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To examine the structures and growth modes of adsorbed layers on heterogeneous surfaces, we
performed simultaneous measurements of adsorption isotherms and x-ray diffraction patterns of
Kr, N,, and H,O on hydroxylated silica at 80, 50, and 270 K, respectively. The adsorption of N,
resulted in type II isotherm, whereas that of H,O led to type III isotherm. The adsorption
isotherm of Kr was intermediate between them. The analysis of the diffraction patterns showed
that the molecules of Kr and N, adsorbed on hydroxylated silica formed simple triangular
lattices of medium-range order and thus they were nearly close packed on the heterogeneous
surface. On the other hand the H,O monolayer did not possess even short-range order. At a
monolayer capacity of the BET equation the nitrogen cross-sectional area was 15.5 A?, the
difference with the frequently used value of 16.2 A? being only 4%. At the BET monolayer
capacity neither Kr nor H,O molecules covered completely the surface of the hydroxylated

silica.

1.Introduction
Most of the surfaces of industrial adsorbents and catalysts are highly heterogeneous.

Recently, gas adsorption on heterogeneous surfaces has been extensively studied by means of
computer simulations,'” in order to obtain a better understanding of the adsorption
characteristics and also to elucidate the nature and origin of the heterogeneity of solid surfaces.
Experimental data that can be used to validate the simulations of gas adsorption on
heterogeneous surfaces are scarce, however, although adsorption isotherms and isosteric heats
of adsorption from experiments and simulations are usually compared with each other. Thus far
only a distribution of energies of adsorption sites has been explored experimentally.

Diffractometry of the adsorbed layers can give information on a spatial distribution of gas

molecules adsorbed on heterogeneous surfaces. It has long been imagined that complete



monolayers on such solids have densities close to two-dimensional (2D) close packing, or at
least close to what one would expect on the basis of the packing in the bulk liquid near its
normal boiling point.'® The picture is the basis for the use of the BET equation'’ to obtain
specific surface area based on monolayer capacity and molecular cross-sectional area obtained
from liquid density. The monolayer capacity is defined as the amont of adsorbate which can be
accommodated in a completely filled monolayer on the surface of unit mass of the adsorbent.
The molecular cross sectional area is the area occupied by an adsorbate molecule in the
complete monolayer. Obviously, both quantities depend upon the structure of the monolayer.
The purpose of the present study is to examine the structures of Kr, N,, and H,O physisorbed on
a hydroxylated silica surface by means of x-ray diffraction, in order to give more discrete
picture on the structures and growth modes of adsorbed layers on heterogeneous surfaces.
Hydroxylated silica presents a typical heterogeneous surface for gas adsorption.>”® Nitrogen has
a large quadrupole moment that explains its ability to interact with certain surface hydroxyls and
is frequently used as an adsorptive in measurements of specific surface areas of adsorbents by
means of the BET method. On the other hand krypton does not have a quadrupole moment and
cannot present preferential interactions with surface hydroxyls. Water molecule hydrogen bonds

with different types of surface hydroxyls on hydroxylated silica."?

2.Experimental Section

Pyrogenic silica (Aerosil 200CF) was used as received. The experimental apparatus for
simultaneous measurements of adsorption isotherms and x-ray diffraction patterns have been
described in detail elsewhere. *The x-ray measurements were carried out with MoK, radiation
in a symmetrical transmission geometry. A self-supporting disk (~ 0.02g) of 12 mm diameter
was attached to a sample holder of Cu. In addition a thin-walled Cu semicylinder containing
~0.13g of the adsorbent was also attached to the sample holder, out of the x-ray beam. This was
used as a gas ballast to measure and maintain a precise coverage of molecules on the surface.

The sample holder was then attached to the cold head of a He closed-cycle refrigerator and



sealed in a sample cell constructed of a cylindrical Be window and a Cu flange, with an In
O-ring. In total, the cell contained ~0.15g of the adsorbent.

After prolonged evacuation at room temperature, the adsorbent was cooled to a desired
temperature (80K for Kr, 50K for N,, and 270K for H,0O) and then the background spectrum
was measured. Adsorption isotherms of Kr, N,, and H,O on the substrate inside the x-ray
cryostat were measured at the same temperature. X-ray diffraction patterns were measured at
each vapor-pressure point of adsorption. After correction for attenuation due to adsorbent and
adsorbed gas, the diffraction pattern of the adsorbed layer was obtained by subtraction of data

for charged and empty adsorbents.

3.Results

Figure 1 shows the adsorption isotherms that were measured coincidentally with scattering
experiments. The adsorption of N, on a hydroxylated silica surface resulted in type II isotherm,
whereas that of H,O led to type III isotherm. The adsorption isotherm of Kr was intermediate
between them. The shape of the isotherms of Kr and N, in the multilayer range indicates that the
adsorbed layer does not develop continuously at saturation pressure to form the bulk solid phase.
As the adsorption temperatures of Kr and N, were well below their triple points of bulk phases,
such phenomena may be related to the so-called triple point wetting.'* Indeed, the
measurements of x-ray transmittance for the substrate as a function of the amount adsorbed
showed that the amount of Kr adsorbed on the adsorbent at the saturation pressure increased
with increasing temperature. The monolayer capacities of Kr, N,, and H,0 were estimated to be
31.3,51.3, and 16.0 ml(STP)/g, respectively, from applying the BET method to the isotherms.
Therefore, nominal coverages of Kr and N, do not exceed three even at their saturation
pressures. The BET C values of Kr, N,, and H,O were 19, 216, and 8, respectively. This
suggests that monolayer and multilayer formations for Kr and H,O take place competitively to
some extent.

At each vapor-pressure point, a X-ray scan was performed from 0.77 to 4.57 A”'. Some of the



diffraction patterns for Kr, N,, and H,O are shown in Figures 2, 3, and 4, respectively. The
abscissa of these figures represents the magnitude of the scattering vector, Q=47sin6/A. The
solid lines in the figures are fits to a powder-averaged Gaussian line shape'® appropriate to a 2D
solid monolayer. Although the line shapes for bilayer and trilayer are different from that of
monolayer,'® the broadeness of the diffraction pattern observed makes meaningless the use of
the line shape more appropriate to these multilayers at higher coverages. All these diffraction
patterns were broad, indicating that the adsorbed molecules form disordered monolayers and
multilayers. Especially, the H,O adsorbed below the monolayer capacity gave a very diffuse
diffraction pattern centered at Q=1.7 A, This strongly suggests that the adsorbed H,0
molecules have little correlation within the layer. When the saturation pressure was approached,
an additional peak appeared around Q= 2.9 A" This pattern is similar to that observed for a
confined water in mesopores,'’ suggesting the formation of a three-dimensional (3D) cluster of
water on the hydroxylated silica surface just before the saturation pressure is achieved.

Figures 5 and 6 show the deconvoluted peak positions (Q,) and coherence lengths (L),
respectively, obtained from Gaussian fits as a function of the amount adsorbed for Kr, N,, and
H,0. For all three adsorbates the peak positions shifted into a higher Q with increasing amount
of adsorption. This suggests that the intermolecular distances in the layers decrease with
increasing amount of adsorption. As Figure 6 shows, the coherence lengths of Kr and N, in
monolayers were only three or four times the molecular diameters. The coherence length of H,O
in the monolayer was exceedingly small. The monolayer of H,O does not possess even
short-range order. This may reflect the random distribution of surface hydroxyls on the
hydroxylated silica surface.'®

Both the molecules of Kr'® and N,*’adsorbed on the basal plane of graphite form 2D
triangular center-of-mass lattices with the same or similar lattice constants. We calculated the
powder diffraction patterns of such lattices for both monolayers, in order to compare with the
observed diffraction patterns. Fitting parameters are nearest-neighbor distance (a,,) and

coherence length (L). As Figure 7 shows, fits between the observed and calculated diffraction



patterns were reasonable, in spite of simplicity of the model. The observed a,, values were close
to the distances in their corresponding bulk phases.?"** The low L values strongly suggest that
both monolayers possess only medium-range order similar to that of a 2D liquid® on
homogeneous surfaces, although they form simple triangular lattices of nearly close packed

4.
molecules on the surface.?*?

4.Discussion

4.1 Structure of monolayer  The molecules of Kr and N, adsorbed on the heterogeneous
surface of hydroxylated silica at low teinperatures form monolayers of the structures close to 2D
close packing of spherical molecules at their complete monolayers. The coherence lengths of

19.20.26.27 f these molecules

these monolayers were comparable to those observed for 2D liquids
on a highly homogeneous surface of graphite. It must be recalled, however, that 2D liquids on
homogeneous surfaces are highly correlated as compared to their corresponding 3D liquids.
Therefore, the present results seem to give a strong support for the assumption of the BET
method that heterogeneous surfaces generally will become fully covered with molecules in the
monolayer, regardless of their spatial distribution of strong and weak sites. The order of the
monolayer of N, was lower than that of Kr. The N, molecule has a large quadrupole moment
and thus the adsorption of N, would be more site-specific than Kr of a nonpolar molecule.

On the other hand, the H,O monolayer does not possess even short-range order. The H,O
molecule hydrogen bonds preferentially with some of the surface hydroxyls on hydroxylated
silica.'? Different types of surface hydroxyls distribute randomly on its surface.'® Therefore, the
adsorbed H,0 molecules in a monolayer have no correlation.

4.2 Cross sectional area of molecule

Surface areas of adsorbents and catalysts are usually determined by combining the
monolayer capacities obtained from the BET analysis with estimates of the occupied area (o) of
molecule in the first adsorbed layer. ¢ is an important measure in measurements of surface area

of powdered solids. N, molecule is a common adsorptive used for this purpose. Although there



have been several attempts>*?*

to determine the nitrogen cross sectional area on heterogeneous
surfaces, none of them are reliable. At low temperatures physisorbed molecules form crystalline
monolayers on homogeneous surfaces. In this case, diffractometry is used to determine the
structures of the monolayers and thus ¢ can be estimated accurately. N, molecule occupied
15.72 A? within the monolayer commensurate to the basal plane of graphite and even smaller
areas within the incommensurate monolayers.?’ These values are distinctly smaller than the
value of 16.2 A? frequently used in the BET method. Therefore, it is interesting to try to
estimate the value of o(N,) on heterogeneous surfaces by diffractometry.

Both the monolayers of Kr and N, on hydroxylated silica form 2D triangular center-of-mass
lattices of small coherence lengths. From the peak positions of the (10) reflection one can
determine a,, and o of the adsorbed molecule. Figure 8 shows a,, of Kr and N, as a function of
the amount adsorbed. In this respect, we emphasize the need of the line shape analysis based on
the monolayer model. The true peak position corresponding to the Bragg reflection from the
monolayer is inconsistent with the observed peak position. If one determined a,, based on
simple analysis of an observed peak position, it would lead to unreasonably small value of a,, in
a monolayer. It must be recalled, however, that the peak position of a trilayer film is dependent
not only on the lateral separation of the molecules, but also on the stacking mode.'® a,, of Kr*'
and N, **in their bulk solids at the experimental temperatures are 4.06 and 4.05 A, respectively.
On the other hand a,, of Kr and N, in their complete monolayers on homogeneous adsorbents is
as follows: 4.10 A for both monolayers on boron nitride'®, 4.15 A for Kr on nickel chloride®,
and 4.03 A for N,?° and 4.09 A for Kr'" on graphite. a,, of Kr and N, on hydroxylated silica is
slightly larger than that on homogeneous surfaces. The heterogeneous character of the substrate
seems not to allow a perfectly close triangular packing. Within a monolayer region, a,, of N, is
larger than that of Kr. Preferential interactions of N, molecule with surface hydroxyls due to its
large quadrupole moment would prevent closer packing on heterogeneous surfaces. Figure 9
shows o of Kr and N, as a function of the amount adsorbed. When the amount adsorbed was

increased, 6(N;) and o(Kr) decreased rapidly within a monolayer region. The coverage



dependence of o(N,) observed is similar to that obtained by computer simulations'8, although
the absolute values differ from each other. 6(N,) decreased from 17.3 A?atalow coverage to
15.5 A? at a monolayer capacity. It is surprising to know that at a monolayer capacity the
difference with the frequently used value of 16.2 A’isonly4%.In a monolayer region, 6(Kr) is
smaller than 6(N,). This is opposed to the general belief that o(Kr) is larger than cs(Nz).34 Ata
monolayer capacity o(Kr) was 15.3 A%
4.3 Growth mode of adsorbed layer

Computer simulations show that strong and weak sites for gas adsorption are randomly
distributed over heterogeneous silica surfaces.5” Strong sites are separated from each other.
Notwithstanding, the present results clearly show that 2D clusters of Kr and N, are formed on
hydroxylated silica even at low coverage of 0.3. Therefore, lateral interactions are important in
physisorption of these molecules. The molecule adsorbed on a strong site would act as a
nucleation site for a 2D cluster. 2D clusters grow with increasing coverage, although the
coherence length was only three or four molecular diameters even within their complete
monolayers. Combination of monolayer capacities from the BET analysis with ¢ determined
above lead to evaluation of the specific surface area (Sggy) of the substrate. Sgey from Kr and N,
are 129 and 214 m?/g, respectively. Obviously smaller value of Sggr from Kr comes from its low
monolayer capacity. It is evident that at its monolayer capacity the surface is not yet completely
covered with Kr molecules. The low C value strongly suggests that the difference in adsorption
energy between the first and second adsorbed layers is small and thus the multilayer formation
commences well before the monolayer completion. The present results clearly indicates that in
this case the monolayer capacity estimated from the BET analysis is exceedingly smaller than
the amount of adsorbate which can be accommodated in the completely filled monolayer on the
surface. a,, slightly decreased when multilayers are formed.
Acknowledgment. We wish to acknowledge critical reading of our manuscript with Professors
W.A.Steel and V.A.Bakaev. This work was supported in part by a Grant-in-Aid for Scientific

Research (12440201) from the Japanese Government.



References

(1) Bakaev, V.A.; Steele, W.A. Langmuir 1992,8,1379.

(2) Kaminsky, R.D.; Monson, P.A. Langmuir 1994,10,530.

(3) Mamleev, V.Sh.; Bekturov, E.A. Langmuir 1996,12,3630.

(4) Monson, P.A.; Vuong, T. Langmuir 1996,12,5425.

(5) Gordon, P.A.; Glandt, E.D. Langmuir 1997,13,4659.

(6) Bakaev, V.A_; Steele, W.A. J.Chem.Phys.1999,111,9803.

(7) Bakaev, V.; Steele, W.; Bakaev, T.; Pantano, C. J.Chem.Phys.1999,111,9813.

(8) Cascarini de Torre, L.E.; Flores, E.S.; Bottani, E.J. Langmuir 2000,16,1896.

(9) Bakaev, T.I.; Bakaev, V.A_; Pantano, C.G. Langmuir 2000,16,5712.

(10) Gregg, S.J.; Sing, K.S.W. Adsorption, Surface Area and Porosity, 2™ ed.; Academic Press:

London, 1982,p 41.

(11) Brunauer, S.; Emmett, P.H.; Teller, E. J. Am.Chem.Soc.1938,60,309.

(12) Fubini, B.; Bolis, V.; Cavenago, A.; Garrone, E.; Ugliengo, P. Langmuir 1993,9,2712.

(13) Morishige, K.; Inoue, K.; Imai, K. Langmuir 1996,12,4889.

(14) Krim, J.; Dash, J.G.; Suzane, J. Phys.Rev.Lett.1984,52,640.

(15) Schildberg, H.P.; Lauter, H.J. Surf.Sci.1989,208,507.

(16) Larese, J.Z.; Harada, H.; Passell, 1. ;Krim, j. ;Satija, S. Phys. Rev. B 1988,37,4735.

17 Morishige, K.; Kawano, K. J.Chem.Phys.1999,110,4867.

(18) Chung, I.-S.; Maciel, G.E. J.Phys.Chem.B 1997,101,3052.

19) Stephens, P.W.; Heiney, P.A.; Birgeneau, R.J.; Horn, PM.; Moncton, D.E.; Brown, G.S.
Phys.Rev.B 1984,29,3512.

(20) Kjems, J.K.; Passell, L.; Taub, H.; Dash, J.G.; Novaco, A.D. Phys.Rev.B
1976,13,1446.

2D Pollack, G.L. Rev.Mod.Phys.1964,36,748.

(22) Schuch, AF.; Mills, R.L. J.Chem.Phys.1970,52,6000.



23) Brinkman, W.F.; Fisher, D.S.; Moncton, D.E. Science 1982,217,693.

24) Huber, P.; Knorr, K. Phys.Rev.B 1999,60,12657.

25) Huber, P.; Wallacher, D.; Knorr, K. Phys.Rev.B 1999,60,12666.

(26) Taub, H.; Carneiro, K.; Kjems, J.K.; Passell, L. Phys.Rev.B 1977,16,4551.

27 Heiney, P.A.; Birgeneau, R.J.; Brown, G.S.; Horn, PM.; Moncton, D.E.; Stephens, P.W.
Phys.Rev.Lett.1982,48,104.

28) Harkins, W.D.; Jura, G. J. Am.Chem.Soc.1944,66,1362,1366.

(29) Pickering, H.L.; Eckstrom, H.G. J.Am.Chem.Soc.1952,74,4775.

(30) Alexander, G.B.; ller, R.K. J.Phys.Chem.1953,57,932.

(31) Kodera, K.; Onishi, Y. Bull.Chem.Soc.Jpn.1960,33,338.

(32) Jelinek, L.; Kovats, E. Langmuir 1994,10,4225.

(33) Morishige, K.; Hanayama, M_; Kittaka, S. J.Chem.Phys.1988,88,451.

(34) Gregg, S.J.; Sing, K.S.W. Adsorption, Surface Area and Porosity, 2™ ed.; Academic

Press: London, 1982,p 77.

Figure captions

Figure 1. Adsorption isotherms of Kr, N,, and H,0 on hydroxylated silica. The measurements
for Kr, N,, and H,0 were performed at 80, 50, and 270 K, respectively.

Figure 2. X-ray diffraction patterns of Kr on hydroxylated silica as a function of coverage at 80
K. Solid lines are fits to the data as described in the text.

Figure 3. X-ray diffraction patterns of N, on hydroxylated silica as a function of coverage at 50
K. Solid lines are fits to the data as described in the text.

Figure 4. X-ray diffraction patterns of H,O on hydroxylated silica as a function of coverage at



270 K. Solid lines are fits to the data as described in the text.

Figure 5. Peak positions of K1, N,, and H,0 on hydroxylated silica as a function of the amount
adsorbed at fixed temperatures. The measurements of Kr, N,, and H,O were performed at 80, 50,
and 270 K, respectively.

Figure 6. Coherence lengths of Kr, N,, and H,O on hydroxylated silica as a function of the
amount adsorbed at fixed temperatures. The measurements of Kr, N,, and H,O were performed
at 80, 50, and 270 K, respectively.

Figure 7. Comparison of the measured monolayer diffraction patterns of Kr (38 mi(STP)/g) and
N, (56 ml(STP)/g) with powder patterns calculated for a 2D triangular lattice. Identical
nearest-neighbor distances of 4.19 A and thermal parameters of 4 A? were assumed for both the
monolayers. The coherence lengths of Kr and N, monolayers were 15 and 13 A, respectively.
Figure 8. Nearest-neighbor distances of Kr (80 K) and N, (50 K) on hydroxylated silica as a
function of the amount adsorbed.

Figure 9. Molecular cross-sectional areas of Kr (80 K) and N, (50 K) on hydroxylated silica as a

function of the amount adsorbed.
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N
maximize f(z) = Z fn(xn) (1)
n=1
N
subject to gm () = Y gmn(@n) < by, m=1,2,..., M, (2)
n=1
N
b = Om Y Gmn(@n), 0 < am <1, (3)
n=1
2, €K, n=12,...,N, (4)

ZITC, B = (21,3, ..., 2n), BEEAK, = {1,2,..., K.}, TH Y, ful@a), Gmn(Tn)
FENFNIEADHWBERTH S, b, FHWHBERETHY, onid tightness ratio [1] &
s,

TG F v 7 v 2 B Nauss [2] 12 & D BFFEAMEE O, Sinha [3] % Dyer [4], #0111 5]
T X ORI T AT LD ENTE 2, L L, SRTHERE T v 75 v 7 RIE
D& S EBOHNEEEFEOMBEIIZINODFHEELERBMNTHILRTERE. £
T TRRABERTCIER T v 7y 7 ECREFEEERT %,



3 RESIHE (SD)

REEHIKIEE I Dyer [6] 12 & 0 BHGHERENEH SN,
w5 [7) 3REHEE S RITIERE F v 7 v 7 BIE~EH Lz, REIGTRIE L
KRXTEZ BN,

min{opt[S(u)] : u € U}, (5)
7272 L, opt[S(u)] 13 FIRE S (u) D &% H AUBI i,
u= (u1,u2’---)uM—1)T € RM—la (6)
M-1
U={ueR""': Y u,<1,u>0} (7
m=1

THp, 2T, S(u) dREMEL JENKRTEX BN,

maximize f(zx) (8)
subject to  p(u,x) < S, 9)
=12 L,
M-1
o(u, ) = ) un{gn(x) — gu (@)} + gue(), (10)
m=1
M-1
m=1
‘(‘\& 60

REDC R RE D FAT AT RER I, RAIEO ET R EZ TN TEATVWADT, 20
RIFEED FREE 5% 2 ERITAREIC LD LB E 2V, 22T, A5 Hh0EFHE
BEMFERD DDA URENLETH Y, BoNa0ME FREE kBT 27 &
WEDZEDMOREZIHET 5 &R TE D,

4 BEHTILITYXL (GA)

—IRTFTHRG Ty Ty JRETR ) —F 1 R COFENBERERINTWD A, %K
TLIHERIEF v Ty T2 — F 1 O WHIR A BT AIEE & 72 © 4T MR A
Boni\\WZerdh s,

BRIBEHTNT) XL E2ERTIEREF v FHy VFIE~NEE LT, BEW7 LT
VXL EATRE R OBH AR WFIETH 0, TELK TS RELRIE, B
TN T) XL(8 8T —H%—F[9 NMEHEINTVWEIHWEENBELVWE &, AR
SNDMERDIZEAENEITRAEMRE 20, BT TEBRIELN T X\ REM %5
BIEDRTERNWIEDR DD, I THx T, REICIRIEDM L SELREDT HH 5 H
L, AUBOREY*RELEACL > TREERE2BLIZENTEETLITY L%
RET 3,



5 BEBBRORELALBONE

BEROREREELBOREZTO> T NVT ) XL (MC EET) 2L FIZRT, REM
MO MRELSC, MO LR ERE fUB, GAIZLZALMDE2 5@ %2aPL T 5,

fUB - f(:nSD); fLB — f(mGA); B - ,B(wGA);
Stepl :
fT — fUB —¢;
T ED BEHBERER RSB EI%ET 5.,
IF (F1Z7w]52) THEN Step2 \;
IF (R17A 6N H %) THEN BE M % H 7 EXIT,;
ELSE fUB « fT;
ENDIF
ENDIF
Stepl ~\;
Step2 :
T=fPtef -+
BOHKBREDEMEDD & T T LD BWBIKER oM a2 %Y 5,
IF (51%748) THEN
IF (fUB = fLB) Bi#M% 17, EXIT;
ELSE fLB — f(EATHEM); B — B(EITTIHER);
ENDIF
ENDIF
Seem P L/INEL LTStep2

6 EHEMEER
H B & B B 4 BB R D & 5 1247 > 72,
0< fulkn) <256, (kn=1,2,...,Kn, n=1,2,...,N), (12)

0 < grmn(kn) <256, (kn=1,2,...,K,, n=12,...,N, m=1,2,...,M). (13)
COMBEOHEBRERDOEREE. 11ZRT,

7T FEO

ERMEREE Dol 5 2 LA TE - - EEOBERE RS 5 L 8 TE7, 1
B B SRR OB L 517 & - CEMEmRE B3 5 2 L 1335 HETH 5 5.



| GANEAR T \[CNEAR T'\[CEXCT [ )[CUB SDUB
0.485 | 2426013 | 2435302 - | 2435332 | 2435378
0.490 | 2430464 - | 2436243 - | 2436279
0.500 | 2434039 - | 2437346 - | 2437360
# 1. BBN =500, HEHK =20, H#HHEM =38
| GANEAR [ \[CNEAR [ \[CEXCT [\[CUB gDUB
0.495 | 4857042 | 4877557 - - | 4877634
0.500 - - | 4880260 - | 4880281

® 2: BN =1000, HEH K = 20, HBM =8

FNEXAE)RIKET 5, GBRATVEDOHRE, HRULEAE)EHIZEL > Thi
DERANHENRT D LDk b L RFTE 2,

SE 3K
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