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F. Bulnes, A. J. Ramirez-Pastor, and G. Zgrablich*

Departamento de Bica and Laboratorio de Ciencias de Superficies y Medios Porosos,
Universidad Nacional de San Luis, CONICET, Chacabuco917, 5700 San Luis, Argentina

Receied August 23, 2006. In Final Form: October 20, 2006

The adsorption of gases on patchwise heterogeneous bivariate surfaces is studied. These surfaces are characterized
by a collection of strong and weak adsorbing patches with a typical length lsdaléferent forms and spatial
arrangements of these patches determine different topographies characterizezffbygtaa length lo¢ = ol, where
otakes values from 1 to 4 for the different topographies considered here. Previous studies showed that the mean square
deviation between isotherms corresponding to different valuks s€aled as a power law with exponentwithout
providing any physical interpretation of such behavior. In the present work, we introduce a different scaling function,
x(1), which is shown to be twice the difference in free energy per site between a reference isotherm and the given
isotherm, at half coverage. With this function the scaling behavior and the value of the scaling exparent
determined over the whole range of interparticles interaction energy and adsorptive energy, and for different temperatures,
through Monte Carlo simulations. The results are similar to those obtained in previous studies, with a aalinéobf
is half the one obtained before due to the different definition of the scaling function, but the present analysis provides
a full understanding of the scaling behavior based on the physical significance of the scaling function and the scaling
exponent.

1. Introduction showri1~16 that many gassolid surface processes are strongly

Gas-solid interactionsare the fundamental physical entities ~ affected, not only by the adsorptive energy distribution but also
for the understanding of adsorption, which is the first step in a by the way these energies are spatially distributed (energetic
variety of processes in surface science and its applications, sucHopography). It is then a challenge in the field of gaslid
as gas separation, catalysis, and thin films growth. For a given interactions to envisage methods for the determination of the
gas-solid system, the gassolid interaction is given by an  energetic topography of heterogeneous substrates from adsorption
adsorptie energy surfac&“AES, i.e., the energy surfaseen experiments (characterization problem).
by a particle at the distance of adsorption on the solid surface, By looking at the AES corresponding to solids with random
representing the variation along the solid surface of the-gas impurities or defects, such as those obtained in ref 4, it becomes
solid interaction potential minimum. Given the gas particle and cjear that the energetic topography is spatially correlated and is
the solid, the AES can be calculated following the method 5/ from the idealistic random site distribution, being much closer
described in ref 4. For the great majority of real systems the AES y, 5 phatchwise structure with finite size patches of stronger and
is not a flat, or even a periodic, surface but a quite irregular one \ o5y er sites. It is therefore reasonable to attempt an approach
resembling a mountainous landscape. Such a solid surface is,[0 the characterization problem by studying very simple
?6pographies, such as those arising in bivariate surfaces, i.e.,

regarded as heterogeneous, and it has been shown that heter
geneity affects strongly many molecular processes occurring atsurfaces composed of two kinds of sites, say weak and strong
sites with adsorptive energies ande,, respectively, arranged

the gas-solid interface®°
in patches of sizd. Recent developments in the theory of

In the past the adsorptive energy distribution has been
considered as the only important characteristic to be known to . .
adsorption on heterogeneous surfaces, such asupersite

describe the behavior of adsorbed particles, and much effort was'

dedicated to the development of methods for its determination 2PProach'® and experimental advances in the tailoring of
from experimental adsorption d&t& However, it has been ~ Nanostructured adsorbatésencourage this kind of study. Once

the behavior of bivariate surfaces is fully understood and methods
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Figure 1. Schematic representation of heterogeneous bivariate surfaces with chessboard (a), random square patches (b), ordered strips (c),
and random strips (d) topography. The patch size in the figure=i<.

could go over to develop the theory for multivariate surfaces, with a total ofM sites, with periodic boundary conditions. Each
which could probably mimic satisfactorily general heterogeneous adsorption site can be either a “weak” site, with adsorptive energy
surfaces. €1, Or a “strong” site, with adsorptive energy(e; < €2). Weak
Adsorption on bivariate surfaces with square patches and stripand strong sites form patches of different geometry:
topographies has recently been studied through Monte Carlo (a) Square patches of sik¢ = 1, 2, 3, ...), which are spatially
simulations for the case of particles with nearest neighbor distributed either in a deterministic alternate way (chessboard
interaction energy? 22 It was found that both adsorption topography), Figure 1a, or in a non-overlapping random way
isotherms and differential heats of adsorption follow scaling laws (random topography), Figure 1b.
involving the patch sizewith a universal exponent and that this (b) Strips of transversal size(l = 1, 2, 3, ...), which are
characteristic length defining the topography could, in principle, spatially distributed either in an ordered alternate way, Figure
be obtained from the anaIySiS of eXperimenta| results. These lC, orin a non_overlapping random way (random topography),
scaling laws, however, appeared in a quite mysterious way without Figure 1d.

the b_asis of a_physical interpretation. The scope o_f the present 14 easily identify a given topography, we introduce the notation
work is to provide such a basis for the observed scaling behavior. Ic for a chessboard topography of sizand, similarly, | for
In section 2we present th(_e adsorption m(_)del tind brl_efly review random square patchdss, for ordered strips anigsfor random
the mostimportant simulation results obtained in previous works. strips. Then, in Figure tad, the topographies are-#4g, 4os
These results are discussed from a new point of view in section 5,4 4. resp;ectively. We also use the notation bp to refer to
3, where a physical interpretation of the scaling behavior is e extreme case of big patches topography ), i.e., a surface
constructed. General conclusions are given in section 4. with one-half of weak sites and one-half of strong sites.
The substrate is exposed to an ideal gas phase at temperature

) T and chemical potentiat. Particles can be adsorbed on the

.We assume that thg subStrate is representepl by_ a Wo-gypstrate with the restriction of at most one adsorbed particle per
dimensional square lattice of dimension L adsorption sites,  sjte and we consider a nearest neighbor (NN) interaction energy
w among them (we use the conventior> O for repulsive and

2. Model and Simulation Results

(19) Bulnes, F.; Ramirez-Pastor, A. J.; Zgrablich,JGChem. Phys2001,

115 1513. w < 0 for attractive interactions). Then the adsorbed phase is
(20) Bulnes, F.; Ramirez-Pastor, A. J.; Zgrablich, Alsorp. Sci. Technol. characterized by the Hamiltonian

2001 19, 229.
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31603. ‘ _ H= —M[(e,0, + €,0;) —ub] +w ) nn @)
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Figure 2. Adsorption isotherms (ab) and differential heats of adsorptiond) for different square patch topographies corresponding to
Regime | (in this casAE = 12, w = 3). Symbols in (c) and (d) are as in (a) and (b), respectively.
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Figure 3. Adsorption isotherms ¢ab) and differential heats of adsorption<d) for different square patch topographies corresponding to
Regime Il (in this casé\E = 12, w = 4). Symbols in (c) and (d) are as in (a) and (b), respectively.

wheref = 0, + 0, is the total surface coverage (summing the whereN is the number of adsorbed particles and the brackets
coverages on weak and strong sites)is the site occupation  denote averages over statistically uncorrelated configurations.
number €0 if empty or=1 if occupied), and the sum runs over From these, the differential heat of adsorptaras a function

all pairs of NN sitesi(j). Without any loss of generality, we can  of the coverage is calculated?as

consider that all energies are measured in unitgdikg being

the Boltzmann constant) and that= 0 ande, = ¢; + AE, in _[oU

such a way that the adsorptive energy is characterized by the 04(6) = [@ T (3)
single adimensional parametAE.

The adsorption process is simulated through a grand canonical  The typical behavior of adsorption isotherm and differential
ensemble Monte Carlo (GCEMC) method, following the heat of adsorption is shown in Figures 2 and 3 for square patches
procedure described in detail in previous wotks?and mean  and strips topographies.
values are obtained for the surface coverégmd the internal Figure 2 shows the behavior of adsorption isothermspja
energyU as andqgq(6), (c—d), for different topographies fav = 3, AE =

6 =INIM; U=MHO- wINO (2) (23) Bakaev, V.; Steele, W. A.angmuir1992 8, 148.



Adsorption on Patchwise Bariate Surfaces Langmuir, Vol. 23, No. 3, 2001267

12, andksT = 1. It can be seen that all curves are contained 10" 3 T
between two limit ones: the one correspondingdaid the one e

) g . jo REGIME I
corresponding to bp. For chessboard topographies, four different Sy L a=-0976(53)
adsorption processes can be visualized (they can be seen as 10 T Telgl i
separated by shoulders in the adsorption isotherm and by steps V4 E J . e E
in qqg): (i) strong site patches are filled first up b= 0.25, REGIMEIL g e ]
forming ac(2 x 2) structure on them (in this regiap = 12); 1 &=-1.525(65) e g
(ii) as long as & < AE, the filling of strong site patches is 0y, chessboard (o= 1) - - 3
completed up t@ = 0.5 (in this regioryy decreases continuously 1 = ordered strips (6=2) g ]
from 12, zero occupied NN, to 0, four occupied NN); processes ] o mndom square patches (6=2) g
(iii) and (iv), corresponding to the regions 056 < 0.75 and (g2 |2 Tendom strips (o= 4 :
0.75< 6 < 1, respectively, are equivalent to processes (i) and 1 10

(i) for weak site patches. Random topographies are seen to behave /
in a similar way with a particularly interesting feature: the _ eff _ _
behavior of random topography of sizeeems to approach that Figure 4. Power-law behavior of the functiog(l), showing the

: : ; collapse of data for different topographies on a single curve for each
for chessboard topography with an effective sige- |. As can adsorption regime when the effective length sdalés used. The

be _ea?s”y understood_, as long as thg 9°“diWﬁE < Yais ._cases shown in the figure correspond\ié = 24, w = 4 (Regime
satisfied, the adsorption process is similar to the one described)) and AE = 12, w = 4 (Regime II).

above;i.e., strong site patches are filled first and weak site patches
are filled after. We call this feature Regime |.

Figure 3 shows the behavior of adsorption isothermspja  senting an effective patch sizé), given by
andqq(6), (c—d), for different topographies fov = 4, AE = | =g 5
12, andkgT = 1. In this case, when&/AE > /3, the adsorption eff = O ®)
process follows a different regime, which we call Regime II:
(i) the strong site patches are filled until th&@ x 2) ordered
phase is formed on them; (ii) the weak site patches are filled until
thec(2 x 2) ordered phase is formed on them; (iii) the filling
of the strong site patches is completed; (iv) the filling of the
weak site patches is completed.

These two regimes have been visually observed in simulation

whereo = 1 for chessboard topography,= 2 for random
square patches and for ordered strips, and 4 for random
strips. These values ofhave been calculated analytically in ref
21. Figure 4 shows how simulation data for the functiorast
over a single curve for Regime | when the effective length scale
is used. In general, it is found thatobeys a power law it

snapshots (not shown here). It should be noticed that RegimesOf the form

I and Il are disconnected. In between, i¥, < W/AE < /3, the In % = const+ aIn | (6)
system behaves in a mixed transition regime changing continu- €

ously from one to another. This scaling behavior is found to hold over the whole range of

Qualitatively similar results for adsorption isotherms and energy, with different values of the exponengiven by
differential heat of adsorption (not shown) were obtained at other

temperatures corresponding to valueskgf ranging from 2 o =0, =—0.976+ 0.053 forw/AE < 1/4
to 10.

o=, + [12(1/3— WAE)(a, — o)
for '/, < WAE < '/, (7)

3. Discussion
In previous work¥’-22 the quantity

—+o0 = = — 1
ra= [ 100) — 070 P o=a,=—1525+0.065 forw/AE = Y/,

N _ B N with 5 = 0.42+ 0.04. These results are similar to those obtained
(ref 24) inspired in a kind of “mean square deviation” was used i previous workd®-22 with the difference that the value of the
to test the scaling behavior of adsorption, whétes areference gyponent: obtained previously is the double of the value given
isotherm. It was found that this quantity scaled with the patch ;, eq 7 due to the difference in definition of the functign

sizel as a power law with a scaling exponentHowever, no It is to be noted that, in the case of attractive interactions,
physmgl explanat_lon was found for _thls behavior. In the present _ 0, only Regime I is possible and the value of exporei
analysis we use instead the quantity given by as over the whole energy range.
e As the temperature is changed, the scaling exponent does not
x= f_m |6(u) — OR(,u)| du 4) change for Regime |, while for Regime Il its value approaches

that corresponding to Regime I, as temperature increases, in the

which, as we shall show below, is related to the difference in form
free energy in the processes of filling the two involved surfaces
and therefore leads to a physical interpretation of the scaling
behavior.

By taking as a reference isotherm the one corresponding to
the bp topography, we find that, for a given adsorption regime
the functionsy collapse on a single curve for any topography
when represented in terms of affectve length scalgrepre-

(ks T/AE) = —1 — 0.806 exp{-5.2174,T/AE) (8)

Simulations have shown that this variation with temperature is
also approximately valid in the intermediate range between
" Regimes | and Il; therefore, eqs 7 and 8 give the general behavior
of o over the whole energy range and for all temperatures. This
behavior is shown in Figure 5.
(24) Unfortunately, a typing error was included in the definition of the scaling Justas in previous works, it is found that the scaling exponent
functiony in refs 19-22, where the square of the integrated quantity was omitted. @ presentainiversality propertiesin the sense that its behavior
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T T T T T scaling exponend.. Without any loss of generality, we choose
REGIME I REGIME II for this calculation the case of chessboard topography in Regime
CTAE= 120 I. As already described in our discussion of the characteristics
-1.04 CTAE=033 of Regime I, at half coverage strong site patches are completely
a 2 filled while weak site patches are empty. Under these conditions,
kT/AE = 0.16 and considering thdt= u — Ts whereu ands are the internal
15 kTAE=008 | energy and configurational entropy per site, respectively, we
’ obtain
AE = 4w AE =3w
NS f(*7,,bp) = u('7,bp) = (e, + 2w)/2 (13)
01 o2 03 04 05
w/AE (1) = u(,bp) = €,/2 + w(l — 1)/ (14)
Figure 5. Behavior of the scaling exponembver the whole range
of energy. sinces(Y,,bp) = s(*,,I) = 0. By substituting eqs 13 and 14 in
eq 12, we finally obtain
and value are identical for different degrees of heterogeneity, () = 2wl (15)

AE, different topographies, different reference curves (even a
theoretical reference curve like, for example, the mean field

solution corresponding to bp) and for a definitioryafivolving determined through simulations for Regime I. The same kind of

the functionqqy() instead of the functiod(u). It is therefore vsi be straightf dl ied out for other t
important to base the understanding of the observed behavior Onanahy5|s ca:jnf eRs raig |(|)r\|NaZj' y Ctar:'ﬁ Olf or ? ther op?g-
an appropriate physical interpretation. raphies and for Regime II, leading to the values of the scaling

With this purpose, we start from the basic thermodynamic exponentalreadydetermlned byS|muIat|pns. Ofcourse,thgvalue
. e of a cannot be determined by these simple arguments in the
relationship ) : . -
intermediate regime (because of the problem of the determination
oF of the configurational entropy for system of interacting particles),
= (m)TM 9) but the physical meaning of the scaling behavior is just the same.
The above analysis allows us also to understand the universality
whereF is the Helmholtz free energy. Introducing the free energy properties of the scaling exponent we described above. In
per site,f = F/ M, the last equation can be rewritten in terms particular, given that the functignis related to the free energy
of intensive variables in the formu = (8f/90)r. Accordingly, per site at half coverage, and that the entropy per site is null at
the area to the left of each adsorption isotherm correspondinghalf coverage for both regimes (in fact for Regime Il we have
to a topography characterized byn Figures 2 and 3 up to a  a unique ordered(2 x 2) structure on both strong and weak

which represents a power law with exponant= —1, as

determined coveragé is given by patches), from the definition of the differential heat of adsorption,
eq 3, we can easily see that the observed scaling behavior should
A = j(;o/l do =1(0,1) — f(0))) (10) also be valid for the function
Therefore, this area represents the variation in free energy per Aq= fol l04(0) — q§(9)| de (16)

site in filling a surface, with topography characterized by the
patch sizd, up to a coveragé. . - . .
Following this line of reasoning, and making use of the and this '_S verified through simulations. . ]
symmetry properties of the adsorption isotherm, which are a N Prévious works it was shown how the scaling behavior
consequence of the vacancy-particle symmetry, the fungtion pould bg used in the characten;atmn problem, i.e., in obtammg
representing the area between a given isotherm and the bdnformatlon about the energetic topography from adsorption

reference isotherm, turns out to be experiments of gases on heterogeneous surfaces. The present
analysis provides fundamental physical insight into the scaling
$() = 2[A(1/2 bp) — A(1/2 D] (11) behavior and much more confidence for the proposed method

based on the understanding of how the scaling works.

From eqs 10 and 11 we obtain )
4. Conclusions

_ 1 gl
x(1) = 2[f(/5,bp) = (/)] (12) The scaling properties of adsorption of gases on heterogeneous
) ) ) L ) surfaces characterized by a bivariate adsorption energy (strong
Therefore, the functiony defined in eq 4 is simply twice the 54 \yeak sites) and different kinds of patchwise topographies
difference in free energy per site between the reference isothermy 5.a peen reviewed by using a different scaling funciiothan
(in this case that corresponding to bp) and the given isotherm, i -+ \,sed in previous studies.
at half coverage. This result also explains why it depends on the The present scaling function is shown to be directly related
goepOegnrgg2%:ggr?rgitﬁ:ggfriztsli;h;g]e:; dnseor?byaatl(ta hv?/gii?]vjlr:geeto the free energy per site of the adsorbed layer at half coverage.
witFr)l | gy ’ 9 %aking advantage of the fact that the configurational entropy at
’ . . . . .. half coverage is null, it is shown how the functigrscales as
Calculation ofthe_vvaym W.h.'Ch this free energy _cha_nges with a power law with the effective lengthy characterizing the
| leads to the physical significance and determination of the energetic topography of the surface and how the scaling exponent
(25) Hill, T. L. An Introduction to Statistical Thermodynanmic&ddison ocanbe Ob.ta'ned'Th.e analysis provides a physical understanding
Wesley: New York, 1960. of the scaling behavior.
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The scaling behavior and the value of the scaling exponent of the scaling behavior based on the physical significance of the
o.are determined over the whole range of interparticles interaction scaling function and the scaling exponent.
energy and adsorptive energy, and for different temperatures, ) . o
through Monte Carlo simulations. The results are similar to those .Acknowledgme.nt. The Consejo Nacional d.e Investigaciones
obtained in previous studies, with a valueofvhich is halfthe  Cientficas y Teenicas (CONICET) of Argentina is gratefully
one obtained before due to the different definition of the scaling acknowledged for providing partial support of this research.

function, but the present analysis provides a full understanding LA062491S



