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Effective diffusivities and adsorption uptakes have been measured in mesoporous silica particles using
frequency-modulated perturbation methods. Intraparticle diffusivities in the Knudsen regime were measured
for N2, Xe, Xe/N, mixtures, and isobutane at low pressure and several temperatures. The measured diffusivities
show the correct dependence on temperature and molecular weight. The frequency response data show that,
even above ambient temperatures, equilibrated adsorption occurs concurrently with diffusion processes. The
high sensitivity of our experiments permits accurate measurements of the physisorptipXef &hd isobutane

on silica at very low surface coverages, with heats of adsorption of 2.2, 3.4, and 5.6 kcal/mol, respectively.
The entropies of adsorption for,NXe, and isobutane were determined to-b#6.4,—17.1, and—18.9 cal/

mol K, respectively, which are consistent with the loss of one degree of translational freedom. This study
extends previous applications of frequency modulation methods to mesoporous solids useful as adsorbents
and catalyst supports. These extensions were achieved by using a wider experimental frequency range and
by developing new theoretical response functions for concurrent adsorption and diffusion processes.

1. Introduction tion and transport is particularly important for high surface area
materials, because the number of molecules exchanging between
YR . . ; the surface and the gas phase within the pores in the adsorption
fluctuation in its volume provides information about the rate

process, even at low surface coverages, can greatly exceed those

processes occurring within porous solids contained within the .
- exchanging between the pore volume and the external gas phase
system. When the volume fluctuations are small, the system. A .
YA . S ; in the diffusion process. We show that the proper accounting
equilibrium is not significantly perturbed and the theoretical

. . S . of equilibrated adsorption is essential in order to obtain accurate
interpretation of the response is simpler. Frequency modulation

methods have been used previously to obtain kinetic parametersd“chSIOn coefficients within porous solids.

for chemical reactions and adsorptiotlesorption steps on

surfaces and to measure effective diffusivities within micro- . ) . .
porous solidd:® Frequency modulation methods exploit the change in ampli-

Coupled adsorption and diffusion processes with different {ude and phase produced by a dynamic system that is perturbed
characteristic time scales can be studied at typical conditions Periodically around its equilibrium point. The resulting am-
of catalytic reactions by varying the frequency of the applied plitude change (attenuation) and phase shift (lag) are directly

perturbations. In general, these rate processes cannot pdelated to the dynamics and capacities of the processes governing

adequately resolved by pulse or step transient methods, bythe return of the system to its equilibrium point. For example,

temperature-programmed desorption, or by elution chromatog-2& Small sinusoidal variation in the volume of a closed system
raphy. Previous applications of frequency response methodscontaining a porous nonadsorbing solid results in a sinusoidal

in heterogeneous catalysis have been limited by experimentalPT€SSure response. The extent of attenuation and lag of the
restrictions in accessible frequency range and by the lack of "€SPONSe is determined by the effective diffusivity (dynamics)

theoretical descriptions that properly account for the coupling @nd by the pore volume within the porous solid (capacity). When
of several concurrent dynamic procesges. adsor_pt|0|°rdesorpt|on occurs concurrently with dn‘fuspn, 'ghe

In this work, we extend experimental and theoretical fre- resultlng pressure response depends also. on the kinetics of
quency response methods to study diffusion and adsorptionadsorpt'on (dynam|_cs) and on th_e changes in surface coverage
within mesoporous silica particles. Specifically, we present new c3used by the applied perturbation (capacity).
analytical expressions for the system transfer functions, which A graphical description of the frequency modulation approach
are required in order to extract effective diffusivities and IS Shown in Figure 1. At each frequenay the system volume
adsorption-desorption constants from the measured system IS perturbed sinusoidally with amplitude (solid line).  The
response. These transfer functions characterize the pressur§yStem pressure responds in a sinusoidal manner with a
response of the closed system to a small fluctuation in its fluctuation amplitudep (dotted line), which is lower than that
volume. The rates of the underlying adsorption and transport COrrésponding ta’ at equilibrium and is delayed by an angle
processes are sensitive to the properties of the solid surfaces- The capacities and dynamics of the underlying processes
and to the morphology of the intraparticle pore voids. In &€ obtained by fitting the experimental transfer function

frequency response experiments, the coupling between adsorpgbtainefd from the measured quantitiesp, and ¢ to the
theoretical transfer functioH(iw). The transfer functiof(iw)

* Corresponding author (fax 908-730-3301; internet screyes@erenj.com). IS @n analytical expression in f_requency domqin’ which contains
€ Abstract published irAdvance ACS Abstractdanuary 1, 1997. the parameters to be determined. Its magnitude measures the

The pressure response of a closed system to a small

2. Background
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T T T Mesoporous silica spheres commonly used as catalyst sup-
ports were used in all experiments (Shell S980B, BET surface

volume

prfsf?‘re q Loon 1 area 204 rfig; pore volume per unit mass of particles.16
-‘ AR cmé/g; particle densityp, = 0.58 g/cnd; SiO, skeletal density
‘ J" ! ps = 2.3 gl/cn¥; mean pore radius, = 3.5 nm, from N

; . ; ; physisorption; mean particle radiis = 0.135 cm, from optical
microscopy). All experiments reported here were carried out

. using 16.5 g of silica particles at an equilibrium pressure of

L i 2.13 kPa (16 Torr). Increasing or decreasing the amount of

’
v
T

.

Volume and pressure waves

¢ silica particles did not change the frequency response measure-
- N ! ments, and therefore it was concluded that bed-depth effects,
Time such as those reported by Van-den-Begin and Raesye not

Figure 1. Input volume pe_rturbation and output pressure response in present in any of the experiments reported here. The samples

frequency response experiments. were calcined at 873 K for 16 h and then loaded into the
frequency response reactor cell. The samples were then heated

To vacuum To gas manifold to 573 K in dynamic vacuum f h before frequency response
- = measurements. NMatheson, 99.998%), isobutane (Matheson,

99.5%), and Xe (Matheson, 99.995%) gases were used without
further purification.

3.2. Theoretical Methods. This section describes key steps
in the development of theoretical transfer functions that quantify
the amplitude attenuatiop/) and phase lagy) observed in
diffusion and adsorption experiments. In section 3.2.1, we first
analyze adsorptiondesorption processes on uniform surfaces
(Langmuir adsorption). This analysis shows that frequency
response experiments measure the relaxation time for adsorption
and are sensitive to the local slope of the adsorption isotherm
at the equilibrium pressure.
Figure 2. Schematic diagram of frequency response apparatus. In section 3.2.2, we analyze Fickian diffusion of gases in
nonadsorbing porous solids and show that frequency response
- - X methods measure pore volumes and effective diffusivities. This
= plv) and also quantifies the phase lag< tan“{Im(H)/Re- analysis of diffusion dynamics in frequency response experi-
(H))). Transfer functions are uniquely determined by the onis vields information exactly analogous to the effectiveness
constitutive equations describing the chemlca}l and transport ¢, iors”in catalytic reactions, where frequency in the former
processes responsible for the observed dynamic response. Thg| s the role of the first-order kinetic constant in the latter.
derlvatlor_1 of these transfer func_tlons is best approacheq via Finally, in section 3.2.3, we describe the frequency response
perturbation methods that exP'Q‘taS the smal_l parameter in - oharacteristics of concurrent adsorption and diffusion processes.
the frequency response experiments. A detailed description of\ye first describe the general case, in which the rates of diffusion
the mathematlcal perturbation methods used to derive the ;4 adsorption are comparable, and then the case of rapid
transfer functions has been presented elsewhere. adsorption. Rapid (or equilibrated) adsorption is a case of
3. Methods part_igular interes_t for Pporous metal oxides, because quasi-
equilibrated physisorption processes can mask the true values
of the effective diffusion coefficients even at very low surface
coverages.

Differential

pressure X

Acentric

position
sensor
Catalyst

ratio of the pressure response to the volume perturbattin (

3.1. Experimental Methods. The experimental apparatus
(Figure 2) allows diffusivity and adsorption measurements at
input perturbation frequencies between 0.05 and 10 Hz. The 3.2.1. Adsorption. Let's consider a massn of porous

system volume\( = 141.91 crf) can be sinusoidally modulated adsorbent or catalyst particles contained within a closed system

by 1.38% AV = 1.96 cn?) using a metal bellows. The o o : .
apparatus is constructed of quartz and Pyrex, and the Systemof equilibrium volumeVe. The equilibrium volume is defined

volume is contained within a controlled temperature box (223 gt;ﬁegfé?urgﬁ]()f :Eg Sys:grr:/(r)rllilr:rl:zvt;e_vcillurﬂeg p)art'f:lsf’ the
400 K). Higher temperatures can be achieved during pretreat-Lan muir adsc?r tion IOthe concentration of adsoprsbéd species
ment by direct resistive heating of the sample cell. The h 9 ith ption, ding t P
geometry of the system volume minimizes hydrodynamic delays changes with pressure according to

that are not related to the dynamics of intraparticle diffusion d

and adsorption. This volume contains a sample cell, a steel _nS: K,P(N — n) — kyn 1)
bellows driven by a rotary motor with an acentric cam, and a dt s

differential pressure gauge (MKS Model 223 BD; T30 Pa).

Dynamic system pressures of 2(Pa can be routinely achieved If the gas-surface exchange reaction is the only dynamic
by turbomolecular and mechanical vacuum pumps. The position process with a relaxation frequency within the range covered
of the bellows is determined by a linear variable differential by the frequency response experiments, then its transfer function
transformer (Schaevitz Engineering), which measures the inputH(iw) is given by

volume perturbation. Data are acquired using LabTech Note-

book software and a personal computer (Dell PC-AT 320). 1 MRTdn/dP)s_p
Turbo Pascal codes are used to control input voltages to theH(iw) = Ke=——F——
motor and to determine phase lags, amplitude attenuations, and 1+ K4 Ve
characteristic response functions from pressw@ume ex- AiQ) =
perimental data.

1
1+iQ )
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1

T in frequency response experiments are the values pf and

] @ at each frequency. Thus, the capacity param&teand
dynamic parameteq; are obtained by comparing the theoretical
(eq 4) and experimental (eq 5) RRF and IRF functions.

RRF and IRF functions are plotted against dimensionless
frequency in Figure 3 in order to highlight the capacity and the
dynamics of the adsorption process, respectively. For example,
at low modulation frequencie€) — 0), the RRF component
approachesKs asymptotically and the IRF component ap-
proaches zero. Thus, when the period of the perturbation is
much longer than the adsorption relaxation time, the RRF
provides a direct measure of the adsorption capacity of the solid
as a function of pressure. The IRF component goes through a

0.01 0.1 ! 10 100 maximum when the period of the perturbation equals the
Q=wlk, adsorption relaxation time&X = 1), a measure of the adsorption
Figure 3. RRF and IRF components for adsorption processes (eq 4) dynamics. At high frequencie€)(— =), both the RRF and
[Ks = 1]. the IRF approach zero.

3.2.2. Diffusion. In the absence of adsorption, the diffu-
sional transport of a gas within the pores of spherical particles
is governed by Fick’s diffusion equation:

0.8 |- e

0.6

0.4

Response Functions

0.2

0

In these equationg2 = w/k; is the dimensionless frequency
andk. = kiPe + kq is the adsorption relaxation frequencits
andZ are dimensionless quantities describing the capacity and dC/dt = DV2C (6)

the dynamics of the adsorption process, respectivelfi.

measures the ratio of the volume of gas exchanged with the|f the particles are contained within a closed volume that is

surface during one fluctuation to the equilibrium volume of the  sinysoidally modulated around its equilibrium volug the
system, andi is a measure of the ratio of the characteristic transfer function is given by

modulation time to the adsorption relaxation time. Equation 2

clearly shows thats is proportional to the slope of the H(io) = 1 )
adsorption isotherm, evaluated at the equilibrium presBure 1+ Kgp(®)

The transfer functiotd(iw) describes the amplitude attenuation

(IH| = p/v) and phase lagyg( = tam[Im(H)/ReH)]) at each where

modulating frequencw. A least-squares fit of the datg/(

and ¢) allows the estimation oKs and k;, the unknown mRTdny/dP)s_p 3 1
parameters in eq 2. Ky= fe n(P) = a(coth@) - 5)

Previous theoretical treatments of adsorptibaiescribed the e
frequency response behavior in terms of the so-called real (RRF) ) in02
and imaginary (IRF) response functions. These RRF and IRF 7= D (8)
functions are uniquely related to the transfer functtéfiw)
by If the gas molecules within the particles behave as an ideal gas,

1 1 then the capacity parametg can be rewritten as
RRF= Re[—_ - ] IRF= —Im[—_ - ] 3)
H(iw) H(iw) Vy,  M(elpp)
¢V, V, )

Substitution ofH(iw) from eq 2 into eq 3 gives the RRF and
IRF response functions for pure adsorptiatesorption pro-
cesses on uniform surfaces (Langmuir-type):

e e

In analogy to the adsorption case described in section 3.2.1,
the transfer function for diffusion (eq 7) is also written in terms

KO of a capacity parametéfy and a dynamic parametgr At low
RRE = s = =23 4 frequencies (wher@ — 0 and#n — 1), the transfer function
theory 2 theory 2 ( )
+ Q 1+Q provides a direct measure of the capacity paramégerK is

. ] . . proportional to the pore volume of the particles, which is the
These equations are identical to those reported by Naphtali andomy “storage” capacity within a nonadsorbing porous solid. The
Polinsk? and Yasudafor Langmuir adsorption. In cases where quantity D/Ri2 appearing in®? is the diffusional relaxation
coupled dynamic processes occur, it is simpler to cast the systeMrequency, which depends on the effective diffusivity and the
response.in terms of a transfer funct.ion rather than RRF and gitfusion distance in the porous particles.

IRF functions. In general, howeve(iw) and the RRF and The dynamic termy has the same functional dependence on
IRF functions are uniquely related as shown in eq 3. ® as the effectiveness factor derived for first-order chemical
To compare the theory to the experimental data, we need reactions in spherical particléd. In heterogeneous catalysis,
expressions for the RRF and IRF functions in terms of the ¢ s called the Thiele modulus and it measures the ratio of the
measurable quantities p, andg. Following the definition of  characteristic diffusion time to the characteristic reaction time
H = |H|e” = (p/v)e” and eq 3, the experimental RRF and IRF  for the chemical reaction. In frequency response experiments,

functions are evaluated as ® is the ratio of the characteristic diffusion time to the
. characteristic modulation time. Thus,in frequency response
RRFeyperiment™ (v/p) cosgp) — 1 and experiments plays a role analogous to the first-order kinetic
IRFeyperiment= (V/P) Sin(@) (5) constant in the Thiele treatment of heterogeneous catalysis. In

physical termsy (eq 8) measures the fraction of the intraparticle
Equation 5 clearly shows that the only measurements neededpore volume that is invaded during the period of one perturba-



Diffusion and Adsorption Measurements in Porous Solids J. Phys. Chem. B, Vol. 101, No. 4, 199617

1 LB LLBLLALLL rrrrem ac ans 2
I | i+ Py = DVC (12)
2 08 |
2 i ong
S — =kP(N—n) — kjn, (13)
5 06| ot
f - A frequency response analysis of this coupled system of
2 04} differential equations leads to the following transfer function:
S | H(iw) = (14)
&o02 1+ (Ky + KA)n(®)
0 1l Ll L L L Lillt Where
0.1 1 10 100 o,
_ 2 172 |(,U
Q= (2R, / D) 2= 2R 1+ akJ] (15)

Figure 4. RRF and IRF components for diffusion processes (eqs 10 D

and 11) K = 1]. The form of this transfer function (eq 14) is similar to those
t previously obtained for pure adsorption and pure diffusion, but

tion. This analogy with catalytic reactions is a very importan includes now the coupling between them. In contrast with the
result, because it implies thiin other particle geometries (e.g., pure diffusion case, the moduld® now contains an additional

slabs and cylinders) is the same as the corresponding effective-Olimensionless arametark-) that reflects the extra capacit
ness factory(®) derived for first-order catalytic reactions. P pacity

Moreover, all renormalizations of the Thiele moduldsthat Itrgrpr)r??se((ja bli/aellqrgcirhpetlo?o%rlI:T%?LEZS(I:? g(r:(i)tces;a'nrqrg(s;ggglonal
seek a general representation of the effectiveness factor forthe d na?nic arameF':eﬁ)(of the a dsorptiony Eocess ceorrecte d
arbitrary geometries can be extended to the dynamic quantity y par ~ P P v
. - by the geometric factoo. = Vd/(m/pp). The factora simply
7 in frequency response experimekts. renormalizesKs to the volume of the particles instead of the
Following eq 3, the transfer function for diffusion (eq 8) can s P

also be written in terms of the RRF and IRF components as vqlume of the.sy§t.em becauge the tebhpertains to dlffu5|op
within each individual particle. As before, for spherical

follows: particles, the dynamic term(®) for diffusion is given by eq
; : 8.
sinh@) — sin(@
RRRpeory = Kg%’ €2) €) (10) According to egs 2, 8, and 15, when the period of the
cosh@2) — cos2) modulation frequency is much longer than the diffusion and
: : adsorption relaxation times, boghand# approach unity and
IRFipeory= QEF( Sinh(2) + sm(Q)) - l] (12) the total capacity of the system equals the sum of the pore
Q| 2\cosh) — cos)/ € volume and the equilibrium adsorption uptake (see eq 14). When

the period of the modulation is shogtapproaches zero because
molecules cannot penetrate the particles during one perturbation
period. As done previously for independent adsorption and
diffusion processes, the transfer function for coupled diffusion
adsorption can be expressed as RRF and IRF components.
Unfortunately, the resulting analytical expressions are quite
unwieldy and do not provide more insight than the transfer
function itself. Numerical values of the RRF and IRF compo-
nents can always be obtained straightforwardly by using eq 3.
Two important limits of eq 14 occur when the rate of
diffusional transport is rapid or slow compared to the rate of
adsorption. The former situation can be described by the results
of the previous sections because, effectively, the diffusion and
adsorption processes become decoupled, leading to dynamics
controlled by pure diffusion at high frequencies and pure
adsorption at low frequencies. When the rate of adsorption is
efast when compared to diffusional transport, the transfer function
gcquires diffusion-like characteristics. Heteapproaches unity
and the transfer function becomes

Here, Q = (2wRs?D)¥2 is the dimensionless frequency, and
the diffusion coefficientD and the capacity paramet&y are

the only unknown parameters estimated by minimizing the
deviation between theoretical (egs 10 and 11) and experimental
response functions (eq 5). When plotted as a functio® pf
the theoretical RRF and IRF functions display features similar
to those for adsorption (Figure 4). The RRF and IRF curves
for diffusion, however, do not cross and instead approach zero
asymptotically and concurrently. The IRF goes through a
maximum at a dimensionless frequencyf- 4.818, a value
obtained numerically from eq 11. The RRF and IRF functions
(egs 10 and 11) are identical to those previously derived using
a different approach.

3.2.3. Coupled Adsorption and Diffusiorin the previous
sections, one dynamic process (adsorption or diffusion) caused
the delay and attenuation of the imposed perturbation. This
section addresses the case of diffusion and adsorption process
occurring at comparable rates and invading two distinct
reservoirs: the pore voids and the solid surface, respectively.

This assumption applies well to mesoporous solids, with pores . 1

that are large compared to molecular sizes but are small enough H(iw) = app, (16)
: o o : 1+ K*(P)

to provide a large specific surface area; it is not valid for

microporous solids, such as zeolites, where the dimensions ofwhere

channels and cavities are comparable to those of diffusing

molecules. In the latter case, the distinction between gas and _, inoz app app D

; PT=— K™=K,+ K D™=
adsorbed species cannot be made because molecules are always DaPP g s 1+ akK,
influenced by the properties of the confining surfaces. 17)

When diffusion rates are comparable to adsorption rates, the
material balances for the gas and adsorbed phases are describerthis transfer function (eq 16) has the same form as that for
by pure diffusion (eq 7), except that its capaci{®{H) and effective
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Figure 5. RRF and IRF components for coupled diffusion and adsorption processes (egs 3, 14, and 15). Effect of increasing the adsorption
relaxation frequenck (A) 1 x 10°s%, (B)=1x 10354 (C)1x 10ts (D)1 x 10t st [Ks=Kyg= 1, = 1, D/Ry? = 100 s1].

diffusivity (D2PP) become the apparent values given in eq 17. subject to external mass transfer limitations has been recently
This diffusion-like behavior reflects how a fast adsorption presented by Jordi and DB®&. Their work illustrates the
process increases the storage capacity of the solid above thaimportance of developing fundamental models that can capture
of the pore volume and how the maximum in the IRF function all dynamic processes that influence the measured response.
is displaced to lower frequencies. Figure 5 illustrates some key
features of the response of coupled adsorption and diffusion 4. Results and Discussion
processes. The RRF and IRF components were calculated for
adsorption and diffusion processes of equal capacity but differing  4.1. Diffusion of N; in Mesoporous Silica. The frequency
dynamics. Clearly, when adsorption is much slower than response of a system containing nd silica particles to
diffusion, the processes are essentially decoupled (Figure 5A);Sinusoidal volume perturbations of varying frequency {®1
the supply of molecules by diffusion occurs much faster than Hz) is shown in Figure 6. The measurements were carried out
the adsorption exchange. As adsorption rates increase ancit 308, 348, 398, and 573 K in order to study the effect of
approach diffusion rates, the IRF adsorption peak begins to temperature on the diffusion coefficients and to minimize
merge with the diffusion peak (Figure 5B,C). Ultimately, when nhitrogen physisorption. As suggested by eq 5, the data
adsorption is very fast, the response functions become identicalandg were plotted as RRF and IRF components. The response
to those for pure diffusion (Figure 5D). Figure 5D clearly shows functions show diffusion-like characteristics similar to those
that a diffusion-like frequency response may hide a fast illustrated in Figures 4 and 5D. At low frequencies, pressure
adsorption process (compare to Figure 4). A fast adsorption fluctuations are sufficiently slow that nitrogen concentration
process is present if the magnitude of the low-frequency limit gradients do not develop within the pore structure of the
of the RRF function exceeds the expected pore volume capacityparticles. At high frequencies, the RRF and IRF approach each
V,/Ve of the solid. Also, according to eq 17, a fast adsorption other and decrease toward zero, signaling that intraparticle
process displaces the maximum of the IRF function to lower nhitrogen concentration gradients develop as the external fluctua-
frequencies by the factor & aK¢¥2 (e.g.,Q decreases from  tions become more rapid.
a value of 4.82 in Figure 4 to 3.41 in Figure 5D) for the same  Figure 6 shows that the maximum in the IRF shifts to higher
value of D. These tests will be used in the next section to frequencies and the height of the RRF decreases in magnitude
determine the extent of rapid adsorption that occurs concurrentlyas temperature increases. The frequency shift reflects a diffu-
with the diffusion processes. sivity increase with temperature; the amplitude attenuation
This section has specifically addressed the derivation of reflects a decrease in physisorption uptakes as temperature
response functions for coupled adsorption and diffusion pro- increases. At very low frequencies, the height of the RRF (or
cesses that apply to the conditions of our experiments. A relatedtotal nitrogen storing capacity) decreases from 0.2 at 308 K
development that applies to a more comprehensive case of(Figure 5A) to about 0.15 at 573 K (Figure 5B). Only at 573
coupled adsorption and diffusion in bidisperse porous structuresK is this capacity consistent with the pore volume of the particles
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Figure 6. RRF and IRF components for,n silica particles at 2.13 kPa and various temperatures: (A) 308 K; (B) 348 K; (C) 398 K; (D) 573

K.

TABLE 1: Adsorption Capacities and Diffusivity Constants
for N,, Xe, and Isobutane at 2.13 kPa and Various
Temperatures

are comparable to the amount of gas that penetrates the pore
volume during one fluctuation (relative capacities of 0.058 vs
0.142 at 308 K, respectively). At 308 K and 2.13 kPa, the pore

nitrogen xenon isobutane volume exchange is 0.232mol [(PeV/RT)(AV/Ve)] and the
T(K) Ks DRA(sY Ks DIRZ(SYH Ks DIRA(sY adsorption exchange is only 0.08&ol. In terms of a surface
308 0058 0.140 0.219 0.061 1558 0.097 concentration, the latter amount corresponds to a fractional
348 0.048 0.151 0.109 0.073 0.600 0.103 coverage of 2.75x 107, assuming 16.2 Afor the cross-
398 0.033 0.166 0.082 0.076 0250 0.110 sectional area of physisorbed nitrogénAccording to eq 17,
573 0.008 0.192 0.045 0.083 0.140 0.133 this small but rapid adsorption process gives an apparent

(Kg = Vp/Ve = 0.142) calculated from independent measure-
ments of the pore volume of the silica particlég & 19.14
cm® andV, = 134.74 crd). For a given amount of sample, the

diffusion coefficient that is 27.5% smaller than its true value at
308 K. These corrections are relatively small for dNffusion

in silica but become increasingly important for Xe (section 4.2)
and for isobutane (section 4.3) at the same conditions. This

value ofKg4 should remain unchanged and equal to 0.142 at all discussion illustrates the importance of accounting for phys-
temperatures. Thus, the height of the RRF components, whichisorption processes present in diffusion measurements and the

exceed¥y below 573 K, and the diffusion-like characteristics

of the data suggest that the quasi-equilibrated physisorption
process occurs concurrently with diffusion. As a result, the solid

very high sensitivity of this frequency modulation technigue in
measurements of very small changes in surface coverages.

The N diffusivities reported in Table 1 follow th@/2

lines in Figure 6 were obtained by a nonlinear least-squaresdependence expected in the Knudsen diffusion regime. At2.13
fitting of the data using egs 16 and 17; the only adjustable kPa, the mean free path @f nitrogen varies from 3310 nm at

parameters are the total capacitf®{) and the apparent

308 K to 6158 nm at 573 K, both of which are much larger

diffusion coefficient Da"). The agreement between data and than the mean pore diameter (7.0 nm) of the silica particles. As
theory is excellent at all temperatures. The greater scatter ata result, molecules move through the pore structure by succes-
573 K reflects the less accurate temperature control achievedsive redirecting collisions against the pore surfaces and the
by the resistive heating of the cell used in our experiments. diffusion coefficient is independent of pressure, proportional

Columns 2 and 3 in Table 1 summarize the adsorption capacitiesto the square root of temperature, and inversely proportional to

(Ks) and diffusion constantsD{Ry?) obtained from the fitting
procedure. The values &f; andD were obtained from their
apparent values using eq 17.

the square root of the molecular weight.

4.2. Diffusion of Xenon in Mesoporous Silica. Effective
diffusivities for Xe within silica particles were also measured

The nitrogen adsorption capacities reported in Table 1 are using frequency-modulated methods. Figure 7 shows the system

extremely small and correspond to very small fractional

response of Xe at 2.13 kPa and various temperatures. The lines

coverages on the silica particles. Yet, the adsorbed amountscorrespond to the best fit of the data with paramekérs and
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Figure 7. RRF and IRF components for Xe on silica particles at 2.13 kPa and several temperatures: (A) 308 K; (B) 348 K; (C) 398 K; (D) 573
K.

DaPusing egs 16 and 17. The trends in the results are the 4.4. Diffusion of Isobutane in Mesoporous Silica.In this
same as those for nitrogen. Xe diffusivities are proportional to section, we examine concurrent isobutane diffusion and adsorp-
T2, as predicted by theory (Table 1). A comparison of results tion—desorption processes within mesoporous silica particles.
between Xe and N shows that experimental diffusivities Isobutane adsorbs on silica more strongly thanaxd Xe,
correctly scale with the inverse of the square root of the leading to significant surface coverages at the temperatures of
molecular weight. At each temperature, Xe adsorbs more our experiments. Figure 9 shows isobutane adsorption isotherms
strongly than N. For example, Figure 7D shows that even at at various temperatures. The frequency response experiments
573 K, rapid adsorption of Xe still occurs during the period of reported here show that diffusivity corrections due to quasi-
one volume fluctuation; the low-frequency asymptotic limit of equilibrated isobutane physisorption become quite large because
the RRF is 0.187, which exceeds the pore volume capacity of of the larger adsorption uptakes involved.
0.142 (see also Table 1). According to eq 17 and the data in  Frequency response data for isobutane on silica are shown
Table 1, at 308 K, the apparent diffusion coefficient differs by in Figure 10 at various temperatures. The lines correspond to
104% from it true value. the least-squares fit of the data using egs 16 and 17. The
4.3. Diffusion of No/Xe Equimolar Mixtures in Mesopo- isobutane adsorption capacitié&) and diffusion constanty{
rous Silica. In the Knudsen diffusion regime, molecular Ry?) are listed in Table 1. The diffusion coefficients show the
collisions occur predominantly with solid surfaces within the correct dependence on temperature and molecular weight, and
pore voids of the material. As a result, individual components the adsorption capacities are proportional to the slope of
in a mixture diffuse independently of each other and are not independently measured equilibrium adsorption isotherms at the
affected by total pressure. We have carried out frequency respective temperatures (see definitionkafin eq 2) (Figure
modulation experiments to verify that the individual diffusivities  9). Figure 10 shows that the low-frequency limits of the RRF
for N, and Xe in a mixture are consistent with the values components are much larger than those fppNXe molecules
obtained previously for the pure components. The experiments(Figures 6 and 7, respectively). For example, at 308 K, the
were carried out using an equimolar mixture of &hd Xe at a height of the RRF for isobutane is equal to 1Ks (+ Ky =
total pressure of 2.13 kPa in the same temperature range used.558+ 0.142), which translates into a physisorption exchange
for pure Xe and N capacity of about 11 times that of the pore volume. This, in
Figure 8 shows frequency response data for an equimolarturn, implies that the apparent diffusion coefficient differs by
N2/Xe mixture at various temperatures. The solid lines were 8.4 times from the true value reported in Table 1. This very
obtained by using theK@P and D?P values of the pure large difference between true and apparent diffusivities high-
components (Table 1) and assuming that the individual responsedights the importance of using correct frequency response data
are additive. The excellent agreement between the simulationsanalysis in interpreting diffusion measurements when quasi-
and the experiments shows thata&hd Xe diffuse independently  equilibrated physisorption occurs at the conditions of the
of each other in the Knudsen regime of our experiments. experiments.
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Figure 8. RRF and IRF components for,NXe mixtures on silica particles at 2.13 kPa and various temperatures: (A) 308 K; (B) 348 K; (C) 398
K; (D) 573 K.

50 and entropy of adsorption, respectively. To evaluate the
o adsorbed concentration at saturation, we have used molecular
S 404 308 K cross-sectional areas of 16.2, 23.2, and 5¢ 7oAN,, Xe, and
i isobutane, respectivel. Figure 11 shows the expected linear
o behavior when Ir{l) is plotted against Il As mentioned earlier
= 307 in the analysis of the RRF and IRF functions, because our
‘s experiments are less reliable at 573 K, we have not included
: 20 this data pointin Figure 11. The data in Figure 11 are consistent
= with enthalpies of adsorption of2.2, —3.4, and—5.6 kcal/
E 10 mol for N, Xe, and isobutane, respectively. These values are
2 in the range expected for physisorption processes of small
- molecules on surfacé&: 17 Also, Figure 11 leads to entropies

0 of adsorption of-16.4,—17.1, and—18.9 cal/(mol K) for N,

0 2 4 6 8 Xe, and isobutane, respectively. These entropies of adsorption

Isobutane pressure (kPa) are in excellent agreement with those measured experimentally

Figure 9. Adsorption isotherms of isobutane on silica at various by other techniques. They are also consistent with the difference
temperatures. in entropy associated with the change from a three-dimensional

gas (SackurTetrode equation) to a perfect two-dimensional
gas!® Thus, the values ofAH,qs and AS,gs Obtained in this

section further confirm and characterize the physisorption
processes detected by our frequency response experiments.

4.5. Heats and Entropies of Adsorption. Frequency
response data for N Xe, and isobutane in silica particles
strongly suggest that quasi-equilibrated physisorption occurs
concurrently with diffusion even at high temperatures. Here,
we extract enthalpies and entropies of adsorption for the various .

. 5. Conclusions
gases from these measurements and compare them to available
theoretical and experimental values. Given that bothaNd This study presents a new application of frequency-modulated
Xe adsorb in small quantities and that isobutane isotherms areperturbation methods to the measurement of dynamic parameters
linear (Figure 9), their adsorption behavior is well described and capacities for coupled diffusion and adsorption within
by the low coverage limit of adsorption isotherms. Thus, based mesoporous solids. In particular, it addresses the diffusion of
on theKs values from Table 1, we have calculated the adsorption N, Xe, and isobutane in silica particles at conditions where
equilibrium constanH (or Henry’s law constant) at the various  small but measurable physisorption uptakes occur concurrently.
temperatures. As predicted by the van't Hoff equatiba plot These measurements required a wide frequency range and the
of In(H) vs 1/T should yield a straight line with slopeAHa4dR development of theoretical response functions that rigorously
and intercepAS,¢dR, whereAH gsand ASgsare the enthalpy  account for the dynamic coupling between adsorption and
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Figure 10. RRF and IRF components for isobutane on silica particles at 2.13 kPa and various temperatures: (A) 308 K; (B) 348 K; (C) 398 K;
(D) 573 K.

0 coupling of simultaneous processes that occur at conditions
~ typical of catalysis and membrane separations. Two areas of
-1 iCq great interest are the study of surface diffusion processes and
the detailed interpretation of frequency response experiments
-2 on microporous materials.
-3
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