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ABSTRACT

A unique set of 6 polar adsorptives of relativedyge dipole moment and of increasing kinetic
diameter were used to probe pore volumes avaikatdetheir mechanism of adsorption on a well-
characterized microporous carbon. Multiple adsorptisotherm measurements were made and
repeatable results with relatively small standasviations in amount adsorbed at low relative
pressures were obtained. Inconsistencies were \@ukdvetween calculated Gurvitsch volumes.
Sources of these were analysed and identified aBilootions from one or more of: (a) molecular
sieve effects; (b) molecular packing effects, a(@); 2D molecular structure formation due to
hydrogen bonding. These inconsistencies were furshedied by comparison with pore volumes
derivedvia the Dubinin-Radushkevich (DR) equation. Qualiatanalyses of the micropore filling
processes were proposed, and substantiated by emmplary DR analyses. Although most of the
isotherms showed Type | character, recasting thative pressure axis in logarithmic format
highlighted clear differences as contributions fribaid-fluid and fluid-solid interactions during p®
filling. Overall, the adsorptives were classifieda three groups: (a) polar adsorptives with prilyar
specific interactions adsorbing as a condensationgss over a relatively narrow relative pressure
range in a medium and late pressure raigeRrOH, MeOH, 2-methyl, 2-butanol,.8); (b) polar
adsorptives with potential for non-specific intdfaes adsorbing as a condensation process over a
relatively narrow pressure range in a medium pressange (pyridinejso-PrOH, 2-methyl, 2-
butanol); and, (c) halogenated adsorptives adspnith an S-shaped uptake extending over a broad

relative pressure (dichloromethane).



INTRODUCTION

Nitrogen gas adsorption-based characterisationoobys materials is ubiquitous. Analysis of the

obtained data produces information including adsotlpore volume, pore size distribution (PSD)

and, in some cases pore connectivity [1]. Poros®rdent internal and external surface functional
group type and their distribution across theseasa$ might be defined via adsorption isotherm
analyses of molecules of known shape, size, andriaeld phase configuration. Such analyses are
considerably less frequently applied than nitroggnargon adsorption isotherm analyses. This
contribution addresses an omission in the prewopsblished literature, adsorption and analysia of

suite of polar molecules of similar dipole momeunt ifferent kinetic diameters adsorbed by a well-
characterised activated carbon. A detailed analysd interpretation of such a potentially unique
collection of adsorption isotherms would provideaer insight into adsorptive polarity as well as

size effects on micropore filling mechanisms.

Based on their polarity and their potential for @pe interactions, adsorptives have been broadly
classified as either non-polar or polar. The forrofer non-specific or dispersion force-dominated
interaction potentials employed in adsorption isatth modelling. Typical adsorptives would beg, N
Ar, CO,, SKk, and GHs. Adsorption of these by the carbon used in theeotirwork has been
discussed in detail [2]. The latter class exhipiedfic interactions with either polar or polarizab
surface groups. Typical adsorptives would bgOHalcohols, and amines, and others offering

permanent dipole properties.

Since water-water intermolecular interaction endegyds to exceed water-carbon surface interaction
energy [3], a generally accepted protocol for itlsaption with carbon adsorbents is an initial
specific interaction with accessible surface paeamolarizable groups, followed by water cluster
formation and, at sufficiently high vapour pressureondensation within pores or across the non-
porous surface [4-6]. Generally, pore filling oceyorior to non-porous surface condensation. Low
pressure amounts adsorbed, interpreted as sptdi@actions, combined with specific surface area
details usually derived from nitrogen or argon gdsorption isotherm analyses lead to polar group
surface-distribution details. These details areallguquoted as the number of functional groups or
polarizable sites per unit area of surface [7,R]ch interpretation is equivocal for microporous

adsorbents.

Although an analysis of the surface chemistry asddistribution on a well-characterised carbon
adsorbent of well-defined PSD is lacking in thevimasly published literature, several contributions
exist providing details from which surface chenyistrfluences on adsorption have been deduced.
Bandosz and co-workers [9-11] compared multipleperature adsorption isotherm results fgOH

and MeOH contacting similarly derived activatedbears with varying adjustments to adsorbent

porosity and surface chemistry. For these, theyloded that while MeOH was susceptible to both
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pore and surface chemistry changes, water adsorptas primarily affected by adsorbent surface
chemistry. Separately, specific and non-specifieractions of KO, MeOH, and EtOH with activated
carbons of different origins, containing dissimilarolar amounts of surface oxygen (per gram
activated carbon), were assessed via adsorptioneatfthlpy of immersion measurements, using
benzene as a reference vapour and liquid [12hihdase, water adsorption and immersion enthalpy
results were more responsive, increasing in amewisbrbed and exothermicity with increasing
oxygen content. MeOH and EtOH showed smaller butlai trends, with MeOH exceeding EtOH
for all measurements. These comparisons were nadideving the concepts underpinning the Theory
for Volume Filling of Micropores (TVFM) [13-15]. Té effects of adsorbent porosity on alcohol
adsorption were removed in the work of Andetwal[16]. Their comparisons between MeOH, EtOH,
andiso-PrOH adsorption and heat of immersion by varioustreasing oxygen content on a non-
porous carbon black surface demonstrated largeuats@f MeOH adsorbed with increasing oxygen
content, but less marked effects for EtOH awdPrOH, interpreted as due to increasing contrilmstio

from dispersion force ethyl and propyl group inti@ns.

Bradley and Rand used, N\MleOH, EtOH,iso-PrOH, iso-BuOH, Freon 113, and® to characterize
coal-, nutshell- and poly(vinylidene chloride)-basetivated carbons [17]. They evaluated micropore
volumes using Dubinin-Raduskevich model analysesthef N, adsorption isotherms. Isotherm
interpretation for the larger adsorptives centradhmlecular packing effects within the micropores,
concluding a correction factor would be requiredngsthese to establish (nitrogen equivalent)
micropore volumes. Interestingly, their applicat@inthe Dubinin-Serpinsky (D-S) model to analyse
water adsorption and the effects of increasingaserpolarity, concluded no unequivocal relationship
existed between the number of primary adsorptitas €ind the parametayin the D-S model, which

was defined as the specific amount of water adsiorbe

Rodriguez-Reinoset al. attempted to distinguish non-specific adsorptiae tb microporosity from
specific adsorption due to oxygen-based surfacetifumal groups via analyses 0f,N6Q,, H,O, and
MeOH adsorption isotherms defined on variously ®dd, peach stone-based activated carbons [18].
By contrasting HO adsorption against MeOH adsorption they conclutleat HO adsorbed
specifically at relative pressures < 0.3, with cemghtion within micropores following at higher
relative pressures; microporosity promoted MeOhbgatfon at considerably lower relative pressures.
Comparing each adsorptive, they found low relagixessure values on specific adsorbate-adsorbent
interactions increased as N SQ < CH;OH < H,0, the differences being attributed to influences o
adsorptive intermolecular (fluid-fluid) interacti®ue to the permanent polar momert £ND, SQ =

1.6 D, CHOH = 1.7 D, HO = 1.8 D) and contributions from intermoleculardiggen bonds.
Immersion enthalpy into benzene for olive stonesbaactivated carbons, oxidised then reduced,
showed independence of the extent of surface aamitdtl9]. Immersion enthalpy of the same

adsorbents into ¥ and MeOH, normalised to the benzene resultsndisshed those surface groups
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as CO-evolving groups (during heat treatment addation) more influential on the evolution of the

enthalpy of immersion than G&@volving groups.
The excluded volume manifests itself from eithethef following criteria [2]:
1- Molecular sieving effert
2- Molecular packing effects governed by a criticioaf pore size-to-probe siz20];

3- Molecular packing effects dictated by long-rangeicture development within the densified

adsorbed volume

In this contribution, we build upon these foundagéibinvestigations by comparing and contrasting the
isotherm shapes and location of condensation velgbressures in repeatedly measured, high-
resolution adsorption isotherms of 6 polar vapoors a well-characterised, polymer-based,
microporous activated carbon [7, 21-23]. As a #a¢, adsorptives exhibit a relatively large but
moderately narrow-ranged dipole moment (1.85 + @), 7a wide range of kinetic diameters (0.41 +
0.12 nm), and different molecular shapes. For eadorptive, a Gurvitsch volume is estimated and
compared with pore volumes derived via DR modellingh the differences discussed in terms of
pore filling and chemical and physical propertyeeft on the gas-solid interactions. Isotherms are
also presented in log-scale relative pressure wiherésotherm shape is analysed to clarify specific
adsorption and pore filling mechanisms. The pdliadi mechanism is further explored and discussed
in terms of DR plots. These analyses result insdi@ations of the adsorption isotherms based en th
adsorptive likelihood for specific and/or non-spieciinteractions. We conclude that the
methodologies and analyses developed and usedterege generalized to any adsorptive and, from
this point of view, our presentation significantiktends and enhances the currently available

literature.

MATERIALSAND METHODS

A well-characterised, poly(furfuryl alcohol)-basealtivated carbon was used in this study as an
exemplar microporous adsorbent. Its synthesis atidasion procedure has been described in detail
elsewhere [22]. In summary, distilled furfuryl allad was mixed with oxalic acid (100:3, w/w) at
room temperature. Carbon synthesis required a raamis argon gas flow during mixture
polymerisation (150 °C; 1h) and subsequent carlatioz (800 °C; 2h). The resulting char was
removed from the furnace then ground and siexetDQ um). These particles were then subjected to
a repeated, cyclic oxygen-argon activation procedoxygen atmosphere chemisorption (250 °C;
8h); desorption under argon atmosphere (800 °C; 2hgycles = 45% burn-off. The structural
evolution of the adsorbent along the activatiorhpaty has been examined in detail [21], along with

the chemistry and surface properties of the safiijple



Liguid adsorptives used in this study, their graaied supplier details are given in Table 1. These
same molecules are plotted with their kinetic ditenas a function of their dipole moment in Fig. 1.

For comparison, a set of frequently used non-padgorptives are also included [2].

Table 1 Adsorptives, their physical properties, and caod# used for adsorption experiments

Liquid Density Minimum .
Molecular at ads Tem Kinetic Dipole
Adsorptive Weight e P . Moment Grade / Suppliér
(kg/kmole) (g/cnt) [24, Diameter (nm) (D) [27]
25] [20, 26]

Water (HO) 18.0 1.000 0.27 1.8 Milli-Q water
Dichloromethane 1 CHROMASOLYV Plus >
(DCM) 84.9 1.33 0.33 1.8 99.9 % / SA

- HPLC Grade >
Pyridine 79.1 0.982 0.37 2.2 99.9 % / SA
Analysis grade >
Methanol (MeOH) 32.04 0.792 0.43 1.7 99.9 % / M
Iso{propanol (iso- HPLC Grade > 99.9 %
PrOH) 60.1 0.785 0.47 1.7 SA
2-methyl, 2-butanol . Analytical standard >
(2M2B) 88.15 0.815 0.60 1.9 99.5 %, SA

* Kinetic diameter for this adsorptive was assuraqdivalent to that afbutanol
" The authors recognize this dipole moment is samesticited as 1.14 D and as 1.4 D
# SA = Sigma-Aldrich, USA; M = Merck, USA
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Fig. 1 Polar adsorptives used for adsorption experiméimgdy, kinetic diameters and dipole moments;

non-polar adsorptives included for comparison [2]



Each sample was degassed (8504 h; 10° kPa) prior to adsorption isotherm measurementiuide
was used for dead-space corrections (> 99.999%8@K. Gases, Adelaide, Australia). All adsorption
isotherms were obtained using a BELSORP-max gaserpatitsn apparatus (BEL, Osaka, Japan)
equipped with a vapor adsorption kit and combinétth & Neslab refrigerated bath circulator with
temperature control as 298.00 + 0.01 K. For eadomrpdive, isotherms were measured on three
separate samples, and an average and standartiatewas used for discussions and analyses. As
previously, one of the three isotherms for eaclogde was chosen arbitrarily as the primary and
the remainder were normalised to it. Separate ni@gati@n of each measured equilibrium relative
pressure and associated amount adsorbed was athigng a MATLAB cubic Hermite interpolation
polynomial subroutine. The weighted average vahrestheir combined standard uncertainties were

developed by propagating the uncertainty in eapharsee value [28].

RESUL TS and DI SCUSSION

Previous adsorption analyses of this carbon focuseahon-polar adsorptives whose predominant
mode of interaction would be non-specific, but withid-fluid interactions sufficient to promote
condensation within the micropores [2]. It would bkear from the details in Fig. 1 that the
adsorptives used in this work offered a kineticntBter range consistent with their non-polar
counterpartsyiz. 0.27-0.60 nm compared with 0.33-0.55 nm. Add#ibn Gurvitsch-type pore
volumes for specific molecules could be comparegtatly with their non-polar counterpart to
rationalise the influence of adsorbent surface dsieynand adsorptive polarity on the initial and
possibly overall adsorption mechanism, resultirmherm shape, and total volume adsorbed. This
approach complements the works presented in thedinttion [17, 18]. From an adsorptive kinetic
diameter perspective, a direct comparison of pgedidsorption with benzene adsorption would be
most beneficial, however it should also be noteat gyridine has been classified as a Lewis base

[29], possibly promoting chemisorption with surfdaactional groups [30].
i.  Pore volume analyses

The adsorption isotherm for each adsorptive listedable 1 is shown in Fig. 2 with the amounts

adsorbed converted to liquid-like volume adsorbgsd.the basis adsorptive for comparison and
analysis in this work, the nitrogen adsorption heoin was also included. The combined standard
uncertainty in each amount adsorbed, developed finentriplicate isotherm analyses, was included at
medium and high pressures, and those near saturptessures were within the ranges reported
elsewhere for specific pore volume calculations, [32]. The combined standard uncertainty in
relative pressure data were excluded at high presgar clarity. The Blisotherm exhibited the Type

| shape based on the IUPAC classification [33]ideding previously published results for this carbo



[22], and confirming the sample in this work alsadtprimarily microporous structure with negligible
contributions to the total amount adsorbed fromapesosity and/or from any external surface [33].
The PSD calculated from a QSDFT application cordiinthis supposition, indicating a narrow,
primary distribution of pores centred at 0.57 £30nDn, also consistent with previous studies based o
repeated isotherm measurements [@@§i on model-independent methods such as caloyiraeul

isosteric heat analyses [20, 34, 35].
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Isotherms classified as Type I, IV, and V [33] oftexhibit a plateau parallel to th@p’ axis,
especially at pressures approaching saturatiomhfolisotherm temperature. It is generally assumed
that at these pressures all micropores (and messpbipresent) would be filled with liquid-like
adsorbate, and the liquid volume adsorbed woulddugvalent to the available pore volumsg, the
Gurvitsch volume. Differences in the amounts adsdrim the current work g¥p® — 1.0 suggests
that these micropore volumes would approximate rgdise dimension-controlled, specific micropore

volumes, molecular sieve exclusion effects defiagdriterion 1 above.

Differences in evaluated Gurvitsch volumes arenemtessarily attributable to adsorptive dimensions
alone; molecular packing effects themselves mandesan effect due either to dependence on the
critical ratio of adsorptive size: pore size [20]to long-range structure development in the adsibrb
phase within pores of suitable dimensions. Thefleeinces are expressed by both non-pola@af]
polar molecules in the adsorbed phase, defineditesian 2 exclusion effects. The concept of a
critical ratio between adsorptive dimensions antembmensions affecting adsorbed phase packing
derives from the proximity of the mean pore sizaéh® adsorptive’s kinetic diameter. These effects
were proposed by Brunauet al [36], supported by Rege and Yang [37], and moremdy
confirmed by immersion calorimetry studies of tRiIBA-based carbon (mean pore width = (457
0.05 nm) into MeOH andso-PrOH [20]. These enthalpy measurements suggebi®@ twas a
negligible influence of packing effect during adsion filling for MeOH since its kinetic diameter
(0.43 nm) was considerably smaller than the meae giae. In contrast, the combination of different
molecular conformation and subtle increase in kindiameter for iso-PrOH (0.47 nm) resulted in
reduced immersion enthalpy. Overall, the calorisnetreasurements discerned molecular packing
influences would be critical when the adsorbatetiindiameter ranged between 0.5 — 1 times mean
pore size. This observation differed considerabdynf Gurvitsch volume conclusions that adsorbate

packing influences were critical when the ratigpofe width-to-adsorbate diameted [38].

Hydrogen bonding and Lewis acid-base interactioitisivthe adsorbed phase would be exemplars of
mechanisms for long-range structure developmenhsider water as the adsorptive, with a kinetic
diameter of 0.27 nm, significantly smaller thangldor MeOH (0.43 nm) and 2M2B (0.60 nm), but
the amount adsorbed was intermediate these tworgd®s, regardless of whether the adsorbed
phase were taken as liquid-like or solid-like [39-4The water dipole moment at 1.8 D was also
intermediate those for MeOH (1.7 D) and 2M2B (1)0 Olearly, each adsorptive appears to have an
approximately equivalent capacity to form interncolar hydrogen bonding (as 1#80.1 D= +
5.6%), stimulating 3-dimensional structure withimetadsorbed phase. The small-valued relative
difference (1 5.6%) in the average dipole moment for these tho=erptives (1.8 0.1 D) suggests
each would have an equivalent capacity to formr3egisional hydrogen bonded structure when

filling pores of appropriately large dimensionsr Bwose micropores with dimensions sized similar to
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the adsorptive, these intermolecular interactiorithiv the adsorbed phase would lead to 2-
dimensional adsorbate structure formation. Thiacstire formation produces a lower space-filling
efficiency than 3-dimensional structure filling u#tghg in greater occluded volume (“unfilled” pore

space). The carbon adsorbent herein, and mostatadicarbon adsorbents contain a distribution of
micropore width and thus, pore volume filling eiéiscy would be reduced by combinations of size
exclusion and adsorbed phase structure formatidresd effects combine to provide reduced

Gurvitsch volume adsorbed. This phenomenon is défas criterion 3 above.
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Fig.3 Calculated Gurvitsch volume for selected probgsadunction of their kinetic diameter.
Average Gurvitsch volume of non-polar adsorptivlls, (Ar, CH,, and GHe) [2] (O );

standard deviation of the average Gurvitsch vol(img

The proposed average Gurvitsch volume for this BBsed carbon was evaluated using the non-polar
adsorptives B Ar, CH,, and GHs as 0.368t 0.015 cni(lig)/g with an average micropore width of
0.57+ 0.05 nm. The kinetic diameter of each polar adsarpn Table 1 suggests that each would
penetrate some, if not all of the pores; the Gschitvolumes for these were imprinted over the
average volume in Fig. 3. Interestingly, only DChdapyridine produced pore filling to an extent
statistically coincident with the accepted Gunditsmlume, and thus exhibited independence of the
criterion classified as molecular sieve exclusiffeas, criterion 1. Previous immersion calorimetry
analyses showed no molecular packing effects fobgs with similar dimensions, including DCM

[20], implying that these adsorptives were alsoepehdent of the criterion defined above as
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molecular packing exclusion effects, criterion ZhAugh both have strong dipole moments, 1.8 and
2.2 D respectively, neither is susceptible to hgdrobonding. Of course, pyridine is a Lewis base
[29] but, since the Gurvitsch volume was statidiijcaquivalent to the accepted volume, the pores
probably contained no Lewis acid sites that migihuehpromoted 2- or 3-dimensional structure within

the pores. The presence of the chlorine atoms itMD€duces the kinetic diameter (0.33 nm)

compared with its fully hydrogenated counterparétimne with diameter 0.38 nm. Both molecules
provided statistically equivalent Gurvitsch volumés371 cnylig)/g for CH4 and 0.365 ciflig)/g

for DCM. Thus, these adsorptives were independetiteocriterion defined above related to 2- and/or
3-dimensional structure formation in the adsorbledsg leading to occluded volume within the filled

pores, as exclusion effect criterion 3.

Water with a kinetic diameter of 0.26 nm and MeOHOa3 nm would be expected to exhibit
independence of molecular sieve effects (criterldn penetrate all pores and produce Gurvitsch
volumes akin to the accepted value. Immersion cakiry measurements supported the argument
that packing exclusion effects (criterion 2) woaldo not be a factor [20]. Clearly, from Fig. 3ther
expectation was met. Since both adsorptives hawdasi dipole moments and hydrogen bonding
capability, an interpretation would be that thetlsarbed phases contained significant occluded
volume due to 2- and/or 3-dimensional structurentdron, i.e. their adsorption was subject to the
structure-formation exclusion effect, criterionThe molar volume of ice > water at 298 K; applying
the former increased the Gurvitsch volume sugggstimarginal decrease in occluded volume if an
ice-like phase were to better describe the adsopbade within the micropores of this PFA-carbon.
No immediate investigations were made to expandraarpretation of this difference. The Gurvitsch
volume for MeOH at 0.338 ciflig)/g showed less deviation from the acceptedraye Gurvitsch
volume as 0.368 + 0.015 &ftig)/g, suggesting hydrogen bond-influenced, lvagge structure
formation within the adsorbed phase was possiblgkee compared to water, and thus the near
equivalence of the volumes. Secondly, the meltioghtpof MeOH is= 175 K, a temperature
(probably) too low to invoke a solid-like adsorhg@thse of MeOH for the adsorption 298 K. Clearly,
further measurements and/or adsorption simulatwosld be necessary to clarify the differences
between HO and MeOH adsorption. More than likely, van der aldaor dispersion force
contributions from the methyl group would enhanée tadsorption process beyond specific
adsorption. Specific and dispersion force intecarstj as simultaneous interactions would be an
equivocal variable for such modelling." Again lingic care towards a more clear explanation of the

authors' ideas is required.

The kinetic diameters foiso-PrOH and 2M2B are close to the mean pore width0.6f7 nm,
suggesting one would expect some molecular siewtusrn effects to prevail. The Gurvitsch

volume foriso-PrOH was marginally lower than the accepted paieme whereas that for 2M2B
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was significantly (approximately 15%) lower, sugg@s molecular sieve exclusion effects prevailed
and the reduction could be designated as critetimolume losses. Recent immersion calorimetry
measurements for the PFA-carbon into these solweaits interpreted as adsorptives of dimensions
approaching the size designated as the critica-madsorptive ratio, leading to critical molecula
packing effects in selected micropores and to aiatuas per criterion 2 volume losses. Additionally
both adsorptives possess sufficient polarity tawte hydrogen bonding within the adsorbed phase.
As per the arguments presented above for MeOH, these adsorptives, two simultaneous
mechanisms of adsorption could occur: van der Waalispersion force interactions via the alkane
moieties in the adsorptives; non-dispersion forderactions, as hydrogen bonding, via the alcohol
functional group in the adsorptives. The latteeiattion could lead to occluded volume within the

adsorbed phase, contributing to criterion 3 vol@xeusion losses.

An alternative and reasonably well-accepted metf@ydmicropore volume evaluation was that
developed by Dubinin and Radushkevich [14]. The Bdiation (1) defines pore volumes for
classical Type | adsorption isotherms, but Dubstiessed that the TVFM was most suitable to pore
filling exceeding 0.V, whereV,. = the total micropore volume. Nonetheless, therbdlel finds

widespread application for micropore filling anagsat low relative pressures:

109 (V) = 109(Vyri) = Do ( 0/ ) (1)

The coefficientD is an empirical representation of the free enafyadsorption of the examined
adsorptive, hence referred to in the TVFM as tharatteristic free energy of adsorption. The
influence of specific interactions as the primagga@rption interactions, typically encountered imgpo
fillings < 0.1V, results in adsorptive-dependent, non-linearitg ing /.49 — log’(p%/p) plot across
an extended (low) relative pressure range, leaidirtige general acceptance that the DR model fails t
adequately fit polar molecule adsorption isothefii3]. Consequently, one would be correct to

criticise its application to the adsorptives corsad herein.

If the adsorbing micropores were sufficiently wideaccommodate an initial “monolayer-type” pore
filling mechanism layering), followed by condensation over a relatively narrelative pressure
range, then a plot of Eq. (1) would exhibit a lineange encompassing the condensation process,
highlighting a unique micropore volume. Fig. 4 skBasmid plots including uncertainty in each datum;
linear ranges were evident. For each adsorptiveropore volumes were evaluated via a weighted
linear least squares analysis giving uncertaintglape and intercept, as presented in Table 2 déesid
Gurvitsch volumes. These results show a modeseagyet between the two methods of evaluation. It

was clear that the increasing polar nature of tsoiptives rendered greater deviation from lingarit
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however in most cases suitable ranges were idettifio linear section was suitably identified for

the highly specific adsorptives,@8 and MeOH, unique pore volume analyses failed.

Clearly, the classification of adsorptives as paad non-polar is helpful, but not comprehensive,
since the mechanism of interaction with the surfaocelld depend on both adsorptive polarity and
probability of specific and/or nonspecific inteiiacts. For example, the physical properties of the
water molecule, small size, high polarity, and higblectronegative oxygen atom proffer specific
interactions and negligible affinity for nonspecifiteractions. Fig. 4 shows that the DR plot fos t
probe was non-linear. Conversely, methanol offdre polarisable alcohol group for specific
interactions with the same polar surface sitesthedmethyl group for nonspecific interactions with
the predominantly carbon surface atoms. Furthdhiiggcomparison, as the number of carbons in the
alkyl group increases to 3 andiddtPrOH and 2M2B), the nonspecific interaction paedrincreases
and the DR plots for these would exhibit wider iagdinearity. Subsequent analysis of these results
(below) will show that although polar probe DR pglatre generally non-linear, its application can
significantly enhance our understanding of the fdlieag and specific vs. nonspecific interaction

contributions to the pore filling process.

Table 2 Calculated pore volumes via DR method and compangth Gurvitsch volume

Adsorptive| Gurvitsch volume (cing?) | DR volume (crit g')*
N, 0.388+0.013 0.373
DCM 0.363+£0.004 0.347
Pyridine 0.363%£0.003 0.347
iso-PrOH 0.349%0.002 0.361
MeOH 0.338+0.001 -
2M2B 0.288%0.003 0.276
H,O 0.324+0.001 -

* The evaluated relative uncertainties for the daae exceptionally small. The average relativeeuainty
was (2.634.06) x Ihcnt/g

14



-0.40

-0.80

5

—N277K

—DCM 298 K
Pyridine 298 K

—iso-PrOH 298 K

—MeOH 298 K

—2M2B 298 K

—H20 298 K

log(Vads)
iR
8

5

-1.60

-180 | &v | i

0.00 3.00 6.00 oo 900 12.00
log(p°/p)

-2.00
15.00

Fig. 4 DR plots for the adsorptives listed in Table lli@colour version is available).

15



0.45

EARLY UPTAKE MEDIUM UPTAKE LATE UPTAKE
0.4 |
0.35 |
N2 77K
—DCM 298K
0.3 |
Pyridine 298 K
—iso-PrOH 298 K
Bgas |
= —MeOH 298 K
% 2M2B 298 K :
< 02 | . . P[jﬁ:ld
= —H20 298 K (solid density)
1 A
3 ~H20 298 K (liquid density) -
= -+
0.15 | 5
A
0.1 | 4:1“
0.05 | )(
I e Bl L I
0 T 1 L ' — ,""j.ha:'-]: T R
1.00E-08 1.00E-07 1.00E-06 1.00E-05 1.00E04 1.00E-03 1.00E-02 1.00E-01
PP

1.00E+00

Fig. 5 Log-scale adsorption isotherms for the polar gusges listed in Table 1 on PFA-based microporardan samples. Nitrogen isotherm included as

basis. Uptake relative pressure ranges: early aptiakl 0’ - 1x10% medium uptake: 1x10 1x10% late uptake: 1x10— 10(=1) (online colour version is

available)

16



ii. Isotherm shape analyses

Fig. 5 presents the averaged adsorption isothesmhé polar adsorptives in Table 1 on a log-scale
p/p’ axis, clarifying the influence of possible polarpmlarisable surface groups on the initial amount
adsorbed. Apart from the water adsorption isothemash of the adsorptives exhibited the classical
Type | character for the linear-scagf’ axis, supporting the duplication of plotting tlsetherms for
gualitative analysis purposes. The inclusion of ghgpagated, combined standard uncertainty in the
averaged relative pressures and their dependenirasmadsorbed highlight qualitatively the regions
of sensitivity within adsorption isotherm resulihie combined standard uncertainties in the relative
pressures are largest in the low pressure rangdbeofsotherm, primarily an indication of the
sensitivity of the pressure gauges in the equipmé&hé combined standard uncertainty in those
isotherms showing rapid uptake over a relativelprsirelative pressure range also show the
sensitivity of the measurements [42]. As preseregviously, a qualitative comparison of the
isotherms in the logarithmic format highlights tledative differences in the adsorption mechanism

and associated thermodynamics for pore filling &gheadsorptive.

Although each isotherm was measured on the sanipragnt with the same pressure sensors, each
isotherm shows considerably different lowest reatipressure detection limits for reliably
measureable amounts adsorbed. Each of the polarptisies show S-shaped character and clearly
definable ranges over which condensation had oeduwithin the micropores, with some over
narrower relative pressure ranges than others.eltive pressures above the “critical micropore
filling” conditions, the isotherms exhibit reasohabimilar shape, interpreted as adsorption byehos
pores on the extremity of the PSD becoming equitale external surface. The fineness of the
relative pressure range for condensation within thieropores is an indication of either the
intermolecular packing or the intermolecular intti@ns defined broadly as “polarity-induced
bonding” within the adsorbed phase, or their comtxam. In contrast, the wide relative pressure eang
over which micropore filling occurred for nitrogevas an example of relatively weak fluid-fluid or
intermolecular interactions within the adsorbed sghaln Fig. 4 the polar adsorptives showed
deviation from linearity in their DR plots whereagrogen showed extensive linearity. Overall,
linearity was interpreted as an indication thatepditing was alayering and/or condensation

phenomenon.

As shown previously for non-polar adsorptives, @swpossible to further classify and refine the
isotherms in Fig. 5 by relative pressure-controtteidropore filling or uptake rangesarly, p/p’ = 10

8. 10% medium, p/p® = 10* - 10% andlate, p/p° = 10°- 10’ (=1). These ranges specify adsorption
processes suggested to be due to specific or remifispinteraction forces, due to adsorptive pajari
and/or polarizability, and/or due to adsorptive ecnllar shape influences on the adsorption prooess i

the micropores. The isotherms were further clasifia these.
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a) Polar adsorptiveswith primarily specific interaction: This class of adsorptives exhibit strong

b)

fluid-fluid interactions via hydrogen bonds, andatirely weaker fluid-solid interactions.
Examples include 2M2Biso-PrOH, MeOH, and kD. Of the organic molecules in this list,
adsorption could occur specifically via the alcohaictional group or more generally via the
alkyl moiety. Specific interactions would occur wivther polar or polarisable surface functional
groups and, depending on the relative strengtludi steractions, further polarisation within the
molecule could lead to localised adsorption viautetl polarity or via hydrogen bonding within
the adsorbed phase followed by adsorbate clusteration. Weaker dispersion force interactions

would occur on other locations of an adsorbentesar{43].

Each of the above examples contains a large dipoteent: 1.9 D for 2M2B, 1.7 D for botko-
PrOH and MeOH, and 1.8 D for water. Adsorptionittier of these molecules would be initially
on the pore surface containing functional groupiindd as high energy sites (HES), assuming
steric effects were absent [35]. Subsequent adgerpholecules would interact with the
adsorbate via hydrogen bonding creating localisisth@ded-phase clusters. A limited number of
such sites on any given surface would result in éamounts adsorbed at the lowest measured
pressures, increase in size with increasing pressaventually leading to inter-cluster
coalescence, pore filling as condensation, andaéively sharp increase in the amount adsorbed
over a relatively narrow pressure range. From 5jgt is clear that the equilibrium pressure at
which such condensation occurs was adsorptive ipokard specific interaction force dependent,

consistent with previous observations [18].

The dipole moment of the adsorptive was not thg ordicator of adsorption. The prevalence for
specific interactions diminished with increasingesof alkyl group in the adsorptive molecule,
which, for the above adsorptives the classificatias: water > MeOH ¥so-PrOH > 2M2B,
matching the order of increasing relative pressoredsorption condensation to occur in Fig. 5.
The condensation processes occurred at adsorgiaseprelative pressures >>1@he higher-
valued medium and late uptake categories. Simméards were evident in the DR plots. Water,
with its negligible possibility for non-specific teractions with carbon surfaces showed the
largest deviation from linearity. MeOH shows a apa for specific and non-specific
interactions; its large departure from linearity DR plots confirmed specific adsorption
interactions over non-specific interactions. In tase ofiso-PrOH and 2M2B, their relatively
larger alkyl groups raised the probability for nggecific interactions resulting in more clearly

defined linear ranges across a relatively broadeari pressures.

Polar adsorptives with potential for non-specific interaction. This class of adsorptives would
be similar to those above, but the prospects for-gmecific or dispersion force dependence

increase with increasing carbon content, if theogaise were organic-based. Examples include
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isoPrOH, 2M2B, and pyridine. As above, for alcoholse talcohol functional group would
experience specific interactions with HES, while thlkyl moiety would promote dispersion
force interactions with an adsorbent surface antlimithe adsorbed phase as relatively weak

fluid-fluid interactions, increasing in importanas the alkyl chain length increases.

Pyridine also exhibits a large dipole moment, 2,2dDe to the lone pair of electrons on the
nitrogen atom in this flat, relatively inflexibleatecule. The aromatiz-electron character of this
adsorptive promotes dispersion force interactioitls adsorbents while the lone pair of electrons
has this molecule classified as a Lewis base [28noting specific interactions. Molecules such
as this exhibit shape and uptake in the mediumspresrange, due to (almost simultaneous)
clustering and layering adsorption mechanisms, with structure formatiothiwithe adsorbed
phaseClusteringwould be deduced as deviation from linearity &t fressures (high 16(p°/p))

in a DR plot whereatayering would be equated with linearity at high pressuf@gerall, the
nature of the interaction would be somewhat gowtrimg the number and type of functional
groups decorating the adsorbent surface. For fdsliased carbon, the number density of HES
was low and thus the position of the condensaitative pressure range was similar to that for
2M2B, suggesting that the nitrogen moiety of therfer and the alcohol group on the latter were

susceptible to similar strength of non-dispersianeds for adsorption.

Halogenated adsor ptives: Halogenated adsorptives offer interesting charsties as surface
and porosity probes. Chlorinated hydrocarbons mirequently used as probes for adsorption
mechanism analysis, but have been used to defide[#§. The electronegative nature of the
halogen atoms induces dipolar properties withinrttiéecule and thus a propensity for specific
adsorption with HES or moderately polarisable stgfgroups, depending on the halogen atom
and to what it were originally bonded. Adsorptidnneolecules with configurations similar to
DCM would be expected to consist of both specifiteliactions via the halogen atoms and non-

specific interactions via the alkyl group; one wbptedict a delayed, sharp uptake akin to water.

Although halogenated molecules have the potertigdromote polarisation of surface sites, in
the case of DCM in Fig. 5, the uptake with relajwessure change showed broad-range pressure
dependence similar to the dispersion force, nowiipeadsorption mechanisms presented
previously. Adsorption began at low relative pressuin the early uptake regime, similar to
non-polar probes, implying possible non-specifiteiactions between the carbon-rich surface
and the methylene component of the molecule. Adisor@and pore filling extended across the
medium uptake regime and continued into the latakepregime. Previous molecular dynamics
analyses indicate that DCM exhibits an adsorbedelstructure in the liquid state, supporting

the conclusion of fluid-fluid interactions acrossstpressure range [45]. Clearly, DCM behaved
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intermediate polar and non-polar adsorptives wileeeDR analysis exhibited neither a marked

(expectedly extended) deviation from linearity aarextensive linear range of pressure.

CONCLUSIONS

Repeated adsorption isotherms of a set of seleptddr adsorptives were reported and (1)
guantitatively analysed and compared for pore velumeasurements using both Gurvitsch volume
and DR methods, and (2) qualitatively discussedh&on shapes to deduce pore filling and

adsorption mechanisms. The main conclusions are:

- Triplicate-measured, high resolution isotherms sgwbvepeatable results with relatively small
standard deviations in amounts adsorbed at lovivelpressures.

- Adsorptives with kinetic diameter exceeding avdéghore widths exhibited molecular sieve
effect contributions to diminished Gurvitsch volusnd-or adsorptives of critical kinetic
diameters, a reduced Gurvitsch volume was relat@aioiecular packing effect in micropores.
For adsorptives with the hydrogen-bonding potentilaé reduced Gurvitsch volume was
affected by 2D hydrogen bonding inside micropofid®e observations were substantiated by
DR analyses.

- The mechanism of adsorption and pore filling depenon the extent of fluid-fluid and fluid
solid interactions. The adsorption isotherm shapen plotted on a log relative pressure
axis, could be classified into three groups:

a- Polar adsorptives with primarily specific interacts {so-PrOH, MeOH, 2M2B,
H.0O); the adsorption mechanism follows cluster foforataround available high
energy sites on the solid surface at low presdotlesved by condensation in the late
uptake range. Specific interactions were highlightg location and extent of non-
linear response in DR analyses.

b- Polar adsorptives with the potential for non-spedcifteractions (pyridineiso-PrOH,
2M2B); the adsorption mechanism follows a comboratof cluster formation on
high energy sites and simultaneous adsorption iu&-$olid interactions and
layering effects at low pressure, followed by carsdgion in the late uptake pressure
range.Clusteringwould be deduced as deviation from linearity &t firessures (high
log?(p°/p)) in a DR plot whereatayering would be equated with linearity at high
pressures..

c- Halogenated adsorptives (DCM); these polar adsaptioffer both specific
interactions via electronegative halogen atoms aaod-specific interactions via
hydrocarbon groups. This combination of specifid aon-specific interactions was

substantiated by DR analysis, illustrated by regithmarked deviation from linearity
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nor an extensive linear range of pressure. Adsmrpsotherms of these molecules
would show an early uptake (like non-polar adsegd) and a late uptake (like polar
adsorptives), but overall, the isotherm would sleoWroad uptake over an extended

pressure range.
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Six polar molecules with increasing kinetic diameter used as adsorptives

High-resolution gas/vapour adsorption isotherms including uncertainty in the data

Pore volumes evaluated via Gurvitsch and DR methods — inconsistencies analysed

Low pressure isotherms show pore filling dependence on adsorptive size, shape, and polarity

Pore filling classified into low, intermediate, and high relative pressure ranges



