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Abstract We analyze argon adsorption isotherms and isos-
teric heat of adsorption on graphitized and nongraphitized
carbon black and silica surfaces by means of nonlocal den-
sity functional theory (NLDFT). It is shown that in the case
of graphitized carbon black the behavior of the adsorbed
phase is nearly identical to that in the bulk phase at a dis-
tance larger than about 3-4 molecular diameters from the
surface. At a smaller distance argon forms solid-like mole-
cular layers at a temperature at least 3.5 K above the triple
point, with the interlayer distance being markedly smaller
than the argon collision diameter. In the case of defected
or amorphous surfaces adsorbed argon is liquid-like below
its triple point. Our extension of the Tarazona NLDFT to
amorphous solids (NLDFT-AS) and the Kierlik and Ros-
inberg version of NLDFT excellently fit argon adsorption
isotherms and properly predict the isosteric heat of adsorp-
tion. We showed that the surface roughness affects the cal-
culated heat of adsorption, which allowed us to adjust the
width of the diffuse zone of the nongraphitized carbon black
and the silica surface.
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1 Introduction

The surface structure is known to substantially affect the be-
havior of adsorbed gases, which is reflected in adsorption
isotherms and heat of adsorption. It is important to know
features of the adsorbed phase to ensure the correct descrip-
tion of the mechanism of adsorption and its subsequent ex-
tension to adsorption in pores of different shape and charac-
terization of porous materials. Promising results have been
recently achieved using molecular approaches like Grand
Canonical Monte Carlo (GCMC) simulations and nonlocal
density functional theory (NLDFT). However, some sub-
stantial discrepancies between theoretical end experimental
results even in such simple systems as N, or Ar-graphitized
thermal carbon black (GTCB) still remain, indicating that
the detailed mechanism of adsorption is not completely un-
derstood (Olivier et al. 1994; Ustinov and Do 2004). This
motivated invoking empirical correction of the intermolec-
ular potential induced by the GTCB surface (Olivier 1995;
Ustinov and Do 2004; Do et al. 2004). Later on (Do and Do
2007) the deviation of the predicted adsorption isotherms
from experimental data was attributed to polarization of ad-
sorbed molecules by quadrupoles located on the graphite
surface. In the case of N, or Ar adsorption on nongraphi-
tized carbon black and silica surface, the standard NLDFT
model fails to fit the experimental isotherms properly, which
stimulated attempts to extent NLDFT to amorphous sur-
faces. Thus, we modified the Tarazona version of NLDFT to
account for random spatial distribution of solid atoms and
their contribution to the smoothed density near the surface
(Ustinov et al., 2005, 2006, 2007). We named the developed
version nonlocal density functional theory for amorphous
solids (NLDFT-AS). Recently the quenched solid density
functional theory (QSDFT) based on the fundamental mea-
sure theory (FMT) and the idea of the solid—fluid binary
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mixture was developed for the case of adsorption on amor-
phous solids (Ravikovitch and Neimark 2006). Both ap-
proaches excellently describe the adsorption isotherms with
no need to resort to additional energy distribution function,
say, in the framework of the patchwise model, meaning that
usual energetic heterogeneity of amorphous solids is embed-
ded in the models. In order to further test the approaches, in
the present paper, we compare experimental and predicted
isosteric heat of argon adsorption on nongraphitized carbon
black and silica surface. The ultimate goal of this paper is to
characterize the state of the adsorbed argon on smooth and
rough surfaces.

2 Model

The basis of density functional theory is comprehensively
described in the literature. In the case of open system the
fluid density distribution at a given chemical potential u and
temperature 7 corresponds to the minimum of grand ther-
modynamic potential, 2. Since in our case, the density p of
the gas adsorbed on the open surface is assumed to change
only along the direction z normal to the surface, the condi-
tion of minimum €2 can be written as follows:

kT In[A° p(2)] + W[p()]+2j @ulp )]+ V(2) — n =0

ey

Here V[p(2)] = §Fex[p(2)]1/8p(2) is the functional deriv-
ative of the excess Helmholtz free energy F,[p(z)] with
respect to local density p(z); u[p(z)] is the attractive inter-
molecular potential; V(z) is the external potential exerted
by the solid; A is the de Broglie wavelength. The correcting
function j(z) was introduced by Olivier (1995) to increase
the description ability of NLDFT. In the standard NLDFT
j(2) =1 by default.

The excess Helmholtz free energy models the repulsive
(reference) component of the intermolecular potential of in-
teraction, being a function of a weighted average (smoothed)
density p(z). The difference between different versions of
NLDFT lies in the way of definition of the smoothed den-
sity and the Helmholtz free energy. In the present paper we
use the Tarazona (1985) smoothed density approximation
(SDA) for all types of surfaces and the Kierlik and Rosin-
berg (1990) NLDFT in the case of amorphous surface. The
attractive component of the intermolecular potential u[p(z)]
is defined according to the conventional Weeks, Chandler,
and Andersen (WCA) perturbation scheme (Weeks et al.
1971) in the framework of the mean field approximation.
Following Neimark et al. (1998), we use the assumption
of constant value of the equivalent hard sphere diameter
dys independent of temperature. Then, because the excess
Helmholtz free energy is proportional to the temperature, it
contributes only to the entropy of the system. Equation (1)
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can be solved at a given chemical potential (or bulk pres-
sure, p) and temperature to yield the density distribution
over the adsorbed phase with an iteration procedure. Once
the density distribution has been determined, one can calcu-
late the amount adsorbed, yielding the point of the isotherm.
The function j(z) can be determined by the least squares fit-
ting using Tikhonov regularization technique (Tikhonov and
Arsenin 1977).

2.1 Heat of adsorption

There are two equivalent ways to determine the isosteric
heat of adsorption ¢ The first one corresponds to the
Clausius—Clapeyron equation and can be written as follows:

dlnp
gst = RT Z( ) @)
: T/,

Here Z = p/(p8RT) is the compressibility, p8 is the bulk
density. The derivative in the RHS of the above equation is
taken at a specified amount adsorbed a. According to the
second way, the heat of adsorption is determined via the
partial derivative of the internal energy with respect to the
amount adsorbed and can be represented as (Ustinov et al.
2006)

_ 8 g sl ,0( /)
gse =u®+p/p —/{ZJ(Z Julp(@1+ V(@) ——

// dp(2’ ) 3)

Here u$ is the molar potential energy in the bulk phase, usu-
ally negligibly small in its absolute term. We used (3) to
calculate heat of adsorption after the function j(z) and the
solid—fluid potential had been determined by fitting the ex-
perimental isotherm. Note that in this case we do not need
experimental isotherms measured at different temperatures.
In order to determine the heat of adsorption directly from
experimental data, we used (2) or, assuming the linear de-
pendence of logarithm of the pressure on the inverse tem-
perature,
~ In(p2/p1)

4t = RT']LZ T —T)) )
Subscripts 1 and 2 correspond to the lower (77 K) and
the higher (87.3 K) temperatures at which two adsorption
isotherms were measured.

2.2 The case of amorphous solid
2.2.1 Extension of the Tarazona SDA
We extended the Tarazona SDA to the case of adsorption

of gases on amorphous solids by accounting for the con-
tribution of solid atoms to the smoothed density at a small
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distance from the surface (Ustinov et al. 2005). In this case,
the repulsive component of the solid—fluid potential appears
as an additional increase of the Helmholtz free energy near
the surface, while V (z) is operated as the attractive com-
ponent determined from the experimental isotherm by the
least squares. Hence, the model uses similar assumptions on
the fluid—fluid and solid—fluid interactions and considers the
solid and the adsorbed gas as two disordered parts of a bi-
nary system from the same standpoint. It was shown (Usti-
nov et al., 2005, 2006, 2007) that energetic heterogeneity
of the amorphous surface is naturally accounted for in the
NLDFT-AS. Additionally, we introduced a structural het-
erogeneity (surface roughness) as a diffuse zone, where the
solid density gradually changes from ,o(()s) inside the solid to
zero according to the error function

P (2) = pSerfelz/(v/28)] (5)

Here § is the standard deviation, which is a measure of the
surface roughness.

2.2.2 Kierlik and Rosinberg NLDFT

Kierlik and Rosinberg (1990) developed an alternative ver-
sion of nonlocal density functional theory dedicated to mix-
tures of gases. Therefore it is natural to consider amorphous
solid as a component of the binary gas—solid mixture in
the framework of the idea of the quenched—annealed sys-
tem (Ravikovitch and Neimark 2006). The authors called
their approach based on extension of the Rosenfeld theory
(Rosenfeld 1989) quenched—solid density functional theory
(QSDFT). In the case of Kierlik—Rosinberg scheme one can
call the approach QSDFT-KR. The excess Helmbholtz free
energy in this theory is expressed as

Fuxllpi}] = / B {rq (0)}1dr ©)

Here @ is the excess Helmholtz free energy density of a uni-
form hard sphere mixture; i is the number of component of
the mixture; ny(r) (¢ =0, 1,2, 3) are weighted densities.
The exact expressions for ® and weighted densities can be
found elsewhere (Kierlik and Rosinberg 1990). Like in the
NLDFT-AS, the excess Helmholtz free energy is a function
of density distributions of solid atoms and adsorbed mole-
cules. Therefore, technically, the application of QSDFT-KR
and NLDFT-AS to the gas adsorption on amorphous solids
is quite similar.

2.3 Molecular parameters used in the NLDFT versions

There are three molecular parameters of the fluid—fluid in-
teraction, namely, the potential well depth, &g, the collision
diameter, oy, and the hard sphere diameter, dys. These pa-
rameters can be determined at a given temperature with the
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Table 1 Molecular parameters for Ar 87.3 K
ep/k  of dns e/k oy
X (nm) (nm) X (nm)
NLDFT-AS 11698 03317  0.33802  57.650  0.33901
QSDFT-KR  114.14  0.3335 0.33558 - -

reference data on the saturation pressure, pg, the density of
liquid, py at the saturation pressure, and the surface ten-
sion, y. The hard sphere diameter dygs and the group sﬂaﬁ%
are easily determined from homogeneous bulk phase prop-
erties. To split the group eﬁ'aﬁ;’c into & and oy, we modeled
the vapor-liquid interface in close box (canonical ensemble)
having length of 15dgs. The solid—fluid molecular parame-
ters (¢4 and oyr) were determined only for the case of ar-
gon adsorption on GTCB from the Henry law region of the
adsorption isotherm and the Lorenz—Berthelot mixing rule,
respectively. We did non need to determine those parame-
ters for the case of argon adsorption on amorphous solids
because instead, the whole attractive component of the gas—
solid potential was evaluated by the least squares technique.
However, in that case the solid atom hard sphere diameter
dl(;s) was required. We proceeded from the assumption that

d 1(;5) should satisfy the requirement of zero value of the ex-
cluded volume inside the solid far away from the surface,
which is equivalent to the condition

S i) ey = ™
The values of ,o(()s) were assumed to be 114 nm—> for non-
graphitized carbon black and 66.2 nm™3 for silica (ac-
counting only oxygen atoms). This yields 0.2559 nm and
0.3068 nm for the hard sphere diameter of solid atoms in the
case of carbon black and silica, respectively. Other molecu-
lar parameters are listed in Table 1.

3 Results and discussion
3.1 Adsorption of argon on graphitized carbon black

In this section we consider argon adsorption on graphitized
carbon black surface at two temperatures close to N, and
Ar boiling points. Figure 1 shows experimental Ar adsorp-
tion isotherm at 77 and 87.3 K on GTCB Carbopack F
having the BET surface area of 6.16 m?/g (Gardner et al.
2001). Note that the abscissa indicates the absolute pres-
sure. The dashed line is a result of application of the clas-
sical Tarazona NLDFT at 87.3 K. One can see from the
figure that calculated adsorption isotherm has a prominent
shoulder around 100 Pa before the molecular layer comple-
tion, whereas the experimental isotherm is quite smooth in
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Fig. 1 Argon adsorption isotherm on graphitized carbon black Carb-
pack F (Gardner et al. 2001) in logarithmic scale (a) and lin-
ear scale (b). Temperature (K): (®) 77, (O) 87.3 K. The dashed

that region. Similar peculiarity is observed in GCMC sim-
ulations, which is believed to be due to the effect of po-
larization of adsorbed molecules, which is not accounted
for in the model. One more disappointing deviation from
the experimental adsorption isotherm is seen in Fig. la in
the pressure region between 10° and 10* Pa (monolayer
coverage). This seems insignificant because of the loga-
rithmic scale for loading, but, in fact, NLDFT underesti-
mates the amount adsorbed by about 12%. Of course, this
deviation could be reduced by increasing the specific sur-
face area S of the GTCB, but in this case the predicted
amount adsorbed would be overestimated in the region of
multilayer coverage. In any case, the standard NLDFT fails
to describe the experimental isotherm properly. This diffi-
culty can be overcome with the function j(z) introduced
by Olivier (1995). We recalculated the function in the re-
gion of distance z up to 12dys (Fig. 2) for three val-
ues of the specific surface area (m2/g): 6.16 (Sggr), 6.776
(1.18gT), and 7.392 (1.25pgr). One can see from the fig-
ure that the function j(z) is smaller than unity at a dis-
tance smaller than 1.13dyg, i.e. the intermolecular poten-
tial is weakened in this region, presumably due to the po-
larization effect. Further increase of j(z) in general may re-
flect either strengthen of the intermolecular interaction, or
the entropy drop of the system (i.e. the excess Helmholtz
free energy) due to some molecular ordering or 2D so-
lidification. The latter could be a reason why the exper-
imental amount adsorbed at the monolayer coverage ex-
ceeds the predicted value. Such an ordering in the sys-
tem Ar and Nj-graphite surface is indicated with differ-
ent not only adsorption-based methods (Kjems et al. 1976;
Chan et al. 1984; Youn and Hess 1990).

Introducing the correcting function j(z) in the model
substantially changes the density distribution of adsorbed
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and solid lines corresponding to 87.3 K are plotted with the stan-
dard NLDFT and NLDFT with the correction function j(z) (Olivier
1995)
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Fig. 2 The function j(z) for the system Ar-GTCB Carbopack F
at 87.3 K. The solid, dash, and dotted lines are calculated for
the surface area equal to Sprr, 1.1Sper, and 1.2Sggr, respectively.
SBET =6.16 m2/g

argon at the graphite surface. Figure 3 presents Ar density
distribution calculated at the saturated pressure and 87.3 K
with the original Tarazona NLDFT (Fig. 3a) and account-
ing for the correcting function for the three values of surface
area (Fig. 3b). The ordinate axis indicates the dimension-
less density p(z)/pr, where pr is the bulk liquid density.
In the former classical case the adsorbed argon has a promi-
nent layering structure, with the distance between neighbor-
ing density peaks being very close to the Ar—Ar collision
diameter o (~dys). This is expected because a structure-
less 2D layer exerts a secondary potential field having min-
imum exactly at a distance of one collision diameter. The
situation drastically changes in the latter case of accounting
for the function j(z) (Fig. 3b). As is seen from the figure,
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Fig. 3 Density distribution of argon adsorbed on the graphitized car-
bon black surface Carbopack F at the saturation pressure and 87.3 K
calculated with the original Tarazona NLDFT (a) and NLDFT ac-

the interlayer distance is much less than the collision diam-
eter. The average interlayer distance over the first five layers
is about 0.60y (S = Sgger). This points out to a correlated
spatial packing of molecules in neighboring layers, which is
to some extent associated with the closest packing of hard
spheres. As is known, in that case the interlayer distance is
/2/3dys ~ 0.816dys. Besides, the adsorbed phase under-
goes the compression due to the external solid—fluid poten-
tial having the form of a potential well (the repulsive force
acting from the surface is dominant at the position of the first
molecular layer, whereas other layers are in the attractive
part of the potential field). This is the reason of further re-
ducing of the interlayer distance compared to 0.816dys. The
increase of the specific surface area compared to Spgr leads
to the decrease of the adsorbed argon density, making the ad-
sorbed phase closer to the bulk liquid. Indeed, the first and
the second density peaks merge into one peak at the surface
area enlarged by 20% (the dash-dot line), but the interlayer
distance is still markedly less than the collision diameter.
The above analysis is not rigorous because any molecular
ordering in 2D layers cannot be described with 1D NLDFT
model, but nevertheless, the correcting function j(z), being
empirical one, does not destroy the basic thermodynamic
principle underlying the theory, namely, the condition of
minimum of the thermodynamic functional. On the other
hand, the function j(z) allows us to quantitatively describe
the adsorption isotherm, which is a necessary condition for
adequate representation of the adsorption mechanism.

The isosteric heat of adsorption calculated by (4) (the
solid line) with two experimental adsorption isotherms mea-
sured at 77 and 87.3 K (see Fig. 1), is presented in Fig. 4. In
the first molecular layer region the heat of adsorption rises
with loading due to the increase of the potential of inter-

(b)

Ll
=

plp,

®eceecencescescesas
TEvvevesessatata Lo

counting for the correcting function j(z) (b). Lines are plotted for the
same conditions as in Fig. 2

14

-
N
1

-
o
!

Heat of Adsorption (kJ mol™)
[e ]

Amount Adsorbed (umol m?)

Fig. 4 Isosteric heat of Ar adsorption on GTCB Carbpack F (solid
line) at 87.3 K determined from adsorption isotherms at 77.35 and
87.3 K (Gardner et al. 2001) with (4). The dash line is plotted
with the Tarazona NLDFT and the function j(z). Lower and up-
per horizontal dash-dot lines indicate the heat of evaporation, A Hy
(6.52 kJ/mol), and heat of sublimation, A Hg (7.7 kJ/mol), respectively.
The dash-double-dot line denotes the fictitious heat of phase transition
AH’ = 7.40 kJ/mol (see the text). The circle shows the region of 2D
phase transition

molecular interaction, which is a commonly known regu-
larity. The onset of formation of the second layer located
at a position, where the external potential V (z) is signifi-
cantly smaller in absolute term compared to the potential
minimum, results in the sharp drop of the heat of adsorption,
but it is interesting to observe a sudden spike at a loading of
13.4 umol/g. The same spike was observed in calorimetric
measurements of argon and nitrogen adsorption on graphite
by Rouquerol et al. (1977). The authors attributed this spike
to a degenerated first order phase transition, which confirms
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the above semi-quantitative conclusion about the 2D molec-
ular ordering (solidification) above the triple point and coor-
dination in spatial arrangement of molecules in neighboring
layers.

The dashed line in Fig. 4 is the prediction with the
NLDFT accounting for the correcting function j(z) pre-
sented in Fig. 2 for § = Spgr. The agreement with exper-
imental data seems only fair mainly due to quite large de-
viations in the multilayer coverage. The predicted isosteric
heat of adsorption tends to the heat of evaporation A Hy
(=6.52 kJ/mol) as expected. On the other hand, the ex-
perimental heat determined from two adsorption isotherms
with the Clausius—Clapeyron equation asymptotically tends
to 7.38 kJ/mol, which is closer to the heat of sublimation
A Hg (=7.7 kJ/mol) rather than to A Hy. However, it does
not mean that the adsorbed argon is solidified even in sixth
or seventh molecular layer from the graphite surface. It is
necessary to take into account that the triple point for ar-
gon is 83.78 K which is between the nitrogen and argon
boiling points. The dependence of logarithm of the satu-
rated pressure on the inverse temperature is usually very
close to the straight line, but this line has a kink at the triple
point. It means that the straight line drown trough the two
points below and above the triple point would have a slope
greater than that corresponding to the vapor-liquid coexis-
tence and smaller than that determined for the vapor—solid
region. This gives a fictitious heat of the bulk phase tran-
sition AH’. In the case of argon the fictitious heat AH’ is
7.40 kJ/mol, which completely coincides with the asymp-
totic heat of adsorption measured experimentally using (4).
What this means is that at a distance larger than roughly 3oy
from the graphite surface (starting from approximately fifth
molecular layer) the adsorbed argon behaves like the bulk
condensed phase placed in a weak external potential field,
i.e. the adsorbed argon is solid and liquid below and above
the triple point, respectively.

3.2 Adsorption of argon on nongraphitized carbon black

The surface of nongraphitized carbon black significantly dif-
fers from that of graphite, which usually appears in non-
linear adsorption isotherm at low bulk pressures and a
monotone decay of the heat of adsorption with loading. Such
a feature is associated with surface heterogeneity and there-
fore requires application of a distinct approach. In this sec-
tion we consider adsorption of argon on NGCB Cabot BP
280 graphitized carbon black surface at N (77 K) and Ar
(87.3 K) boiling points (Gardner et al. 2001). The BET sur-
face area reported by the authors is 36.25 m?/g (the average
of two values of the BET surface area determined at 77.35
and 87.3 K). The isotherms are depicted in Fig. 5. For com-
parison the dashed and dash-dot lines in the figure present
Ar adsorption isotherms on GTCB Carbopack F at the same
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Fig. 5 Argon adsorption isotherms on nongraphitized carbon black
Cabot BP 280 (Gardner et al. 2001) at 77 (@) and 87.3 K (O). The
solid line at 87.3 K is calculated with the NLDFT-AS approach. The
dash-dot and the dashed line are adsorption isotherms of argon on
GTCB at 77 and 87.3 K, respectively

V(z)/KT

p(S) /pO(S)

Distance (nm)

Fig. 6 The attractive solid—fluid potential in the system Ar-NGCB
Cabot BP 280 determined with Ar adsorption isotherm at 87.3 K us-
ing NLDFT-AS (/) and QSDFT-KR (2) models. The dotted line is
the 10-4-3 Steele potential defined for the graphite surface, and the
short-dash line (3) is the attractive component of the potential. The
dash-dot line shows the change of the carbon atom density across the
diffuse surface zone at the standard deviation of 0.1 nm

temperatures. One can see that the slope of the isotherms
in the case of NGCB is much smaller in the low pressure
range compared to that for the smooth graphite surface, i.e.
the Henry law region is absent. This is a consequence of en-
ergetic heterogeneity of NGCB due to surface defects, bro-
ken bonds, functional groups, etc. Because of complexity
of the surface structure, it is hard to predict the solid—fluid
potential like in the case of graphite surface. For this rea-
son we determined the potential directly from the adsorption
isotherm of argon at 87.3 K. The attractive component of the
potential determined with the NLDFT-AS (1) and QSDFT-
KR (2) is presented in Fig. 6. The repulsive component of



Adsorption (2008) 14: 171-179

177

14

- -
o N
1 1

Heat of Adsorption (kJ mol™)
[o¢]

Amount Adsorbed (umol m?)

Fig. 7 Isosteric heat of argon adsorption gy on carbon black Cabot
BP 280. Symbols denote experimental points determined with (4) from
adsorption isotherms measured at 77 and 87.3 K. Section (a) shows a
comparison of the experimental dependence of gy on amount adsorbed
with those predicted with NLDFT-AS (—) and QSDFT-KR (——-) at

the potential (not shown in figure) is modeled via the excess
Helmholtz free energy. Calculations were carried out at a
surface roughness corresponding to the standard deviation &
of 0.1 nm (5). The dash-dot line represents the carbon atom
density profile across the NGCB surface. It is interesting to
compare the determined potentials with the attractive com-
ponent of the 10-4-3 Steele potential defined for the graphite
surface (3). One can see that in the case of nongraphitized
carbon black the potential shifts toward the surface. The rea-
son is the surface roughness and disordered nature of an
amorphous surface having troughs and convexities, which in
average allows molecules to approach closer to the surface.
This also extends the potential over a larger distance nor-
mal to the surface. In this context it should be emphasized,
however, that a quantitative description of a gas adsorption
on amorphous solid is impossible in the framework of the
conventional NLDFT by adjusting the solid—fluid potential.
The peculiarity of the density functional theory versions de-
veloped for the amorphous solids is that the repulsive com-
ponent of the solid—fluid potential increases with the amount
adsorbed, which reduces the total potential in absolute term
with loading and thereby models the energetic heterogeneity
of the surface (Ustinov et al., 2005, 2006, 2007).

The isosteric heat of adsorption for the system under con-
sideration determined from the two adsorption isotherms us-
ing (4) is presented in Fig. 7. An important feature of the
experimental heat-loading dependence is that gy asymptot-
ically tends to the heat of evaporation A Hy, rather than to
the fictitious heat of phase transition A H' like in the case of
argon adsorption on the graphitized carbon black. What this
means is that even at a large distance from the surface the
adsorbed argon is liquid-like both at 87.3 and 77 K despite

14

(b)

-
N
1

Heat of Adsorption (kJ mol™)

Amount Adsorbed (umol m?)

the standard deviation § = 0.1 nm. The dotted line is for the standard
Tarazona NLDFT. Section (b) shows the effect of surface roughness
on the heat of adsorption calculated with NLDFT-AS model. § (nm):
0.1 (==-), 0.15 (---), 0.2 (—). The horizontal dash-double-dot line
denotes the heat of evaporation

in the latter case the temperature is below the argon triple
point (83.78 K). This suggests that surface defects hamper
formation of a long-range molecular ordering inherently re-
lated to crystalline solids. Figure 7a shows results of appli-
cation of our extension of the Tarazona smoothed density
approximation to amorphous solids, NLDFT-AS (the solid
line) and the Kierlik—Rosinberg QSDFT version (the dashed
line). Both models fit the experimental dependence fairly
well. For comparison, the dotted line presents the heat of
adsorption calculated with the standard Tarazona NLDFT
developed for smooth crystalline surfaces. It is clear that
in the latter case the theory does not reflect the adsorption
mechanism on the rough surface. It should be noted that
the theoretical heat of adsorption is predicted from the sin-
gle isotherm and is not a result of any adjustment. How-
ever, some discrepancy is observed in the monolayer region,
with both models developed for amorphous surfaces sub-
stantially overestimating the heat of adsorption at a very
small amount adsorbed. It is quite possible that such a de-
viation is somehow associated with localized adsorption at
extremely low loading, which requires application of an al-
ternative approach. Anyway, the NLDFT-AS fits the heat
of adsorption markedly better than the QSDFT-KR does.
Furthermore, the fitting can be improved by a proper ad-
justment of the standard deviation §. The effect of § on
the isosteric heat of adsorption is shown in Fig. 7b. One
can see that the best fit (the solid line) corresponds to the
standard deviation of 0.2 nm, which seems to be a quite
realistic value. In the case of QSDFT-KR the situation is
worse because the predicted heat of adsorption always over-
estimates experimental values in the region of monolayer
coverage.
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Fig. 8 Argon adsorption isotherm on LiChrospher-Si-1000 surface at
77 K (Kruk and Jaroniec 2002) and 87.3 K (Kruk and Jaroniec 2000).
The BET surface is taken as 19.65 m?/g. The dashed and the dash-dot
line are drawn for argon adsorption at 87.3 K on Carbopack F and
Cabot BP 280, respectively

3.3 The system Ar-nonporous silica

Nonporous silica is a typical representative of amorphous
solids. In this section we consider argon adsorption on
the LiChrosper-Si-1000 sample (Kruk and Jaroniec, 2000,
2002). The isotherms of argon, as in the previous cases,
are presented on logarithmic scales at 77 and 87.3 K in
Fig. 8. The comparison of argon adsorption isotherms on
the graphitized carbon black, nongraphitized carbon black,
and silica shows that in the latter case the surface is espe-
cially heterogeneous, which is confirmed by the experimen-
tal dependence of the heat of adsorption on amount adsorbed
(Fig. 9) determined with (4). It is seen from the figure that
qs: sharply decreases with loading approaching the heat of
evaporation. Like in the case considered in the previous sec-
tion, this indicates that adsorbed argon at 77 K behaves sim-
ilar to supercooled bulk liquid, because otherwise the heat of
adsorption determined with (4) would be inevitably equal to
the fictitious value 7.4 kJ/mol. In our previous work (Usti-
nov et al. 2005) we came to the same conclusion in a dif-
ferent way. We determined the solid—fluid potential from
the adsorption isotherm at 87.3 K and than predicted the
isotherm at 77 K. It turned out that if one takes the true satu-
ration pressure pgo of 25.49 kPa corresponding to the vapor—
solid coexistence, the predicted isotherm matches the exper-
imental data rather poorly. However, having replaced that
value by the saturated pressure of supercooled liquid argon
at 77 K, namely 29.32 kPa, the fitting became excellent.
The solid line in Fig. 9 is calculated with the NLDFT-AS
model at the standard deviation § of 0.2 nm. As in the case
of NGCB, this value provides the best fit of the heat—-amount
adsorbed dependence. One can see that the predicted curve
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Isosteric heat of adsorption (kJ mol™)

Amount adsorbed (umol m?)

Fig. 9 Isosteric heat of Ar adsorption on the nonporous silica at
87.3 K. The solid line is calculated with NLDFT-AS for the standard
deviation 6 of 0.2 nm. The dashed line is predicted by the QSDFT-KR
for § = 0.1 nm

excellently fits the experimental data, whereas the QSDFT-
KR substantially overestimates gy, especially at low load-
ing.

To summarize, the study performed for argon adsorption
on three types of surface coupled with the analysis of the
heat of adsorption has confirmed a good descriptive abil-
ity of the approach based on extending the classical nonlo-
cal density functional theory to amorphous solids like non-
graphitized carbon black and nonporous silica. The possibil-
ity of quantitative reproducing the isosteric heat of adsorp-
tion seems especially promising and allows deeper insight
into the mechanism of adsorption and justifies further inves-
tigations.

4 Conclusion

We have coherently analyzed argon adsorption on smooth
and rough heterogeneous surfaces using the Tarazona and
Kierlik—Rosinberg versions of density functional theory and
its modifications for the case of amorphous solids. In the
case of graphitized carbon black, the use of the Olivier cor-
recting function j(z) allowed us to quantitatively describe
the adsorption isotherm, but drastically changed the den-
sity distribution of argon at the surface. It turned out that
the layer-to-layer distance in the adsorbed phase at a high
loading is of about 0.6 the collision diameter indicating a
highly ordered and mutually coordinated structure of mole-
cular layers. The sharp spike on the isosteric heat curve just
after the completion of the first monolayer also suggests the
first order 2D phase transition. At the same time, the be-
havior of the adsorbed argon at a distance larger than about
three collision diameters from the graphite surface seems to
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be completely the same as that of the bulk phase. Contrary
to that, argon adsorbed on a defected surface like that of
nongraphitized carbon black and silica behaves like a super-
cooled liquid even at a very large distance from the surface
available in our analysis. We have shown that nonlocal den-
sity functional theory extended to amorphous surfaces ex-
cellently fits experimental adsorption isotherms and, most
importantly, allows well approximating of the isosteric heat
of adsorption. Moreover, the NLDFT-AS developed in our
previous works is able to quantitatively reproduce the heat
of adsorption by adjusting the parameter § (the standard de-
viation in (5)), which is a measure of the surface roughness.
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