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Adsorption of N, on a porous silica substrate studied by a quartz-crystal microbalance
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We studied the adsorption isotherms of Bn a porous silica substrateeroge) using a quartz crystal
microbalance technique. The oscillation frequency and amplitude of oscillation were measured at 325 K and
also at different temperatures in the range 76—80 K, while the pressure gadNwas varied. In contrast to
adsorptions on flat surfaces, which occur mostly near the saturation vapor pressure, adsorption on the porous
substrate progressed in a wide range of vapor pressures. A hysteresis between the adsorption and desorption
curves, which is an indication of so-calledpillary condensationwas observed. We found a power-law
relation between the vapor pressure and the amount of gases adsorbed in the intermediate coverage regime, but
the relation became deviated in the thick coverage regime. We attribute the deviation to the rough and porous
nature of the silica layefS0163-1829)01648-3

[. INTRODUCTION (—az %) in the 9-3 potential. However, varieties of experi-
mental data that have been fitted to Ef) resulted in an
The quartz crystal microbaland®CM) has been used estimate ofsin the range 2.6—-2.3.
extensively to study adsorption phenomena on flat surfaces. In the Dzyaloshinskii-Lifshitz-PitaevskiiDLP) theory!
For example, the adsorptions of gases on metallic substratéise adsorption isotherm was modified to
have been studied using QCM to investigate the wetting and
prewetting transitions-® On the other hand, the Brunauer- ks T In(p/po)=—y(2)z"5, 2)

Emmett-Teller(BET) method~° has been routinely applied

to study adsorption phenomena on porous materials whicRY incorporating a coefficiery(z) which reflects both the
have large surface areéise., S>10 n?/g). The weakness Substrate-adsorbate and the adsorbate-adsorbate interactions,

of the BET method is its low sensitivity for samples which however Cheng and Cole showed that E2). can be well
have small surface areas. We devised an experiment@PProximated by the form of the thin-film regimez (

i . . 12,13
method to increase the surface area of QCM by mcorporatlnf5 nm);
a porous silica substrate onto the surface of the quartz crys- s
tal. This makes it possible to apply the QCM technique to keT In(p/po) =~ 70z ">, E)
gas adsorption experiments on porous substrates using t

BET method. U\ﬁ'nere vo IS a constant. The original DLP theory also fixed

the exponens to 3.
More recently, a fractal model based on the FHH theory
Il. THEORY was suggested for thick-film adsorption on a rough surtéce.

When a gas molecule is adsorbed on a solid substrate, thg'€ @nalysis predicted the number of adsorbed moledules

interaction of the molecule with the substrate is described b{S
the sum of repulsive and attractive potentials. In many cases, (D/3-1)
the attractive potential can be described by the van der Waals Ne[In(po/p)] ’ )

in.ter.action be_tween a gas molecule and all the _partiC|e§\/hereD is the fractal dimension of the surfad2.has values
within the solid substrate. Generally, a 9-3 poteni@g., from 2 to 3. In the case of a nonfractal surfabes 2 and Eq.

—_ 73 -97; i i
v(z)=—az""+ z""] is used as a function of the dls_tanze (4) is reduced to the FHH equation with the expongst3.
of the molecule from the substrat&xcept for adsorption on The rough Ag surfaces have a fractal dimensiba 2.3014
a substrate with only a few atomic layers, the short-range o

repulsive potential does not play a dominant role.
In multilayer adsorption, the adsorption isotherm of gas IIl. EXPERIMENT
molecules on a flat adsorbent can be described by the

We wused an At-cut quartz resonatofradius r
Frenkel-Halsey-Hill(FHH) theory®1° q o .

=4.4 mm) which was produced commercially. Originally
_ the resonator was coated with Ag electrodes and had a fun-

ke T In(p/po) =up(2(p)), D" damental resonance frequenfgy= 3.5798 MHz. We further

wherep/py is the normalized pressure of adsorbing gas relacoated the resonator with a thin layéhicknessd=2.9

tive to the saturation vapor pressyig, z is the thickness of x10* A) of porous silica(xeroge) following the standard

the adsorbed layer, ana(z)«c—2z ° is the perturbational alcoxide method using tetramethoxysilag@MOS). The

potential energy exerted by both the adsorbent and the adhemical reaction which occurred was

sorbed layer. The exponestis expected to be exactly 3

because up(z) is equivalent to the long-range part Si(OCHz) 4+ 2H,0— SiO, +4CH;OH. 5)
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To speed up the process, 0.069 mol % JIHH aqueous so- 8 ' ' ' ]
lution was added as a catalyst. A small quantity of the liquid °
mixture (NH,OH solution 0.73 mmethanol 1.8 ml
+TMOS 3 ml) was dropped and spread onto both surfaces
of the quartz resonator. It was then kept sealed at room tem-
perature and allowed the gelation process to take place on the __
surfaces of the quartz crystal. The concentrations of the re- N
actants were the same as for the production of bulk aerogels <=
with 90% porosity when measured after hypercritical drying. %o

The thin layer gel was dried in air atmosphere and then in
vacuum.In situ monitoring of the gelation and drying pro- 2
cess was performed by measuring the resonance freqdiency
and amplitude of oscillatio®\ of the quartz resonator. The
resonance frequency decreased continuously while the am- 0
plitude increased with a large amount of random and abrupt
fluctuations. The inverse amplitude A)/is proportional to 1.5 T T T T
the acoustic impedance of the viscous layer in contact with
the QCM. The decrease of the impedance results in the de- —
crease of energy dissipation at the interfacial boundaries. It ‘=
corresponds to the fact that the silica structure becomes D 1.0
harder as gelation proceeds and less liquid remains in the 4
pores as the gel is dried. As time went on, the fluctuations in =
the amplitude of oscillations decreased. We evacuated the —
resonator for about a month before the isothermal adsorption 2 0.5
measurements were performed. By that time, the frequency =
of the oscillation had dropped by abodft=— 3.3 kHz from =
the original resonance frequengy of the resonator.

For a sample cell, we made a brass can with dimensions 0.0 : ' : ' : ' : L
¢ 30 mm andL 55 mm. The sample cell contained the 0 200 400 600 800
quartz crystal resonator coated with a porous silica layer and P (Torr)
a calibrated platinum resistance thermometeakeshore,
Pt100. The adsorbate (Ngas was introduced into the FIG. 1. (a) The frequency shiftsll) and(b) the changes in the
sample cell through a stainless-steel tubg 6.4 mm). inverse amplitude of oscillation of the QCM covered with a porous
Temperature control of the sample cell was furnished by &ilica layer versus the pressure of jas at 325 K. Since no N
heating wire coiled around the cell and a temperature conadsorption is expected at such a high temperature, we attribute the
troller (Lakeshore, DRC-91CAwith 0.01 K resolution. The frequency shifts to the viscous loading effect. A dotted line is drawn
sample cell was placed inside a continuous gas flow cryostd@" the expected frequency shift due to the viscous loading effect
(Oxford, CF 1200 and liquid nitrogen flow was used to cool calculated fr_om Eq(6). The expgrlmental data of frequency shifts
the sample cell indirectly. The temperature of the cryostaf’_‘ﬂer correction for the hydrostatic pressure eff_ém) (are abo_ut1.8
was controlled by a separate temperature contréDetord, times larger Fhan those_expected from the viscous _Ioadlng of flat
ITC4) with 0.1 K resolution and adjusted # K lower tem- surfaces. A fitted curve is drawn for the enhanced viscous loading
perature than the sample cell. effect

We used a home-built Colpitts oscillator circuit operating plane with a velocity v(w)=vee®. The ratio Z

at room temperature. The output from the oscillator circuit” Fo/(voS) is called the acoustic impedance, whéiis the

was split into two lines. Ope was connected tq a frequelqc)éurface area of the plarf@ The acoustic impedance is further
counter(FLUKE 1953A), with frequency resolution 0.1 Hz, expressed aZ(w)=R(w)—iX(w). When the plane is in

and the other to a full-wave diode circuit. The oscillation contact with the vapor, the real paR(w) is given by

amplitude was measured by a voltme(Keithly 182). The - . .
gas pressure of the sample cell was measured by a capafi{®) = V7p@/2, where, andp are the viscosity and den-
sity of the vapor, respectivel?. The amplitude of oscillation

tance manomete(MKS 146) with 1 mTorr resolution. It h / he | . . .
took about 10 h to obtain an adsorption isotherm gfilNthe changes a§(_1 A)C.KR' The imaginary park(w) IS associ-
ated with the inertia of the oscillator and determines the reso-

ressure range9p/py=1. It was necessary to wait a lon . . )
b ge=sp:Po y g pance frequency shift. Gas molecules in contact with the

time to reach equilibrium near the saturation vapor pressur i
(p/po=1), due to the heat given off by the vapor condensingquartz crystal surfaces cause a drop in the frequency of os-

in the pores cillation of the quartz due to viscous loadiffy,

2fo\Nmpwl2

IV. RESULTS AND DISCUSSION ~ OMviscous™ 7Ry ' ©

A planar surface of the AT-cut quartz crystal which is where f, is the resonance frequency=2xf, and Ry
driven by a periodic driving forc& (w)=Fye'“! with angu-  =8.862x 10° kg/n¥? s is the transverse acoustic impedance
lar frequencyw will oscillate in a direction parallel to the of quartz. Figure (a) shows the frequency shifts §f of the

N
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QCM coated with porous silica measured iB Nas atmo- 12—
sphere at 325 K. The dotted line in Fig(al indicates the
expected frequency shifts due to the viscous loading effects 100 k 4

[Eq. (6)] for a flat surface. We used an ideal gas law and
=1.88x10 ° kgm ts ! for N, at 325 K!’ The experi-
mental datdfilled squares — 6f appear to be in good agree-
ment with the calculated 6fiscous

However, this agreement is accidental since the hydro- =
static pressure effect should be considered, too. The hydro-
static pressure effect is the increase in oscillation frequency ¢Q
associated with the vapor pressure, which compresses the '
quartz crystal faces. The frequency increases in proportion to
the pressure, and the proportionality constant depends on
both the temperature and cutting angle of the quartz crystal,
but not on the kind of gases used. The empirical coefficient
of the hydrostatic pressure effect is {df/dp=13.6

X 10'° torr * at 325 K for AT-cut quartz resonatot$ The 0.0 0.2 0.4 0.6 0.8 1.0
data corrected for the hydrostatic pressure effeapen /
circles have additional frequency down shifts over those ex- p po

pected from the viscous loading effect. These additional fre- _ _
quency shifts cannot be explained by the mass loading effect, FIG. 2. The frequency shifts versus the normalized pressure of

which is another mechanism of the oscillation frequencyNz at 77.9 K. The frequency shifts for the quartz crystals were
shifts, since no significant adsorption of, Ns expected at measured during the adsorptiol) and desorption@) processes
such a high temperaturé.e., T=325 K). An explanation on the porous silica substrate. At low temperature, the mass loading

for the extra frequency shifts can be found from the porougffect dominates the frequency shifts. There is hyster@siows

structure of the substrate coated on the quartz resonat etween the adsorption and desorption curves. The frequency shifts
or a quartz crystal with Ag electrodes<() were measured for the

$|nce the porous S'“Ca Subgtrate IS rough. and has a. Iar%e me conditions and are shown together. BET curves are drawn to
internal surface area, it can increase the viscous loading qfthe data

the QCM. In our case the acoustic impedaR¢®) has been

increased by a factor of 1.8 as indicated by the curved line ”EEapiIIary condensatiomnd results from the mesoscopic size

Fig. 1(a). 10-250 A (Ref. 9] ilaries | il
. . . . - . 9] pores or capillaries in the porous silica
F_|gu.re Ab) shows the Changes in the inverse amplitude O'gubstrate. The isotherms are of the so-called type IV accord-
oscillation 5(1/A) as a function of N vapor pressure. The o'y, Brunauer's classificatichin order to compare with
line in Fig. 1b) shows data fitted using the relati@{1/A)  he adsorption on a flat substrate, the frequency shift was
< \p. Deviation of the data from the fit line in the regign  neasyred using a QCM without a porous silica substrate,
>400 torr indicates that there exists excessive energy dissino. The data after correcting for the hydrostatic pressure and
patlon over t_he viscous Ioadmg of flat surface. The deviationjscous loading effects are shown together in Fig. 2 and in-
increases witlp and is possibly related to the porous struc-gicate fewer frequency shifts. Furthermore, there is no hys-
ture of the silica layer. With respect to the enhanced ViscOUgresis observed from the flat substrate

) o .
loading exerted by the adsorbates, Watisl.™ reported an A thin film adsorbed uniformly onto the quartz crystal

experimental observation of interfacial slippage of the adyface causes a drop in oscillation frequency,
sorbed liquid film. This was evidenced by the fact that the

measured acoustic impedance was larger than that expected 4f2 Am

theoretically. Since the slippage of the adsorbed liquid layer - 5fmaSS=R— <

increased the acoustic impedance, the oscillation amplitude q

was, as a result, decreased. This phenomenon has been whereAm is the mass of the film adsorbed afis the area

lized to probe sliding-friction effects by Krinat al*® of the surfacé® Equation(7) is valid for weak loading, i.e.,
Figure 2 shows the frequency shiftséf versus the pres-  Am<M,, whereM, is the mass of the quartz crystal.

sure of N for the porous silica substrate during adsorption  Generally, the Brunauer-Emmett-Tell&ET) analysis is

(filled squarep and desorptionopen circleg processes at uysed to determine the surface area from the adsorption iso-

77.9 K. These data have been corrected for the hYdYOStat'[(herm_ The BET analysis is applicable to the adsorption of

pressure and viscous loading effects in the same way as higfases up to a few layers. In the BET model, the adsorption of

temperature analysis(We used »=5.37<10 ° kgm™*  molecules on a surface is considered as an activated process.

s ! for N, (Ref. 15 and (1f)df/dp=16.0<10" torr * at  The BET equation can be expressed as

77.4 K15 Although there remains an ambiguity in the cor-

rection as shown in the high-temperature data, the correction p/pPo 1 -1

is less than 4 Hz at most and negligible for the low- n(1-plpg) n_mc+ n—mC(P/po), (8

temperature measurements. Frequency shifts at 77.9 K are

more than 10 times larger than at 325 K. An eminent hysterwheren is the number of adsorbed moleculeg,the number

esis appears in the adsorption and desorption isotherms in tioed molecules required to complete a monolayer, anis

region 0.65<p/po=1. The hysteresis is an indication of the exp(— (Eaqst E|)/kgT). HereE qscorresponds to the activa-

)
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tion energy for the first-layer adsorption akd is the latent 60 :
heat. For further adsorption beyond the first layer, the acti-
vation energies are assumed to be equél,to Equation(8) ] (a) k2
fits our data well for the adsorption up to a few layers (0O g

<p/py=0.4), as shown in Fig. 2. <N 4o} I

From Eq.(7) we can infer that the 1 Hz decrease in fre- T ey
quency corresponds to adsorption of 2 B0** molecules. o
From the desorption data in Fig. 2, we obtaip=(4.4 “w
+0.1)x 10". Using the specific surface area $5A2 of the ool - |
adsorbed B° the surface area of the porous substrate is e
found S=5.5+0.1 cnf. This is nine times larger than the o
apparent area of the quartz crystal, which is about 0.6. cm [
On the other hand, the calculated surface area using the data
in Fig. 2 for the quartz crystal without a porous silica layer 0.0
amounts to 1.350.02 cnt. This is about twice as large as
the apparent area of the crystal. We attribute the difference to
the roughness of the Ag electrode as well as the quartz crys-
tal surface.

Using the frequency dro@fy=—3.3 kHz, due to the
porous silica layer, the mass of the porous silica layer is
found Am=3.5x10"° g and this corresponds to the thick-
ness of the layer 2910° A. Then, the estimated specific &
surface area of the porous silica is 18.5/q Although this Ec_s

—_—

value is smaller than that of a typical xerogel
(~10% m?/g'9, the silica layer indeed has many pores and
capillaries. 0.01 i > -]

From the hysteresis in the adsorption and desorption TUE
curves, one may expect that the frequency decrease by 93 Hz i c ]
corresponds to complete filling of the pores with 2.1 [ L
X 10'® N,. Then the porosity of the silica layer is found to 2 4 6 8 10
be ~7.5% using the specific gravities of liquid,Npg 15
=0.81) and of the silica layepg,=2.3) " In order to make Number of Adsorbed N2 (x107)
a xerogel with large porosity, complicated procedures such _
as surface modification and aging are requited.In this FIG. 3. (a) The frequency shifts versysp, at 76 @), 77 (O),
experiment, however, we skipped the procedures and a larg@d 80 K (<). (b) The same experimental results @ were re-
amount of shrinkage of the gel is expected. The volume oplotted accordlng_to the DLP analysis, from whl_ch astr_alght line in
xerogel can be reduced by a factor of 5 to 10 compared to thi?® 109-10g plot is expected. The data are fitted withofeN
wet gel!® We attribute the low porosity of xerogel to the “[In(golp)] and the $|°pe given in the f'gl.”e correspondssto
shrinkage. As the Ngas pressure approaches the saturation_ 2.6=0.1. For comparison, the frqu.ency shifts of an Ag-electrode

. ._quartz crystal without the porous silica layet ) are shown to-

vapor pressuref/po—1), condensatlon. of the adsorbate IS gether. The straight line in this case corresponds~¢@3.0+0.1.
expected. However, a sharp increase in the frequency Shlf?,
which is a signature of condensation, was not seen in ouadsorption isotherms at different temperatures were claimed
experiment. Instead, the frequency shift increased steadilyp have different values af,, andc, in a temperature range
for a wide range of pressurgs/py>0.4. The small-size between 77 K and 120 K. However, we cannot see any evi-
pores result in less saturation vapor pressure than the bulkence of a temperature dependencengfor ¢ from our
value p,.2° From the smooth increase and decrease of thetudy.
adsorption and desorption curves, respectively, it can be ex- The isotherms were replotted aspg(p) versus the num-
pected that the pore sizes are distributed in a broad range.ber of adsorbed molecules in a log-log dibtg. 3(b)], where

We prepared a second QCM following the same stepsthe number was calculated from the frequency shift measure-
From the BET analysis on the second QCM, the surface areaents using the BET equatig&g. (8)]. The exponens and
of the porous silica substrate was fouSer3.7+0.1 cnf,  coefficient y, in the modified Eq.(3) can be determined
corresponding to a thinner layer. Figure 3 shows the adsorgrom this plot. However, not all the data lie on a straight line
tion isotherms measured at three different temperaturein Fig. 3(b) and there is ambiguity in determining which is
above the bulk triple pointT;=63.15 K) of N;: 76 K (filled ~ the power-law region. Since the FHH and DLP theories are
squarey 77 K (open squargsand 80 K (X), respectively. mostly applicable to multilayer adsorption regions and the
Although the bulk saturation vapor presspigis different at  porous silica has incomplete condensation, we select the re-
each temperature, all the adsorption curves merge onto gion in between the monolayer adsorption and condensing
single curve after normalizing the pressures against the retegions to fit to the theory. The results are 2.6+ 0.1 and
evant saturation vapor pressyrg [See Fig. 83).] Recently,  y,=5040+100 KA?3. A value of exactly 3 is expected for
there appeared a Brief Report about the temperaturehe exponens according to the FHH and DLP theories. The
dependent adsorption of ,Non porous vycor glass. The data of the quartz crystal without a porous silica layer
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(crosses indeed show s=3.0+0.1 and 7y,=18000 inakind of surface tension. Contrary to our results, however,
+1000 K A3, which is in good agreement with the results of thermal fluctuations increase the adsorption in the intermedi-
N, adsorption on Ad2 There are examples suggesting the@t€ region. We attribute the deviation to the porous structure.
exponents should be smaller than 3. With,Nat 77 K, s Considering that the FHH and DLP theories are suitable for
=2.75 for hydroxylated silicas was reported, with even@ flat substrate, it may be absurd to apply those theories to
lower values(2.2—2.48 for dehydroxylated silica&Further- ~ the condensing region of porous substrates.pAsp,, the
more, Drakeet al?? claimed that their analysis for Nad- ~ @dsorbed layer thickens up to mesoscopic scale. Then, the
sorption on silicagel was model-dependent and could notmall pores will be filled with the adsorbed liquid, whereas

provide any clear-cut information on the morphological fea-the large pores are partially filled and the substrates have
tures of the surface. On the other hand, the values af- reduced surface areas and pore volumes. Generally, this ef-

cording to Halsey® can be taken as a rough estimate of thefect is utilized to measure the pore size distribution of porous

strength of interactions between the adsorbate and substrafg€dia- The effectively reduced surface area decreases the
As a result, our experimental valse=2.6 is in good agree- adsorption and makes the adsorption curves deviate from the

ment with other experimental results and may not be consigeower-law relation. This deviation is thus another indication
ered as an indication of the fractal nature of the adsorptio®f th€ porous structure of the silica substrates.
on the porous silica substrate.

The measuredy is larger than that expected for the silica V. CONCLUSION
substrate from the FHH or DLP theory, 3590 or 4630 ¥ A ) .
respectivelyt? From our results it is noticeable thag /kgT When a quartz crystal resonator coated with a thin porous

is temperature-independent in the temperature range betwegica layer was oscillated within a nonadsorbing vapor envi-
76 K and 80 K and the number of molecules adsorbed igonment, the acoustic impedance related to the viscous load-
temperature_independent’ too. Recenﬂy, SukhaenaLzs Ing increased due to the porous structure. We found a power-
studied wetting of Ar on gold near the triple point of Ar law relation betweerkgT In(p/po) and the amount of N
(T,=83.31 K). According to the thermodynamic model @dsorbed on the rough silica in the intermediate coverage
they studied for the triple point wetting, the free energy forreégion. The exponerg and the coefficienty, of the power-
liquid Q; at T>T,, lies below both()¢ for solid and() e, law relatlor_1 in the tempera’gure range 76 K—-80 K were tem-
for liquid/solid layered films and does not depend on tem-Perature independent withs=2.6=0.1 and 7y,=5040
perature. It is well known that Nadsorption shows the triple  +100 K A3, which does not agree with DLP or FHH.
point wetting? The temperature-independent adsorption data
we obtained af > T, are consistent with Sukhatna al?3

In the condensing region whe@py,— 1, the adsorption
does not proceed strongly and the adsorption isotherms de- This work was supported partially by the Ministry of Edu-
viate from the straight line in Fig.(B). Meckeet al?* sug-  cation, Korea through the Basic Science Research Institute,
gested that deviations in the intermediate adsorption regioBeoul National University and by the Korea Science and
are due to thermal fluctuations. The thickness of the adEngineering Foundation through the Science Research Cen-
sorbed layer fluctuates at a given temperature, which resulter for Dielectric and Advanced Matter Physics.
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