.78
C14-PMO 3.74 4.32 843 0.24 2.80 1.52
NH2-C14-PMO 3.79 4.37 778 0.16 2.80 1.57
Cis-PMO 4.12 4.76 832 0.45 3.14 1.62
NH2>-C16PMO 4.22 4.88 623 0.33 3.14 1.74
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C.1e-PMO 4.65 5.36 782 0.68 3.70 1.66

NH»-Ci1e-PMO 4.62 5.34 719 0.55 3.54 1.80
aUnit cell parameter calculated é&di0d & 3°Pore.width obtained from the BJH metheith the corrected
Kelvin equation, i.e. KJISBJH method at the maximum of pore size distributtaiculated on the basis of
adsorption dataPore wall thickness calculated asdfy & -3dp), where the firstterm is the unit cell
parameter.

The evidencdor the hexagonal arrangement of the pores is obtdnoad the presece of
thetiny (110) and (200)ow-angle reflections observed Figure 1a3%4! In addition tothe
low-angle peaks, the PXRD patterns display mediange reflection al ~ 0.76 nm, due
to moleculasscale periodicity in the PMO pore walls along the channel direttiGhe
four different samples display these peaks at exactly the slaspacing which is in
agreement witMBion et al3® Thus thenonmodified PMOsmaterials exhibit molecular
scale periodicity in the walls and, in addition, have different pore sizes. The structural order
of the aminatedsamples was studied by PXRD and &dsorptioiidesorption isotherms.
Figure 1b and cshows the PXRD patternsf NH>-Ch-PMO materials As in the simple
PMOs the first strong lowangle (100) reflection peakssociated to th€l10) and (200)
small reflections are characteristid a two-dimensional hexagonal symmetrp6(mn)
lattice, Figures 1b and ¢ Thus, the hexgonal arrangement is maintaingpon amination

Thed spacing in the aminated samplesesimilar to thed spacing of the pristine
PMOs. The lattice parameters, of the hexagonal array of mesopores obtained for the
NH2-C1>-PMO, NH-C14-PMO, NH-C16-PMO and NH-C1e-PMO materials ard.19 4.37,
4.88 and5.34nm, respectively, which means that {lvesence of thamino group does not
significantlychange tbse values relatively to the pristine mater{dlable2). In addition to
the lowangle peaks, th®XRD patternsof all aminated sampledisplay mediurrange

reflections atd ~ 0.76 £ 0.002nm, which areidentical to that othe initial PMO materials
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implying that amination also did not significantly change the mole@dale periodicity of
the pore \alls.

The presence of different mesopore sizes was confirmdéombyemperature-(96
°C) N2 adsorptioindesorption experiments. FigureS3 (SI), the samples display a type IV
isotherm (IUPAC classification), usually observed for conventional mesoporaigsiams
such as MCM41, indicating mesopores of uniform siZéwe introduction of the amine into
the mesochannels nfirmedby the reduction of thespecific surface area gAr). The
NH2-C1PMO, NH-C14-PMO, NH-C1-PMO and NH-C1-PMO materialspresemn Aget
of 924, 778, 623 and 719 mAQ?, respectively(Table 2). A comparison of the pore size
distribution (PSD) curves of NHC1-PMO, NH-C14-PMO, NH-C16-PMO and NH-Cie-
PMO materials reveals a maximum shifting fr@#d to 3.5nm (Figure 1d and Table 2),
respectively

TEM images Figure $4a, Sl) reveal the high order along the channels for the-NH
C15PMO, NH-C16-PMO, NH-C14-PMO and NH-C1>-PMO. Figure $4b (SI) shows the
TEM imagein the direction parallel tthe channel®f the NH-C16-PMO, supportingthe
hexagonal arrangement of the poodservedoy PXRD and confirming the high order of
these materials

Solid-state*C CP MAS NMRand ?°Si CP MAS NMR spectra o€:,-PMO and
NH2-Ch,-PMO materials are shown kFigures S5 (SI) andFigure2, respectivelySdid-state
13C CP MAS NMR spectra support the amination GiRMOs materials. The pristine
materials present a typical resonance at 133 ppm of the aromatic carlpepsrtegin the
literature?! Tiny peaks can be detected in the region 0 to 50 ipgime spectra of -PMO

sample which are associated to thesidualpresence ohonextractedenmplate molecules
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Theseresonanceare no observed in the spectra of the othePROs.The 13C CP MAS
NMR spectra of NFCr-PMO materials exhibit resonancescat 122, 133 and 150 ppm
assigned to the $garbonsof the phenyleneing. Thesevaluesarein agreement with the
resultspreviously reported for the NHC1e-PMO*° The 2°Si CP MAS NMR spectra of the
Cn-PMO andNH2-Cn-PMO exhibit peaks ata. -81, -70 and-61 ppm attributed to I, T?
and T organosiliceous speciesTE RSi(OSij(OH)sn], respectivelywhich are illustrated

in Figure2.

C,-PMO T3 NH,-C,-PMO

n=18

-40 -60 -80 -100 -120  -40 -60 -80 -100 -120
ppm ppm

Figure 2. 2°Si CRMAS and MAS NMR spectra of &PMOs and NH-C,-PMO. The
observed resonances are assignethéocorrespondind™ silanols species in the PMO
materials.

The percentages of "T species in each material are calculated from the
deconvolution of the&°Si MAS NMR spectra, using the typical assumption of Gaussian

distributions of isotropic chemical $ts for each type of T species and are presented in
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Table S1 Generally, the overlapping of"Tresonances is observed, giving rise to small
variations between be#it intensity parameters and, hence, to uncertainties related with the
relative populationsf the T" sites. The degree of condensation varies between 66 and 71
% for the G-PMOs and between 66 and 74 % for theNd#PMO materials. No peaks
attributable to Q[Q" = Si(OSiK(OH)sn] species were observegroving that no carboin
silicon bond clegage occurred during the amination of the PMO materials.'Th&IMR
spectra of the NHC,-PMO materialgnot shown)display in all casesnly a singlepeak
corresponding to the aromatic amine3#5 ppmas observed before for NHC1e-PMO and
NH-C1-PMO.#44° The success of the amination of the phenylene moieties in the PMOs
was also verified by Fourier infrared transform (FTIR) spectroscopy, Figure S6 (SI).

Figure S7 (SI) presents the TGA analysis of phistine and amine modified,C
PMOs. The first weight loss observed below 100 °C is related to desorption of physisorbed
water. No weight loss from 100 to 300 °C, which is due to the small quantity of remained
surfactant, was detected for pure P8M@ith exception of Ge-PMO (2% weight loss),
confirming the3C CP MAS NMR results. The decomposition and release of the organic
moieties from the framework takes place above 600 °C in the pardAMOs. The
introduction of the amine groups in the PMOs letadsreduction of thermal stabilitfrom
600 to 400 °Qor all NH.-Cr-PMOsas observed byGA, Figure S7 (Sl)

Table S2 (SI) displays the density of the amine group linked to the phenylene
moieties into the PMOs materials. The PMO with the sreighlere sizepresents the lovet
density of NH groups. This probably occuras a consequence steric hindrance during

the functionalization
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3.2.Experimental pure-component adsorptionisotherms
Purecomponent adsorption isotherms of £&nd CH at 35 °Con the G>-PMOs,
shown in terms of absolute amount adsorbed per unit mass of adsopbent displayed
in Figure 3. The introduction of the amine group into the channels of thd”?® O leadgo
an increase in the adsorption of £@ppermost curves ifrigure 3). Additionally, the
adsorption of methane in the M&1-PMO is slightly lower tharin the assynthestzed

material(lowermost curves ifigure3).

C,,-PMO
CoO,
0.8 A
2°0.6 A
(@]
X
o 0.4 A
£
S 02 4 CH,
—0— ©
O [-J T T T 1
0 0.5 1 1.5 2

Pressure (bar)

Figure 3. Adsorption equilibrium isotherms gfure CQ (closed symbolsand CH (open
symbols)molecules irnthe assynthesizedsquares) and amine functionalized (spheras) C
PMOs.Solid lines represent this to Langmuirmodel.

Table 3 depictedthe calculatedHe nr yds constanpueCOQéaéndadsor pt
CHas molecules in theristineand amine functionaed G-PMOs adsorbent€onsidering
thelow CH4 adsorptionvalues obtainedbr all prepared®MOs it is possible tayeneralize
that these materialsare weakCHs adsorbentsAdditionally, the amination in the &-PMO
provides an improvement in tlesorpion of the materiallt should be emphasized that
this evidence is not observed for @{-PMOs The amination of the £PMOsis favoring

theadsorption of CQin thecase of thenaterials withthe smallest poressuchas NH-Ci2-
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PMO and NH-C1+PMO (Figure 3, Figure S8 and Table3), while an opposite effect is
observed in thematerials withthe largestpore sizes(cf. NH2-C1e-PMO and NH-Cie-
PMO). A systematic analysis of tHeatures of thee materialds necessary to understand
otherreasondesides poresizeand BET surface ardactors that may be influencing the
adsorption profiles recorded in this work.

TheHenr y 0 s otQ@sPMO, &eRMO, G4-PMO and G-PMO for CQ are
0.40, 0.48, 0.41 and 0.46o0l-kg*-bar’ respectively(Table 3). As it can k& seen, hese
values seem to biairly independent of the pore siz&lthough thesize of the pores can
influence the distance between functional groampgd,consequentlyt he Henr y 6 s
it is often observed that materials with large pores, leeoverage adsorption is dominated
by surfacechemistry As such the variation oKnx maybe related with the concentratioh
silanols (T and T species Figure?2), phenylene density and nitrogen dengitythe case
of the amine functionalized «PMOg of each material The quantification of thee
characteristicfor each materiakonsidered in this works displayed in Table3. The
percentage of nitrogen and carbomvere taken directly from elemental analysesThe
percentage of silanol speciemscalculaed from?°Si MAS NMR bydeconvolution othe
T! and T species in theNMR spectrum of each materiédienoted as fmr and Pnwr,
TableS1, SI). As the percentagef siliceous and of oxygespeciesvary from sample to
sample,the T siliceous specieperentagewere converted to the percentagd T™
siliceous species presentthesample(denotechereas Tsyp and Pswp) by combiningthe
NMR resultswith the elemental analysidata It is hypothesized that the G@nolecules
interact more favorably with éT* and T siliceous species in each sampilberefore the
total percentage o$iliceousspeciegdenoted here as %8)) of each materia(Table S2

Sl) wascalculatedusing the following Equatio@:

17
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%SO =%Si + %0 =100%- (%N + %C + % H)

(Equationd)

The %SO, %N, %C and %H represent team of thepercentageof silicon and oxygen,

nitrogen, carbon and hydrogesspectively,of each material, and are obtained from

elemental analyse$hen the percentage ofNur species was multiplieby the percentage

of Si-O to obtain %Tswp. The evident correlation between tpercentagef T™ species in

each sample and the correspondag®? values supports the hypothesis raised above.

Table 3. Comparison of structural and chemical properties ob®yntheszed and amine

functionalized GP MOs adsorbents with experi madt al
CHas adsorption, anthe equilibrium selectivity
PMO dr® % NP %CP % Tlswr® % TZsmpt K ©02d KpCH4d s
(nm)
(mol®g®ary) (mol®gidarl)
Ci1ePMO 370 - 3839 1.17 15.99 0.400 0.074 5.40
NH>-Ci-PMO 3.54 3.03 35.81 1.32 15.51 0.341 0.070 4.89
CiePMO 314 - 3638  0.96 19.26 0.478 0.076 6.26
NH>-Cie-PMO 3.14 3.16 32.12 1.14 14.86 0.416 0.078 5.31
C1+PMO 280 - 3856 1.41 18.43 0.414 0.083 4.98
NH>-C1PMO 2.80 2.89 31.29 1.28 17.20 0.470 0.086 5.49
C1PMO 254 - 3721 1.22 18.92 0.457 0.084 5.43
NH2-Ci1>PMO 241 258 3157  0.77 20.61 0.560 0.062 8.97

aPore width obtained from the BJH methaith the corrected Kelvin equation, i.e. KERJH method at the
maximum of pore size distributionalculated on the basis of adsorption d&@btaineddirectly from
elemental analysedlote that he percentage of carbon can be also calculftedlean norunctionalized
phenylenePMO as exemplifiedin the footnoteof Table S2 °Calculated from the®Si MAS NMR by
deconvolution of the Tand T species in the spectrum of each material. This percentage was converted to the
percentage in the sample through the use of elemental anéiysisn r y 0 sits af adgsosption, determined

from fitting the experimental adsorption data to the Langmuir isotherm m#aei-coverage adsorption

selectivity for CQ, estimated from the ratio of the pure compon

two columns.
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The analysis of the data in TabBshows that th@resence of Tsilanol species in
the PMOis correlated witlthe amount oadsorbedCQ, i.e., in general th&2 augments
with the increase of %¢Ewp. This observatioris consistent with a pictutibat he presence
of 2°Si T2 silanol species in the PMO brings a positive effect on the adsorption 06O
creating hydrogen bonds with the acidic £Ouriously, Kn®®2 reduceswith the increase of
the percentage of the silanediol species, wgth the amoun of silanols with T
environmentgcf. Figure2). This suggests that when twgdroxyl groupsarelinked to the
same silicoratom they are very probablgstablising intramolecular bondsf the type @

H- €,%6 hence, less B0i H moieties are available to interact with £@s the T specis
content in the different PMO is inversely proportional to tResfecies content (cf. Table
S1, 18tand 29 column), the amount of adsorbed €6y each PMO is influenced mainly by
the number of basic?Tsilanol speciesThe correlation between the percentage &ud
silanol on each sample and the Henry constants is presented in$9gure

The CO; molecules can ab interact with the organic moieties but such interaction
is expected to be much weaker than those with the silanol species. Mdaatezet al*’
found throughdensity functional theoryD(FT) calculatiors that theinteraction energy
between C@andsilanolswith the T? environmentwastwice that occurring between GO
and theorganic bridge. PreliminaryDFT calculdions (PBE-D?2 level of theoryemploying
a computational recipe and a PMO model similar to those used by Martine? shaiv
that CQ is positioned close to & silanol speciesin the pristine PMO materighs can be
observed in Figurda Although at low pressure it is not expected interaction between the

organic bridges and GOnolecules, the presence of the organmetiesmay contribute to
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enhance the interaction of G@ith the T silanols byinterrupting long rangenydrogen

bond interactionvithin silanols

Figure 4. CO, preferential location on a) @PMOs and b) NHCy-PMOs. The CQis
highlightedin yellow.

Therefore, at low pressure, the £@olecules interact only with available silanols
on the surface of the materials while regions close to the organic moieties will be populated
only at high pressure. Based on these premisedhave tentatively defiea correlation
equation(Equationd) thatmay represerthe number of C@preferential adsorption sites in

thenonaminated?MO materiad, , as

@% T%smp/ % C (Equationd)
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