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Temperature-dependent adsorption of nitrogen on porous vycor glass
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Adsorption isotherms of Nhave been measured in the temperature range from 77 to 120 K in samples of
porous vycor glass. From the Brunauer-Emmett-Teller theory the surface layer coverages are determined.
These are found to be temperature dependent. When adsorption-isotherm coverage data are expressed as a
function of the adsorption potentidu, the result is roughly temperature independent for coverages ranging
from submonolayer to thin film, below capillary condensation. This characteristic curve, which represents the
distribution of adsorption sites vs the adsorption potential, is compared with results from two models for the
adsorbate: Dubinin’s isotherm for microporous solids and its extension to rough surfaces, which places im-
portance on the porosity of the surface, and Halsey’'s extension of the Frankel-Halsey-Hill isotherm, which
takes into account the long-range variations of the substrate adsorption potential. The impact of this work on
the interpretation of Madsorption data in terms of a surface area is discu$$€d.63-182@8)02110-9

For decades, porous materials, such as solid porous cataesorption curve to heterogeneous surfaces with a pore size
lysts, have been characterized by interpreting gas adsorptiatistribution of a fractal natufé gives the best fits to our
data. Measurements are performed with nitrogen gas on Rydrogen data over restricted ranges, but fails to provide a
dry, out-gased sample, at the normal boiling point of nitro-unified picture of the experiments. Halsey’s motfelyhich
gen that is 77 K. The Brunauer-Emmett-TellefBET) takes into account the long-range variations of substrate ad-
modef of localized adsorption has been the method ofsorption potential, gives much better results for it the
choice for the determination of the sample surface area. Thiindamental level it is important to understand if the adsor-
model assumes that there are a number of adsorption sites 8ates of heavier molecules such a dsplay these effects
the surface and that each one of these sites is at the base o®lg0.
stack of sites extending out from the surface. It is assumed The vycor sampléCorning 7930 consisted of 7 rods 3.58
also that each pile of sites forms an independent and equivam diam. The volume was 1.48 ém0.02 cn?. It was pre-
lent statistical system. Yet this model is an oversimplifica-pared by boiling in solutions of 30% J&,, rinsing in boil-
tion, since it does not take roughness and heterogeneity efig deionized water, and drying at 150 C for 2 h. After this
fects into account. This is well known and a broad range ofrocess the sample weight was 2.14 gm. The sample was
theories of the adsorbed film in heterogeneous and structuréntained in a closely fitting copper adsorption cell which
porous systems have been propdédaiit, often, the range of was immersed in a liquid Nbath. The N vapor pressure
applicability is too narrow to lead to conclusive information. was monitored and the temperature of the liquid bath calcu-
Here, we show that the temperature dependence of the athted from tables? Adsorption isotherms were measured
sorption can be exploited to simplify an otherwise compli-volumetrically by admitting portions of gas from an adsorp-
cated analysis of isotherms of porous vycor glass. tion volume (466 crir=0.5 cn?) into the experimental cell

The investigation of the effect of confining geometries onthrough a valve. The volume of the dead space was measured
processes taking place within them is of current interest. Th@y admitting a charge of helium into the experimental cell;
commercially available porous vycor glagRVG) is a pro- helium can be assumed to be negligibly adsorbed at 77.4 K.
totype porous monolithic material that has been used i\t this temperature, the dead space volume is 0.3 am
many of these studies, including superfluidity of heliemd  STP.
supercoolind. PVG is also of interest as a low dielectric ~ Adsorption data are presented in Fig. 1. For clarity pur-
constant material for microelectronit&urthermore, PVG is  poses, not all the experimental points are shown, although all
utilized as a template in many emerging technologies, suchoints were used when analyzing the data. The isotherms are
as metal- and semiconductor-insulator compdsitabrica-  of type IV according to Brunauer's classification as they
tion. These applications will be impacted by a more accuratéhow two plateaus, and indicative of a sample with meso-
determination of its surface area. pores. The adsorption-desorption loop corresponds to the

We recently reported on the temperature-dependent adype of behavior associated with the presence of “ink-
sorption of H, D,, and neon on samples of PVG over a wide bottle” pores or tubular capillaries of variable cross section.
temperature rang¥. It was found that the BET adsorption ~ The BET isotherrimay be written as
description is unsuitable for these systems. Instead, a
temperature-independent characteristic adsorption curve con- n X c
structed from experimental data allows for the analysis of n_m: 1-x 1+(c—1)x’ @
adsorption isotherms in the range from submonolayer to
multilayer coverages at any temperature in a modelwheren is the number of moles of gas adsorbed pef ofn
independent way! The extension of the Dubinin-Kaganer vycor at pressur®, andx is P/P,, with P, the saturation
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FIG. 1. Adsorption(open symbolsand desorptior(full sym- FIG. 2. Temperature-independent adsorption curve ptNow

bolg) isotherms of nitrogen. The ordinate axis represents amountsoverages. The dotted line is a fit based on the FHH equation as

adsorbed per unit volume of the sample. The temperature of thdescribed in the text. The dotted-dashed line represents a fit based

measurements is indicateldy is the saturation pressure at the cor- on a fractal distribution of micropores, Eqs4), with Xy

responding temperature. The solid lines represent a calculatior0.2 NM, Xpa=1.7 Nm,d=2.3, andm=1.38<10 ° K2,

based on BET as described in the text.

whereR is the gas constant argl is the virial coefficient.

For the gas densities at temperatlirand pressur®, p, and

at temperaturely and pressurd®,, py, we use the virial

_ : equation of staté® It is well known that when adsorption

—E)/T). HereE,qis the molar heat of adsorption per mole jsatherm data are presented as a function of the adsorption

at the vycor surface, an,_is the latent heat. _ _ potential S, the result is roughly temperature independent.
Since the adsorption isotherms show hysteresis for higkp;s is shown in Fig. 2. This does not apply to coverages and

coverages, when reduced pressures larger #1a0.6 are  (emperatures at which hysteresis sets in, that is, in the region

included we obtain negative values for Thus, good fits to 4f capillary condensation. We note that the departure of Eq.
Eqg. (1) can be obtained only for low coverages. The value(z) from the ideal gas resull; In(P/Py), is less tha 6 K and

obtained fom, from the BET fit is rather independent of the (nerefore only matters in the region of capillary condensa-

saturation pressure, yet larger values are obtained at lowgh, A temperature-independent curve is also obtained for
temperatures. The BET fit to the adsorption data at variougyyrogen adsorption on PVE.

temperatures is shown in Fig. 1. The BET model f|t§ the.data At prima faciethe temperature dependence of the surface
rather poorly and the adsorbate densifr thus obtained is  |ayer coverages may be an artifice related to the varying
temperature dependent. Best fits are obtained mgr  chemical potential range utilized for the various tempera-
=2.1mmolicni and c=138 at 77.4. We obtained,  tyres. However, as shown in Fig. 1, the fits of the BET equa-
=1.78 mmol/cmi and c=102 at 96.4 K. Additionally, we tion to the experimental data are not very satisfactory. At
obtained n,=0.9 mmol/cni and c=444 at 108 K. For 774 K, best fit is obtained foE,q— E, =350 K since the

higher temperatures the isotherms show decreased adsoreﬂjsorption strength parameteiis equal to 92. An essential

tion and the BET model fits data very poorly. feature of the BET isotherm is a temperature-independent
Using the molecular diameter of,Mf 0.162 nni, a rough inflection, occurring for Su~Eag—E, and n=nggy/2,

estimate of the pore surface area of 207am°£10 nf/cm®  \hich identifies the formation of a monolayer. The feature in

is obtained from the data at 77.4 K. From the measured pahe experimental data in Fig. 2 at around 350 K is rather
rosity (filling factor) of 0.31, and assuming cylindrical pores, proa(d, indicating thaE .4sand nger are not well defined for

a pore radius of 3.1 nm is obtained. These values are consig, on porous vycor glass.

tent with the average pore radius and porosity given by the "rig 2 shows the best fit to the data of the Frankel-Halsey-

manufacturer. The pore size distribution can be obtained.j (FHH) equation at intermediate coverages:
from the adsorption-desorption, using the method devised by

pressuren, is the number of moles of gas per of vycor
sample adsorbed in a monolayer amdis exp—(E.gs

Barret, Joyner and HalendErAnalysis of PVG samples us- N(Sw)=nNepp( — ) Y, 3)
ing this method gives an average pore radius of roughly 3
nm. wherengyy is the coverage strength. From this fit, the values

A convenient variable to describe saturationsig=py  npyy=29.2 mmol/cni and »=0.51+0.05 are obtained. This
— up, the difference in chemical potential per molecule be-value of v is anomalous because one expeetss for a
tween unsaturated and saturated conditions. Heyés the  purely dispersive potential. At very high adsorption poten-
chemical potential per molecule of the gas at temperalure tials du, the decrease of the adsorption data is more pro-
and pressurd®; w, and Py are the chemical potential per nounced. The plots ofi vs du show a slight temperature
molecule and vapor pressure of the bulk phdggiid) at  dependence for large adsorption potentials. Coverages at
temperaturel, respectively.Su can be calculated from the 77.4 K are larger than those at 96 K for the same adsorption
properties of the gas through potential aroundu=—200 K. Also, coverages at 96.4 K are
larger than those at 108 K at the same chemical potential
around—600 K. A similar, slight temperature dependence is
Su=—T In(py/p)+2(B/R)(P—Py), (2) also exhibited by hydrogen and netirhis could be due to
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a number of reasons. It is easiest to argue a lack of equilib- T o

rium between the adsorbate and pressure gauge. Yet, we o j ELl

have repeated the experiment a number of times and ob- © é_; - L,
tained the same results. Figure 2 shows thas du exhibits g2 /\/\/\E/f\"/\/\/\/\/\
a slight temperature dependence. As indicated by Bering, L !

Dubinin, and Serpiensky, the temperature dependence of
the characteristic adsorption curve is due to the positive
value of the adsorbate entropy. The entropy of adsorption is
also discussed in the context of Halsey's isotherm in Ref. 13.
It has been proposed that the isotherm equation by

Coverage(mmol/cm® )
w

Dubinin'’ for porous materials is a good starting point. This ol i1l P SR S S
isotherm is confined to the monolayer and submonolayer re- -40 -100 501 () -1000
gions. It assumes a gaussian distribution of adsorption sites W
H 2
on the surface, and is expressedresnyexy —(u/Vi)l, FIG. 3. Characteristic adsorption curve of nitrogen on PG.

with Vi a characteristic adsorption potential. Kagdfielis- s the chemical potential difference between the adsorbed state and
cussed this equation and interpretegd as the number of the bulk at the same temperature. The dotted line represents Hal-
molecules in a monolayer. Note that the formation of asey’s isotherm, Eq(5), with n,=2.95 mmol/cr, E,=40K, and
monolayer, as identified from a sharp bend in the charactels,,=350 K. The adsorption in the first and the first two layers are
istic adsorption isotherm, occurs féow =V in this model.  shown also. Inset: A schematic view of the adsorption potential as a
The Dubinin isotherm is useful to describe adsorption orfunction of position.

heterogeneous surfaces such as (ftetnporous glass. The o . . .
characteristic curves of nitrogen on pyrex glass measured H2"OW distribution is needed. We have fitted the isotherm in
gs.(4) to our adsorption data at low coverages. A best fit is

Hobfso_n,arjd Armstrorlg are remark_ably well represented by obtained for a restricted range of pore sizes from,
Dubinin’s isotherm, for coverages in the monolayer and sub-

monolayer region. Best fit is obtained in that caseVQr= =0.2 N (0Xmg,=1.7 NM. This is shown in Fig. 2. Thus, we
' i _ I i ingl [ istribution th
—880+10 K. This isotherm fits the characteristic curve of were not able to obtain a single pore size distribution that

. L . adequately fits both low and intermediate coverages. This
Fig. 2, only over a very limited range of coverages. Best fitisigaqs us fo disfavor the fractal form of the adsorption iso-

obtained for Vg=—542+10K and ng=2.0 mmol/cm.  therm by Jaronieet al, in spite of the agreement between
Note that the characteristic adsorption energies foroN  the value ofd, the surface fractal dimension, obtained from
PVG are less than for pyrex glass. An opposite effect ishe modified FHH behavior and previous determinations.
observed for H The low coverage region will be examined  We have also fitted the experimental data to Halsey’s iso-
further below. The broad feature indicates a wide distributiortherm for heterogeneous surfaddslhis isotherm is based
of characteristic adsorption potentials. on the assumptions that the adsorbate-solid interaction is due
The effect of a distribution of pore sizes on the adsorptiorto dispersion interactions and that the distribution of energies
was recently considered theoretically by Jaroniec, Lupver a site in each layer has an exponential form. The adsor-
Madey, and Avnir:2 They considered the vycor surface as abate density can be expressednasny(0,+---+ 6,++-),
fractal. They find that the adsorption isotherm can be exwhereny is the number of sites per unit volume of sample
pressed as and 6, is the occupation probability of theth layer:

0, =exp{[ S+ (Eo/r3) )/ (En/r)}. (5)

Here E,, is the modulation andE, is the absolute value of
the energy distribution minimum. The® factor takes into
wheren; is the number of moles of gas adsorbed pef ofn  account the dependence of the adsorption potential on the
vycor. J(x) =Jox*~ ¢ is the normalized micropore size distri- layer distance to the surface. For positive exponehtss
bution function?® with x the half width of the slitike mi-  taken to be one. The resulting characteristic curve is tem-
cropores, andl the fractal dimensionx,,, andxy,, denote  perature independent. At intermediate coverages Halsey’s
the maximum and minimum values ®f respectivelymis a  isotherm behaves like a FHH isotherm, 6), with »=0.37,
parameter related to the fractal distribution. independently of th&, value. As shown in Fig. 4, compari-
The fractal form of the FHH equatiofEq. (3)] can be  son with the experimental data reveals good agreement for
obtained from Eq(4) for X,in=0 andXy,,=%, with v=3 intermediate coverages. From a best fit of E5). to the
—d: n(Su)=ngau(— )~ C~D. Following the interpreta- experimental data the values Bf=40 K, E,,=350 K, and
tion offered by Jaroniec, Lu, Madey and Avifrand using nm=2.95 mmol/cri are obtained. Taking the molecular area
v=0.51 as obtained from a fit to the intermediate coveragef N, to be 0.162 nrfy an estimate of the pore surface area of
data, we obtaird=2.49+0.05. Recent small-angle neutron 288 nf/cm®+10 nf/cn® is obtained. This is roughly 40%
scatterings experiments giveé=2.4 for dry sample$®® larger than that estimated from the BET method. The origin
Analysis of the small-angle x-ray scattering is moreof this discrepancy lies in the long-range variations of the
involved?® a value ofd=2.40+0.10 is obtained with this adsorption potential that favors the formation of islands of
technique. This is very promising, however, a very wide poreadsorbate in the sites of minimum adsorption potential. Fig-
size distribution, of roughly between 1 and 100 nm, is re-ure 3 shows the adsorbate density for layers 1 and 2, sepa-
quired to fit the intermediate coverages where the FHHately. According to Halsey's model, the second layer starts
works well. Instead, in order to fit the low coverages, a veryfilling before the first layer has been completed filled. This

n(du)=n, éxmax.](x)exr[—mxz(éu)z]dx, (4

Xmin
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highlights the importance of the heterogeneity of the PVGsorption on Si-60 can perhaps resolve this discrepancy.
Presumably, the potential variations are due to compositional In conclusion, the temperature dependence of the adsorp-
and morphological heterogeneities and therefore the spatiéion of N, allow us to test the theoretical models of hetero-
scale&, which is much larger than the,Nnolecular diameter geneous adsorption. Extension of the Dubinin-Kaganer char-
and of the order of magnitude of the pore diameter, that igcteristic adsorption curve to heterogeneous surfaces with a
~6 nm. The inset of Fig. 3 shows a sketch of the surfacdore size distribution of a fractal nature gives the best fit to
adsorption potential according to our modg|., the latent our_data over a limited coverage ranges but fails to provide a
heat per molecule, is taken to be500 K® The inset illus- unified picture of the experiments. Halsey’s model for het-
trates a very important point: small to moderate heterogeneEf09€neous adsorption gives remarkably good results consid-
ities of the adsorption energy can result in large variations of 'Nd that it has only two adjustable parameters. In this
the potential difference between the adsorbed and the liquiffl°9€! the fluctuations of the adsorption potential are not
state. In summary, Halsey’s model fits the data over a wide |str|bu.ted randomly across th_e interface but grogpgd to-
range of coverages and temperatures since it incorporat ether in patches so as to give rise to long-range variations of

both the adsorbate chemical potential heterogeneity and itgfeoi(rjssoar&“cig r())?tg?/tg IiSOtl)JarleeedstO?]s?_'rgle;[ee Osf trzzt?:g;agﬁ;rga
dependence upon distance in a balanced way. P Y

A comparison between our Nadsorption isotherm for 288 nt/cnr. We find that BET is unsuitable for our system

PVG at 77.4 K and that for porous silica Si-60 by Drake,and underestimates the surface area by 40%.

Yacullo, Levitz, and Klaftet shows many similarities in the This work was supported by NSF through Grant Nos.
low coverage, intermediate, and capillary condensation reDMR-926079 and DMR-9632819. Acknowledgment is also
gimes. However, the interpretation of the data is very differ-made to the Donors of the Petroleum Research Fund, admin-
ent. Most striking is the adherence to the BET model in Refistered by the American Chemical Society, for partial sup-
5. Measurements of the temperature dependence,dN port of this research.
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