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Abstract

The presentpaperexamineshe adsorptionof water by microporouscarbonsin the absenceof specificinteractions.The
modelling of water adsorptionfor 293 and 310 K, using variable pore size distributions (PSD), showsthat the type V
isothermsfollow the Dubinin—Astakhov(DA) equationandfulfill the requiremenfor temperaturénvariance.Furthermore,
the parametersf the DA equationcanberelatedin a simpleway to structuralpropertiesof the modelcarbonsFor a number
of well-characterizedarbonsthe typeV isothermsgeneratecdby combiningmodelisothermswith the correspondind®SDs
are in good agreementwith the limiting isothermsat 293 and 310 K derived on the basisof a recentdevelopmentof
Dubinin’s theory. This approachwill provide the basisfor further studiesincluding specificinteractions.
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1. Introduction

The adsorptionof water by activatedcarbonsplays an
important role in filtration processes,n particular at
relative pressuresabove 0.5-0.6. Basically, activated
carbonsare usedfor their high sorptive capacityand their
strongaffinity for organiccompoundg1]. Waterhasa low
affinity for carbonandin the caseof untreatedmaterials,
the isotherm practically corresponddo type V, following
the usualclassification[2]. However,whenthe numberof
hydrophilic centresincreases(mainly oxygen-containing
surfacegroupsand basic centre}, the isothermgradually
changesto a type IV and the inflexion point is shifted
towardslower relative pressuresThis meansthat competi-
tion with othervapoursincreasesand a betterdescription
hasto be found for the adsorptionof waterin micropores.
In particular,it is importantto understandhe influenceof
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the microporestructureandof the surfacechemistryon the
adsorptionof water.

It has been shown recently by Stoeckli [3] how the
specificand the non-specificinteractionscan be identified
in the overall water adsorptionisotherm consideredas a
sum of types| andV Dubinin-Astakhov (DA) isotherms
[4,5]. This approachrevealsthe role played by the non-
specificfilling of the microporeswhich correspondso the
typeV contribution.

Adsorptionin slit-shapedmicroporescan be calculated
by computersimulations(in particularthe so-calledMonte
Carlo techniques[6—8]), and thereforethe presentstudy
was carriedout in orderto comparethe two approacheso
water adsorption.The good agreemenfound betweenthe
limiting typeV isothermsand modellingbasedon the pore
size distribution (PSD) confirmsthe role of the carbon’s
structurealone on water adsorption.This will enableus
later to considerthe influence,on the overall isotherm,of
the hydrophilic centresand of their location in the mi-
croporousstructure.

The presentapproactpresentsimilaritieswith the work
of Gubbinset al. [9] on water adsorptionby activated
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carbons. However, we consider the problem from a
different side, in particularthe correlationwith Dubinin’s
theory[1,10-13] extendedto water adsorption[4,5,13].

2. Theoretical
2.1. Water adsorption isotherms and Dubinin’s theory

As shownrecentlyby Stoeckli[3], water adsorptionby
activatedcarbonscan be describedby Dubinin’s theory.
This is due to the fact that water adsorptionisotherms
fulfill the requirementfor temperatureinvariance, as
revealedby the existenceof a single characteristiccurve
[14-16]. The latter is a plot of the relative amount
adsorbedat various pressuresand temperatureversusthe
thermodynamigotential A= RT In(p,/p). The basicrela-
tion is the Dubinin-Astakhov (DA) equation:

N, = N, exp[-(A/E)"] 1)

whereN, is the amountadsorbedat relative pressurep/p,,
and temperatureT; N, is the limiting amountfilling the
microporevolume W, = N_V,, assumingthatV,, is close
to the molar volume in the liquid state,and E is the
so-calledcharacteristienergyof the system.Thelattercan
be written as E = BE,, where 8 is the affinity coefficient
of the adsorptive Benzenes the referenceand B(C,H,) =

1,; thesecoefficientshaverecentlybeencompiledby Wood
[17].

It has been shown [3-5] that the overall water ad-
sorptionisotherm,which fulfills the principle of tempera-
ture invariance,can be consideredas a sumof type | and
typeV DA isotherms:

N, = N (1) exp[ —(A/E,, o())"]
N, (V) exp[ —(A/E, o(V))"™] )

where N_ (1) and N, (V) are the limiting amountsad-

sorbed, with the corresponding characteristic energies
Eno(l) and E, (V). As shownearlier[5], in the caseof

carbons oxidized with (NH,),S,O4, the microporous
structureis not modified for oxygen contentsbetweenl

and7 mmol g~*. Exponentn, remainspracticallyconstant,
which suggestghat this parameteiis essentiallyrelatedto

the pore size distribution of the carbon,as confirmedby

modelling (seebelow).

The validity of the approachbasedon Eqg. (2) was
furthermore confirmed by the agreementbetween the
experimentalenthalpy of immersionA;H of the carbons
into water, and the value predictedas a thermodynamic
consequencef Dubinin’s theory[1,12]. It canbe shown,
that for a vapour following Eg. (1) and fulfilling the
principle of temperaturénvariance the enthalpyof immer-
sion is given by:

AHE9™),,= —N_E1+aT)T(1+1/n) (3)

where « is the expansioncoefficient of the liquid filling

the microporesand I' is the tabulated'Gamma’ function
(for 1.5<n<5, it varies between0.88 and 0.92). The
experimentalenthalpy of immersion containsa supple-
mentary term for the wetting of the external (non mi-

croporou} surfacearea S, of the solid, which must be
takeninto consideration.Eq. (3) has beenverified for a
variety of carbonsand adsorbateq12], which may be
regardedas a test for self-consistencyfor the approach
basedon Dubinin’s theory.

Dependingon their origin and their treatmentactivated
carbonscontain a variable number of sites which may
interact specifically with water. As shown elsewhere
[5,19,20],they correspondo oxygen[O] foundin surface
groups and varying between0.5 and approximately7—8
mmol g~ *, as well as basic groups characterizecby the
amountof HCl (mEqg™") requiredto titrate them. The
latter groups contain little or no oxygen at all, but their
interaction energy with water is close to the average
water-oxygeninteraction[19].

In therecentstudyby Stoeckli[3], it wasconfirmedthat
the type | contribution reflects the specific interactions
betweenwater and the [O+HCI] sites, in a 1:1 ratio.
Moreover the specificenergyE,, (1) = B, o(1) E,, where
the affinity coefficient has the averagevalue B, (1) =
0.29+0.02. In the type V contribution EHZO(V) =
BHZO(V) E,, but ,BHZO(V) appeardo vary with the number
of [O+HCI] sites, by analogy with the case of short
alcohols adsorbedby activated carbons[21]. A detailed
study basedon 15 carbonsshowsthat:

BHZO(V) = By 2oo(V)
+5.75(kmol” )[O + HCIJ/E,Nyy 1,0y (1
+aT)T(1+ 1/n,) 4

The quantity BH20°(V) =0.059+0.08is the limiting affini-
ty coefficientfor the adsorptionof waterin the absenceof
specificinteractions(Note the new valueof 8, °(V) and
of theenergyparameter5.75kJ mol™*, as suggestedy an
overallfit with moredatathanin Ref. [3]). The experimen-
tal valuesof ,BHZO(V), dependingon the surfacechemistry,
vary between0.065 and 0.150. Limiting valuesfor B o
have also beenlisted in Wood'’s recentcompilation[17].

Eq. (4) showsthatin the presencef hydrophilic surface
groups the type V isotherm reflects simultaneouslythe
microporefilling and the chemistryof the surface,but in
the limiting casewhere [O+HCI] =0, the characteristic
energyfor wateris:

E,i,0(V) = 0.059-E, (5)

Consequently for microporous carbonswithout specific
wateradsorptiorsites,the overallisothermis of typeV and
shouldtake the simple form:

N, = N,, exp[ — (A/0.059- E,)"2] (6)



with the correspondingexpressiorfor A;H(H,0O),.. given
by Eq. (3).

Coherentadsorptionand calorimetric resultshave been
obtained with microporous carbons containing naturally
small amountsof oxygen or treated in hydrogen near
600°C. We may thereforeexpectthat the wateradsorption
isothermobtainedfrom simulationsbasedon non-specific
interactions and the PSD only, should agree with the
isothermgiven by Eq. (6).

2.2. PD in activated carbons

As describedpreviously[22], the PSD of a microporous
carbon can be obtained from the analysis of the CO,
adsorptionisothermat 273 K, usingmodelisotherms.The
latter are obtainedfrom Monte-Carlosimulations,assum-
ing slit-shapedmicropores.Simultaneously and provided
that no ‘gate’ effects are present,the PSD can also be
derived from the enthalpiesof immersion of the carbon
into liquids with molecular dimensionsbetween0.4 and
1.5 nm. For the carbonsconsideredn the presentstudy,
the different PSDs obtainedfrom various techniquesare
shownin Figs. 4-6.

2.3. Modelling of water adsorption isotherms in pure
carbons

Adsorptionisothermsin single slit-shapedcarbonpores
were calculatedby grandcanonicalMonte Carlo (GCMC)
simulation,asdescribedn the relevantpublications[6—8].
In this method, the volume, temperatureand chemical
potential are kept constant,while the total number of
moleculesis allowed to fluctuate. For each set of con-
ditions, the systemis equilibratedby virtue of molecule
displacementcreation and destructiontrials. Acceptance
or rejectionof thesetrials dependon the potentialenergy
differencebetweenthe old and new configurations After
an equilibration period of at least10’ Monte Carlo steps,
the adsorbeddensityis sampledduring 2x10° MC steps
dividedinto 20 blocks. The pressurés calculatedfrom the
chemical potential using the Peng-Robinsonequationof
state.Adsorptionisothermscanthusbe obtainedin a form

(adsorbedlensityversuspressurén the bulk phasg thatis
comparableto experiments.

Water is representedby the SPCE potential, with
parametergaken from Berendseret al. [23]. This model
includes a Lennard-Jones site in the position of the
oxygenatomandthree-pointchargeqnegativefor oxygen
and two positive chargesfor the hydrogenys Special
techniquesare usedto accountfor the long-rangecelectro-
static interactionsbetweenpoint charges.The method of
Heyesand van Swol [24] was usedfor this purpose.The
simulationcell is rectangularboundedn the z directionby
the pore walls and replicatedin the x andy directionsby
using periodic boundary conditions. The length of the
simulationcell in the directionsparallelto the wall was3
nm, which is sufficientto avoid any finite-sizeeffects[25].
Thewalls aregraphitesheetscomposedf Lennard-Jones
centresthat are spreadout uniformly over the whole area
of the walls. The potential betweena Lennard-Jones
adsorbateentreand this smoothgraphitewall is given by
the 10—4-3 potential of Steele[26]. Cross-specied.en-
nard-Jonesparametersvere calculatedfrom the Lorentz
Berthelot combining rules. Further details concerningthe
efficientimplementatiorof the GCMC algorithmfor water
adsorptionstudiescan be found in a previouspublication
[27].

3. Experimental

For the presentstudy three well characterizedcarbons
were used, CARBO-S, CMS and DCG-5 [3,4,12,22]. A
fourth carbon, MSCV [14,28], was also used for com-
parisonpurposesasit is similar to CARBO-S. The choice
was dictated by the fact that thesecarbonshave average
pore sizesbetween0.6 and 1.1 nm and PSDswhich have
been characterizedunambiguously.The latter were ob-
tained from CO, adsorptionat 273 K, analysedwith the
help of model isotherms[22], and/or from immersion
calorimetry at 293 K using liquids of different molecular
dimensions.Thesedistributions are shown in Figs 4-6.
The correspondingstructuraland chemicalparametersare
given in Table 1 and their determinationis describedin
detail elsewhere[1,4,5,12,14], including the water ad-
sorptionisothermsat 293 and 310 K.

Table 1

Main characteristicof the activatedcarbons

Carbon W, L, E, EnoV) E.,dV)/E, n, [O+HCI]
(ecm*g™t) (nm) (kI mal* ) (kI mal* ) - - (mmold )

CARBO-S 0.43 0.8 24.7 1.48 0.060 6 <0.5

MSC-V 0.4 0.68 27.1 1.91 0.070 5.8 <0.5

CMS 0.25 0.75 26.1 2.04 0.078 5 1.64

DCG-5 0.54 1.1 21.2 1.69 0.080 2.5 2.7




4. Results and discussion
4.1. Modelling

Modelling was carried out for water adsorptionat 293
and310K in slit-shapedmnicroporesof widths betweer0.4
and2.0nm. The porewidths (L) estimatedrom adsorption
methodsrefer to the ‘accessiblespace’, which can be
definedin severalways.In this paper,H is the porewidth
definedin the simulations,andrefersto the spacebetween
the centres of carbon atoms of opposing walls. The
correctionof 0.24 nm suggestedy Everettand Powl [29]
(L =H —0.24nm), andusedin this paper,leadsto a good
agreementbut a numberof authorsalso usethe value of
0.34.

The simulatedvalue of p, at 293 K was found to be
4000 Pa. This value correspondgo the condensationn a
pore of 10 nm and it is consideredto correspondto the
bulk saturationpressure We note that this value is not
equalto the experimentalvalue of 2500 Pa.

The modelisothermswere calculatedon the basisof the
simulated single pore isothermsand the PSD This is
achievedby multiplying the pore volume obtainedfrom
the PSD for a given pore width (V,) by the molar density
adsorbedn the correspondingore(p,), andthenperform-
ing a summation over all pore widths. This can be
representedy the following equation:

N, (mmolg™*) =2 p, (mmolcm ®) XV, (cm®g ™)  (7)

Fig. 1 shows the density of water in single pores for
T=293 K, as a function of the relative pressurep/p,.
Adsorption correspondsto a sharp condensationwhich
dependson the pore width, and a similar pattern is
observedfor T=310K.

In a first round of investigations,the step-wisemodel

Density (mmol/cm®)

0 0.2 04 06 0.8 1
P/P,

Fig. 1. Density of water adsorbedat 293 K in model pores of
accessiblevidthsL=0.7 (O), 1.0(0), 1.3(¢), 1.5nm(a). (---)
H,O bulk density,as a function of the relative pressurep/p,.

isothermswere combinedwith formal PSDscorresponding
to histogramsiimited by a Gaussiamormalizedto 1 cm®
1,

g
aWdL =(1/oV2m) exp| — (L — L,)*/20°7] (8)

We usedblocks of 0.1 nm centredaroundL,=0.6, 0.8,
1.0, 1.4, andvariablehalf-widths . As a generalexample,
Fig. 2 showsthe isothermsfor 293 K obtained (a) for
L,=0.60 nm and a narrow distribution (c=0.2 nm), (b)
for L,.=1.0nmando=0.2 nm, (c) for L,=1.0 nm anda
relatively broaddistribution (o-=0.6 nm). As suggestedby
Fig. 2, the complete study (Table 2) confirms that the
position of the inflexion point, reflected by EHZO(V),
depend=on the averagemicroporewidth L. On the other
hand,the steepnessf the isotherm,reflectedby exponent
n,, decreasesas o increases.In other words, n, is an
inversefunction of the heterogeneityof the PSD

The smoothedypeV isothermscan be fitted to the DA
Eq. (1). From the datashownin Table 2, it appearsthat
EHZO(V) is essentiallyan inversefunction of the average
microporewidth L, as observedfor the classicalorganic
and inorganic adsorbateq1,12], but it also depends,to
someextenton the heterogeneityof the material. On the
other hand, exponentn, dependsonly on o, at leastto a
good first approximation.lt follows, that the slope of the
typeV isothermreflectsthe heterogeneityf the micropore
distribution, but a quantitativecorrelationcannotbe estab-
lished yet.

An interestingfeature is the fact that exponentn, is
practically independenbf the chemistryof the surface,as
suggestedy experimentalevidencefrom adsorptionby a
series of carbonswith similar micropore structuresbut
variable oxygen contents[3,5,21]. Furthermore by using
model isothermsfor 310 K, it appearshat the smoothed
type V adsorptionisothermsobtained for a given PSD
fulfill the requirementfor temperatureinvariance. For
example this is illustratedin Fig. 3 by the DA plots of the
isotherms generatedfrom PSDs with L,=1.0 nm and
o=0.2and0.6 nm. This importantobservatiormeansthat
water adsorptionisothermsmodelled with PSDsfor slit-
shapedmicroporesmadeof pure carbon,can be described
by Dubinin’s theory.

This behaviouris in agreemenwith the observatiorthat
real water adsorptionisotherms,of type IV andV follow
Dubinin’s theorywithin a certainrangeof temperatureand
relative pressureqg3-5,14,15]. This, in turn, provides a
safebackgroundfor further studiesof water adsorptionin
microporouscarbonsand taking alsointo accountspecific
interactions.

4.2. Comparison of simulated and experimental type V
isotherms

The techniguesoutlined abovewere usedin connection
with experimentalwater adsorptionisothermson carbons
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Fig. 2. Model PSD(left) andresultingwaterisothermsfor T=293K (right), stepwiseand smoothedwith Eq. (1). (8 L,=0.6 nm, 0=0.2

nm; (b) L,=1.0, c=0.2 nm; (¢) L,=1.0, 0=0.6 nm.

CARBO-S(293K), CMS (293K) andDCG-5 (293K and
310 K). These carbonshave well-defined PSDs, deter-
mined from CO, adsorption at 273 K and/or from
enthalpiesof immersioninto liquids of differentmolecular
dimensionsThesecarbonswere part of an extensivestudy

on water adsorption[3-5,14,18,19],leadingto Egs. (2)—
(4). As seenin Figs.4 and5, for carbonsCMS andDCG-5
one observesa good agreementbetween the type V
isothermsderived from modelling and the PSDs,and the
isotherms calculated with the help of Eq. (6). This is



Table 2
Valuesof E, (V) andn, obtainedfrom simulationswith various PSDs(seeFig. 2)

L, (nm) 0.5 0.5 0.6 0.6 0.8 0.8 0.8 1.0 1.0 1.0 1.0 14 14 14 14 16 16

o (nm) 0 0.2 0 0.2 0 0.2 0.4 0 0.2 0.4 0.6 0 0.2 0.4 0.6 0 0.2
v olV)
(kJ morl) 3.49 4.05 3.23 3.50 2.13 251 2.64 0.88 143 1.59 1.64 0.4 0.88 0.98 0.90 0.4 0.88
n, - 6.9 - 6.2 - 6.1 35 - 6.1 34 2.14 - 6.7 3.6 2.9 - 6.4
15 15

oy, ©
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Fig. 3. Logarithmic DA plots for simulated type V isotherms at 298) @nd 310 K (). Average pores widtlh,=1.0 nm,o=0.2 nm (a)
and 0.6 nm (b). Micropore volumé/ =1 cm’ g *.

confirmed by the good agreement between the experimen-
tal values of parameter§, (V)=0.059E, andn, and
the values obtained from modelling based on the PSDs (see
Table 3).

In the case of carbon CARBO-S (Fig. 6), however, the
adsorption isotherm based on model isotherms combined

simulated isotherm is displaced towards lower relative
pressures, with an inflexion point ptp, = 0.2, against 0.5
for the experimental isotherm. In order to confirm this
behaviour, experiments were also carried out with a
classical and well characterized molecular sieve carbon,

with the PSD, is not in good agreement with the ex-
perimental isotherm obtained at 293 K. Due to the low
oxygen content of this carbon, the isotherm is of type V
and its parameters lead to an enthalpy of immersion which
is in good agreement with the experimental value. The

0.4

0.2

AW/AL (cm’.g™.nm™)

0 0.5 1 15 2
P/P,

MSC-V [28], which has a strong contribution of micro-
pores between 0.4 and 0.6 nm. The same behaviour was
observed, which suggests that the model isotherms corre-
sponding to pores below 0.5—-0.6 nm lead to a condensa-
tion pressure which is too low. As shown in Table 3, this
also corresponds to the relatively high affinity coefficient

16

N, (mmol/g)
(-

P/P,

Fig. 4. PSD of carbon CMS (left). Simulated water adsorption isothermTfe293 K (---) and the corresponding type V isotherm

recalculated from the experimental isotherm (right).
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Fig. 5. PSD of carbonDCG-5 (left). Simulatedwater adsorptionisothermfor T=293 K (- - -) and the correspondingypeV isotherm
recalculatedrom the experimentalisotherm(right).

Table 3
Comparisorof parameters,, (V). B.,0(V)=E, o(V)/E, andn, of the typeV water adsorptionisothermsat 293 and 310 K, obtained

from modelling and from Eqgs. (4) and (2)

Carbon EHZO(V) model BHZO(V) model n 2 model E -] ()V) exp ,8 Pl Q)V) exp n 2 exp

(kJ mol™) (kJ mol'*) .
CARBO-S (293 K) 3.9 0.157 5 1.45 0.060 6
MSC5 (293 K) 3.25 0.119 5 1.6 0.070 5.8
CMS (293 K) 1.89 0.072 3 1.54 0.078 5.6
DCG-5 (293 K) 1.60 0.075 2.8 1.25 0.080 2.5
5H20(V) = EHZO(V)/EO, suggested by the model isotherms In conclusion, the present study shows that the simula-
(respectively, 0.157 and 0.119, against 0.70 to 0.80 for the tion of water adsorption in slit-shaped micropores con-
other carbons). taining no hydrophilic groups, leads to a coherent pattern,

It follows, that at the present stage the model can only provided that the majority of the pores are above 0.5 nm.
describe successfully water adsorption in pores above 0.5 The present approach, which reflects the micropore filling
nm, but this shortcoming will be examined in detail. It due to non-specific interactions only, is in agreement with
should also be pointed out that modelling of adsorption in Dubinin’s theory. It may therefore be used as a reliable
very small micropores has not been reported so far, as the initial stage for the modelling of adsorption under more
majority of authors deal with carbons having wider PSDs. realistic and also more complicated conditions, when
The latter also correspond to standard activated carbons, in hydrophilic centres are present in the micropores. This
particular those of industrial origin, such as DCG-5. requires the knowledge of both the PSD and the dis-
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Fig. 6. PSD of carbon CARBO-S (left). Simulated water adsorption isotherri 293 K (- - -) and the experimental isotherm of type V
(low oxygen content) (right).



tribution of the specific centres within the structure.
Furtherresultswill be reportedlater.
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