PHYSICAL REVIEW E 69, 011605 (2004
Lattice-gas Monte Carlo study of adsorption in pores
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A lattice-gas model of adsorption inside cylindrical pores is evaluated with Monte Carlo simulations. The
model incorporates two kinds of sitds line of) “axial” sites and surrounding “cylindrical shell” sites, in the
ratio 1:7. The adsorption isotherms are calculated in either the grand canonical or canonical ensembles. At low
temperature, there occur quasitransitions that would be genuine thermodynamic transitions in mean-field
theory. Comparisons between the Monte Carlo and mean-field theory results for the heat capacity and adsorp-
tion isotherms are provided.
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[. INTRODUCTION (henceforth called atomswas computed for specified re-
duced temperaturé* =kgT/e as a function of the reduced
One of the most exciting fields in condensed matter physehemical potentiaju* = u/e. The resulting behavior found
ics is the study of gases inside porous médi&]. Its impor-  in | includes a set of transitions associated with filling the
tance stems from questions of fundamental phy&og., di-  respective sites. I¥/,<V, the axial sites are occupied first
mensional crossover _and the role of_ disojdmrd a nqmber (asu increases while the reverse is the caseVif;> V. If,
of relevant technologiete.g., catalysis, gas separation, andjnstead, the energies are similar, there arises a “cooperative
storage that utilize porosity. In some systems, the pores argansition,” in which both sites are filled simultaneously at
fully interconnected so that a gas atom entering at one poing,,, 1 anq sufficiently highw. These transitions, however,
will eventually diffuse throughout the porous domain. In are artifacts because true thermodynamic transitions cannot

other cases of interest, individual pores are d'St.mCt’ so th xist in 1D. Nevertheless, the behavior in the Monte Carlo
the problem can be thought of as essentially independen

pores, with perhaps weak interpore interactions. Many modei?lltjtt'ﬁn IS \tlerre fo:nd t?/ l:;e :/eri)élsw:lla: toﬂ:r:at ﬁf|3A5T|’ n f
calculations of this adsorption have been presented. A larg aW €co er?ge SEs he y_faﬂ y near a threshold vaiue o
fraction of these consider the adsorption domain to consist oft: V€ Nnote, however, that It there exists a transverse cou-

independent pores, either for simplicity or because that repPind between sites in neighboring pores such a genuine tran-

resents an accurate description of the geometry. sition does occur(at a relatively highT—usually much
In a recent papetdenoted ), we posited a particularly hlghe_r than mlght be expected from the strength of the inter-
simple model of a nanoporous environmé8i. That is a  POre interaction[3—8|.

lattice-gas model with two kinds of sites. One was a one- In this paper, we co.nsider th(_a same lattice-gas model as
dimensional(1D) line of sites, which we call “axial” sites. that treated in I. The difference is that we here evaluate the

Surrounding each axial site is a set of seven “cylindricalSYStemM's properties with the Monte CarlbiC) simulation
gchnique. MC simulations of the lattice-gas models have

shell” sites. The number seven is chosen as an estimate % | 4 dvi ; f ad . d dif
the ratio of shell to axial densities for atoms of diameterP?€€N €mployed In studying a variety of adsorption and dit-

~3.5 A in a carbon nanotube of radius 7 A. A cross-sectionfUSion problems1,2,8—10. Our method is discussed in Sec.

view of the nanotube and the adsorption sites is presented th a'lon.g with a test of !t.s sensmv[ty to the assumption of
Fig. 1. Each shell site has fodmo laterally, one above, and periodic boundary co_ndltlons. Section Il presents our results
one below shell neighbors and one axial neighbor. In the2nd Sec. IV summarizes and comments upon them.

model, there are four interaction energi¥g.is the potential
energy of an axial atom due to its interaction with the host
material, Vg is that of a shell atom;-e¢ is the interaction
energy between adjacent occupied sites of the same type,
where e>0; e, is the interaction between axial and shell
sites, which could have either sign. Thus, the Hamiltonian is

nanotube wall

shell atom

H=N_Va+NVs+Hip,. (1)
axial atom
HereN,(Ny) is the number of occupied axighel) sites and
the termH;,; involves both nearest-neighbor interactions of
the same specig@xial-axial and shell-shelland the axial-
shell interactions, with their respective couplings.

In I, the adsorption isotherms were evaluated with mean- FIG. 1. Schematic transverse section of a nanotube, showing
field theory(MFT). That is, the number of adsorbed particles occupied and unoccupied axial and shell sites.

shell site
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FIG. 2. Fractional site occupancy &t =0.5
I i for a purely 1D array of sitega) Occupancy as a
0 - function of reduced chemical potential. The exact
2 -2 -2 -2l 20 -19 -18 analytic solution (full curve) is compared to
(a) p* GCMC simulations with various simulation cell
sizes(1 and 3 sites and to the MFT result&ot-
0.5 . T T T T ted curve. (b) Specific heat as a function of re-

duced temperature. Results of canonical MC
simulations with various numbers of sitdat
half-occupancy are compared to the exact solu-
tion for an infinite system at half-occupancy.

C /(N ky)

(b) T

Il. MONTE CARLO METHOD system. A similar conclusion was found by Swettal. when
modeling adsorption in a porous medilifj. As seen in Fig.

In the thermodynamic limit, a nanotube is a 1D SyStemZ(b), specific heat results obtained from canonical Monte

from the perspective of phase transition thedoyly one Carlo simulations are similar to the exact ongd half-

i o e sy gECUpancY T cls of bout 50 sies2S prtces The

. . ; . ariation with number of sites in the cell is consistent with
namically like 1D systems. In Monte Carlo simulations, one . :

. ) : : the thermodynamic relation

represents the system with a unit cell of sites that is repeated
periodically. In order to test the accuracy of the simulations .
for various periodic cell sizes, we first perform grand canoni- f Cn(T)/NAT=[E(%)—E(0)]/N. 2
cal Monte Carlo(GCMC) calculations for a purely 1D line 0
of sites. Figure &) shows a comparison between isotherms
obtained with GCMC(for different cell sizes from MFT, At half-occupancy, the energy per particle Bt~ is the
and the exact solution for an infinite Ising lattice dag]. same for any cell size; but @=0, it depends on the number
Note first that a spurious singularitan infinite slopé ap-  of particles present in one cdIN) because the ground state
pears in the MFT curve, while no singularity is present in theof the periodic system at half-occupancy consists of periodic
exact and MC results. GCMC yields results very close to thaslands of occupied site€(0)= —e(N—1). Thus the heat
exact results for cells consisting of 3 sites, replicated withcapacity increases witN as seen in Fig. (®).
periodic boundary conditions. We conclude that one does not To make contact with our previous MF calculations for
need large cell sizes to simulate isotherms for such a 1Bhe system involving axial and shell sites, we take the unit
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FIG. 3. Mean-field isotherms are compared to GCMC isotherms for three dageshell and axial energies differ appreciably(
=20V,=12.5) and axial-shell interaction is attractive,{<0); (b) shell and axial energies are similav =20V ,=18) and axial-shell
interaction is attractived;,<0); (c) shell and axial energies differ by an intermediate amoW¥t=20V,=24) and axial-shell interaction
is repulsive €5,>0).

cell of the system to consist of one axial and seven shelfrom one shell to the other. This transfer process makes an
sites. The cell replicated periodically in simulations is teninteresting contribution to the specific heat, as described in
lattice constants long, meaning eighty sites in total. We perthe following section.
form simulations in the grand canonical ensemble to find the
evolution of N with w, and simulations in the canonical en-
semble to find the specific he@(T) when the totalaxial
+ shell) number of particles .is fixed. Th_e specific heat is Figures 3a)—3(c) compare results from MFT and MC cal-
obtained from energy fluctuations according to the formula:cyjations of adsorption isotherms in three cases which differ
in either the relation betwee¥f, and V¢ or the sign of the
Cn/(Nkg)=((E®)—(E)?)/(kgT)?. (3)  axial-shell interactiore,s. The case illustrated in Fig(8 is
one for which the shell phase is energetically favored relative
Note that, in the canonical ensemble, even thoNdé fixed, to the axial phase\(s<V,) and the axial-shell interaction is
the axial, and shell densities vary withas particles migrate attractive €,,<0). At T*=0.5, the shell fills in a nearly

Ill. RESULTS
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FIG. 4. Specific heatfull curve, left scalg
and the transfer heat capacitjashed curve, right
scalg from shell to axial sites as a function of
reduced temperaturé*, obtained with the pa-
rameter sefa) of Fig. 2.
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discontinuous way in the MC calculation; this might be shell sites fill together at the quasitransition. Moreover, be-
called a “quasitransition” because of that behavior. Thecause of the higher coordination numb@ncluding axial-
MFT, in contrast, exhibits behavior characteristic of a first-shell attractionkin this case, the MFT critical temperature is
order transition(discontinuity at T* =0.5. In fact, the MC pushed to a higher value than in the cédiscussed aboye
solution is numerically quite close to that of the MFT, so thatof very different values ol/, and V. This feature of the
a transition might béincorrectly) inferred from experimental MFT is shared with the quasitransition of the MC solution.
data that looks like this. At the higher valugé} =1, the Evidence for this statement is seen in the similar steepness of
MFT shows critical behavior(a divergent slope at half- the isotherm af* =1.2 in Fig. 3b) and that affT* =1.0 in
occupancy of the shell sitesvhile the MC result shows a Fig. 3(@); both have 16-90% widthsAu*=1.
smoother shell-filling behavior. In Fig.(®, the MC results Figure 3c) presents results that may seem counterintui-
show the axial phase formation to be gradualTat=0.5, tive at first sight. This behavior is a consequence of a repul-
while the MFT behavior is that of a critical transition, since sive axial-shell interaction, with/,<Vs. In this case, the
T*=2z*J/2=2%€/4=0.5 is the critical temperature of the axial phase forms at a low value pf*, followed at higher
axial phase transitiofwherez is the effective coordination u* by the appearance of the shell phase. The arrival of the
number, 2 for this transitionUnder these circumstances, the shell phase, however, drives out the axial phase because of
shell phase provides a spectator field, which affects the crititheir mutual repulsion, so that the net increaseNiiis the
cal value ofu but not the critical temperature in the MFT. difference between shell and axial occupandiés7-1).
Figure 3b) displays rather different behavior of the iso- Eventually, at even highew, the axial phase finally returns
therms, a consequence of the fact thgtand Vg are very to the pore. This behavior is precisely what is predicted in |
similar (V,=20 andV¢,=18). As a result, as discussed in |, with the MFT, as is seen in Fig(®. This represents a situ-
there occurs a cooperative transition, in which both axial andtion where the two phases do not “fit” particularly comfort-

1.5 . T T T . 3 - =T . |

2.5 =

/(N ky)

Axial and Shell Densities
T
|

0.5 -

T L L L
0 2 4 6 8 10

FIG. 5. “Cooperative”(full curve, V;=20V,=19) vs “normal” (dashed curveY,=20V,=10) behavior in(a) specific heat calcula-
tions and(b) axial and shell densities.
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0.8
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e FIG. 6. Specific heat comparison between at-
Z tractive (e5,<0) and repulsive £;,>0) axial-
SZ shell interaction. The parameters used avg:
& =20V,=10N,/Ng=1/2 (whereN, and Ny are
the number of particles and sites, respectiyely
0.2
0
H*
T
ably in the pore, but sufficient incentive, provided by can cthanS(T* )I(Nkg)=(E¥ —EZX)(dN,/dT*). (4)

induce their coexistence.

Figure 4 displays the specific he@t(T) under the cir- ) )
cumstances corresponding to Fidaj3 i.e., Vs<V, and an Th? brogd peqks_ in both curves havg maxima ar 3. .
attractive axial-shell interaction. One observes two bumps ";I'h|s S|m|la}(|ty !nd!cates that Fhe peak'is a "'F‘d of desorpuo_n
the data. neaf™ =03 andT* :'2 9, respectively. At low peak, familiar in film adsorption data. The difference here is

. . L that “desorption” means a transfer of particles from the
T*, all of the particles occupy shell siténot filling them b b

. . . . lower energy shell to the axial phase &sncreases. This
completely. TheT* =0.3 peak is associated with the loss of happens, as expected, whesT is of order the site’s energy

ordering among these particles; it would be a discontinuity indifference,vs—va. The axial-shell transfer heat capacity
MFT (due to reaching the coexistence curve for the transitioq)eak is analogous also to the peak found in a recent study of
found in that model The origin of the highr™* (broad peak  5dsorption on the outside of a bundle, attributed to the trans-
behavior can be appreciated from a comparison in Fig. 4er of molecules from the groove to the quasi-2D surface of
betweenCy(T) and Es—Ea)dN,/dT. Here, the energy dif- the tubes[11]. Similar behavior to that reported here has
ference E;—E,) equals the site energy differen¥g—V,,  been found by Matranget al. in simulations of CO2 within
plus a small correction due to the mutual interactions in th€10,10 nanotubes. As exemplified in Figs. 10 and 11 of their
shell and axial phases. Quantitatively, the peak region is dgpaper, increasing temperature causes excitation of the mol-
scribed by the expected relation based on this interpretatiorcules from the shell phase to the tube’s intefis].

FIG. 7. Specific heat results for various num-
ber of particles: N,/Ng=1/2 (full curve),
Ng/Ng=5/12 (dotted curvg, and N,/Ng=2/3
(dashed curve The parameters used ar¥
=20V,=10.
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Figures %a) and 8b) compare the behavior for two ex- IV. SUMMARY AND CONCLUSIONS
amples that differ in the size of the axial-shell energy differ-
enceV—V,. One set of curves corresponds to the case of a In this paper, we have presented results from MC simula-
large difference, just discussed, featuring the Highpeak. tions of a number of cases involving different energies and
The other set describes the cooperative quasitransition cas@teractions. A common feature is that properties computed
where the difference is small. The latter has its ordering peaky MC simulations bear a close resemblance to those ob-
at a higherT than the former, as discussed earlier; in addi-tained from the MFT predictions. This finding might be sur-
tion, there is no particle transfer peak, as expected. prising in view of the fact that the system is essentially one
Figure 6 compares two situations differing in the sign of gimensjonal, meaning that the transitions in MFT are spuri-
the axial-shell interaction. As expected, the transfer peak oc5, o Nevertheless, as found previously in other sysf@hs

" o N i
Cl;]rs 3: a Iowelr'l_' .vmen this m_te:ﬁc:?hn IS gt;[ract;y? thﬁn the MFT yields very reasonable predictions away from the
when LIS repuisive; the reason s that the axial particles have, qjiinn points. This finding suggests the broad utility of
a lower energy in the attractive case, so that the require

o . . : e MFT, a convenient situation because of its simplicity.
excitation energy is smaller than in the repulsive case. From the experimental point of view, the difference between

Finally, in Fig. 7 we explore the effects of varying shell the tw P h b i b, isible. O hould not
occupancy fraction, at fixed interaction strength. A big dif- € two approaches may not even be visible. ne should not,

ference between the curves appears in the Towpeak. For therefore, be surprised to see MFT-like behavior in such ex-
shell filling fraction 2/3, the peak occurs nélf=0.4, lower perlmente_ll results. i o i

than the other fillings’ peak valug;* =0.6. This difference In closing, we note an obvious limitation of the lattice-gas
can be understood from the MFT predictions. In that casenodel-its inflexibility. Particles can occupy only a set of pre-
the in-shell transfer term is due to evaporation from the condetérmined sites prescribed by the model. This means that a
densed to the dilute phase. This process stops when the coiger of the model should think carefully about the choices of
densed phase is evaporated completely, i.e. when the syste?ﬁe and |.nteract|on energies. As indicated in I_, a wide variety
reaches the coexistence curve of the in-shell transition. Thef behaviors can be found that depend on this set of param-
temperature at which that occurs is lower at 2/3 filling than€ters. Presumably, this reflects the variety seen in the many
near 1/2; the other curves shown are at 1/2 and 5/12, respeOrous systems we are trying to describe.

tively. The other notable feature in Fig. 7 is that the transfer

peak occurs at loweF* in the 2/3 filling case. This is prob-

ably due to the fact that the axial phase particles have a lower ACKNOWLEDGMENT

energy in this case because of the attractive axial-shell inter-
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