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Simplified crossover droplet model for adsorption of pure fluids
in slit pores
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We present a generalized crosso¢@KC) model for the excess adsorption of pure fluids at a flat
solid—liquid interface, which reproduces scaling behavior of the excess adsorption in the critical
region and is reduced to the classical, van der Waals-type analytical model far away from the bulk
critical point. In developing this model, we used the density-functional thé@BT) approach for

the order parameter profile calculations with a generalized corresponding states model for the local
free-energy density. The GC DFT model well represents the available experimental adsorption data
for Kr/graphite, GH,/graphite, GHg/graphite, CQ/silica, and Sg/graphite systems in the entire
density range & p<3p. and temperatures up to I.7. In the critical region 0.p.<r=1.5. and
T<1.15T., the GC DFT model is consistent with the predictions of the asymptotic
renormalization-group crossover model for the critical adsorption in a semi-infinite system
developed earlier. For the excess adsorption on the critical isochore, both theories predict a
scaling-law behavioF o 7~ **#, but fail to reproduce a “critical depletion” of the excess adsorption
along the critical isochore of the gfigraphite system nedr.. We show that an anomalous decrease

of adsorption observed in this systemrat T/T.—1<10 2 can be explained by finite-size effect

and develop a simplified crossover dropl8CD) model for the excess adsorption in a slit pore.
With the effective size of the pore dof =50nm, the SCD model reproduces all available
experimental data for SFgraphite, including the critical isochore data where-0, within
experimental accuracy. AL> ¢, (where &, is a bulk correlation lengththe SCD model is
transformed into the GC DFT model for semi-infinite systems. Application of the SCD model to the
excess adsorption of carbon dioxide on the silica gel is also discussed00® American Institute

of Physics. [DOI: 10.1063/1.1665507

I. INTRODUCTION phase transition described with the Landau—-Ginzburg—
Wilson (LGW) effective Hamiltonian with the scalar order
yarameter and can be applied to systems such as pure fluids

. . . . . and fluid mixtures, ionic solutions, polymers, and polymer
physical adsorption and wetting, is of fundamental impor- . . . .
blends. However, this model is essentially an asymptotic

tance in many practical processe$he analytical, classical o . . "
yp P Y crossover model, which is valid only in the extended critical

Langmuir, Brunauer—Emmett—Teller, and local density ™ here the | lenath fluctuati fh d
theoried* give reasonable representations of the adsorptioﬁeglon where the long-wavelength Tiuctuations ot the oraer

data far away from the critical point. However, all these Prameter are big enough to be treated with the LGW effec-
theories fail to reproduce the nonanalytical singular behaviol'Ve Hamiltonian. This is not a case for the dilute-gas and
of the adsorption in the critical region. We also note that thef€nse-fluid regimes. Therefore, the RG model, which pro-
simplified engineering local density modef, based on the Vides a smooth crossover of the excess adsorjtiiom the
empirical Peng—Robinson equation of state, cannot correcti§caling, '=7"""#, at |7/<Gi to the mean-field['=log 7,
reproduce the thermodynamic surface of pure fluids in thdehavior at Gi|7|<1 (here Giis a Ginzburg numbgein the
critical region. More rigorous integral equation approaéfies critical region, cannot be extrapolated to the dilute-gas and
also fail in the critical region, because the equations canndiense-liquid regions. Another shortcoming of the crossover
be closed. RG model of Kiselev and co-workéfsis that it was formu-

In order to describe the nonanalytical singular behaviodated only for semi-infinite systems and in its present form
of the excess adsorption in the critical region, more rigorousannot be applied to the analysis of the critical adsorption in
renormalization-grouRG) theory models should be consid- a confined geometry such as a cylindrical capillary or slit
ered. A RG crossover model for the critical adsorption ofpore.
fluids on a planar interface has been developed recently by As the critical point of bulk fluid is approached, the ex-
Kiselevet all° This RG model is based on the general field-cess adsorption of a fluid in a slit pore drastically differs
theoretical approach for the systems under the second-ordfrom the adsorption in the bulk volume. The effect of the
confined geometry on the critical adsorption of sulfur

3Author to whom correspondence should be addressed. @ag 273- ~ hexafluoride (Sf) in a colloidal graphitized carbon bla_ck
3730. Electronic mail: skiselev@mines.edu and a mesoporous controlled-pore glass has been studied by

Understanding of phase transitions and surface pheno
ena at the solid—fluid and liquid—fluid interfaces, such a
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Thommes and co-worket$-*2 They found that at tempera- functional theory results for the surface tension and excess
tures well above criticality (10°<7=T/T.—1<1), in  adsorption. In Sec. lll we describe a generalized crossover
agreement with the scaling hypothesis formulated by Fishemodel for the Helmholtz free energy and the surface tension
and de Genne¥, the excess adsorption diverges along theand provide comparisons with experimental data for Kr,
critical isochore a§' =7~ ""# (v— 8=0.3). However, on ap- C,H,, and CQ. The generalized crossover model for the
proaching the critical pointat 7=10"2) the temperature de- excess adsorption in a semi-infinite system and its compari-
pendence of the adsorption exhibits reentrance Brnde-  son with experimental data are presented in Sec. IV. The
creases sharply as—0, contrary to theoretical predictioh$.  simplified crossover droplet model for the excess adsorption
The first attempts to address this problem were made bin a slit pore is considered in Sec. V. Our results are summa-
Schoen and Thommés Maciolek and co-worker¥'” and  rized in Sec. VI.

Wilding and Schoer® Similar to the original works of Th-

ommeset al,'*"3the critical depletion of" in Refs. 15-18

was also attributed to the effect of confined geometry on thél. DENSITY-FUNCTIONAL THEORY

near-critical fluid, but no physically self-consistent explana- The surface excess, or Gibbs, adsorption of pure fluids

tion for the sharp decrease of the adsorptionrat0 has : S . :
T . on a planar surface in a semi-infinite system is defined as
been proposed. In all these studies, in accordance with the

earlier theoretical prediction by Marcot,the excess ad- ("

sorption along the critical isochore in a slit pore monotoni- r'= jo [p(2)=ppldz, 2D

cally increases and eventually saturates as the critical tem- _ . . )

perature is approached. That led the authors of Ref, 17 to thién€rep(2) is density of fluid at a distancefrom the surface

conclusion that the sharp decreasd’afannot be accounted 2ndpPo=p(=) is the bulk density of the fluid. The density

for by a single pore model. profllg p(z) can be found from optimization of the
Kiselev and co-workef8?! proposed another interpreta- functiona

tion of the critical depletion, without considering finite- -

geometry effects. It was shown that the anomalous decrease HP(Z)]ZJ [A(p)+co(Vp)?+W(p)1dV, (2.2

of the adsorption along the critical isochore can be success- ~ ) )

fully treated by supposing that the surface-order parametel/N€r€A(p)=pA(T,p) is a Helmholtz free-energy density of

vanishes linearly withr, corresponding to aordinary sur- the bulk fluid and\_NS(p) is the surface contrlbu_tlon into the

face phase transiticit-2* However, this result contradicts €€ energy density. Optimization of the functiorial2) by

the conclusion reached by Upt8hwho has argued that a Langrange’s method leads to the Euler—Lagrange equation

fluid against a hard wall belongs to the universality class of dAA(p) d2p  dWy(p)
normal surface phase transitions, as introduced by Figher. d - 00—22+ d =0,
As was shown in our previous wolR,in the case of vanish- P d P

ing surface ordering field, the theory fails to reproduce thayhere AA(p)=A(T,p) —A(T,pp) — (p— pp) 1(T) is the ex-

experimental excess adsorption isotherms |#t<10 2. cess part of the free-energy density apdT)= u(T,pp)
Therefore, we conclude that this interpretation of the reen—:(aA/&pH is the chemical potential of the bulk fluid
P=Pp :

trant behaV|or_130f the ~critical adsorption = observed,, o fie|q.theoretical approadh;? the surface contribu-

exp_er|mentaII§71 should be ruled out. Thus, so far, no thg- tion can be presented in the form

oretical crossover model for the excess adsorption of fluids

in semi-infinite systems and slit pores has been developed. Ws=b,8(z)m?—h,8(z)m,, (2.9
In this work, we continue the study initiated in our pre-

vious work on the excess adsorptfBnand interfacial

propertied’ of pure fluids in_ and beyond the critical region. surface order parameter. The first integral of B3 can be

Here we develqp a generahzgd crosso(@@). mo.del' fqr the written in the form

excess adsorption of pure fluids on the solid—liquid interface

2.3

whereb, is a surface constatnf(z) is the Kronecker sym-
bol, h,(7) is a surface ordering field, amd;=p,/p.,—1 is a

in a semi-infinite system, which is similar to the recently dp N 1 - 2

developed generalized crossover model for the thermody- E:—\/?[AA(P)JFWSJ : (2.9
namic and liquid—vapor interfacial properties for pure 0

fluids2” In developing the GC model for the excess adsorpWhere signs *” and “ —" correspond to the increasing and

tion we use a combination of the above-mentioned fielddecreasing density profile, respectively. For the excess ad-
theoretical approacf with density-functional theoryDFT) ~ sorption, the minimum of the functionaF p(z)] corre-
for the interfacial phenomen® Using simple scaling argu- Sponds to the negative sign in E@.5 with the boundary
ments, we incorporate the confined-geometry effects into theonditions in the volumeat z— ),
GC model, thereby developing a simplified crossover droplet d 2

. o p dop
model for the excess adsorption for a semi-infinite system  ,(z—o)=p,, <_ :(_) =0, (2.6)
and in a slit pore. The model was tested against experimental dz/, . \dZ -

and at the surfacét z—0),

excess adsorption data for Kr/graphite,Hz/graphite,
CsHg/griphite, CQ/silica, and SE/graphite systems.
We proceed as follows: In Sec. Il we review the density-  p(z—0)=py,

Downloaded 15 Aug 2004 to 134.84.165.238. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 120, No. 17, 1 May 2004

dp
dz

dpy
dz

ZCO( =200( ) =(2bym;—hy)p. L. 2.7
z—0
Using the boundary conditiof2.7) in Eq. (2.5), one can
obtain an equation of stat&OS for the surface order pa-
rameterm, or for the surface density;=(m;+1)p. in the

form

4coAA(py) = (2bym;—hy)?p, 2, (2.9

Adsorption of fluids in slit pores 8243

12

p ~
o=ci?| TAA(p)]*dp.

Pv

(2.19

In order to calculate the excess adsorption and surface
tension with Eqs(2.12 and(2.14), respectively, one needs
to specify the Helmholtz free enerd)(T,p), the coefficient
Ko, and the surface constariigy andhy; (i=0,1,2,...).

Ill. EQUATION OF STATE AND SURFACE TENSION

which provides a relationship between the surface ordering

field h, and surface density, at any fixed values of the
temperaturel and bulk densityp,. The temperature depen-

dence appears in Eq2.8) through the excess free-energy

density AA(p4), surface ordering fieldh,, and parameters
b, andcgy. In Eq.(2.8) the parametel, =b,qyCokgT, while
the surface field can be represented a1 by truncate
Taylor expansiort®

hy(7)
VCoKgT¢

d

=hyot X, hy7, (2.9
=

whereh,; are the system-dependent coefficients, while for

the parametec, a good approximation 4

Co=(1- xo)*kgTop

cPc (2.10
where kg is Boltzmann constant and,<1 is a system-

dependent parameter which takes into account a difference 68l EOS,

the prefactor (+ «g) in real fluids from unity.
In the general case, EgR.5 and(2.8) for the density

In this work, for the Helmholtz free energy of a bulk
fluid we use a generalized corresponding st&8SS model
presented in our previous papérA general crossover ex-
pression for the dimensionless Helmholtz free energy
A(T,v)=A(T,v)/RT, whereR is the gas constant, in the
GCS model is written in the forff

A(T,v)=AA(7,7)~K(7,7) — AvPo(T) + AFS(T)

+Aiq(T), (3.0

where the critical part of the Helmholtz free energy
AA(T, )= A7, 7) = AFS(T) —In(7+ 1) + 7Po(7),
(3.2

K(r,7) is the kernel termA’®S is the dimensionless residual
part of the free energy corresponding to the reference classi-
Po(T)=P(T,poc)/pocRT and  AFX(T)
=A""%(T,po.) are the dimensionless pressure and residual
part of the free energy along the critical isochgre pq,

profile p(z) can be solved only numerically, which makes respectively, and\'d(T) is the dimensionless temperature-

calculation of the excess adsorption with Eg.1) rather

dependent ideal-gas Helmholtz free energy. In E84) and

complicated. However, if one is not interested in the actual3.2), the renormalized dimensionless temperature deviation

density profile, it is useful to rewrite E@2.1) in the form

dp\ 1t
@ o
(2.11

Substituting Eq.(2.5) into Eqg. (2.11) we then find for the
adsorption

Ph
(p(2) = pp)
P1

F=f:<p<z)—pb>dz=

P (P~ pp)
L 22

which can be integrated numerically without calculation o
the density profilep(z).

The surface tension on the planar liquid—vapor interfacdatin

is defined in the density functional theory®3$
+ oo

(9 2
o-:2f co( p) dz,

0z

where p(z) is density profile between vapop,=p(z
— —o0), and liquid,p, = p(z— +), phases. Similar to the
adsorption, the density profile in E(.13 is also described
by Eq. (2.9, but with zero surface energy(p)=0 and
free-energy density for the vapor-liquid interfaceA(p)
=A(T.p)=A(T.pv) = (p—pV)u(T), where wu(T,py.)
=(dpAldp)t is a chemical potential of the bulk fluid along
the saturated curve=py, | (T). The final expression for the
surface tension can be written in the féfm

(2.13

Downloaded 15 Aug 2004 to 134.84.165.238. Redistribution subject to Al

‘7 and order parametey are given by
T=1Y @A
=Y 2B (14 ) Ap Y (2 @A (3.3

where a=0.11, 8=0.325, y=2—-28—a=1.24, andA;
=0.51 are universal nonclassical critical exponéhtg,

Y (7,7) denotes a crossover function=v/v.,—1 is a di-
mensionless deviation of the molar volume 1/p from the

real critical molar volume v.=1/p., and Av.=(v,
—vgc)/voe.<<1 is a dimensionless shift of the critical volume
fuc with respect to the classical valug.= 1/po. obtained
from the reference classical equation on state used for calcu-
gA"™T,v).
In the GCS modet! the kernel term K¢, %), which is
responsible for the asymptotic singular behavior of the iso-
choric heat capacity along the critical isochore, was set equal
to zero, while for the reference EOS a simple cubic Patel—
Teja (PT) EOS (Refs. 32 and 3Bhas been chosen. The ex-
plicit form of the crossover functiofY (7,7) and functions
A"(T,v), Ay (T), andPy(T) for the PT EOS can be found

in Ref. 27. All system-dependent parameters in the GCS
model are expressed as functions of the Pitzer's accentric
factor w, real compressibility factoZ.,=P./p.RT;, and
molecular weightM,,. The EOSP(v,T)=—(dAldv)+ for
the GCS model can be written in the dimensionless form

Pr:f(F:’r‘l'(Trypr;vac)a (34)
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TABLE I|. System-dependent constants for the GCS EOS. C2H4
T (K pc(moll™h) Z, ® M, T T T
Krypton 209.400 10.965 0.288000 0.0 83.800 i
Ethylene  282.350 7.6372 0.281208 0.0898  28.052 20
n-propane  369.850 5.0000 0.276247  0.1520 44.097 '7_ |
SF; 318.690 5.0000 0.283838  0.2100  146.05 S 15 ]
Cco, 304.128 10.625 0.274588  0.2250  44.010 £ I
a 10 GCS model |

whereP P/IP., T,=TIT., p,=plp., and the function 5_

=—RT(dAldv)1/P, is calculated withA(T,v) as given
by Eq.(3.1). In order to apply the GCS model to real fluids (1)00 140 180 220 260 3
one needs to know the real critical parametegs T, pc, R
and accentric factow for the fluid of interest. 50| ' =

The system-dependent parameters for the GCS EOS for I gf;s model .
pure krypton, ethyleney-propane, and carbon dioxide, con- 40 1
sidered in this work, are listed in Table I. A detailed com-
parison of the GCS model predictions with experimental data 5 30 y
for n-alkanes and CQwas given in our previous work. Q -
Therefore, here we will show the GCS model predictions o oo 1
only for krypton (Kr) and ethylene (¢H,), which were not f
considered in Ref. 27. In Fig. 1 we show the predictions of 10 1
the GCS model in comparison with one-phase experimental I

P-V-T data for ethylene. A comparison of the predictions of ' ' ‘

the GCS model with the saturated pressure and density data 220 260 300

for C,H, and Kr is shown in Figs. 2 and 3. In Fig. 4 we show T.K

the predictions of the GCS model for the heat of vaponzanorhG 2. The saturated densitiop) and saturated pressufteottom) data for
for C,H, and Kr together with experimental data. The ethylene(Ref. 48 (symbolg with predictions of the GCS modéturves.
crosses in Fig. 4 represent the values calculated with a new
fundamental EOS for §H, by Smukalaet al3* As one can

see from Figs. 1-4, excellent agreement the GCS model pre- ) _ _
dictions and experimental data for both fluids is observed. S We pointed outin our previous papétthe parameter
Only at temperature3 < 140K for ethylene does the GCS 0 can be determined from the experimental surface tension
model predict systematically lowgup to 4% values of the data atT,=0.7 or calculated with the corresponding states
heat of vaporization than those calculated with the EOS b)(;xpressmn

Smukalaet al.** but at higher temperatures both equations
give very similar results.

o = 1T
100 140 180

1.9102

ko=1.194<10 M| 1— —————|,
0 YT (1+0.4050)2

(3.5

which appears to be a good approximationriealkanes and

ethylene some other nonionic and nonassociating fluids. For cryo-
o T e genic fluids a prefactof1/3) on the right-hand side of Eq.
O T-smisk (3.5 should be applied’ Equation(3.5) is an entirely em-
200 o T-28315K i pirical correlation and, therefore, it should be used with cau-
A sk tion. If any experimental surface-tension data for the fluid of
150 [+ criical point interest are available, it is recommended to test Bcp)

—— GCS model

FIG. 1. PpT data(symbols for ethylene(Ref. 47 with predictions of the

GCS model(curves.

8 12
P, mol.I"!

20

against experimental data.

In Fig. 5 we show a comparison of the prediction of the
GCS-DFT model for surface tension with experimental data
for CO,, C,H,, and Kr. The solid curves in Fig. 5 represent
the values calculated with parametey extracted form ex-
perimental data and the dashed curves corresporg t@l-
culated with Eq(3.5). In Eq. (3.5) for Kr, the prefactor1/3)
has been applied. As one can see, for,G@d GH, both
curves practically coincide and they both are in very good
agreement with experiments. However, for Kr the GCS-DFT
model with the parametet, calculated with Eq(3.5), even
with the prefactof1/3), yields systematically lower values of
the surface tension as compared to experimental values. With
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Kr

30

20

p, mol-I"!

107

GCS model

50|

P, bar
W
o

20

FIG. 3. The saturated densitiop) and saturated pressufeottom) data for
krypton (Ref. 49 (symbolg with predictions of the GCS modéturves.

ko= k5™ the GCS-DFT predictions for Kr are in excellent
agreement with surface tension experimental data.

GCS model
O exp

T,K

IV. EXCESS ADSORPTION

In the asymptotic crossovéAC) RG model developed
earlier by Kiselev and co-worket$, the excess part of the

100 120 140 160 180 200 220

600 T
X% o
500
-~ 400f
[=)]
=<
3
T 300} C.H,
5 SPW EOS (2000)
GCS model
200
100

0
100

FIG. 4. The heat of vaporization as a function of temperature for ethylen
and krypton: Ref. 49symbolg with predictions of the GCS modéturves.

140 180 220
T.K
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25 T T T

GCS-DFT+ P
———= GCS-DFT+ xy(w)

o, mN-m™’!

0
100 140 180 220 260 300

T,K

FIG. 5. The surface tension data for carbon dioxXidef. 49, ethylene(Ref.
49), and krypton(Ref. 50 (symbolg with predictions of the GCS-DFT
model (curves.

Helmholtz free energy density in E(R.2) was considered in
the Landau—Ginzburg—Wilson form, which restricts its ap-
plication to the critical region only. Here, in the generalized
crossover for the excess adsorption, named the GC DFT
model, for the excess enerdyA in Egs.(2.2—(2.12 we use

the GCS modet’ Since the GCS mod&l incorporates the
nonanalytic scaling laws in the critical region and in the limit
p— 0 reproduces the ideal gas behavior, the GC DFT model
developed in this work reproduces the singular behavior of
the excess adsorption in the critical region and, unlike the
AC RG model'® can be also extended to the dilute-gas re-
gime. In order to apply the GC DFT to real physical systems,
all system-dependent parameters for the bulk fluid can be
taken from the GCS-DFT model, while the surface constants
b,gandhy; (i=0,1,2,...) should be found from the optimiza-
tion of the GC DFT excess adsorption data for the system of
interest.

The first system which we considered here was krypton
on graphitized carbon black studied by Finden&ydror
pure krypton we adopt the same GCS parameters as given in
Table I, while the surface constartigy, hqip, andh,; have
been found from a fit of the GC DFT model to experimental
data® Since for Kr the difference between the paramatgr
calculated with Eq(3.5 and «§*' is rather essential, it is
interesting to know how the uncertainty in the parameigr
influences the accuracy of representation of the excess ad-
sorption in this system. With this in mind, the constang,

h,q, andhy; have been optimized with two different values
of the parametek,. The excess adsorption was calculated
with Eq. (2.12, where the experimental—P coordinates
were transformed into th&—p coordinategneeded in Eq.
(2.12] using the GCS EO$3.4). We found that for excess
adsorption the exact value of the parametgrin the GC
DFT is not crucial, and in both cases, witly= xS and

ko= ko(w), very good agreement between the calculated
Salues and experimental data is observed. This means that, in

The crosses represent the values calculated with a new EOS for ethylene BfiNCiple, the parametex, in the GC DFT can always be

Smukalaet al. (Ref. 34.

estimated with the CS expressit5). However, in order to
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TABLE Il. Surface parameters for the GC DFT model.

C,H,/graphitized carbon

b1o hio hiy hi, 60 ' ' ! ' ‘ ' ' ‘
Kr/graphitized carboh 3.876 6.564 —2.414 i I:gsglg E
C,H,/graphitized carbon 6.623 9.861 0.806 50 O T=283.15K E
C;Hg/graphitized carbon 43.08 41.52 -99.51 ¥ T=293.15K
SFs/graphitized carbon 43.44 81.01 —103.8 B T=313.15K
CO, /Cygsilica 1.00 2.30 -12.0 I I ZLCDDr;gdf'KO(w) i
CO,/silica gel 1.414 5.121 —6.024 2.690 |

#Parameter,=0.15 determined from experimental surface tension data.

[/umolem™
W
o

n
o

keep physical self-consistency of the GC DFT model, we
have adopted the experimental vak{®'=0.15. The values
of the surface constants for Kr/graphitized carbon and other 10 ‘ ‘ '
systems considered in this work are listed in Table II. S ol

A comparison the GC DFT model predictions with the : '
excess adsorption isotherms obtained by Findeheds 0 — ' ‘ ' ‘

. . . . . 2 4 1 12
shown in Fig. 6. The solid and dashed curves in Fig. 6 rep- 0 0 0 &0 80 00 0
resent the values calculated with the simplified local density P, bar
(SLDS) model developed for _thIS S_yStem by SUbrahan'aq:IG. 7. Surface excess adsorption dékef. 35 (symbolg of ethylene on
et al> As one can see from Fig. 6, in general the GC DFTgraphitized carbon black as function of pressure. The solid curves represent
model gives better predictions for the excess adsorption, egke values calculated with the GCS-DFT model and the dot-dashed curves
pecially at near-critical and supercritical pressures at isogorrespond to the values calculated with the SLD mQBeI.Sl.The dotted
lines represent the vapor pressure of pusklfcalculated af =263.15 and

thermST: 25315 and 27315 K, Where the SLD mOEtWS- 273.15 K with the GCS EOS.
tematically underestimates the experimental excess
adsorption.

In Figs. 7 and 8 we show a comparison of the prediCtion$HET and SLD models give very similar results. However, in
of the GC DFT and SLD model for the excess adsorption Ofne critical region the GC DFT yields a more accurate and
ethylene(Fig. 7) andn-propane(Fig. 8 on graphitized car- physically self-consistent representation of the excess ad-
bon black with experimental data by Findenég@imilar o sorption than the SLD by Subrahanianal® This not an
the previous system, the surface constémts hyo, andhy;  ynexpected result. As we mentioned before, the SLD
in Eq. (2.8 for these systems have been found from theyogel~7 pased on the classical Peng—Robinson EOS, in
optimization of the GC DFT model to experimental data, butyyinciple cannot reproduce the nonanalytic singular behavior

with the parametek, calculated with Eq(3.5). As one can  f the excess adsorption in the critical region. Just as the
see, far away from the critical poirfat P<P.) both GC

. C4Hg/graphitized carbon
Kr/graphitized carbon : . i . i : i
20 T T T T T A T=273.15K
O T=253.15K 40 O T=828.15K .
& T=273.15K 0O T=343.15K
v T=298.15K |l ¢ T=363.15K 1
® T=323.15K smenmwen - SLD model
15 A T=348.15K — = GC DFT + x,(w)
B T=373.15K o 30
E
o —=
£ £
° | =3
g 10 - 20
s [
=~
5 |- S A s “a— 4 10
venmine 51D model
—— GCDFT + x,>°
P, ——— GCDFT+ kw oL
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FIG. 8. Surface excess adsorption d&af. 39 (symbolsg of n-propane on
FIG. 6. Surface excess adsorption déRef. 35 (symbols of krypton on graphitized carbon black as a function of pressure. The solid curves repre-
graphitized carbon black as function of pressure. The solid and dashesent the values calculated with the GCS-DFT model, the dot-dashed curves
curves represent the values calculated with the GCS-DFT model with difcorrespond to the values calculated with the SLD magef. 5, and the
ferent values of the parametey, and the dot-dashed curves correspond to dotted lines represent the vapor pressure of pyk;Calculated at the same
the values calculated with the SLD mod&ef. 5. temperatures with the GCS EOS.
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CO,/C,gsilica C0,/C,g-silica
50 : — ; : : T T T
] A Pp=Pc —— GCDFT + k()
,’ O T=313.156K i “ v mean-field
] 0 T=323.15K Tt == asymptotic scaling
sk / & T=303.15K | 300 \\ —— GC EOS+DFT; k=0
0 / ——. Kiselev et al. (2000) o \ 5, ® Kiselev ot al. (2000)
A —— GCDFT + k(e e o\ 4
s E
.E ] 200
S [
<
= 100

-4 -3 2 -1
log,q (T/T-1)

. . FIG. 10. Surface excess adsorption of £@n octadecyl-bounded silica

plpe along the critical isochore as a function of temperature. The symbols corre-
spond to the values generated with the AC RG model by Kiseteal. (Ref.

FIG. 9. Surface excess adsorption déRefs. 36 and 37 (symbolg of 10), and the solid and long-dashed curves represent the values calculated

carbon dioxide on octadecyl-bounded silica as a function of density. Thevith the GC DFT model witi(Ref. 27 and GC(Ref. 3§ equations of state,

solid curves the values calculated with the GC DFT model and the dasherkspectively.

curves correspond to the values calculated with the AC RG model by

Kiselevet al. (Ref. 10.

the asymptotic value of the excess adsorption along the criti-
Peng—Robinson EOS gives a singularity for the isobaric heagal isochorel'|,_, =To7~"*#) is smaller than in the AC
capacity, the SLD modét’ also yields a singularity fofF, RG model with all system-dependent parameters optimized
but with wrong classical critical exponent. The GC DFT to experimental data for this systéthBetter consistency
model, based on the GCS model, not only accurately debetween the GC DFT and AC RG models in the asymptotic
scribes excess adsorption in the regular region of the paraneritical region can be achieved by using for Cthe gener-
eters of state, but also reproduces the theoretically wellalized cubic EOS with a nonzero kernel term and parameters
established scaling law behavior for the excess adsorption ifound from a fit of experimentalP-V-T and Cp data® In
the critical region. this case(see the dashed curve in Fig.)1l@xcellent agree-

In order to prove this statement, we considered here thenent between the GC DFT predictions and the values gen-
carbon dioxide on octadecyl-bounded silica, {Gilica) sub-  erated with the AC RG model is observed down to reduced
strate, system which was also studied in our previous Work. temperatures=10"4-10"5,

In Fig. 9 we show the excess adsorption isotherms of carbon The last system, which we considered in this work, is
dioxide on octadecyl-bounded silica as functions of densityadsorption of hexafluoride on graphitized carbon black mea-
calculated with the GC DFT modéthe solid curveswith sured by Thommest al!! A comparison of the excess ad-
the AC RG modéf (the dashed curvesThe open and solid  sorption of Sk on graphitized carbon black calculated along
symbols in Fig. 9 represent the two different experimentala few supercritical isotherms calculated with the GC DFT
data sets obtained for this system by Strubinger ananodel with experimental dathis shown in Fig. 11. Excel-
Parchef®3” There is an obvious discrepancy between twolent agreement between the values calculated with the GC
data sets af =313.15K, but otherwise good agreement be-DFT model and experimental datds observed on all iso-
tween calculated values and experimental data is observetherms (from T=313.18K to T=343.52K) in the entire
As one can see from Fig. 9, at densitiesQ$&p=<1.6p, density range &p=<2.0p.. The dashed curves in Fig. 11
both the GC DFT and AC RG models give very similar pre-represent the values calculated with the AC RG mdtiak
dictions. There are no excess adsorption experimental datme can see, in the rage of validity of the AC RG model good
for this system along the critical isochore of €Orherefore, agreement between the calculated values and experimental is
in Fig. 10 we show a comparison between the predictions oélso observed. However, a completely different scenario ap-
different theoretical modelg&he curves and data generated pears in Fig. 12, where we show a comparison of the calcu-
at the critical isochore with the AC RG mod&(solid sym-  lated values for the excess adsorption along the critical iso-
bols). As one can see, at 16<r<10"! the GC DFT and chore with experimental values by Thomnetsal!* As one

AC RG models practically coincide, but a&<10 3 the GC  can see, similar to the G@ilica system both the GC DFT
DFT model predicts systematically lower values than thoseand AC RG models predict monotonically increasing behav-
generated with the AC RG model. The reason for this is thator of the excess adsorption at—T., which at 7—0 di-

for calculating the thermodynamic potential in the GC DFTverges ad <7~ **#, while experimental data exhibit a com-
model we use the GCS EOS with the kernel termr k() pletely different behavior. The excess adsorption in this
=0 and all system-dependent parameters expressed as egystem increases only down to a reduced temperature of
pirical functions ofw, Z., andM,,. As consequence, in the =0.01 (AT=2 K), but thenI" decreases sharply on ap-
GC DFT model the critical amplitudE, (which determines proachingT.. In principle, experimental data for the excess
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SF¢/graphitized carbon tion observed in experimeft, a finite-geometry effect
40 , , | . | , should be incorporated into the GC DFT model for a semi-
A T-313.18K | infinite system.
B T=30784K
O T=34352K ]
O T=33069K
30| X ek : V. SIMPLIFIED CROSSOVER DROPLET MODEL
™ ® T=319.34K
|5 T o et on In this paper, the effect of finite geometry on the critical
E ] adsorption in a slit pore has been incorporated into the GC
2 2 = DFT in a framework of the so-called droplet model of the
= < ) critical state. In the droplet model, a fluid near the critical
point is considered as an “ideal gas” of homogeneous liquid
. s ] droplets with the droplet radius equal to the correlation
10 s SRR AN ] length of a bulk fluid at a temperatufe and densityp, r
' ) ‘ . =£,(T,p).2%*°The number of dropletsy, in the volumeV

] in this case is proportional t@V/gﬁ and, consequently, the
excess free-energy density

. NkgT
AA= —2

2.0

kg T/ &3, (5.9

PP

FIG. 11. Surface excess adsorption déRef. 1) (symbol$ of sulfur According to the scaling theory of the critical

hexafluoride on graphitized carbon black as a function of density. The SOIiCE)heﬂomeﬂélAz the correlation Iengthfb and excess free-
curves represent the values calculated with the GC DFT model and th ' ~

dashed curves correspond to the vales calculated with the AC RG model by1€r9Yy de.nSityAA can be ex.pressed in the ViCir_“ty of the
Kiselevet al. (Ref. 10. critical point of a fluid as universal scaled functions of the
scaled argument= 7/| 7|?:

adsorption along the critical isochore for theg&ffaphitized E=77"F(x),  AA=|7|>f5(x). (5.2
carbon systgﬁ’f can be described with the GC DFT and AC Along the critical isochoref,(0)=&, and fA(0)=a,, and
RG models if we assume that the surface paranieigrO  Eqs (5.1) and (5.2) lead to the so-called hyperscaling rela-
(see the dotted curve in Fig. L2But in this case, as was tjgn 3y=2— o or, in d-dimensional space,

shown in our previous work® the theory fails to reproduce

the excess adsorption isotherms shown in Fig. 11. In order to 5.3

treat properly the anomalous behavior of the excess adsorgzhich appears to be more fundamentfr a review see

dv=2—-a,

SF¢/graphitized carbon

20707

u

1
\
\\ —— GO DFT + ky(w)
\ ==+ h,,>0 (Kiselev et al., 2000)
N e h,,=0 (Kiselev et al., 2000)

FIG. 12. Surface excess adsorption déRef. 11 (symbolg of SF; on

5 10 15
AT=T-T,, K

N

0

Refs. 30 and 3lthan the simple physical arguments which
we used here in its derivation. This encouraged us to apply
the droplet model for the analysis of the critical adsorption in
a slit pore.

The density profile in a slit pore, which physically cor-
responds to the droplet model given above, is schematically
shown in Fig. 13. The solid curve in Fig. 13 corresponds to
case 1, when the correlation length is much smaller than the
distance between walls in the pogg<L/4. In this case, the
density at the center of the porezat|=L/2 is equal to the
density of the bulk fluid at the given temperature and pres-
sure,p;=pp(T,P), and a slit pore is physically equivalent to
a semi-infinite system. In case 2, marked in Fig. 13 by the
dashed curve, the correlation length is still smaller than
£o<<€p<L/4, but the density,=p(L/2) at the center of the
pore is not equal to the bulk densipy,, p1>p,>py. The
conditions(2.6) in this case should be written in the form

d?p

azl,

z=L/2

(z=LI2)=p;> (dp) (
p(Z= =PI~ Pb s =
dz z=L/2

(5.4
and Eq.(2.12 for the surface excess adsorption in a slit pore

graphitized carbon black along the critical isochore as a function of temshould be replaced by
perature. The solid curve corresponds to the values calculated with the GC

DFT model, and the dashed and dotted curves represent the values calcu-
lated with the AC RG model by Kiselegt al. (Ref. 10 with h,;>0 and

h,,=0, respectively.

B (p—p1)

Pl
) ko 5
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0 L2 L dp d
| Pi
n ! . ! —| =|—| =o. 5.9
2 ( dx) ( dx) .9
x—0 X— 0

The excess adsorption is calculated in the SCD model with
Eq. (5.5, where the surface densipy is determined from
the solution of Eq(2.8) for a semi-infinite system, and for
the correlation length in Eq(5.7) we use the Ornstein—
Zernike approximatiott

P(2)-py(P.T)

PPy . CoxT
T &p= — (5.10
- Xo
P=p,
ot T I\ 2 T T
0.0 0.5 1.0 1.5 2.0 where the parametey, is calculated with Eq(2.10 gndxg
z/(L/2) is the asymptotic amplitude in the power Iawr|p:pC

_t -y . . . C.
FIG. 13. Schematic representation of the density profile in arbitrary units as—XO T for the dimensionless isothermal CompreSSIbIIIty

_ —2——1 e
a function of the distance from the wall in a slit pore of size XT_PT(aPMP)TE)cPc T.* along the critical isochore
=p. of a bulk fluid at7— +0.

To test this model we the excess adsorption of S
graphitized carbon black experimentally studied by Thom-
In the case when the correlation lengif=L/4, shown  meset al!* At temperaturesT<T, and AT=5 K the SCD
in Fig. 13 by the dot-dashed curve, the dengityn Eq.(5.5  model predictions for Sffigraphitized carbon system practi-
becomes very close to the surface dengiffp;—p1) and,  cally coincide with the values calculated with the GC DFT
as a consequencE—0. At fixed temperaturd, the condi-  model and, therefore, are not shown in Fig. 11. The results of
tion £,=L/4 along the critical isochorg,= p. is achieved at  gyr calculations of the excess adsorption in a slit pore with in
in a slit pore with sizd. <4&,7" " or in the pore with a fixed  comparison with experimental data along the separate isoch-
size L at the reduced temperaturess(4x,/L)"". Estima- ores as a function of temperature obtained for
tion of the characteristic size of the pore with the equation SFy/graphitized carbon system by Thommesall' are
L =dggr.” (5.6 shown in Figs. 14 and 15. The solid curves in Figs. 14 and 15
¢ of1 ' represent the values calculated with SCD model with
where 7,=0.01 is the reduced reentrant temperature ob=50nm and all other parameters as given in Table Il. The
served in the experime]ﬁtandgozo_l5_o_2 nm is a reason- dot-dashed and dashed curves Correspond to the values cal-
able estimate for pure %#3yie|ds|_c:50_70 nm, which is culated with the GC DFT and AC RG models the semi-
close to the valué..=31nm reported by Thommeat al}®  infinite systems, respectively. As one can see, along the criti-
Taking into account the uncertainty in determination of thecal isochore atAT=5K(7=0.02) the excess adsorption
parametersr;, &,, and the characteristic side, itself, we  calculated with the SCD model coincides with the GC DFT
contend that this prediction is very good. model predictions for a semi-infinite system. However, at
In order make predictions using the droplet model forAT=2K, unlike the GC DFT and AC RG predictions, the
the excess adsorption in a slit pore more quantitative an@xcess adsorption calculated with the SCD model passes a
accurate, one needs to know an explicit dependence of tHeaximum and, in agreement with experimental data, goes to
densityp, on L and ¢, . This function cannot be obtained in zero asT—T. (7—0). The predictions of the SCD model at
the framework of the droplet model by itself, and a moreother subcritical and supercritical densities are shown in Fig.
rigorous renormalization-group theory should be used fo5. As one can see from Fig. 15, the predictions of the SCD
this purpose. However, the RG equation for the order parammodel at other densities are also in excellent agreement with
eter profile in this case can only be solved numerically€xperimental data. At densitiggp.=1.2 and 1.3 the excess
which makes the calculations of the excess in a slit pore wittRdsorption calculated with the SCD model increases only
Eq. (5.5 rather complicated. Therefore, in the simplified Slightly as the saturated temperatufg(p) is approached,
crossover dropletSCD) model developed in this work, for While at subcritical densities, ai/p.=0.7 and 0.8," in-

this function we chose here a simple phenomenological excreases sharply a—Tg(p). Agreement between the SCD
pression model and experimental data for noncritical isochores is

even better than for the AC RG mod8lwhich was specifi-
cally optimized for these data.

Another confined system considered here is adsorption
o ) ] ] ] of carbon dioxide on the silica gel, which is an adsorbent
which is consistent with the physically obvious boundaryyith a broad pore size distribution ranging from micropores
conditions for the density in the center of the pore, of 0.8 nm to 16 nm. An experimental and theoretical study of
this system was presented recently by Mazzotti and
co-workers***> The quantity measured in the experinfént
and its first derivatives: was the excess adsorptiof* defined as

X2

p|=pb—(pb—p1)tan|‘(m), x=4&,/L, (5.7

pi(Xx—=0)=py, p(X—2)=py, (5.9
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SF¢/graphitized carbon SF4/graphitized carbon
20 T |-‘ T T T T T T T T T T 40 1l T T T T T T T
A e v plp,=0.7 ]
4 E c .
\ 351 O p/p=0.8 —
15} | O plp=1.0 4
N 5 30t B p/p=1.2 i
'E o ¥ plp=13
KN 'E [ —=- Kiselev et al. (2000) |
g 101 ¢ £ 25T —— SCD model; L=50 nm
=. g |
—~ B == Kiselev et al. (2000) ] =
5 vmrm GC DFT model
= SCD model; L=50 nm

AT=T-T, K

FIG. 15. Surface excess adsorption isochdResf. 11 (symbols of SK; on
graphitized carbon black as a function of temperature. The solid curves
correspond to the values calculated with the SCD model and the dashed
curves correspond to the values calculated with the AC RG model by
Kiselevet al. (Ref. 10.

T, pmolem

0 ‘ . . Vit=0.74 mL/g, L;=0.8 nm, L,=16 nm, (5.13
-4 -3 -2 -1
log,o(T/T,-1)

while the parameters

X1,=0.040, x,,=0.765, L3=2.9 nm, (5.19
FIG. 14. Surface excess adsorption déRef. 1) (symbolg of SR, on  as well as the surface constants in E218), have been found
graphitized carbon black along the critical isochore as a function of tem

; : Lo . from the optimization of the SCD model to experimental
perature in normaltop) and semilogarithmic scalébottom). The solid )
curves correspond to the values calculated with the SCD model, the do@@ta. The values of the surface parameteys and hy; (]

dashed curves represent the GC DFT model predictions, and the dashed0—2) for this system are listed in Table II.

curves correspond to the values calculated with the AC RG model by Comparison of the predictions of the SCD model with
Kiselev et al. (Ref. 10.

experimental data for C{silica gel obtained by Di Gio-
vanni et al* is shown in Fig. 16. Since the adsorption iso-

ex— 1 f F) —
f  Msgrp Vtot[p(r) ppldV CO /silica gel
9 9 .
_ Vo A o 1dV (5.1 2 T et
Vit Ju P 7 PeldY, ' ’ SEIE | e Sy
70 . T 7 S T
wheremg,,, is the mass of the adsorbent particle with the A Tmetss A Tretse
pore volumeV,, and specific pore volume o= Viot/Msorp- ng 6 3 Imeass di 3 e |
In order to apply the SCD model for calculation of this quan- g 5 5 T fetemodd!
tity, one needs to specify the geometry and size distributionf. 4r 4t ¥
of the pores. In this work, silica gel was described as a po-c ey '
rous media with one-dimensional slit pores of three different / y
widthsL, with volume fractionx,, , L, with volume fraction 2 i 28
X5, , andL s with volume fractionxs,=1—X;,—Xo, . In this 1§
case, the excess adsorptiof¥ can be written in the form ol

neX=

S (2T
( ! Utot (512

Ly x —
;1 L; pl|)x|u Po

FIG. 16. Excess adsorption isitherrtRef. 44 (symbols of CO, on silica
wherel; is the surface excess adsorption in the pore of sizgel as functions of pressutteft) and density(right). The solid curves cor-
L; calculated with Eq(5.5). For the specific pore volums respond to the values calculated with the SCD model and the dashed curves
i 9. ot

. k correspond to the values calculated with the lattice DFT model by Hocker
and merging pore Sizéls; = L yin and L, =Ly We adopted et al. (Ref. 45. The dotted line represents the vapor pressure of pure bulk
the values obtained by Hochet al.*® CO, calculated aff =294 K with the GCS EOS.
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COysilica gel The GC DFT model for the excess adsorption in a semi-
T T T infinite system, similar to the AC RG mod®fails to repro-
151 Po=Pc duce the “critical depletion” observed in experiment and at-
| tributed to the effect of confined geometry on the near-
9 1 critical fluid 2517
> In order to overcome this shortcoming of the GC DFT
< 11 L
g model, we developed here a simplified crossover droplet
E o 1 model for the surface excess adsorption of pure fluids in a
& . slit pore. The finite-geometry effect has been treated in the
rd S g’gD model SCD model, as a density profile deformation, which appears
i i in a slit pore when the sizk of the pore becomes compa-
51 rable with the correlation length of a bulk fluig,. In the
. . large pore withL>¢,,, the SCD model is transformed to the
3 5 4 3 2 1 GC DFT model for a semi-infinite system. We realize that in
log(T/T 1) a more rigorous theoretical approach the specific finite-

scaling effect® and the dimensional renormalization of the
FIG. 17. Excess adsorption of G@n silica gel along the critica_l isochore effective critical exponenfg from the three-dimensional val-
e et e oo v S0, all=,, 10 the two-dimensional values, A=,
model. should be taken into account. However, even in its present
form, the simplified crossover droplet model does qualita-
tively explain a “critical depletion” of the excess adsorption
therms measured by Di Giovanei al.™ are presented in the observed in the Sfgraphite system and yields an excellent
pressure and density variables, the SCD model predictionguantitative description of all critical adsorption data ob-
are also shown in Fig. 16 as functionsibéndp. The dashed tained for this system and G@ilica gel system as well.
curves in Fig. 16 represent the values calculated for this sys-
tem with the lattice DFT model by Hochet al*® As one  ACKNOWLEDGMENT
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