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Density functional theories and molecular simulations of adsorption
and phase transitions in nanopores
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The nonlocal density functional theofMLDFT) of confined fluids is tested against Monte Carlo simulations
by using the example of Lennard-Jongd) fluid sorption in slit-shaped and cylindrical nanopores ranging
from 0.3 to 10 nm in width. The fluid-fluid and solid-fluid parameters of the LJ potentials were chosen to
represent several experimentally important adsorption systems: nitrogen and carbon dioxide in activated car-
bons, zeolites, and mesoporous molecular sieves of the MCM-41 type. Freezing in nanopores is discussed
using the example of methane sorption in carbon at 111 K. Comparison with reference experiments is given
when available. Two versions of NLDFT, the smoothed density approximation and the fundamental measure
theory, are considered. It is shown that NLDFT approaches with properly chosen parameters provide quanti-
tative agreement with the results of Monte Carlo simulations and reference experiments. Appreciable devia-
tions are found in extremely narrow pores of less than two molecular diameters in width. In wider pores,
NLDFT models can be used for quantitative predictions of reversible and hysteretic adsorption isotherms and
analyses of the specifics of phase transformations, including the equilibrium and spinodal phase transitions.
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I. INTRODUCTION The extensive literature on testing different DFT ap-
proaches versus molecular simulations provides many ex-
Nonlocal density functional theorfNLDFT) has proved amples of both agreement and disagreement in the descrip-
to be a useful tool for studies of classical inhomogeneousion of the fluid structure and phase transitions in confined
fluids[1-7] (for a review, se¢8)). It is well documented that fluids. The main difficulty is that the approximations made in
NLDFT accurately describes the structure of simple confinedhe DFT’s inevitably lead to a difference in the bulk phase
fluids, i.e., the oscillating density profiles near solid surfacesliagram as compared with the benchmark MC simulations
[9-13,14, or of fluids in simple confining geometries, such [32,35,58,59 These discrepancies complicate the compari-
as slits|15—-18, cylinders[19—-21], and spheregl2,22—-24. son of DFT and simulations, and may significantly affect the
The nonlocal theory is a significant improvement as com-predicted adsorption isotherms and coexistence phase dia-
pared to the local DFT mode[®5,26. NLDFT models are  grams.
widely employed in the modern literature for theoretical pre- Many authors have compared the DFT and simulated ad-
dictions of adsorption isotherms in nanoporous materials andorption isotherms at the same absolute reduced temperatures
phase transitions in confining geometries, especially capiland absolute densities. For example, Kozak and Sokolowski
lary condensation, layering, and wetting transitions of simplg34] used the functional of Kierlik and Rosinbef@] and
fluids in poreq10,18—-20,27-51(see review50]). NLDFT  grand canonical MGGCMC) simulations to study wetting
based methods for pore size characterization were developeahd capillary condensation transitions in slit pores. They ob-
and implemented in commercial adsorption instrum@bi®s-  tained good agreement for the density profiles; however,
54]. In our previous papers, we have shown several strikingonly qualitative agreement was found for the adsorption iso-
examples of the quantitative agreement between the NLDFTtherms and the capillary condensation transitions. Other au-
Monte Carlo(MC) simulations, and adsorption experiments thors[37,47 compared the capillary condensation isotherms
on regular materials, provided that both the NLDFT and thén DFT and simulations using reduced pressure, related to
simulation methods quantitatively describe the experimentaihe pressur®, of vapor-liquid coexistence in the bulk fluid.
bulk two-phase equilibrium, surface tension included, and-astoskieet al. [37,47] studied the adsorption of Lennard-
the adsorption isotherm on a nonporous reference substrad@nes(LJ) nitrogen in slit pores of carbon with NLDFT and
[43,51,55-57. Nevertheless, the limits of applicability of the Gibbs ensemble MC meth¢f0,61], and found quanti-
mean field NLDFT methods and their accuracy for quantitatative agreement for the adsorption isotherms and vapor-
tive description of experimental systems are still under disliquid equilibrium in these systems. Petersetral. [20] ap-
cussion. The purpose of this paper is to give a systematiplied the NLDFT of Tarazongl,4] to study adsorption of a

comparison between NLDFT calculations and MC simula-LJ fluid in cylindrical pores with nonwetting walls. They
tions of the adsorption isotherms and phase transitions iGompared the NLDFT and GCMC isotherms at the same

various systems. reduced temperatufe/ T2"¥ i.e., the temperature related to
the bulk critical temperaturd>“%, and the same relative
pressureP/Py. The capillary condensation transitions and
* Author to whom correspondence should be addressed. Electrongualitatively similar phase diagrams were determined for a
address: aneimark@triprinceton.org series of pores ranging from 1 to 10 diameters of the fluid
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molecule. For a number of pores considered by PetersoK in the slit-shaped pores of carbonaceous adsorbents and
et al. [20], the density of the condensed liquidlike phase, aghe cylindrical pores of MCM-41 materials is discussed in
well as the conditions of vapor-liquid equilibria and sponta-Sec. Ill E. We also consider two examples of “extreme con-
neous capillary condensation and desorption, obtained usirfgnement” with the goal of testing the behavior of different
the NLDFT, deviated significantly from the results of the versions of NLDFT: freezing of methane at 111 K in carbon
corresponding GCMC simulations. Kierliét al. calculated ~ Slit pores(Sec. Il G and carbon dioxide adsorption at 273 K
the adsorption equilibrium for binary LJ mixtures in slit- in cylindrical micropores of zeolitetSec. Il . The results
shaped pore§35] and obtained very good agreement with &€ summar_|zed in Sec. .IV. We found t_hat, in ggne_ral,
the benchmark GCMC simulation for the adsorption iso-NLDFT predicts the reverS|pIe and hysterepc adsorption iso-
therms and selectivity at pressures well below the pressure §f€MSs and the full phase diagrams of capillary condensation
vapor-liquid equilibrium in the bulk. Essentially quantitative "¢luding the points of phase equilibrium and spinodal tran-
agreement at higher pressures was obtained by comparirffions in good agreement with the MC simulations and ref-
the NLDFT and GCMC results at the same relative pressureS €NC€ experiments. Appreciable deviations between the
and by scaling the adsorption isotherm by the monolayeF eory and simulations were found pnly in ex'trerr.]ely narrow
density[35]. Many attempts have been made to correct th’0res of less than two molecular diameters in width.
deficiencies of the mean field DFT either by considering im-

proved free energy functionals for both inhomogeneous and Il. THEORETICAL METHODS
homogeneous situatiori$2,63, or by introducing correc- ] )

tions to the bulk equation of state to fit the simulation data A. Nonlocal density functional theory
[32,38,41,59,64 1. General approach

In this paper we adopt a different approach: the approxi- . . L
mations made in the DFT description of the free energy are Density fur)ctlonal theory implies that _the Helmholtz free
corrected by adjusting the parameters of the intermoleculaf"€'9y of an Inhomogeneogs flid p(r)] is expressed as a
fluid-fluid potential. In particular, we require botBFT and  functional of the local density(r) [44,66;
MC) molecular models to give the best fit to the bulk ther-
modynamic properties of the experimental fluid of interest. _r
These include the liquid and vapor densities, saturation pres- Flp(r)] F'”t[p(r)]Jrf dr p(NUed(r)- @
sures, and interfacial tension. Such parametrization allows
one simultaneously to make consistent comparisons betwegtere Fi [ p(r)] is the intrinsic Helmholtz free energy and
the theory and simulations for systems important in practicelUex(r) is the external potential imposed by the pore walls.
and to compare the theoretical and simulated results with théhe intrinsic free energy is composed of the ideal gas free
available reference experimental data. Our procedure leads emergy, which is given by an exact expression, and the ex-
slightly different sets of fluid-fluid interaction parameters cess free energl,] p(r)], which accounts for the interpar-
employed in the NLDFT compared to those in the MC simu-ticle interactions:
lations. The solid-fluid parameters are the same in theory and
simulations, and are determined from the fit to the reference 1 3
adsorption isotherms on nonporous substrates. Finlp(r)]=8 f dr p(NO{IN[A°p(r)]=1}+Fglp(r)].

The paper is structured as follows. In Sec. I, we describe (2)
the theory, the molecular models used, and the proposed pro-
cedure for consistent selection of the fluid-fluid and solid-Here 3~ *=kgT is the temperature anti= \27mkgT/h? is
fluid interaction parameters. Two versions of NLDFT with the thermal de Broglie wavelength. Successive functional
different density functionals for hard spheres are consideredjifferentiation of the excess free energy generates a hierar-
the smoothed density approximatid8DA) of Tarazona chy of direct correlation functions. In particular, the one-
[1,4] and the fundamental measure theoffMT) of  particle direct correlation function is given by
Rosenfeld-Kierlik-Rosinber{6,7]. A recently developed ca-
nonical ensemble version of NLDFICEDFT) [46] is em- SF ol p]
ployed to trace the unstable sections of the sigmoid-shaped cY(r;[p])=-p ;
capill densation | | op(r)

pillary condensation isotherms between the vaporlike and
liquidlike spinodals. This technique is compared with the
canonical ensemble MGCEMC) simulation complemented
by the Widom particle insertion methd@5]. 5

In Sec. Ill we present the NLDFT and MC results, in D (r.r[p])=—B Fedpl . 3
comparison with experimental data where available. The v op(r)p(r’)
structure of hard-sphere fluids is discussed in Sec. Il A. In
Secs. 1B and Il C, we describe the vapor-liquid phase dia- In the conventional DFT the system is considered in the
grams for bulk LJ fluids and the liquid-vapor surface tensiongrand canonical ensemble, at constant voluigeometry,
predicted by MC and DFT models. Nitrogen adsorption iso-temperature, and chemical potential The density distribu-
therms at 77 K on open surfaces of carbon and silica artion is obtained by minimization of the grand thermody-
presented in Sec. Il D. Nitrogen capillary condensation at 77amic potentiak,

(3a

the two-particle direct correlation function is given by
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second[3,70,77 or third [9] order. Recent approaches em-
Q[P(f)]=F[P(f)]—f drp(r)u, (4 ploy the universality properties of the bridge functional
[14,72. In nonperturbative DFT’s, such as the weighted den-
which leads to the Euler-Lagrange equation for the densityity approximation[2,5], the smoothed density approxima-
profile: tion [1,4], and fundamental measure the$6y7] the excess
free energy is calculated using coarse-grained or smoothed
p(r)=A"3explcD(r;[p])+Bu—BUex(}. (5  densitfies. The weighting functions are either found from
the fit of the pair-correlation function in the homogeneous

Rgcently, we proposgd the ca_nqni.cal_ensemble density i jimit [1], or consistently predicted by the theory itself
functional theory, which implies minimization of the Helm- [6,7,73

holtz free energy[p(r)] at given mean fluid density, Below we consider two versions of NLDFT that are cur-

rently employed in practical calculations of adsorption iso-
<P>:f dr p(r), 6)  therms and pore size distributions in nanoporous materials:
o ) ) the smoothed density approximation of Taraz¢bd], and
i.e., intheNVTensemble. Here, the chemical potential of thethe fundamental measure theory of Rosenfeld-Kierlik-
desired equilibrium state is initially unknown and determinedrosinberg 6,7,74 and modifications of the lattdi73].
in the process of simultaneous solution of E@s. and (6)
[46]. While applying CEDFT, we do not consider systems 2. The smoothed density approximation

with a small number of molecules, for which the results of | this approximation{1,4] the free energy of the hard-
'Ehe] grand canonical and canonical ensembles may diffeéphere fluid is evaluated at the smoothed denty:
24).

The excess free energy of an inhomogeneous system, _ — .
Fed p(r)], is a unique but unknown functional of the local FHS[p(r)]_f dr p(1 el p(r); ds] ®
particle density. Various DFT versions give approximate exy
pressions forF.[ p(r)]. For fluids with attractive interac-
tions such as the LJ fluid, the excess free energy is deco
posed into the contribution from a reference system of har
spheres, and the free energy due to attractive interactions,

Falp(r)]=Fud p(r)]+Faulp(r)]. (7)

The attractive interactions are usually considered as in th&@herew(|r—r’[,p(r)) is the weighting function. Tarazona
first-order Weeks-Chandler-Anders@WCA) [67] perturba-  Proposed the following expansion for the weighting function:
tion theory of bulk fluids, or the first- or second-order
Barker-Henderso(BH) theory[68,69. In these approaches,

the intermolecular potential is divided into the repulsive andrhe coefficientawy(r), wq(r), andw,(r) were found from
attractive contributions. The repulsive interactions are thefhe requirement that the functional approximates the Percus-
approximated by a hard-sphere functional with a certainyeyick (PY) two-particle direct correlation function of the

choice of the hard-sphere diameter. Given that the pairhomogeneous hard-sphere fl{i&8]. Explicit expressions for
correlation function of the inhomogeneous fluid is unknown.ihe weighting functions are given in Ré#].

the attractive interactions are treated in most cases in a mean The resulting expression for the direct correlation func-

ere fud p(r);dys] is the excess free energy per particle,
which is calculated from the Carnahan-Starlif@€S equa-
ion of state[75]. The smoothed density is defined as

F(f)=f dr’ p(r")w(r=r'[,p(r)), (€)

W(r,p) =Wo(r)+wy(r)p+wy(r)p. (10

field fashion. . tion cM(r;[p]) to be used in Eq(5) takes the forni76]
The free energy functionals for hard spheres play a central N

role in DFT. Several functionals for inhomogeneous hard- cB(r;[pD)=—Bfudp(r)]

sphere fluids have been developed. In perturbative DFT'’s,

the direct correlation function of an inhomogeneous system +BJ dr'N(r)w(r—r'|,p(r")), (1)

is expanded about a slowly varying reference density
[3,13,70,71 The expansion is usually truncated after thewhere

dfd p( d —r'|,p(
)\(r)=—p(r)%/ [l—Jdr’p(r’)W]. (12

3. Fundamental measure theory FMT reduces to the Percus-Yevi€Kk7] theory in the homo-

In the FMT approaché], the structure and thermodynam- geneous fluid limit. Kierlik and RosinberKR) [7] devel-
ics of the hard-sphere fluid are predicted by the theory itselfpped an equivalenf74] version of the FMT functional,
based on fundamental geometrical measures of particlesthich utilizes different forms of weighting functions.
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Among the advantages of the FMT approach are thait is NN, — Nyp- Nyo
almost free fromad hoc assumptions{2) its extension to ®=—ngIn(1—n3)+ T 1-n.
mixtures is straightforward, unlike that in Tarazona’s theory 3
[29]; (3) improved FMT formulations give correct dimen- In3—n,(Nyy: Nyy)

sional crossover, i.e., they comply with the exact results for
reduced dimensionality systems such as a two-dimensional
(2D) hard-disk fluid, a 1D hard-rod fluid, and an effectively
0D fluid in a spherical cavity73,78. These properties are
important for the description of crystallization and extreme
confinements.

In the FMT, the excess free energy of the hard-spher
fluid has the form

8m(1—ng)2 (18

Hereny, andn,,, are vectors. In the limit of a homogeneous
fluid the PY expression for the free enelgi7] is recovered.
The first term in Eq.(18) is the exact free energy of the
one-dimensional hard-rod flui79]. The first two terms of
%q. (18) give a quite accurate representation of the free en-
ergy of the hard-disk fluid. Corrections to the third term have
been proposed to improve the behavior of the functional in
FHs[P(f)]=,371J dr'®d[n,(r)]. (13) situations of reduced dimensionalify3]. Two versions of
the corrected third term of Eq18) are considered. The first

modification has the form
Here®[n,(r)] is the excess free energy density, which de-

pends on the weighted densitieg(r): %ng

= " %  _(1—£2)9
¢)3 877(1_n3)2(1 g ) (19)
na(r)=J dr’ p(r"e' @ (r—r’). (14)
with g=2 or 3. In analogy with the authors f80] we refer

S . to this modified form as RSLT1g= 2,3). The second modi-
(a)
The weighting functions»'“’(r) depend on the fundamental fication is called RSLT2:

geometrical measures of the particles, such as volume, area,
etc. The original Rosenfeld formulati¢f] utilizes four sca- 13
3Nz

lar weighting functions @szm(1—3§2+ 2&%). (20
o - n3

o®()=0(R-r), 0?2(r)=|Vo®(r)|=8R-r), . . .
(159 All these corrections have only marginal effects in three-
dimensional situations. In this work we do not consider the
() most recent modifications to the FMT functional, which re-
V()= — 0 O(r)= p (15b  quire tensorial quantities in the weighting functidiis].

o ) 4. Attractive interactions and bulk phase diagrams
and two vector weighting functions i S L i
In the mean field approximation the attractive interactions

r are
w(VZ)(r)z—Vw(?’)(r):F&(R—r), (150

1
Fanl p(1)1=5 | [ drdr o) gl 1)),
(150 (21

Here ®,,(r) is the attractive part of the LJ potential. The
In the above®(r) is the Heaviside step function, a@{r)  bulk fluid is described by the following equations of state:
is the Dirac delta function.

In the uniform fluidp(r)=p and the weighted densities _ J
coincide with the variables of the scaled particle thd@§j: #(p)=pus(p) Fp | dr Dad ), 22

w(VZ)(r)

(V1)) =
© (D= 70R

No=p, Ni1=Rp, n,=4mwR%p, n3=4/37R3p, 1
omh T TR " 1e P(p)=Pus(p) + 5 p? J dr 1), (23)
whereR is the hard-sphere radius. _ ~ whereups(p) andPyg(p) are the chemical potential and the
The one-particle direct correlation function of a nonuni- pressure of the hard-sphere fluid, respectively. The equilib-
form fluid to be used in Eq(5) is given by rium conditions are determined from the equality of pres-
sures and chemical potentials in the two phases. Simulta-
()= 3 SFndpl _ _f arS ﬁw(‘”(r—r’) neous solution of Eq922) and (23) gives the equilibrium
Sp(r) = dn, ' gas density, the equilibrium liquid density, the chemical po-
(17)  tential at coexistence, and the saturation vapor pressure.
In the SDA, uys(p) andPyg(p) are calculated from the
The free energy density is given by the expression CS equatior{ 75], while in the FMT theory they are calcu-
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lated from the PY equatiof¥7]. The difference between the

results of the CS and PY equations at high densities, how- 15
ever, leads to only minor differences in the predicted two- (a)
phase bulk diagrams.
The integrated strength of attractive interactions of the 10t
truncated LJ fluid is P
e
f 3 , 16 5 (aff>3 =
dr ®uulr)=—a—o megrofi+ o mEoTy| | — 5T
Ir|<r 9 3 le
1 Ot 9
31 re ) ’ @49 0
0 1 2 3
wherer . is a cutoff distanceq=1 when the LJ potential is Zlo
split according to the BH decompositiof8] andv2 when 25
the potential is split according to the WCA schef6d], (b) comc
— €ff, r<rm:21/60'ff 2000 DFT, SDA
D (r)= de[(ope /1) 2= (a1 I1)8], Tp<r<r, 5 15  DFT.RMT
0, r>re. <
(25) “10
The first term of Eq(24) is the strength of attractive inter- 51
actions of the full LJ fluid, and the second term is the cor- g,
rection due to the potential cutoff, which is quite small but 0 —
not negligible even for.=5. 0 1 2 3
Two prescriptions for the choice of the hard-sphere diam- zlo

eter are usually considered. The first one is the well-known

BH expression[68]. The second one originates from the G, 1. Density profiles of hard-sphere fluid near 9-3 attractive
works of Verlet and Wei$81] and Lu, Evans, and Da Gama al. Points, simulations of Sokolowski and Fischiet: solid line,
[82]: NLDFT calculations using SDA functional; dotted line, NLDFT
using FMT functional. (&) pp =0.4658, €.;/kT=0.2876, T

71 Kg T/ €gs+ 75 =150K; (b) ppu=0.6059, e5;/kT=0.1917, T=100K. In both
s 11 TTer T 7 (26)  casesoy/or=0.5621.
The coefficientsy; =0.3837, 7,=1.035, 3=0.4249, and  ®_,(r)
7n4=1 reported in Ref[26] fit the liquid branch of the phase e
diagram of the simulated LJ fluid. — €t /N, r<(2\)"Pog

The equation of state given by Eq®22) and(23) is es- =3 dey[ Mo I) 2= (o118, (20 Yoo <r<r,
sentially a two-parameter equation that depends on the diam-
eter of the hard spherek,g and the producte(ffa?f). This
mean field approximation gives a poor description of the (27)
bulk phase diagram of the LJ fluid, especially near the criti-
cal temperature. The BH separati¢f8] leads to a bulk \yhich leads to
phase diagram with a lower critical temperature than the LJ
fluid critical temperaturg¢62]. In contrast, the WCA separa- 32
tion overestimates the critical temperatdsee Sec. I\ _ 3

Many attempts have been made to improve the agreement J,|<,Cdr Pandr) == Kﬂmfff"ff
between the theory and simulations for the bulk phase dia- . .

3 (ﬂ) _ i(ﬂ)
re 3\ re

0, r>re,

gram. For studies of wetting and drying transitions at wall- 16
fluid interfaces, van Swol and Henderson have fitted the bulk + 3 e
equation of state to the simulation data by adding a polyno-

mial term to the free energy of the hard sphdi2. Bruno,

Caccamo, and Tarazoh@4] and then Velasco and Tarazona

[59] proposed adjustments to the mean field attractive ternThis approach was adopted by Kierl al. in their studies

to get a better agreement with the simulations for the bullof liquid mixtures in pore$38,41]. In our experience, how-
phase diagrams. Effective attractive interactions as proposegler, this prescription leads to an appreciable overestimation
by Velasco and Tarazorj&9] have the form of attractive interactions, which in turn leads to predictions

(28)
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for the capillary condensation transitions in pores with at-therm of liquidlike states in the pore. The grand potertilal

tractive walls occurring at significantly lower pressures thans calculated separately for the capillary vapor and liquidlike

in the simulations.. . o phases via integration of the Gibbs adsorption equation along
More systematic ways to improve the description of at-the selected trajectory. At equilibrium the grand potentials

tractive interactions include a version of DFT developed infor the two phases coincide. In the present wik 140 K

the spirit of second-order BH perturbation thef8], which  (kT/¢=0.762) was chosen as the supercritical temperature

gives a decent prediction of the bulk diagram, and good refoy the Peterson-Gubbins integration.

sults for the density profilef12,62. Another way to treat To check the results of the canonical ensemble density

attractive interactions was proposed by Mede0al. [63],  nctional theory we have implemented the canonical en-

who used a local compressibility equation. The approac emble MC method. Simulations are performed in KT

gave good results for the whole bulk phase diagram of the L nsemble at a given number of molecules in the cell. The

fluid, solid phasellncludgd, although, the accuracy of thlschemical potential is determined by the Widom insertion
approach for confined fluids has not been tested.

In our work, we explicitly use the approximatiof21) method[65]. With the CEMC method one can construct the

with the fluid-fluid interaction parameters chosen to providefUII phase diagram, which includes stable, metastable, and

the best fit with the experimental bulk phase diagram. Ad!nstable branchei86]. It is worth noting that we have re-

shown below, this approach leads to an accurate descriptidifntly developed a method for MC simulation studies of
of the real systems considered. phase transitions in confined fluids named the gauge cell

method[87]. The gauge cell method, described elsewhere
[87], allows one to construct a continuous phase diagram
B. Monte Carlo simulations equivalent to that produced by the CEMC method without
dusing the Widom method for determination of the chemical

Most of the MC simulations we have done in the gran )
0[Potennal.

canonical ensemble using the well-developed method
GCMC [83]. GCMC simulations are performed at a given

chemical potential of the adsorbaie To present the adsorp- C. Molecular models
tion isotherm in the standard variables of amount adsorbed

versus vapor pressure, the latter is related to the chemical e have performed NLDFT calculations and MC simu-
potential via the bulk equation of state. A suitable equationations of LJ fluids adsorbed in meso- and micropores. Ad-
of state for the LJ fluid was derived by Johnson, Zollweg,sorption in mesopores was studied on standard examples of
and Gubbing84]. nitrogen at the boiling temperature 77.4 K in carbon slit-
We generated GCMC adsorption and desorption isoshaped pores and straight cylindrical silica pores, represent-
therms consequently by increasing or reducing the chemicghg the channels of MCM-41 materials. The carbon pores
potential. The final configuration obtained served as the iniwere modeled as infinite slits with parallel graphite walls.
tial state for the next simulation. The size of the SimU|ati0nNitrogen—carbon interactions were described by the 10-4-3

box in the directions parallel to pore walls was varied inpotential of Steelé88], which is widely used for modeling
order to estimate finite size effects. In these directions, perimteractions of simple molecules with graphite:

odic boundary conditions were applied. If not specified, the
size of the basic MC cell was set todQ : The LJ potential 10 4 4
was cut at ;. The lengths of Markov chains were ap- y(z)=2mpy e oA (‘T_Sf> _(U_Sf) L —
proximately 5<10* configurations per molecule. Statistics s z z 3A(0.61A+2)
on equilibrium properties of the system were collected over (29
the last 2.5 10* configurations.

If the temperature is well below the capillary critical tem- 3. )
perature, GCMC simulations produce a hysteresis |00éﬂerepvf0.ll4A is the number density of carbon atoms
bounded by vertical steps corresponding to spontaneous cafft 9raphite,A=3.35A is the interlayer spacing in graphite,
illary condensation and desorption. The point of vapor-liquid@nd €5 and s are the energetic and scale parameters of the
coexistence in a pore is located somewhere between tHlid-fluid LJ potential. The potential field in pores includes
points of the spontaneous transitions. The GCMC methogontributions of two opposite walls, given by
does not allow one to calculate directly the phase equilibria
conditions in pores. To determine the bulk pressure corre-
sponding to vapor-liquid coexistence in the pores, we applied UP?=Uy(2)+Ug(Hee—2), (30
the thermodynamic integration method of Peterson and Gub-
bins [85]. The Peterson-Gubbins method implies the con-
struction of a reversible trajectory of equilibrium states, com-where H¢ is the distance between the nuclei of the outer
posed of four parts(l) the adsorption isotherm of vaporlike carbon atoms on opposite walls.
states in the pord2) a reversible adsorption at supercritical ~ The solid-fluid potential in cylindrical pores was modeled
temperature(3) a path of constant chemical potential corre-as LJ interactions of the adsorbate molecule with a single
sponding to a thermodynamically stable liquid at the sub-structureless cylindrical layer of oxygen atoms in the pore
critical temperature of interest, and) the desorption iso- wall [89]:
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Ut Reg) = 72 2[63 RcC—r(1+ r)—lo Ne0) 2 chdz()d
r, = € — — = ryrdr
sl Reo) = T7ps€siOsf) 35 oo Rec slu Dec—0es Jo p
9 9 ro\2 D2
XFl—5.— ,1:( ) et
275 Rec 4(D oo o) Poui 4), (33
-4
_3 Ree—r 1+ L) whereD ¢ is a reference pore diameter. Here adsorption is
Ot Ree expressed per “internal” area of the pore, which is probed in
2 the experimental measurements, using=2.76 A as an ef-
3 3 r ; : i aili
<El -2 1 — _ (31) fective diameter for oxygen in silica. It should be noted that
2" 2"\ Ree for all systems considered in this wopg () is a small

quantity, and for not very large pore sizes the difference
between the absolute and excess adsorption can be neglected.

Here, r is the radial coordinate of the adsorbate molecule
reckoned from the pore centd®cc=Dd2 is the radial co- Il. RESULTS AND DISCUSSION
ordinate of the adsorption centeys, is the surface number
density of the adsorption centers, aRfla,B; ;5] is the
hypergeometric series. As the pore width increases, this po- As a test system, we reproduce here the original NLDFT
tential reduces to the 10-4 form of the potential with a planecalculations of Kierlik and Rosinbelf@] in comparison with
of LJ centers. the benchmark GCMC results of Sokolowski and Fisd®gr

The narrowest cylindrical micropores with strongly attrac-for the density profiles of a hard-sphere fluid near the 9-3
tive walls are filled by N at 77.4 K at a very low pressure attractive wall Ug(z)=3V3/2es{ (0¢/2)°— (0s/2)*]. Be-
that depends crucially on the pore widta change in the cause the hard-sphere fluid is athermal, its structure near the
pore width ly 1 A may correspond to a change in the poreWall is entirely determined by the density of the hard spheres
filling pressure by several orders of magnitudeo study the I the equ_lllbnu_m bulk p_hase and the ratios of the_ parameters
peculiarities of the NLDFT modeling of the sorption in cy- of the solid-fluid potential to the hard—sphere diameter and
lindrical micropores of zeolites, we considered the LJ param{€MPerature,osi/as; and ei/kT. Two different systems
eters and conditions corresponding to G silica at 273.2 Were considered: (1) ppux= 0‘4658_’ €st/kT=0.2876 and
K. CO, at 273.2 K is considered as a suitable molecular(_z)0 5%%’{: 0'6059’d ]fo/ETT]O'lgtﬂ’ the ratio og/ sy
probe for ultramicroporous sorbents. Although 8®known 'I.'he dgzistyu??ofilzrs 19otr tsh):as E?rtsj'-sphere fluid are pre-
for a strong electrostatic contribution to the fluid structure

d th d . ties. the LJ model found sented in Fig. 1. At the higher temperature and lower bulk
and thermodynamic properties, the LJ model was foun CE"density, both SDA and FMT density functionals represent

pable of representing the experimental data on the VapolLe GCMC density profile very welFig. 1(a)]. However, in
liquid equilibrium with acceptable accuracy. We found ear-io qenser systenmpg = 0.6059) at lower reduced tempera-
lier that the CQ adsorption isotherms in carbon microporeSyyre the theoretical results show disagreement with the
at 273 K were in good agreement with those obtained fromhenchmark GCMC profilg9]. In particular, both SDA and
GCMC simulations using a realistic three-center modelrMT theories underestimate the ordering in the layer next to
[54,57. the wall [Fig. 1(b)]. Our calculations with the FMT func-
The excess adsorption in slit pores is calculated from theional are identical to the earlier calculations of Kierlik and
equilibrium density profile in the direction perpendicular to Rosinberg(see Figs. 3 and 4 in Reff7]). Note also that the
the pore wallsp(2): density profiles obtained by the SDA and FMT functionals
for hard spheres are almost identical for both temperatures.

A. Hard spheres near an attractive wall

B. Phase equilibrium of bulk fluid

1 Hee
Ns( )=—U p(2)dZ— ppuK #)Hret| (32
ST 2 0 Pulk ref The choice of fluid-fluid and solid-fluid parameters is the

most essential for the predictive capability of molecular

models. The majority of authors who have discussed the con-
wherepu is the chemical potentigbr, equivalently, the rela- sistency of DFT modeling and molecular simulations used
tive pressureP/Py), ppu( ) is the bulk fluid density, and the same sets of parameters in the DFT and MC calculations.
H.ef is a reference pore width. The need to use the excesalthough this approach seems to be the most natural and
adsorption arises from the fact that this quantity is measuredtraightforward, it may lead to substantial discrepancies even
experimentally{45]. The reference pore width, which is the for the simplest systems, due to discrepancies in the bulk
position of the Gibbs dividing surface, should be chosen irsaturation pressures and other properties, such as densities of
the same way as in the experimental measurements, in mosbexisting bulk phases or vapor-liquid surface tension, pre-

cases by using helium calibrati¢A5]. dicted differently by different model§20,35. Indeed, the
In cylindrical geometry the excess adsorption is calcuMC and DFT approaches vyield different equations of state
lated from the radially symmetric density profiir): for the bulk fluid. This is demonstrated in Fig. 2, which
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both equilibrium liquid density and saturation pressure. The
15 use of the Barker-Henderson relation allows one to repro-
duce the vapor density and the saturated pressure well, yet
severely underestimates the liquid density. On the other
hand, wherd,5 is equal toos or determined according to
Lu et al.[82], the agreement with the liquid density of the LJ
fluid improves substantially, but the vapor density and the
pressure are underestimated. All the versions of DFT over-
estimate the critical temperature. Application of different
equations of state for hard spheres leads to only minor dif-
ferences in the bulk properties.

Discrepancies in prediction of the bulk properties, first of
all in the density of the liquid and the saturation pressure,
make it problematic to obtain consistent results in molecular
simulations and NLDFT using the same fluid-fluid param-
eters in different models. Moreover, this may lead to sub-
stantial systematic error when NLDFT isotherms are directly
compared to the experimental data, e.g., for calculation of
pore size distributions.

We have obtained the parameters of NLDFT and MC
models by fitting the corresponding bulk equations of state to
the experimental data on the vapor-liquid equilibrium for a
given fluid, namely, the equilibrium gas and liquid densities,
and the saturation vapor pressure. Parameters were deter-
mined for N, and CQ as relevant adsorbates in practice. In
the DFT, we used an explicit mean field approximation for
the attractive interactions with the WCA separation, and the
diameter of hard spherek;s= 0. We used the CS equa-
tion for the hard spheregr5]. The same parameters were
used in the NLDFT calculations performed with the SDA
[1,4] and FMT[6,7] functionals, thus neglecting the minor
differences between the CS and PY representations of the
bulk hard-sphere fluids. Applicability of the mean field equa-
tion of state to real fluids is generally limited to regions away
from the critical point. Thus, no attempt was made to fit the
experimental phase diagrams based on the critical tempera-
ture. Instead, the parameters of the LJ potentials were ob-
tained by fitting the experimental bulk properties of N
[90,91 within a range of temperatures, which included the
temperatures of experimental adsorption measurenteots

kT /& mal boiling points of both gasgsThe procedure for the de-
termination of parameters for,Nind Ar is described in detail

FIG. 2. (a) Vapor-liquid phase envelope arl) saturated vapor in Ref. [56]. To fit the parameters of the MC model, the LJ
pressure of the & cut LJ fluid. Triangles, LJ equation of state of fluid equation of state derived by Johnsenhal. [84] was
Johnsoret al.[84]; squares, mean field DFT using WCA separation ysed. For both the DFT and MC models the attractive poten-
and thedys from the BH formula; dotted line, mean field DFT tial was cut at ;.
using WCA separation ant},s according to Liet al.[82] [see Eq. In Fig. 3 we present the results for the bulk equilibrium
(26)]; solid line, WCA separation using constafis=o; . for nitrogen. With the parameters found for intermolecular
interactions, both NLDFT and MC models represent quite

Il the properties of the bulk fluid at low tempera-
tures. NLDFT describes the liquid-vapor densities and

1.4

1.3

1.2

kT /¢

0.9
0.8

0.7

0.1

0.08

0.06

Pole

0.04

0.02

shows bulk phase envelopes and saturation pressures for t
50+ cut-and-not-shifted LJ fluid in comparison with the cor-

respoqding DFT (_:alculations using WQA&7] divi_sion for saturation pressures of,No within 5% accuracy in the in-
attractive interactions. We tested several options for th‘:‘ferval from the triple point 63 K to ca. 90 K, i.e., from

hard-sphere diametatys: (1) dus= oy for all tempera- &/ 4 67 10 0.95Fig. Ac)]. Bulk equilibrium for C
tures;(2) dys is taken according to the BH formul88]; (3) i Bdesfcf:ribe.d in Re.f[g[ﬂ.g. LJ géramete?s and diamete%s of

dysis temperature dependent according to the prescription - : ; :
Lu et al. [82] [Eq. (26)]. The data for the LJ fluid were ard spheres for all fluids considered are given in Table I.

calculated using equation of state of Johngol. [84].

It is clear from Fig. 2 that none of the versions of DFT
considered is able to describe accurately the vapor-liquid co- Correct prediction of the surface tension is a necessary
existence of a bulk LJ fluid. It is fairly difficult to reproduce condition for any model claiming a quantitative description

C. Surface tension of the liquid-vapor interface
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4
b
A
3 A
= | 1Y
g, FIG. 3. Prediction of the bulk vapor-liquid
g equilibrium for LJ nitrogen by the DFT and simu-
lations.(a) Densities of coexisting vapor and lig-

! uid phases(b) saturation pressure. Triangles, LJ

model (calculated using equation of state of

0 be : Johnsonet al. [84]); solid line, mean field DFT

0 10 20 30 60 80 100 120 using WCA separation andy,s= o (parameters
# (mmoliom’) (K in Table ); squares, experimental daf@0]. (c)
10 14 Deviations in the DFT predictions of the experi-
(c) b ) mental liquid density(squarel vapor density
- (circles, and saturation pressuk&iangles. (d)
5r u . . . . .

10 | Liquid-vapor surface tension. Solid line, mean
$ \ v E . field DFT calculations using WCA separation and
P < N dus=o¢; squares, experimental datf92];

5 ER circles, molecular dynamics simulations of
5l 4t Mecke, Winkelmann, and Fischg®3].
3
A 2 2
-10 0
60 70 80 90 100 50 80 100 120
T K) T(K)
of vapor-liquid transitions in pores. Therefore, we checked D. Adsorption on open surfaces:
that both the NLDFT and MC models give reasonable pre- Solid-fluid interaction parameters

dictions of the experimental surface tension. In NLDFT, the  1he same solid-fluid parameters were employed in the

surface tension of the quuiql-vapor interface was calculateq; pET and MC models. Thus, the adsorption isotherms cal-
as the excess grand potential of the system culated with different models necessarily coincide in the
_ _ Henry region. Parameters of nitrogen-carbon interactions
V1g= (2 + PoV)/A= QA+ PoH, 39 were taken as determined by Lastoskie, Gubbins, and Quirke
whereA is the area of the interface amy is the equilibrium ~ [36]. Parameters of nitrogen-silica interactions were deter-
bulk pressure. Calculations were performed in planar symmMined by Ravikovitch, Haller, and Neimark from the fit of
metry using a box oH ~ (30— 100)r; width. The calculated the experimental data in the multilayer adsorption region
surface tension of nitrogen at 77.4 K is only 1.5% greatef59]-
than the experimental valufFig. 3(d)]. Surprisingly, the
agreement with the experimental d&2] is good even for
temperatures close to the critical temperature. For compari- At subcritical temperatures, adsorption in mesopores pro-
son, we show on the same plot the molecular dynamics dateeeds via the formation of a condensed monolayer of the
of Mecke, Winkelmann, and Fischgd3], calculated with the adsorbed fluid on the pore wéd], followed by the formation
LJ potential truncated atdy; . It is seen that the agreement of consecutive layers. In sufficiently wide slit pores, interac-
among the NLDFT, simulation, and experimental data istions between the monolayer films formed on the two oppo-
good[Fig. 3(d)]. site walls can be neglected. Thus, the results of the GCMC

1. Nitrogen on graphite

TABLE |. Parameters of the intermolecular potentials. Cutoff distance for the fluid-fluid interactiomnsis 5

Solid-fluid
Fluid-fluid Carbon,ps=0.3819 A2 Silica, ps=0.153 A~2
_ €t1/Kg Ot dys €si/Kg Ot €si/Kg Ot
Fluid (K) A) A) (K) A) (K) A)
N, (DFT) 94.45 3.575 3.575 53.22 3.494 147.3 3.17
(MC)? 101.5 3.615 53.22 3.494 147.3 3.17
CO, (DFT) 235.9 3.454 3.495 81.5 3.43 147.1 3.30
(MC) 246.2 3.648 815 3.43 147.1 3.30
CH, 148.2 3.82 3.82 64.4 3.60

aShifted fluid-fluid potential.
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FIG. 5. Nitrogen adsorption isotherms on silica at 77.4 K.
Points, GCMC simulations in a 90 A cylindrical pore; crosses and
line, NLDFT calculations in a 90 A cylindrical pore using SDA
functional; solid line, experimental standard adsorption isotherm on
nonporous silicd96].

b
=
1=

0047 exhibit distinct steps corresponding to the formation of each

additional layer{Fig. 4(b)]. These transitions are more pro-
nounced in the SDA model. The GCMC isotherm is
smoother. A rounded transition to a two-layer structure can
be distinguished on GCMC and experimental isotherms. We
, , , , should note that theoretical and simulated isotherms show
0 02 04 06 08 1 upward deviation from the experimental data at pressures
oo above the monolayer formation pressure: both of them over-
estimate the thickness or/and density of the liquid film ad-
FIG. 4. Isotherm of nitrogen adsorption on graphite at 77.4 K onSorbed on the graphite plane. Similar, even larger deviations
logarithmic (@) and on linear scalé). Diamonds, GCMC simula- Were obtained in the NLDFT calculations of Olivigs2].
tions; solid line, NLDFT calculations using FMT functional; The author referred this effect to the mean field nature of
squares, NLDFT calculations using SDA functional; closed circlesNLDFT and introduced an empirical weighting function that
experimental isotherm on Sterling graphi). made it possible to fit the NLDFT isotherm to the experi-
mental data very accurately. However, the fact that the de-
and NLDFT modeling can be directly compared to experi-viations were also obtained in the MC simulations shows that
mental adsorption isotherms on nonporous graphite. In Figthe origin of the disagreement with experimental data should
4, we present the calculated adsorption isotherms in the slje sought in the simplified model of the fluid-solid interac-
carbon poreHcc=72A (200 at pressures well below tions. We note that NLDFT adsorption isotherms of Ar on
capillary condensation and the experimental isotherm of nigraphite also show similar deviatiofi§2,54), which indi-
trogen adsorption on Sterling graphi&2]. The NLDFT and  cates that they are not specific to,Nand, therefore, are
MC models correctly predict the pressure region where thenlikely to be caused by the deficiencies of the spherical
monolayer formation occurs. Nevertheless, some minor disrepresentation of the Amolecule. Despite the above men-
agreement between the theoretical predictions and the exoned disagreements we conclude that both NLDFT models
periment has been observed. Both NLDFT models predictepresent the multilayer adsorption of nitrogen on graphite
steeper monolayer formation than in the experiment. Theyith the same accuracy as the MC simulations.
GCMC simulations yield better agreement with the experi-
ment. The monolayer capacity is predicted well by the simu- 2. Nitrogen on silica
lations and the FMT models, while the SDA underestimates ' 9
the density of nitrogen monolayers on graphite. A minor step  The NLDFT and GCMC isotherms were calculated for a
on the experimental isotherm ptfp,~0.01 corresponds to siliceous cylindrical pore of 9 nm in diameter using the
the incommensurate-commensurate structural transition igolid-fluid potential given by Eq(30). The overall agree-
the adsorbed monolay¢®4]. This transition cannot be de- ment between the NLDFT and GCMC isotherms is good in
scribed within the spherical model for the nitrogen moleculethe whole pressure range; however, as for the isotherm on
and the structureless model for the graphite surface, and liggraphite, the NLDFT predicts more pronounced layering
beyond the scope of this work. transitions compared to the GCMC isothefiffig. 5. As
As the pressure increases, a multilayer liquidlike filmshown by Maddox, Olivier, and Gubbid85], it is impos-
gradually forms on the pore wall. The NLDFT isotherms sible to describe the low-pressure nitrogen adsorption on

adsorption (mmol/m 2)

o
=)
©
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FIG. 7. Nitrogen adsorption isotherms in carbon slit pbrg-
=36 A (100¢) at 77.4 K. Open circles and dotted lines, GCMC
simulations of the adsorption branch; closed circles and dotted

FIG. 6. Nitrogen adsorption isotherms in carbon slit pbrg: "”e?' (IBCMC sl;rlnull\?ilgr'l::‘,r of ;[hel (:_esorptlgn bSraDrKl;; Sotl.ld I|r|1.e, ca-
=72A (2004) at 77.4 K. Diamonds and dotted line, GCMC nonical ensemble cajculations using unctional; open

simulations; solid line, NLDFT calculations using FMT functional; squares, canonical ensemble MC simulations with Widom's inser-

squares and dash-dotted line, NLDFT calculations using SDA funciion method. Dotted vertical lines show locations of spontaneous

tional; open circles, experimental isotherm on Sterling graphiteSpinOdaI condensation transitioflight), spontaneous desorption

[52]. Vertical lines show locations of spontaneous condensatior#leﬂ)’ and vapor-liquid two-phase coexistence in the pore calculated

transition (right), spontaneous desorptigifeft), and vapor-liquid gy :]h% thetr.moldlynamlc mtegra;lcin trr1n ethc(q:]SQIe). tSOHd.t.and
two-phase coexistence in the pareiddle). ashed vertical lines correspond to the equilibrium transition pres-

sures calculated using Maxwell rule from CEDFT and CEMC iso-

- . therms, respectively.
silica using a structureless model for the surface. The shape

of the experimental isotherm of nitrogen sorption to silica at q ds to the situati f let ¢
low pressures is affected by substantial geometric and ene ._ogerfl,tao, an rcfc;rrespfon Sb Oth N S('j ua E)or: N 'If:r?mdp € e.t\.Ne _f
getic inhomogenetities; therefore, unlike the theoretical one Ing Od ebgrglrl)_ : gdsur ace by t ella S'ortr? eNLDeFTenSIcIjeIS 0
the experimental isotherms are smooth and do not exhib € adsorbed fiquid are very simiiarin the mode's
sharp monolayer formation step$3,53,55,9% In Fig. 5 we and in the MC S|mulat|ons_, which was expected,_ as the
compare the theoretical and simulated isotherms in a 90 LD_FT and MC bulk equations of state _do not deviate ap-
cylindrical pore with the so-called standard, Motherm on preciably. Gradually reducing the relative pressure from

nonporous silicd96]. It is seen that the agreement betweenp/pozl’ we traced equilibrium liquidiike states along the

the calculated and experimental isotherms is good in the requOI’ptIOI’l isotherm. The capillary liquid is thermodynami-

gion of multilayer adsorption, at pressurp&pe>0.3. The cally stable in the pore at pressures above the pressure of

agreement remains good up to thfpy~0.74, after which vapor-liquid coexistence,, and metastable a5 <p<pe.

the theoretical and simulated isotherms begin to bend upv_vhere Psi IS the pressure where spinodal evaporation takes

ward due to the onset of capillary condensatiiy. 5. We place. The desorption isotherms calculated with the two

note that the calculated NLDFT adsorption isotherm in mucH\lL%FTthmOdsls and GC'\{IC. séllrfr;ulatlons gg[ﬁe well with f
larger cylindrical pores up to 107 nm in diamet87] each other. However, certain differences in the pressure o

. the spontaneouspinodal desorption transition obtained by
closely follows the experimental standard iotherm up to .
pressures ofp/py,=0.9 [55,98. We conclude that the the GCMC and NLDFT methods are observed. An obvious

o reason for this difference is the absence of fluctuations in
mtﬁillz;;/e?g%slc\)ﬂrﬁtic:?qogﬁliilif:l;e capable of describing N NLDFT..Thus, the metastable desorption branch.of the
' NLDFT isotherms follows all the way up to the spinodal
point of the confined liquid. In the GCMC method a sponta-
E. Vapor-liquid transitions in nanopores neous transition occurs as soon as the free energy barrier
between metastable liquid state and thermodynamically
stable vapor state at the samébecomes low enough to be
As the pressure increases, the liquid films on the por@vercome by the density fluctuations allowed in the simula-
walls become unstable and the system exhibits a spinodéibns. As shown in Refl87], it is not possible to obtain the
transition associated with spontaneous condensation and theie spinodal point in GCMC simulations. In order to test the
formation of a liquidlike state of condensed fluid. Rdgc  consistency of the spinodal points in the MC simulations and
=72A (2004) (Fig. 6), both NLDFT models and MC NLDFT calculations, complete S-shaped adsorption iso-
simulations predict the spinodal transition @tpy~0.975, therms should be calculated, including stable, metastable,
which is well below the saturation pressure of the bulk ni-and unstable states with negative compressibility. This can

ppo

1. Capillary condensation of nitrogen in slit carbon pores
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FIG. 9. Nitrogen adsorption isotherms in carbon slit pbirg:

FIG. 8. Density profiles of nitrogen in slit carbon pokeec ~ =18A (50¢() at 77.4 K. Diamonds and dotted line, GCMC simu-
=36 A (100¢) at 77.4 K andp/p,=0.7. Points, GCMC simula- lations; solid line, NLDFT calculations using SDA functional;
tions; solid line, NLDFT using SDA functional; crosses, NLDFT squares and dash-dotted line, NLDFT calculations using FMT func-
using FMT functional. tional. Vertical lines show locations of spontaneous condensation

transition (right), spontaneous desorptigifeft), and vapor-liquid
be done either by the canonical MC simulati@ee the ex- Wo-Phase coexistence in the pdreiddie).
ample below or by the gauge cell methd@7]. Thin vertical
lines on Fig. 6 show the phase coexistence equilibrium pressure. At these conditions the SDA shows nine pronounced
sures predicted by all three models. Good agreement in cakdsorbed layers of the adsorbate while GCMC and FMT cal-
culated values of is observed for different models; the culations predict a weaker fluid structuring in the pore center
discrepancies between the GCMC and NLDFT are within theyith a tendency to a ten-layer structure. It is worth noting
error of the thermodynamic integration method. Thus, thgnat due to a smalles (Table )), the ratio ofos;/Hcc in
NLDFT and GCMC data are quantitatively consistent.  the NLDFT models is slightly lower than that in the GCMC

We calculated adsorption-desorption isotherms for nitro;,oqel (Table ). The difference in the fluid structure be-

gen in two smgller slit carbon poréscc= 36,(10,7”) and . comes more pronounced as the pressure increaggs to
18A (504). Figure 7 presents the adsorption isotherms in™" s e pore width decreases and becomes closer to the

the 36 A pore (16). In this pore three adsorb_ed layers capillary critical pore size, the free energy barriers between
form on the pore walls before capillary condensation occurs

The GCMC data were complemented by CEMC :simulationsthe E]etf?stable_ and .str?ble stgteshcan be more (:]azlly oh\{erc?me
The canonical ensemble method allows us to construct thg” ¢ e uctuations n er.ent in the GCMC method. This ef-
backward trajectory of equilibrium states, which are other- ectis clearly seen in '.:'g' 9 Where we present the NLDFT
wise unstable in the open systé@s]. It should be noted that 2Nd GCMC isotherms in the slit pore éfcc= 18A (Hce
the error bar for the CEMC points is larger than that for the=5¢7f). The fluid forms only monolayer films on the pore
GCMC points due to intrinsic inaccuracy of the Widom in- Walls prior to capillary condensation. In this pore, the GCMC
sertion method[65] employed for determination of the 9enerated hysteresis loop is substantially narrower than those
chemical potential. The NLDFT isotherm was also calcu-obtained by the NLDFT models. However, the location of
lated in the canonical ensemble by the CEDFT mefs].  the equilibrium transition is in very good agreement.
From the CEMC and CEDFT isotherms, the location of the One note should be made regarding different versions of
vapor-liquid equilibrium is established according to the Max-the FMT functional, namely, the RSLT1 and RSLT2 modi-
well law of equal areas. We also calculated the equilibriunfications aimed at improved dimensional crosso{Egs.
transition pressure using the thermodynamic integratiorf19) and(20)] [73,80. In our calculations of B adsorption
method[85]. The values of the equilibrium pressures esti-in 50¢;, 100¢;, and 2@; slit pores we did not find any
mated by different approaches are in satisfactory agreemesignificant difference between these versions of the FMT
with each other and substantially lower compared to thoséunctional and the original forniEq. (18)]. This does not
for 72 A (200¢) pore. This conforms to the established mean that these modifications are not important. We do not
trend that the equilibrium shifts to lower pressures as theonsider here situations of extreme confinement, in which
pore width decreases. the improved functionals are known to perform befsze,
The structure of the adsorbate in a pore is reflected in the.g.,[99]). In our calculations in slit pores, the only notice-
local density profiles. In Fig. 8 we present the density pro-able difference between the original and modified FMT func-
files in a condensed fluid in a pore withcc=36 A (1007) tionals was observed at lower temperature, where the fluid
at p/po=0.7, which is just above the vapor spinodal pres-attains a solidlike structuresee Sec. Il F beloyw
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FIG. 11. GCMC nitrogen adsorption isotherms in cylindrical
0025 silica poreD¢c=36 A (100¢;) at 77.4 K, calculated with different
L length of the simulation cell, X&;, 250+, and 6@r;; .
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assuming that the adsorbate is uniform in the dire¢don
parallel to the walls). In the GCMC method the density
fluctuations are restricted by periodic boundary conditions
imposed in the directions parallel to the walls. We have
checked the influence of finite size effects in GCMC simu-
lations by considering different length of the simulation cell
> I,. Figure 11 demonstrates GCMC isotherms in the pore
0005 £ Dee=36A (100) calculated with =100+, 250, and
' 6007 . Since the points on stable parts of both vapor and
iE liquid branches of desorption isotherms essentially coincide
‘ ‘ ‘ for differentl,, we cannot expect any substantial shift in the
0 0.1 02 e 04 0.3 equilibrium transition. As the cell length is increased the
point of spontaneous desorption shifts toward the point of
FIG. 10. Nitrogen adsorption isotherms in cylindrical silica equilibrium transition, while the capillary condensation pres-
pores at 77.4 K. (@ Dcc=72A (200); (b Dcc  sure remains unchanged. This supports the classical scenario
=36A (100¢;). Points and dotted line, GCMC simulations; solid of capillary condensation hysteresis in open-ended cylindri-
line, NLDFT calculations using SDA functional. Vertical lines cal poreg100]. In open-ended cylindrical pores, the desorp-
show locations of spontaneous condensation tranditight), spon-  tion occurs at the point of equilibrium transition and the
taneous desorptiofteft), and vapor-liquid two-phase coexistence in condensation occurs spontaneously at the vaporlike spinodal.
the pore(middle). We have shown recently that the NLDFT and GCMC simu-
lated hysteresis loops formed by the metastable adsorption
and equilibrium desorption branches are in perfect agreement
with the experimental data on regular materials with cylin-
Following the procedure applied for the slit carbon poresdrical pores greater than ca. 50 [A1,98,101-10B As a
we estimated the pressures corresponding to the vapor-liquigtpical example we present in Fig. 12 GCMC and NLDFT
coexistence as well as the condensation and desorption spinitrogen isotherms in comparison with the isotherm on a
odal transitions in cylindrical pores representing channels irsample of MCM-41 type materiall04] with uniform tubular
MCM-41 material [94]. For Dec=72A (200¢), a wide pores.
hysteresis loop is obtaindéFig. 10@)]. Agreement between As the pore width decreases, the theoretical hysteresis
the NLDFT and GCMC models is excellent. As the poreloop narrows and disappears when the pore width critical to
width decreases, the equilibrium and spinodal points shifthe pore vapor-liquid equilibrium is reached. The adsorption
toward lower pressures. F@roc=36 A (100¢), both mod-  becomes supercritical as soon as the pore is able to accom-
els predict considerable hysteresis, while the hysteresis loomodate only two adsorbed layers on the pore wall
is narrower in the GCMC methddrig. 10b)]. [51,87,101. We have observed certain differences in the
Capillary condensation in pores is likely to proceed viacritical pore widths predicted by the NLDFT and GCMC
formation of density fluctuations along the pore walls; thesemodels. Figure 13 shows the calculated adsorption isotherms
fluctuations ultimately collapse into a liquid embryo, leadingin a pore ofDcc=18 A (507+¢) in diameter. According to the
to spontaneous condensation. These fluctuations cannot BCMC method, adsorption in this pore is supercritical: no
taken into account in the NLDFT, which considers only sym-first-order capillary condensation takes place. Instead, a dis-
metrical solutions for the density profiles inside the poretinct continuous formation of the second adsorbed layer is

0.015 A

adsorption (mmol/m 2)
5
=

2. Capillary condensation of nitrogen in cylindrical pores
of MCM-41 materials
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FIG. 12. Nitrogen adsorption-desorption isotherms at 77.4 K in
cylindrical pores oD cc=54 A (14.%;). Triangles, GCMC simu-
lations; line and crosses, NLDFT calculations using SDA func-
tional; squares, experimental isotherm on MCM-41-like material
[104].

observed(Fig. 13. The NLDFT predicts a first-order capil-
lary condensation to the two-layer structure. Thus, disagree-
ment between the NLDFT and GCMC simulations becomes
more serious in narrow pores. It is worth noting that recent
simulations[87] have shown that the GCMC may produce
reversible isotherms similar to that displayed in Fig. 13 even
at subcritical conditions.

Figure 14 demonstrates the NLDFT and GCMC density
profiles in cylindrical pores of &¢;, 1004, and 2@; in
diameter. It is evident that NLDFT is able to describe the
density profiles very accurately in both narr¢fig. 14a)]
and wide poregFig. 14(c)]. In the 1G@r;; pore, the NLDFT
and GCMC density profiles agree very well with each other
for the first three layers; however, in the pore center, NLDFT
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FIG. 13. Nitrogen adsorption isotherms in cylindrical silica pore
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FIG. 14. Density profiles of nitrogen in cylindrical pores at 77

Dcc=18 A (504) at 77.4 K. Points, GCMC simulations; solid line, K. Points, GCMC simulations; lines, NLDFT in the SDA approxi-

NLDFT calculations using SDA functional. Solid vertical lines mation. (@) Dcc=18A (504;) at P/Py=0.014; (b)

DCC

show locations of spontaneous condensation transitight), and =36 A (100;) at P/Py=0.38; (¢) Dcc=72A (200¢) at P/P,
spontaneous desorptidleft) in the NLDFT calculations. =0.822.
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predicts a sharp peak, in contrast to the GCMC simulation
[Fig. 14b)]. One possible reason for this discrepancy is the (a)
radial symmetry of the density profiles imposed in the
NLDFT calculations. However, the contribution of the cen- i
tral peak to the total density is small. 6 1 + FMT (RSLT2)

o GCMC

F. Freezing of methane in slit pores Z 4

In MC simulations, the liquid-solid transition in LJ fluids
adsorbed in slit and cylindrical nanopores has been estab-
lished by a number of criteria, including abrupt changes in 2 7
density and thermodynamic functions, diffusion coefficients,
and structural parametef$05-109. It was shown that the
character and the conditions of the freezing and melting tran- 0 . ‘ ‘ |
sitions in pores depend on the pore width, the strength of the 0 1 2 3 4 5
fluid-solid interactions, and the structure of the solid wall. zlo
The NLDFT models that we test in this paper are essentially
one dimensional in the sense that they do not consider the
molecular structure of the fluid in the directions parallel to ,
the pore wall. Thus, it is impossible to identify the fluid 109 (b)
freezing. Nevertheless, it is of general interest to compare the
density profiles in the direction perpendicular to the walls, 8 -
and to check to what extent NLDFT is capable of describing ——SDA
the solidlike structure in slit pores at low temperatures. We + FMT (RSLT2)
tested the SDA and FMT functionals in the conditions cor- " ° | ¢ ... FMT (RSLT1 q=3)
responding to the freezing of LJ methane in slit pores, estab- <
lished earlier by the GCMC simulations of Vishnyakov, Pi- 4 A
otrovskaya, and Brodskayd05]. We modeled methane in
slit poresHcc=100¢; and 8¢ at kT/e;=0.75 (111 K)
with the LJ parameters used in the simulatiga®5], o
=3.82A, ande;;/k=148.2K. The solid-fluid interactions
were described by the 10-4-3 poteni@8] with the param- 0 o
eters corresponding to methane-graphite interactions. 0 1 2 3 4

The GCMC and NLDFT isotherms of methane at 111 K zlo

in 8oy and 1@ carbon pores exhibit a capillary conden- gy 15 Density profiles of methane in carbon slit pores at 111
sation SteP,a‘?Compa”'?‘?' by a hystere5|s loop. The positions (@ Liquidlike structure in arHcc=80 pore: points, GCMC

of the equilibrium transition arein reggonable ag.reement. Ir%imulations[los]; solid line, FMT functional in the KR versiof¥];

the 8o¢¢ pore the NLDFT predicts equilibrium capillary con- ¢rgsses, modified FMT functional: dotted line, SDA functioria).
densation ap/€g ;= —10.5, while in simulations it was esti- solidlike structure in arHcc= 100+ pore: points, GCMC simula-
mated asu/eg ;= —10.62[105]. Figure 1%a) shows density tions [105]; solid line, SDA functional; crosses and dotted line,
profiles of methane in the 1§; pore after capillary conden- modified versions of the FMT functional.

sation. In these conditions, the pore fluid is liquidlike; the
d_ensny p_roflle .has ten pronounced Iayers_. T.he FMT funC'15(b) shows how well the SDA describes the density profiles
tional in its original (we used here the Kierlik-Rosinberg

- ; o . for a high-density solidlike state of the pore fluid. In contrast,
\c/jvelghttl)ng ilil]ncgoniz]) an?rlmodlfled Vlfrs'm@qtﬁLTSZ)D[A??] the FMT functionals significantly underestimate the fluid
iescribes the density protiie very wetl, while the unc- structuring in the pore. Essentially the same qualitative result
tional [4] predicts only nine adsorbed layefSig. 15a)]. was obtained using different modifications of the FMT

With further increase in pressure, the GCMC SimU|ationSmodel(RSLT2 and RSLT1q=3) [Fig. 15b)]. These pecu-
predict a first-order freezing transition in bothr8 and liar observations require additional studies

100¢; pores [105]. Neither of the NLDFT calculations '

showed a sign of the transition; instead the fluid density in
the pore increased continuously. In thes1Ppore, the den-
sity profiles predicted by the SDA functional exhibit a In this section we consider adsorption in pores in which
gradual structural transformation from the nine- to a ten-+the attractive adsorption fields from opposite walls interfere,
layer solidlike structure. An unexpected result is that theso that the adsorption potential forms a single minimum at
solidlike density profile obtained by the SDA theory repre-the pore center, which is typical for many zeolites. Such
sents very well the profile predicted by the GCMC simula-pores are able to accommodate only a single file of the ad-
tions, while the FMT underestimates the fluid structuring. Asorbate particles, i.e., the fluid approaches the one-
similar picture was observed in thé-c=80+; pore. Figure dimensional limit. It is known that the SDA functionil,4]

o GCMC

G. CO, adsorption in one-dimensional cylindrical micropores
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at 273.2 K in cylindrical pores dd--=8.3, 6.99, 6.75, 6.57,
and 6.22 A Wldth (DCC:2-4QTff, 2.020'ff, l.g%ff,
1.90r¢;, and 1.8G+;, respectively. Figure 16 shows the
fluid-solid potential for CQin these pores calculated by Eq.
(30). In the widest poreD c=8.3 A (2.45¢;), which can be
considered as a crude model for the MFI type of ze¢big,

the potential has two shallow minima. The parameters of
CO,-wall interactions were chosen to reproduce the experi-
mental isotherms of CQon this type of zeolitg110]. In
narrower pores the potential has only a single minin{&ig.

16). As the pore size decreases the potential well first in-
creases, and then the repulsive contributions from the oppo-
site walls start to interfere, leading to a decrease in the at-

Usi( 1)/ kT

-12 : ‘ ‘ ‘ tractive wall-fluid interactions. Among the systems
32 -1 0 1 2 3 considered the por®cc=6.99A (Dcc=2.0204) has the
r (A) deepest energy minimum.

o i _ o ) Figure 17 shows the GCMC and NLDFT isotherms in
FIG. 16. Solid-fluid potential for C@in cylindrical micropores cylindrical micropores. The parameters of the LJ potential,
of different widths(as §hown in the legend r denotes the dis- fitted to the bulk properties of CQ were taken from our
tance from the pore axis. previous work54,57]. Two series of GCMC isotherms were
calculated with different sets of the fluid-fluid LJ parameters,
does not give the correct one-dimensional lif78]; there-  optimized for GCMC simulations and optimized for NLDFT,
fore it is of interest to find the lower limit of applicability of since it is not clear that the parameters chosen to describe the
the three-dimensional SDA functional in very narrow cylin- experimental data for the macroscopic three-dimensional
drical pores. As a practical example, we considered a LJ fluidystem would be suitable at the one-dimensional limit. The
with interaction parameters chosen to model,@G@sorption  NLDFT isotherm agrees well with the GCMC isotherm, cal-

1 10 100 1000 10000 100000 1 10 100 1000 10000 100000
p (Torr) p (Torr)
0.25 0.25
c) d)
02 | 02 r
]
o
FO.IS _‘,-\0.15 z
- -
0.1 0.1
0.05 | 0.05
0 — : - 0
1 10 100 1000 10000 100000 1 10 100 1000 10000 100000
p (Torr) p (Torr)

FIG. 17. CQ adsorption isotherms at 273.2 KT/ e;;=1.15) in cylindrical micropores dcc=8.3 A=2.40; (a); 6.99 A=2.020(; (b);
6.75 A=1.95 (c); and 6.75 A=1.90¢; (d). Squares, GCMC simulations with the parameters optimized to descibe bylk o0 line,
NLDFT calculations using SDA functional; dashed line, GCMC simulations with the same LJ parameters as in the NLDFT model.
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culated with the LJ parameters optimized for bulk 8ig. 1

17(a)]. Due to the slightly smaller molecular diameter used, 091 (@ ecme

the GCMC simulation yields slightly denser packing of mol- os

ecules in the pore. Good agreement between simulations anc '

NLDFT was also obtained when simulations were performed 07

with the parameters optimized for NLDFT. The SDA model g 06 ¢

behaves surprisingly well in this poféig. 17a)]. In the < 0S|

narrower poresD .c=6.99A (2.02r(;), 6.75A (1.9%), €04 |

and 6.57 A (1.9+), appreciable discrepancies between the 03 |

NLDFT and GCMC isotherms are seen at high pressures 02 |

[Figs. 11b)-17d)]. o1 | el —one-dimensional
We compared our calculations with a rigorous result for —e L fluid

the one-dimensional LJ fluid in an external figk#,111]. 0001 o1 . 0 100

For this system one can write that PKul)oy

|n(pKH/L):—|nU e‘[“(z)”Z]’dez). (35) |
0

(b) NLDFT

Herep is the bulk pressurd, is the system lengthy(z) is 08 r
the LJ potential of interactions between particles along the 07 |
pore axis,  is the one-dimensional pressure, afd is the e 06 |
Henry constant determined by the solid-fluid potential 3" 0s |
Us#(r). In cylindrical pores 304 |
R 03
KH/L=2—WJ rdr(e Ust/kT—1), (36) 0a |
kT 0 ’
0.1
Adsorption per unit length of the pore is given by o e
0.01 0.1 1 10 100
fwe—[U(ZHWZJIdeZ P(Ku/l)oy
%= Z . (37 FIG. 18. GCMC(a) and NLDFT (b) isotherms of CQ adsorp-
f ze U@+ 7z]/kTq, tion in cylindrical micropores at 273.2 K in dimensionless rescaled
0 form. Pore widths shown in the legend. Solid line shows the solu-

tion for the one-dimensional LJ fluidL11].
By evaluating Eqs(35) and(37) for given values ofr, one

obtains the adsorption isotherm in the formM{/L as a als against the benchmark GCMC res{ii$and found good

function of InpK/L). agreement for the density profiles of a hard-sphere fluid at an
In F|g 18 we compare the NLDFT and GCMC isothermsattractive Wa”(Flg 1). After that, we Compared the LJ fluid

in rescaled form with the isotherm for the one-dimensionalPulk phase diagrams for the DFT and MC modélg. 2). It

LJ fluid. In the GCMC simulations the LJ fluid behaved as awas found that it is not possible to achieve quantitative

one-dimensional one in all pores except for the largestagreement between the MC and DFT phase diagrams. Dif-

Dce=8.3A (2.40r¢), which can accommodate more mol- ferences in the bulk phase diagrams cause ambiguities in the

ecules at high pressur¢big. 18a)]. In contrast, the SDA comparison of theoretical and simulated results, and lead to

underestimates the density at high pressures, especially in ti§€rious discrepancies between the MC and NLDFT adsorp-

narrowest porefFig. 18b)]. tion isotherms in pores. To remedy this situation, we deter-
mined two sets of parameters for fluid-fluid intermolecular
IV. SUMMARY AND CONCLUSIONS interactions by separately fitting the DFT and simulated

phase diagrams for the bulk fluid to experimental data on

In this work we have systematically tested the nonlocalvapor-liquid equilibrium for the system of intere@tig. 3).
density functional theory of confined fluids against bench-That is, we used in the studies of confined fluids different
mark MC simulations. We modeled LJ fluids in slit-shapedfluid-fluid interaction parameters for the DFT and MC mod-
and cylindrical pores. The interaction parameters were choels to provide for the consistent description of the bulk
sen to imitate systems important in practice: nitrogen at 77.4hases. This approach to parameter fitting gave good agree-
K in slit-shaped carbon pores and cylindrical silica poresment among the NLDFT, simulated, and experimental data
CO, at 273 K in cylindrical micropores of zeolites, and for the surface tension of the liquid-vapor interface for nitro-
methane at 111 K in carbon slit-shaped pores. Two versiongen at 70—120 K. The solid-fluid parameters were chosen to
of NLDFT were used, the smoothed density approximatiorreproduce experimental adsorption isotherms on nonporous
and the fundamental measure theory. graphite and silica surfaces and were the same in the DFT

First of all, we tested the SDA and FMT density function- and MC modelgFigs. 4 and &
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By using this parametrization, we obtained good agreea solidlike phase was tested by using methane sorption at
ment between the NLDFT and MC nitrogen adsorption-111 K in slit-shaped carbon pores. As expected, NLDFT
desorption isotherms in slit-shaped and cylindrical mesodoes not reproduce the freezing transition in pores, as does
pores at 77.4 KFigs. 6—13. Both NLDFT and MC model- the simulation. Instead, the fluid density increases continu-
ing were performed in the grand canonical and canonicabusly with pressure. However, at densities corresponding to
ensembles. The conditions of vapor-liquid coexistence irsolidlike methane in pores, the SDA theory shows solidlike
pores were determined from the equality of the grand potendensity profiles, which are in very good agreement with
tials of vaporlike and liquidlike phases. Two methods of de-GCMC results[105] (Fig. 15. In contrast, the FMT func-
termination of phase coexistence from MC simulations werdionals underestimate the fluid structuring in these condi-
applied: (1) thermodynamic integration according to the tions.
Peterson-Gubbins schem@) integration along the full sig- To test the SDA functional in the vicinity of the one-
moid adsorption isotherm, which includes thermodynami-dimensional limit, we considered a LJ fluid with parameters
cally stable, metastable, and unstable states. The chemicethosen to represent G@t 273.2 K in narrow cylindrical
potential of the fluid in the canonical ensemble MC simula-pores resembling zeolite channels. In general, the SDA and
tions was determined using the Widom particle insertionMC isotherms show quantitative agreement in all but the
method. In most of the examples considered, we found exnarrowest pores. While the NLDFT performs well in a pore
cellent agreement between the vapor-liquid equilibrium presef diameterD..=8.3 A, serious discrepancies with GCMC
sures calculated by the NLDFT and the MC simulations.  simulations were found in the narrowest pores, which are

Nitrogen isotherms in cylindrical pores were comparedable to accommodate only one file of moleculésg.
with the experimental isotherms in siliceous MCM-41 type 17). NLDFT substantially underestimates the fluid density
materials with tubular pores. We found quantitative agreein pores for which the GCMC isotherm in dimensionless
ment for pores larger than ca. 5 nm, or 14 molecular diamrescaled units essentially merges with the rigorous result for
eters in width(Fig. 12. In these pores, capillary condensa- the confined one-dimensional LJ fluid.
tion occurs at the point of spinodal transition from the The comparison with benchmark MC simulations and ref-
adsorbed film to a liquidlike condensed fluid while desorp-erence experiments allows us to make a general conclusion:
tion occurs at the point of equilibrium transition. In smaller Within reasonable limits, NLDFT with properly chosen pa-
pores, both NLDFT and MC models describe quantitativelyrameters of intermolecular interactions is capable of quanti-
the pressures of equilibrium transitions. However, they pretatively predicting the confined fluid structure at solid sur-
dict higher pressures of capillary condensation than the exaces and in pores, adsorption isotherms, and conditions of
perimentally observed ones and, correspondingly, wider hysshase equilibrium and spinodal transitions.
teresis loops, in contrast to the numerous experimental
observations indicating that,Nysteresis at 77 K is not ob-
served at relative pressures below ca. (f422,94. This
issue is beyond the scope of this paper. It is also worth not- This work was supported by the TRI/Princeton explor-
ing that in all pores the NLDFT models show larger com-atory research program and EPA Grant No. R825959-010.
pressibility compared to GCMC simulations. We thank E. Kierlik and M. Rosinberg for sharing their

The ability of the NLDFT to predict the fluid structure of original FMT code.
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