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Abstract Adsorption modeling is an important tool for process simulation and
design. Many theoretical models have been developed to describe adsorption data
for pure and multicomponent gases. The simplified local density (SLD) approach is
a thermodynamic model that can be used with any equation of state and offers some
predictive capability with adjustable parameters for modeling of slit-shaped pores. In
previous studies, the SLD model has been utilized with the Lennard—Jones potential
function for modeling of fluid—solid interactions. In this article, we have focused on
application of the Sutherland potential function in an SLD-Peng—Robinson model.
The advantages and disadvantages of using the new potential function for adsorption
of methane, ethane, carbon dioxide, nitrogen, and three binary mixtures on two types
of activated carbon are illustrated. The results have been compared with previous mod-
els. It is shown that the new SLD model can correlate adsorption data for different
pressures and temperatures with minimum error.

Keywords Activated carbon - Adsorbed natural gas - Adsorption -
Simplified local density - Sutherland potential function

1 Introduction

The application of natural gas (NG) as a clean and cheap energy carrier has increased
in recent years when compared with other fuels. The NG share of total energy con-
sumption is projected to increase from 23 % in 2001 to 50 % in 2020 [1]. Pipelines
are a convenient and economical way for NG transport in onshore purposes, whereas
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for offshore it is challenging as the water depth and the transporting distance increase
[1]. In addition, the low heat of combustion per unit volume (low relative density) is
one of the most important problems in its storage, which must be solved to increase
its usage. There are some solutions for transportation and NG storage. Liquefied NG
(LNG), compressed NG (CNG), and adsorbed NG (ANG) can be mentioned in this
regard. LNG is usually stored as a boiling liquid at a temperature about 112K in a
cryogenic tank at 0.1 MPa pressure [2]. Usually, LNG projects require large invest-
ments along with substantial NG reserves which make them economically viable just
for distances longer than 5000km [1]. CNG technology provides an effective way
for shorter distance NG transportation. NG is stored as a compressed supercritical
fluid at room temperature and at a maximum pressure of about 20 MPa to 25 MPa
[1,2]. LNG technology needs multistage refrigeration and liquefaction to supply NG
at 112K, and CNG technology needs a multistage compression to supply NG at 20 MPa
to 25 MPa. In addition, for NG storage at 112K or 25MPa, special instruments are
needed. Adsorption of NG on porous solids is a good alternative for increasing storage
capacity and improving operating conditions as well as lowering the cost of NG stor-
age. ANG technology allows storing large amounts of NG at a relatively low pressure
(3.5MPa to 4MPa) at room temperature in a relatively thin-walled tank filled with
adsorbent. This level of pressure allows refueling the tank using a simple and cheap
equipment [3].

Modeling the physical adsorption of gases onto porous materials is important in
transportation and storage of NG. There are many models and theories for describ-
ing adsorption of pure gases and mixtures onto solid adsorbents. There are a wide
range of theoretical approaches for modeling gas adsorption, from simple empirical
fits (e.g., Freundlich isotherms [4]) to strong molecular theories based on molecular
dynamics and Monte Carlo simulations. The thermodynamics of adsorption phenom-
ena have been discussed in detail in previous studies [S—7]. There are different theories
for this purpose, such as the Gibbs isotherm, the treatment of Myers and Prausnitz,
vacancy solution theory, Dubinin—Polanyi theory [5], density functional theory [6],
and activity-coefficient-based models [7]. The simplified local density (SLD) model is
a mean-field model that superimposes the fluid—solid (fs) potential on a fluid equation
of state (EOS) [8]. The SLD approach is an engineering method that can be used with
any EOS and offers some predictive capability with only two temperature-independent
adjustable parameters for modeling of adsorption in slit-shaped pores [9]. The SLD
model so far has been applied to correlate adsorption of pure gases and mixtures onto
activated carbons and coals.

The SLD model, as a modern theory for correlation of gas adsorption, has two
important parts: (1) the potential function and (2) the EOS. Both parts can play
an important role in the ability of the model. In all previous studies [4—10], the
Lennard—Jones potential function has been utilized. In this study, we have tried to test
the capabilities of another potential function. As a first step the Sutherland potential
function has been selected for this purpose. So in this study, a new SLD model based on
the Sutherland potential function has been presented. In order to make a good assess-
ment of the capability of the SLD model, adsorption of different gases onto activated
carbon has been modeled. Finally, the results of the modified model have been com-
pared with previous study which had utilized the Lennard—Jones potential function.
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2 SLLD Model

Adsorption is expressed in several different ways. It is unambiguously defined by the
Gibbs excess adsorption (I"®*), the excess number of moles per unit area of adsorbents.
The excess adsorption is defined as the amount of gas contained within the system
relative to the amount that would be contained if all of the void volume were occupied
by gas. Two different phases are considered in the SLD model: the bulk gas and the
adsorbed phase. The adsorbed phase is close to the solid surface with a very high
density relative to the bulk phase [8]. Typically, the adsorbed phase density is about
103 to 10* times the bulk density, sometimes approaching the liquid-phase density.

In the first version of the SLD theory, the adsorbent was modeled as a wall, while
the adsorbed gas was attached close to its surface up to a distance L [8]. However,
newer studies based on the SLD model generally consider a slit geometry for the
porous material [7-9]. In this case, as illustrated in Fig. 1, it could be assumed that
the molecules of adsorbate reside between two-surface slit structures with a width
L. The position within a slit is defined by z, where z is the orthogonal distance
from the solid phase (flat surface formed by the carbon atoms inside the pore at the
circumference of the wall surface). A molecule within a slit interacts with both slit
surfaces. With this geometry, the excess adsorption of component i can be written
as [9-11]

right side of slit

A
= 7 / (Pads.i — Poulk.i) dz (1

left side of slit

where A is the surface area per unit mass of adsorbent, p the molar density, and
subscripts “bulk” and “ads” refer to the bulk and adsorbed phases, respectively. The
density of the adsorbed phase depends on distance, but when we take the integral
over all Z, the results will be independent of Z. For a gas mixture, the subscript i
indicates the property of component i in the mixture. The molar density of component
i can be obtained using its mole fraction (x; in the adsorbed phase and y; in the bulk
phase) multiplied by the total molar density. Therefore, for component i in the mixture,
Pads,i = X (2) Pads (2) and PbulkOss,i = Vi Pbulk -

Fig.1 Schematic of a
slit-shaped pore model showing
the variables used to define
distances in the SLD

approach [6]

Adsorbent
molecule
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For the slit geometry, the lower limit of integration is the location of the center of an
adsorbed molecule touching the left plane surface (ot /2, where oyt is the diameter of
fluid molecule), and the upper limit is the location of an adsorbed molecule touching
the right plane surface (L — oy /2). At the equilibrium state, the SLD dictates that the
chemical potential of the adsorbed phase at any distance from the wall is equal to that
at the bulk phase, (ta4s(z) = Mbulk- The chemical potential of the adsorbed phase is
the sum of fluid—fluid (ff) and fs contributions. Since in the slit geometry a molecule
of fluid interacts with two walls, the equilibrium chemical potential can be written as
[10]

m(z) = per(z) + st (2) + pgs2 (L — 2) = Wik (2)

where the subscripts “fs1” and “fs2” denote the chemical potentials arising from the
first and second surfaces, respectively. In order to apply the SLD approach, it is nec-
essary to provide the required information about ff and fs interactions. In general,
the ff chemical potential can be obtained by an EOS. Simple cubic EOSs, such as
Van der Waals, Peng—Robinson (PR) [12], as well as complicated EOS such as Elli-
ott—Suresh—Donohue [13] have been used so far for this purpose [8—11]. In this study,
the PR EOS has been applied due to its capability and accuracy among different cubic
EOS. Previously, the 10-4 Lennard—Jones potential function was used by Lee [14] for
modeling the fs interactions.

In this study, Lee’s calculations have been carried out by using a Sutherland poten-
tial. The Sutherland potential consists of a hard-sphere repulsive core plus an attractive
inverse power tail expressed as [15]

00 r<o

u(r) = [_8 @) 1o 3)
where o is the diameter of particles, —e is the maximum potential depth, and y is a
parameter that determines the effective range of the potential. The Sutherland potential
resembles the Lennard—Jones potential, for y = 6, and therefore would be useful for
studying simple fluids. This potential function is particularly useful in the treatment
of multipolar interactions, and allows one to make contact with the soft core potentials
such as the Lennard—Jones model [15, 16]. The procedure of these calculations is given
in Appendix A. Utilizing the Sutherland potential function, the fs chemical potential
is derived as follows:

4 6
1 %
) =—=7 € S !
) = s D oy |

Combining Eqs. 2 and 4 along with the thermodynamic relation, du = kT'dIn f, leads
to Eq. 5, which relates the bulk phase fugacity of component i, fuuik i, to the adsorbed
phase fugacity, fads.i:

In (fads,i (z)) _ i@+ i (L —2) 5)

Soulk, i kT

@ Springer



Int J Thermophys (2010) 31:2425-2439 2429

The fugacity of component i in the bulk phase using the PR EOS is

b Pb b 23 viaij
1y Soulk.i :_I(Z_l)_ln(z__)Jr a bi 22 )i
yiP b RT 2V2RTb \ b a

1 + ppuikh (1 + x/i)
1 + ppukd (1 - \/E)

x In

(6)

where a and b are constants of the EOS, P is the pressure of the system, and Z =
P/(pouik RT) . The original parameters a and b are used in this study for the bulk phase
[12]. The adsorbed phase fugacity can be obtained by a similar expression. It should
be noted that the density, composition, and energy parameter (a) of the adsorbed phase
are position-dependent (i.e., the values of these parameters vary within the slit). There-
fore, the fugacity of component i in the adsorbed phase can be written by a simple
extension as

fads,i(z) b ( P ) ( P Pb) a(z)
In = 1) - )+
xi(z)P b \ paas(2)RT Pads(Z)RT RT ZﬁRTb
(bi 2Z/xj(Z)aij(z))l L+ puas (@b (1+2)
X _— - n
1+ paas(2b (1= v2)

b a(z) @

where the position-dependent energy parameter of the PR EOS, a(z), is taken from
the work of Chen et al. [17]. The equations for a(z) depend on the ratio of the slit
width L to the molecular diameter oyr. These relations are given in Appendix B.
Different numbers of parameters have been used by other researchers in the SLD
model. Typically, the surface area of the adsorbent (A), slit width (L), and an interaction
energy parameter for each component i (¢ ;) have been selected as adjustable param-
eters. However, taking the surface area of the adsorbent as an adjustable parameter
is completely in contradiction with the physical nature of the adsorbent. The specific
surface area of an adsorbent can be determined experimentally by characterization
techniques. Reporting adsorption data on any type of adsorbent would be incomplete
without determining the specific surface area. On the other hand, the slit width and
interaction energy can be taken as model parameters, since they represent the essential
geometry of the SLD—-slit approach and the attraction force between adsorbent and gas
molecules, respectively. Therefore, in this study, A is taken from the reported exper-
imental data for each adsorbent and L, ef i, 0ss, and of are considered as adjustable
parameters using both the Sutherland and Lennard—Jones potential functions.

3 Results and Discussion
The SLD-PR model has been previously applied for modeling pure gases [10,17] and

mixtures [11] on activated carbon. But there seems to be insufficient information for
decision making regarding the accuracy of this model, particularly for gas mixtures. In
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order to examine the ability of the SLD model coupled with the PR EOS for predicting
and correlating the adsorption of pure gases and mixtures, the results of the model are
compared with experimental adsorption data from the literature.

3.1 Adsorption of Pure Gases

The adsorption of four pure gases including methane, ethane, carbon dioxide, and
nitrogen on two types of commercially activated carbon are modeled. The required
parameters for modeling pure components, including critical constants and Lennard-
Jones size parameters, are listed in Table 1 [18].

The experimental data on adsorption of pure gases on two type of activated carbon
(Pittsburgh BPL and Calgon F400) are extracted from Reich et al. [19] and Sud-
ibandriyo et al. [20]. In order to estimate the adjustable parameters, the Davidon—
Fletcher—Powell (DFP) algorithm has been utilized to avoid the method of direct
inversion of the Hessian matrix. DFP is a well-known procedure which approximates
the inverse Hessian matrix, to determine the global minimum [21]. An objective func-
tion defined by Eq. 8 was minimized.

Nexp
Fi,calc - Fi,exp

®)

Fi,exp

where Nexp is the number of experimental data points and the subscripts “calc” and
“exp” indicate the calculated and experimental values, respectively. The optimized
parameters and average relative errors are listed in Table 2. It should be mentioned
that the specific surface areas are taken from the experimental values (988 m?-g~! for
Pittsburgh BPL [19] and 850 m? . g_l for Calgon F400 [20] activated carbons), while
other researchers considered it as an adjustable parameter [10,11]. Although the slit
width, L, is a model parameter, it should be noted that the values of L for an adsorbent
are close and on the same order of magnitude.

Here, two approaches are used for the estimation of parameters. In approach 1 as
in previous studies [8—10], the molecular diameter of the solid or carbon inter-planar
distance (og) has been considered as a constant value. In approach 2, og has been
considered as an adjustable parameter. Both approaches have been replicated using the
Lennard—Jones and the Sutherland potential functions. In the case that the Sutherland
potential function is applied, as there were not any data for ot (size parameter of the
gas) in the literature, we had to determine it using mathematical minimization.

Table 1 Constants used in this

study for various fluids [13] Compound Te (K) Pe (MPa) @ ott @
Methane 190.56 4.599 0.011 3.758
Ethane 305.32 4.872 0.099 4.443
CO, 304.12 7.374 0.225 3.941
Ny 126.2 3.398 0.037 3.798
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Table 2 Regressed pure component parameters using Lennard—Jones potential (055 = 3.35 A)

Component Activated carbon L (A) egs/ k (K) AAD (%)*
CHgy Pittsburgh BPL 12.02 86.21 5.38
CyHg Pittsburgh BPL 13.21 111.60 7.97
CHy Calgon F400 11.39 99.77 1.76
COy Calgon F400 12.97 118.26 7.76
N; Calgon F400 10.60 70.29 0.91
Average AAD (%) 4.75

2 AAD (%) = (100/ Nexp) Z|(Teale — Texp) |/ Texp

Table 3 Regressed pure component parameters using Sutherland potential (ogs = 3.35 A)

Component Activated carbon L (A) ers/ k (K) off AAD (%)
CHy Pittsburgh BPL 19.12 76.63 8.20 532
CrHg Pittsburgh BPL 22.15 84.23 10.12 6.63
CHy Calgon F400 22.96 43.59 11.39 1.02
CO, Calgon F400 29.30 31.60 14.29 4.75
Nj Calgon F400 20.08 40.72 10.26 0.40
Average AAD (%) 3.62

* AAD (%) = (100/Nexp) Z|(Tcale — Texp)|/ Texp

Table 4 Regressed pure component parameters using Lennard—Jones potential (ogs as model parameter)

Component Activated carbon L (A) et/ k (K) Oss AAD (%)?
CHy Pittsburgh BPL 11.41 67.04 4.14 3.76
CyHg Pittsburgh BPL 12.82 64.06 5.28 6.59
CHy Calgon F400 11.02 50.01 5.50 1.01
CO, Calgon F400 12.40 60.04 5.49 7.48
Np Calgon F400 10.42 60.00 3.84 0.58
Average AAD (%) 3.88

# AAD (%) = (100/Nexp) Z|(Icate — Texp)l/Texp

In approach 1, o is fixed at 3.35 A based on a graphite crystalline structure [ 10-12].
The other adjusted parameters and average relative errors for both potential functions
are listed in Tables 2 and 3.

In approach 2, o along with L and &g, are considered as adjustable parameters.
The regressed parameters are listed in Tables 4 and 5.

As shown in Tables 2-5, in all cases, the use of Sutherland potential functions caused
a decrease in the absolute average deviation, regardless of the number of adjusted
parameters. However, the number of adjusted parameters is effective in better fitting,
but considering Tables 3 and 4, it will be clear that the Sutherland potential shows bet-
ter results using an equal number of adjusted parameters. It is worth mentioning that
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Table 5 Regressed pure component parameters using Sutherland potential (ogs as model parameter)

Component Activated carbon L (A) efs/ k (K) off Oss AAD (%)*
CHgy Pittsburgh BPL 20.00 72.02 8.76 2.79 4.99
CrHg Pittsburgh BPL 17.11 104.90 7.00 6.06 6.48
CHy Calgon F400 19.21 43.60 9.00 6.77 1.01
COy Calgon F400 35.00 17.47 17.34 0.93 4.07
No Calgon F400 7.95 87.23 2.40 8.22 0.35
Average AAD (%) 3.38

2 AAD (%) = (100/ Nexp) Z|(Teale — Texp) |/ Texp

Fig. 2 Methane adsorption
isotherms on Pittsburgh BPL
activated carbon. Symbols are
experimental data [18], and lines
are the results from SLD-PR
model

I, mmol -g’!

Fig. 3 Ethane adsorption 8
isotherms on Pittsburgh BPL OT=2127K T=2602K
activated carbon. Symbols are 7 ~at9 S 1
experimental data [18], and lines 6 HY & e}
are the results from SLD-PR o ' 0 0O 7
model 5 3 T=3014K |
»
L. 3
2 N, i
| ]

0 1
0 025 05 075 1 125 15 175 2
P, MPa

the modified SLD model can correlate the adsorption of CO; better than the original
one. Previously, Gill-Villegas et al. [16] applied different potential functions in the
SAFT EOS and found that the Sutherland potential gives better results in modeling
polar components like CO5.

In Figs. 2-5, the correlated adsorption isotherms for Pittsburgh BPL activated
carbon are depicted.
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Fig. 4 Methane adsorption 5
isotherm on Calgon F400
activated carbon. Symbols are 45}
experimental data [18], and line sl
represents the results from ~ T=3182K
SLD-PR model M35

[

L. 25F

2[o
L5 . . L . L A

0 2 4 6 8 10 12 14
P, MPa

Fig. 5 CO; adsorption isotherm
on Calgon F400 activated
carbon. Symbols are
experimental data [18], and line
represents the results from
SLD-PR model

In general, it can be concluded that there is a good agreement between the exper-
imental data and the correlated results of the SLD-PR model, except in the case of
CO; and ethane at high pressures. Our preliminary tests on different cubic EOS like
PR showed that they would all give similar results as PR. Therefore, this behavior may
be raised from the application of any of the general forms of the cubic EOS. Probably,
the SAFT EOS families give better results for associative compounds.

3.2 Adsorption Modeling for Binary Mixtures

The lack of useful experimental data for binary mixtures is a serious problem in
adsorption modeling of multicomponent gases. This fact arises from the experimental
difficulties encountered in measurement of adsorption of gas mixtures. Three binary
mixtures, including CH4 + Ny, CHy 4+ CO», and N + CO;, are considered in this
section. The data were taken from Ref. [19]. The carbon inter-planar distance, o, has
been fixed at 3.35 A. The slit width L and energy parameter (g¢;) have been adjusted
using mathematical minimization. The optimized parameters and the absolute average
deviation when using the Lennard—Jones and Sutherland potential functions have been
listed in Tables 6 and 7.
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Table 6 Regressed parameters for multicomponent gas adsorption using Lennard—Jones potential

System L (A) efs/k (K) AAD (%)*
(1) ()

Methane (1) + N3 (2) 10.45 85.37 58.83 12.76

Methane (1) + CO, (2) 10.02 64.18 67.30 18.57

N, (1) +CO; (2) 9.27 45.98 69.80 8.36

Average AAD (%) 13.23

2AAD (%) = (IOO/NCX].))E'(FCHIC - Fexp)|/rexp

Table 7 Regressed parameters for multicomponent gas adsorption using Sutherland potential

System L (A) ets/ k (K) o (A) AAD (%)?
)] 2 €Y} 2)

Methane (1) + N3 (2) 25.33 44.37 123.70 8.42 5.59 10.54

Methane (1) +CO; (2) 13.16 113.66 116.40 4.25 4.07 11.83

Na (1) +COz (2) 8.14 88.71 77.99 4.34 4.93 6.32

Average AAD (%) 9.56

2AAD (%) = (IOO/Nexp)EKFcalc - Fexp)|/rexp

Fig. 6 N adsorption isotherm 35
on Calgon F400 activated
carbon. Symbols are 3

experimental data [19], and line

represents the results from oo 2.5
SLD-PR model 5
g 2
g
5" 1.5
~

T=3182K

14

In Figs. 6-12, the results for the binary systems are shown. As for pure gases, the
results for CO; and ethane adsorption are not in good agreement with the experimental
data in comparison with experimental uncertainty.

4 Conclusion

The SLD-PR model was applied to correlate adsorption of pure gases and binary
mixtures on activated carbon. In this study, the Sutherland and Lennard—Jones inter-
molecular potential functions were used to predict gas adsorption on the solid phase by
the SLD model. The capability of the presented model for pure gases indicates that it is
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Fig. 7 Methane adsorption 4.5
isotherms at 318.2K on Calgon sk
F400 activated carbon, in the
mixture methane + Ny. Symbols 351
are experimental data [19], and i 3F
. o0
lines are the results from = 25}
SLD-PR model. Legends on E
curves indicate the methane/N» g Zr
ratio in the feed gas 5" L5
~ 4t
0.5
0 A . . . . .
0 2 4 6 8 10 12

Fig. 8 N adsorption isotherms
at 318.2K on Calgon F400
activated carbon, in the mixture
methane + N»>. Symbols are
experimental data [19], and lines

are the results from SLD-PR 2

5]
model. Legends on curves g
indicate the methane/N» ratio in g
the feed gas 5

~
Fig. 9 Methane adsorption 35

isotherms at 318.2 K on Calgon

F400 activated carbon, in the 3r @]
mixture methane + CO». 25t
Symbols are experimental data

2 L

60/40

[19], and lines are the results
from SLD-PR model. Legends
on curves indicate the
methane/CO; ratio in the feed

gas 05k ol

', mmol-g-!

consistent with the physics of adsorption. The model parameters were regressed using
two approaches for pure gases: considering as a constant or as a model parameter.
Meanwhile, only the physically meaningful parameters were considered as adjustable
parameters. Simple intermolecular potentials, such as those considered in this study,
are an idealized view of interactions between atoms. These potentials assume spherical
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Fig. 10 CO; adsorption
isotherms at 318.2K on Calgon
F400 activated carbon, in the
mixture methane + CO».
Symbols are experimental data
[19], and lines are the results
from SLD-PR model. Legends
on curves indicate the
methane/CO; ratio in the feed
gas

r ex, mmol’g'l

Fig. 11 N adsorption 25
isotherms at 318.2K on Calgon

F400 activated carbon, in the 2+
mixture Ny + CO;. Symbols are
experimental data [19], and lines
are the results from SLD-PR
model. Legends on curves
indicate the N /COj ratio in the
feed gas

I, mmol-g!

Fig. 12 CO; adsorption 7
isotherms at 318.2K on Calgon

F400 activated carbon, in the 6 O © 0 0 o %
mixture Ny + CO,. Symbols are st O 20180 o O ©)
experimental data [19], and lines O A
are the results from SLD-PR O 40/60
model. Legends on curves

™, mmol-g!

indicate the N /CO; ratio 3r
in the feed gas !
Lr 80720
0 . . . . L .
0 2 4 6 8 10 12

molecules without polar effects. For non-spherical and polar molecules (e.g., CoHg and
CO3,), more complicated potentials considering molecular shape and polarity should
yield more accurate results. The Sutherland potential function shows a lower average
deviation, in both approaches of taking oy as a constant or a model parameter, in
comparison with Lennard—Jones, especially for CO, because of its polar nature. It is

@ Springer



Int J Thermophys (2010) 31:2425-2439 2437

shown that the new SLD model can correlate adsorption data for different pressures
and temperatures with minimum error.

On the other hand, the extension of the model to multicomponent adsorption led
to large deviations from experimental data. It means that much work must be done to
improve the SLD model for prediction of gas mixtures.

Appendix A: Calculational Procedure of Lee Using the Sutherland Potential

If the coordinates x and y have been selected to lie on the interfacial plane such that
the solid occupies the region Z < 0, a gas molecule at a vertical distance Z > 0
above the surface will interact with all the atoms of the solid (on the surface as well as
below). For fixed x — y coordinates, the forces on a gas molecule at any Z < 0 due to
the wall represent the sum of pair interactions between the gas molecule and all solid
atoms:

w(z) (AD)

LI
X,y = Z w(r)

atom

X,y

where the subscripts x and y denote the fixed values x and y for the gas molecule, and
r; is the distance between the solid atom i below and the gas molecule above.

If in the limit of small solid atoms, the surface appears smooth to the gas molecules,
the sum over the layers of atoms can be replaced by an integral. Lee’s integral for the
Sutherland potential can be written as

+00 +00 06
w@ = / dx / dy48gs(ﬁ) (A2)

2 2 2
k layers_" 00 XS+ y +z

The result of this integral is

! o (1) A3
w——EnSgs Z U_4(Z*+k) ( )

klayers S8

where &g is the gas—solid energy parameter, og; is the gas—solid size parameter, o
is the Sutherland size parameter for the solid—solid atom interaction, and z = z/0gs 18
the reduced vertical distance of the gas molecule above the surface.
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Appendix B: Expressions for the Position-Dependent Energy Parameter [16]

For L /og > 3, a(z) is given by

3
3 . 5 L—
g[éjug—]/a(gfﬁz—o.s)] for 0.5< 2 <15
a(z) 318 a 3 L—z 3 z L
= §[§71/3(é70.s) —1/3(E=-05)"| for 15 E < k-15  (BD
3
3| L=z 5 3 L L
é[afﬂfé‘l/S(a%—“)] for o5 —15= 55 =< o — 0

For2 < L/og <3,

) -
3 . 5 L—z . L
SlE+i-1/3(5E-05) | for 052 <L 15

a(z) 3(L L
— (U_ff_1) for = —15=<2 <15 (B2)
Abulk
) -
31 L— 5 L
3 ?f+a—1/3(§7—0'5) for 5<% <L 05
For1.5< L/og <2,
3(L
a@ _ 3 (_ _ 1) (B3)
apuk 8 \off

For a small slit where 1 < L/o<1.5, the value of Eq. A3 in Appendix A at L /o =
1.5 must be used, i.e., a(z)/apux = 3/16.
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