An NMR Technique for the Analysis of Pore Structure:
Application to Mesopores and Micropores

DAVID P. GALLEGOS,* DOUGLAS M. SMITH,* AND C. JEFFERY BRINKERY}

*UNM Powders and Granular Materials Laboratory, Department of Chemical and Nuclear Engineering,
University of New Mexico, Albuquerque, New Mexico 87131, and tDivision 1846,
Sandia National Laboratories, Albuquerque, New Mexico 87185

Received June 15, 1987; accepted August 17, 1987

The use of NMR spin-lattice relaxation experiments on water, or other proton-containing fluids, in a
porous solid as a pore structure/size measurement tool has been recently reported for porous solids with
pore size greater than ~35 nm. This approach has numerous advantages, as compared to nitrogen sorption/
condensation and mercury porosimetry, including no network/percolation effects, no pore shape as-
sumption is required, wet materials may be analyzed, and small specific pore volumes may be studied.
Assumptions used to relate the measured spin-lattice relaxation time, T;, to the pore size limit the
application of the method to pore sizes greater than 5 nm. In this work, we explore the extension of this
NMR technique to porous solids with pores in the micropore and mesopore size ranges.

By comparing previously published results of the relative distribution of surface- and bulk-phase water
as a function of pore size (E. Almagor and G. J. Belfort, J. Colloid Interface Sci. 66, 146, (1978)) to
predictions from various pore models, we have demonstrated that the “two-fraction, fast exchange”
model may be applied to relate measured 7' to pore size in the mesopore and micropore size range if
the pore geometry is known (or assumed). For pore size greater than 5 nm, pore geometry is not important.
Comparisons between conventional techniques, such as nitrogen sorption and mercury porosimetry,
and the results of NMR spin-lattice relaxation experiments are complicated by the fact that different
pore structure parameters are measured with these methods. Despite this, agreement between the methods

is quite good for the five sol-gel-derived materials which we have studied. © 1988 Academic Press, Inc.

INTRODUCTION

Recently, Gallegos, Smith, and co-workers
(1, 2) have demonstrated the viability of ex-
tracting pore structure information from
NMR spin-lattice relaxation measurements.
This technique has several advantages as
compared to conventional pore structure
analysis techniques such as mercury porosim-
etry and nitrogen adsorption/condensation.
These advantages include the ability to study
wet materials (i.e., the pore structure of some
materials may change significantly during
drying), the determination of the “true” hy-
draulic radius, and the absence of network/
percolation effects. In addition, this technique
is fast, nondestructive, and no limitation on
sample size exists. The ability to study mate-
rials with very small total pore volume such

as porous thin films/membranes is of special
interest.

The principle of this NMR approach is that
fluid, usually water, contained in the pore
space of a solid will relax at a faster rate than
bulk fluid during a spin-lattice relaxation ex-
periment (i.e., pore fluid will have a shorter
spin-lattice relaxation decay time, 7). Since
a porous solid will have a range of pore sizes,
a distribution of T, will exist which is related
to the desired pore size distribution and must
be extracted from the observed magnetization
relaxation data. The extraction of discrete
f(T) distributions using a nonnegative least-
squares approach has been described by Munn
and Smith (3). Gallegos and Smith (2) and
Brown and co-workers (4) used a regulariza-
tion technique to successfully extract contin-
uous f(T) distributions.

186

0021-9797/88 $3.00
Copyright © 1988 by Academic Press, Inc.
All rights of reproduction in any form reserved.

Journal of Colloid and Interface Science, Vol. 124, No. 1, July 1988



MESOPORES AND MICROPORES

In order to relate the calculated f(77) to the
desired pore size distribution, previous inves-
tigators (1, 2, 4) used the “two-fraction, fast
exchange” model of Brownstein and Tarr (5).
The pore fluid is assumed to contain two sep-
arate phases: a surface phase which has a much
smaller relaxation time and a bulk phase which
has the same properties as a fluid which is not
in a porous solid. If diffusion between the two
phases is fast compared to the relaxation times,
then the observed T for the pore is given by

l/Tl = fl;/le +fs/Tl surface s [1]

where f;, and f; are the relative volume fractions
of the bulk and surface phases. The thickness
of this surface-affected phase, A, was found to
be one or two monolayers for the hectorite—~
water system by Woessner (6) and for the
glass-water system by Belfort, Schering, and
Seevers (8) and Almagor and Belfort (7).
However, Almagor and Belfort note a differ-
ence between the molecular correlation times
of the first and second monolayer of the sur-
face phase.

In order to use Eq. [1] for pore structure
analysis, the volume fractions of the two
phases, f, and f;, must be related to the pore
size. If the surface area and total volume of a
pore is S4 and PV, then f, and £ are given by

fi= ASA/PV, f=1- ASA/PV. [2]

If the volume of the surface phase is taken to
be much smaller than the bulk phase (f, > f5),
Eq. [1] may be written as

1/711 = 1/711b + AS/i/(})I/:Tl surface)- [3]

Defining the characteristic pore size as the hy-
draulic radius, 7, = 2PV/S4,

YT, =1/Tw + 2A/T, surface/rp- {4]

In practice, the surface parameters may be
grouped into a surface relaxation time, 77,
which is 7 surace/ A. Simplifying, the working
equation for relating 7' to pore radius used
by Brown and co-workers (4) and Gallegos,
Smith, and co-workers (1, 2) is

Ty = a+ B/r, (5]
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where « is 1/Ty, and is a function of the fluid,
temperature, and field strength only. 8 is 2/
T,s and is a function of the pore fluid, tem-
perature, field strength, and pore surface
chemistry. In the derivation of Eq. [5], no as-
sumptions concerning pore shape have been
made other than defining the pore radius as
the hydraulic radius. However, by assuming
that the volume of the surface phase is much
smaller than the volume of the bulk phase, the
applicability of Eq. [5] is limited to pore sizes
greater than ~5 nm.

In this work, we intend to extend the validity
of NMR pore structure analysis to pore sizes
in the radius range of 0.5 to 5.0 nm. This me-
sopore/micropore size range is of considerable
interest in many practical applications. In ad-
dition to extending the “two-fraction, fast ex-
change” model to these smaller pore sizes, we
will demonstrate NMR analysis of pores in
this size range for a number of xerogels. These
results will be compared to nitrogen adsorp-
tion/condensation, mercury porosimetry, and
gas permeation pore structure measurements.

THEORY

The lower pore radius limit of 5 nm for the
application of Eq. [5] is caused by the as-
sumption of negligible surface-phase volume
as compared to the volume of the bulk phase.
This limit is not caused by a failure of the
“two-fraction, fast exchange” model, Eq. [1],
which will be valid for smaller pore sizes as
long as separate surface and bulk phases exist.
Thus, the problem of extending Eq. [1] to
smaller pore size is how to correctly account
for the volume of the surface phase. This can
only be accomplished by making an assump-
tion concerning the pore shape. The use of an
assumption concerning the pore shape does
not necessarily imply a decrease in the utility
of NMR pore structure analysis as compared
to conventional approaches. With porosimetry
and condensation, a pore assumption must be
made to relate applied pressure (porosimetry)
or relative pressure (condensation) to pore size.

If the pore is assumed to be formed by two
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flat plates of spacing equal to 2R or a cylinder

of radius R or a spherical cavity of radius R,
Eq. [1] may be written

1Ty = [1 = A/R]" /Ty,
+ [1 - (1 - A/I{)n]/Tl surface s [6]

where

n =1, flatplate

n =2, cylinder

n =3, spherical cavity.

For larger pores, the observed spin-relaxation
time is related to the pore size by two param-
eters,  and . For pores in the mesopore and
micropore size regions, a third parameter re-
lated to the thickness of the surface layer is
required. For a flat plate pore model and using
a, B, and A, Eq. [6] becomes

/Ty = a+ B(3 — Aa/B)/R. [7]

For flat plates, the hydraulic radius, r,, is 2R
and Eq. [7] becomes

YT = a+ 6(1 — 2Aa/B)/r,. [8]
Equation [8] shows the same linear depen-
dence of 1/T} with 1/r, as given by Eq. [5]
although the slope is different. For a cylindrical
pore, a similar expression may be obtained by

recognizing that the characteristic size, R, and
the hydraulic radius, r,, are equivalent:

1/T; = a + B(1 — 2Aa/B)/r,
+ AB(Aa/B — $)/rh. 9]

In practice, T is known and r, must be found
using the quadratic equation and the con-
straint that the surface and bulk volume frac-
tions must be between 0 and 1:

T = —2/(21) + VI$o/ 2P — ¢3/y, [10]

where

¢y =a— 1T
é2 = B(1 — 2aA/B)

¢3 = AB(Aa/B — 3).

For a spherical cavity pore of radius R, the
hydraulic radius, 2R/3, and T; are related by
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/Ty =+ B(1 — 2Aa/B8)/r, + AB4/3
X [Aa/B — 31/rE + A°B8/27[% — Ac/Bl/rs.
[11

Equation [11] is a cubic equation with one
real root which is given by

ry = [-b + VB + a%]'3
+[-b— VB + a%1 - ¢2/(3¢1), [12]

where

a = (3¢3/¢1 — d2/d1)/9

b= 3/$1 — 9as/d1 + 2704/ b1)/54

¢ = a— /T

¢2 = B(1 — 2Aa/B)

¢3 = AB4/3[Aa/B —

¢4 = A288/27[4 — Aa/B].

In addition to the slit, cylinder, and spherical
cavity pore shapes considered above, another
common pore model is the void space sur-
rounding a packing of uniform solid spheres
(8). The hydraulic radius of a pore in a sphere
packing is related to the solid sphere radius,
R, and the porosity of the sphere packing, e,
by

fp = 2¢/(1 — €)R,. [13]

If the surface layer surrounding a sphere is as-
sumed not to interact with the surface layer
surrounding other spheres, the surface frac-
tion, f;,is given by

fo = [BA/Rs + 3(A/RY + (A/RYN(1 — ¢)/e.

[14]
Using Egs. [1], [13], and [14],
/Ty = a + (1 —2Aa/B)/1,
+3¢/(1 — BAG — ad/B)/r5
+5[e/(1 — OPBA (3 — atr/B)/r3.  [15]

The radius may be determined using Eq. [12]
with the constants
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¢ =a— 1T,
$2 = B(1 — 240/8)
¢3 = Fe/(1 — OAB(3 — aA/B)

¢a = 21le/(1 — OPBAY Y — al/B).

For this sphere packing model, the relationship
between pore size and the observed T is a
function of the porosity in addition to the re-
laxation parameters. However, since ¢ is usu-
ally either known or may be extracted from
the spin-lattice relaxation measurements, e is
not an independent parameter.

[16]

EXPERIMENTAL—POROUS SOLID
FABRICATION

For this project, a series of porous solids
with a variety of pore size and size distribution
in the mesopore/micropore size range was de-
sirable. The sol-gel process for preparing in-
organic glasses and ceramics empioys mono-
meric metal alkoxides (M(OR),, where M is
often Si, Al, B, etc., and R is often an alkyl
group) as ceramic percursors and offers con-
siderable control over structure development.
In solution, the alkoxides are hydrolyzed and
condensed to form inorganic networks com-
posed of M-0O-M bonds as shown by the re-
actions

M(OR), + xH,0 —
M(OR),_,OH, + xROH
2M(OR),_,OH, -
(RO),_xM-O-M(OR),. + H,O. [18]

Depending on the synthesis conditions, (for
example, H,O/OR molar ratios, solution pH,
temperature, etc.), the structure of the growing
inorganic solution species may be varied from
weakly branched chains to more highly
branched clusters to fully condensed colloidal
particles (9). When the growing units link to-
gether to form a network which spans the so-
lution volume, the system gels forming a stiff
Jjelly-like mass. Evaporation of solvent causes
shrinkage of the gel primarily due to. surface
tension forces. Dried gels (xerogels) are typi-

[17]
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cally highly porous solids characterized by
extremely high surface areas (500-1000
m?/g) (9).

The silica gels used in this study (identified
as A2, A3, and B2) were prepared by hydrolysis
and condensation of tetraethyl orthosilicate
(TEOS) according to the procedures outlined
elsewhere (10). The four-component (SiO,,
B,03, Al,O4, BaO) xerogel (designated as C4)
was prepared by a variation of the method de-
scribed by Brinker and Mukherjee (10) in
which sodium acetate was excluded from the
reaction. After gelation, all samples were dried
at 323 K and heated to 573 K at 1 K/min.
Direct TEM microscopy of the xerogel sam-

_ples showed a fine globular structure for A3,

B2 (10), and C4 (11), whereas A2 (10) was
observed to be featureless at all magnifications.
These features reflect the structure of the poly-
silicate solution species prior to gelation: con-
ditions employed for A3, B2, and C4 resulted
in highly branched clusters; A2 conditions re-
sult in more weakly branched, compliant spe-
cies which freely interpenetrate prior to gela-
tion, completely obscuring their identity in the
xerogel (12).

EXPERIMENTAL—PORE STRUCTURE
CHARACTERIZATION

Spin-lattice relaxation measurements were
made using an inversion-recovery experiment
(180°-7-90°). All measurements were made at
a proton Larmor frequency of 20 MHz and a
temperature of 303 K. A Spin-Lock Ltd. CPS-
2 pulse NMR was used. The 90° and 180°
radiofrequency measurement and inversion
pulses were approximately 5 and 10 ys in du-
ration. FIDs were collected using a Nicolet
2090 digital oscilloscope interfaced to an IBM
CS-9000 computer. The delay time between
pulse sequences was 10 s and the magnitude
of 7 was varied between 1 ms and 9 s. Forty
to 50 different 7 values were used to charac-
terize the relaxation curve, M(7). After an ex-
periment, M(7) is transferred to a VAX 8650
computer for determination of f(77) using the
regularization approach described by Gallegos
and Smith (2). An error level in M(7) of 0.01
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was assumed for the calculation of the opti-
mum regularization smoothing parameter.

In addition to NMR analysis, conventional
pore structure analysis was undertaken using
nitrogen adsorption/condensation, mercury
porosimetry, and gas permeation. Nitrogen
adsorption/condensation measurements were
made at 77 K using both a Quantasorb flow-
type analyzer and an Autosorb-6 volumetric
adsorption apparatus. Before analysis, samples
were outgassed at 383 K. Surface arcas were
calculated using the BET equation and a cross-
sectional area of 0.162 nm? per molecule (13).
Pore volume distributions for radius greater
than 1 nm were calculated from both the ad-
sorption and desorption branches of the iso-
therm using the BJH method and micropore
size distribution was attempted using V — ¢
plots (13). Mercury porosimetry experiments
were conducted over the pressure range of 12
to 33,000 psia (9 um > r > 3.3 nm) using a
Quantachrome Autoscan-33 scanning poro-
simeter. Before intrusion, the sample were
evacuated at 383 K and 10 um mercury for 1
h. For pore size calculations, the mercury
contact angle was taken to be 140°.

RESULTS

The reason for developing the pore shape
models given above is to relate the effects of
pore shape on the relative fractions of fluid in
the bulk and surface phases ( f, and f;). In our
development, f; is given by (1 — A/R)" for the
simple pore geometries where n depends on
the geometry. Almagor and Belfort (7) have
studied relaxation of adsorbed water using a
series of Vycor-type glasses with different pore
sizes. Instead of the more simplistic and
straightforward two-phase model employed in
this work, Almagor and Belfort employed a
three-phase model. By varying the relative hu-
midity of water vapor in contact with their
samples, the quantity of water in the samples
was varied from a monolayer to complete sat-
uration. By measuring 7 as a function of
moisture content, f, was determined for six
samples with mean hydraulic radius in the
range of 1.2 to 12.6 nm. f, was found to in-
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crease from 0.2 to 0.96 with increasing pore
size. For each pore geometry (i.e., slab, cyl-
inder, spherical cavity), we have fit the expres-
sion (I — A/R)" to Almagor and Belfort’s
measurements by treating the thickness of the
surface-affected phase, A, as a variable which
is selected such that the deviation between ex-
periment and theory is minimized by a least-
squares criterion. The results of this compar-
ison are presented in Fig. 1. The best fit surface
thickness values were 0.476 nm for a slab pore
model, 0.590 nm for the cylinder, and 0.624
nm for the spherical cavity. Agreement be-
tween experiment and the various pore models
is certainly within the experimental accuracy
of these kinds of measurements and demon-
strates the validity of this type of model for
predicting pore shape effects on the distribu-
tion between the surface and bulk phases.
To assess the accuracy of the approximate
T, — r, relationship given by Eq. [3] for use
in the mesopore/micropore size range, we have
plotted T,/T; versus 1/r, for various pore ge-
ometries and typical relaxation parameters in
Fig. 2. When plotted in this manner, Eq. [5]
will have a slope of 8/« and an intercept of
one. Relaxation parameters used are A equal
10 0.3 nm, 8 equal to 12.63 nm/s, and « equal
to 0.485 s~!, which correspond to values re-
ported for a series of controlled pore glass
samples which are not microporous (1). For
pore size greater than 5 nm, the volume of the
surface-phase fraction is small and the varia-
tion of T, with pore size is essentially inde-
pendent of pore geometry. As expected, the
deviation between the slab or flat plate pore
model and the approximate (linear) expression
is minor over the entire pore size range studied.
For the cylindrical and spherical pore models,
deviations between the approximate and exact
expressions only become significant in the mi-
croporous size range. For a given 7', value, the
approximate expression will overpredict the
pore size. For the solid sphere packing pore
model, the degree of deviation between the
linear approximation and the exact expression
is a function of porosity. We present results
for a range of porosity corresponding to the
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F1G. 1. Volume fraction in bulk phase for various model geometries and experimentally determined

(Almagor and Belfort (7)).

practical limits for a random packing of
spheres. The truncation points for these curves
correspond to a surface-phase volume fraction
equal to one. Only for relatively high porosity
are deviations between the exact and approx-
imate expressions significant in the mesopore
size region. For lower porosity, the deviations
between the approximate and exact solution
are on the same order as for the cylindrical
pore model. However, for the solid sphere
packing pore model, the approximate solution

50

will underpredict the pore size for a given T;
value. Although different o and 8 values will
vary these results slightly, the same qualitative
finding is observed. The effect of changing A
is most pronounced in the micropore region.
The ultimate accuracy of the NMR spin-lattice
relaxation approach to microporous materials
will be fixed by the degree of certainty con-
cerning A and pore shape.

Nitrogen sorption/condensation measure-
ments were made for each sample used in this

40

30

Tw/ Ty

204 7

Linear
== Flat Plates
—==- Cylinder
---------- Sphere

- Sphere Packing

T T T T
0.2 0.4 0.6 0.8

W, (1nm_')

T T T T
12 1.4 1.6 1.8

FIG. 2. Observed spin-lattice relaxation time, 77, as related to mean pore radius for various model geometries.
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FIG. 3. (a) N, sorption isotherm for sample A2-1. (b) N sorption isotherm for sample A2-2. (¢) N, sorption
isotherm for sample A3. (d) N, sorption isotherm for sample 4C. (¢) N, sorption isotherm for sample B2.

study. Sorption isotherms for the various
samples are presented in Figs. 3a—e. The A2-
1, A2-2, and A3 silica xerogel samples exhibit
a high degree of microporosity and little hys-
teresis. In contrast, the four-component xer-
ogel, 4C, has a broad hysteresis loop indicating
pores in the 1- to 5-nm size range. The base-
catalyzed silica xerogel, B2, also has a broad
hysteresis loop with a wide pore size range be-
tween 1 and 10 nm. The adsorption branch
of the isotherms has been analyzed using the
BET theory. Calculated surface areas as well
as the total pore volume (r < ~200 nm), hy-
draulic radius (r, = 2PV/SA4), and the opti-
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mum value of the regularization parameter,
dopt (2), used to generate NMR pore size dis-
tributions are presented in Table 1. Although
the two A2 samples, which were aged under
different conditions, appear to be quite similar
based upon the mean pore radius, mercury
porosimetry measurements did not support
this. As we intended, a series of samples with
similar surface chemistry but widely varying
pore structure has been obtained.

In order to relate the f(7T) distribution to
the desired pore size, the parameters of «, £,
and A must be determined. In past studies,
this was accomplished using porous solids with
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TABLE |

Sample Properties from Nitrogen Adsorption and
Regularization Parameter, 8y

SA-BET 124 "
Sample (m%/g) (cm/g) (nm) Bopt
A2-1 654.9 0.296 0.90 0.0003
A2-2 989.2 0.472 0.95 0.0003
A3 552.9 0.248 0.90 0.00006
4C 501.7 0.395 1.57 0.030
B2 1020.8 1.495 2.93 0.006

a narrow pore size distribution and known
surface area/total pore volume (1) and solid
powders of known surface area (14). By in-
dependently measuring 7),, « is obtained.
Using Eq. [5] with «, the measured T;, and
the mean pore radius, 3, is obtained. However,
for porous solids with mesopores and/or mi-
cropores and if 8 is not known, a pore shape
assumption and A value must be assumed be-
fore 3 may be back-calculated from the ob-
served 7. For this work, a was found to be
0.485 s. The A2-1 and A3 samples had very
narrow pore size distributions, similar mean
pore size, and similar average T;. Therefore,
we calculate § from the average of these results
for different pore geometries and surface
thickness. In principle, 8 values calculated
from the A2-1 and A3 samples should be
equal. Individual 8 values were within 5% of
the mean value. The results of these calcula-
tions are presented in Table II. The 8 values
found for these sol-gel materials are 2 to 3
times smaller than the values found for the
controlled pore glass samples reported previ-
ously for the same temperature and proton
frequency (1). This is presumedly the result of
trapped solvent in these materials.

Figure 4 represents NMR-generated pore
size distributions for the A2-1 silica xerogel
sample using a surface thickness of 0.3 nm
and the various pore geometries given in Table
II. The porosity of this sample is ~0.39 and
we use 0.4 for the solid sphere packing model.
Since we calculate 3 from the average of 8 for
this sample and A3, the fact that the PSD
maximum agrees so well with mean pore ra-
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dius (i.e., r = 0.9 nm) should be expected.
However, the lack of a significant variation of
the PSD shape with pore geometry is not an-
ticipated. If the pore size of the sample is closer
to the value of A, pore geometry effects will
be greater. We should note that the hydraulic
radius is used in Fig. 4, and if the various pore
model characteristic lengths are used, the
curves would be quite different.

The 3 value back-calculated from relaxation
measurements with a given material of known
surface area and pore shape assumption is also
a function of the surface-affected phase thick-
ness, A. Figure 5 represents calculated NMR
pore size distributions for the A2-1 sample
when a cylindrical pore shape assumption is
made and A is varied. As before, the pore ra-
dius associated with the PSD maximum is in-
dependent of changing relaxation parameters
since we are back-calculating from the mea-
sured mean T’s for A2-1 and A3. Also, the
shape of the distribution is relatively insensi-
tive to A.

The results of Figs. 4 and 5 imply that when
one is back-calculating spin-lattice relaxation
parameters from well-defined porous solids,
the assumption of A is not critical except when
the pore size approaches A in magnitude.
However, the pore shape assumption does ap-
pear to be important if the “correct” value of
g is to be determined which can then be ap-
plied to other porous solids with similar sur-
face chemistry but different pore size and
shape. This is illustrated in Fig. 6. NMR-de-

TABLE II

Average 8 Values Calculated from A2-1 and A3 Using
Various Pore Geometries and A Values

A 8

Pore model (nm) (nm/s)
Linear 0.3 3.22
Flat plates 0.3 3.52
Cylinder 0.3 4.16
Spherical 0.3 4.35
Sphere pack. (¢ = 0.4) 0.3 3.08
Cylinder 0.1 351
Cylinder 0.2 3.82
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FI1G. 4. NMR-generated pore size distributions for A2-1 with constant A (=0.3 nm) and § adjusted for
geometry.

rived pore size distributions are calculated
from the A2-1 relaxation data using various
pore shapes and a (8 value of 4.16 (i.e., obtained
from the cylindrical pore assumption and A
equal to 0.3). As expected, significant differ-
ences are observed between the PSDs calcu-
lated using the different pore geometries.
However, this result is essentially the same re-
sult as observed when interpreting nitrogen
condensation data with different pore shape
models and is a consequence of using the hy-

draulic radius to characterize the pore size.
Alternatively, when one assumes a pore shape,
the actual characteristic length for that model
could be employed.

Pore size distributions (PSD) for the A2-1
silica xerogel, as obtained from both spin-lat-
tice relaxation measurements and nitrogen
sorption analysis, are presented in Fig. 7. Mer-
cury porosimetry for this sample indicated
negligible intrusion for pressures up to 33,000
psia (r ~ 3 nm) and is not included on the

2.5+

dV/d(log ©) (em®/g)

0.5

Xerogel A2—1
Cylinder

A=0.1nm
— == A=02nm
- A=0.3nm

0.5

Radius (hrm)

FIG. 5. NMR-generated pore size distributions for A2-1 with fixed geometry (cylinder) and 3 adjusted for A,
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F1G. 6. NMR-generated pore size distributions for A2-1 with constant 8 (=4.16) and constant A (=0.3

nm).

plot. Pore size analysis using the Kelvin equa-
tion and the N, adsorption and desorption
isotherms are virtually identical as expected
from the lack of hysteresis in the isotherms.
The NMR PSD is calculated assuming a cy-
lindrical pore model, a 8 value of 4.16 nm/s,
A of 0.3 nm, and « of 0.485 s™!. In contrast
to the results of the micropore analysis (z-plot),
the NMR analysis indicates no porosity in
pores with hydraulic radius less than 0.5 nm.
Agreement of the NMR results with the sorp-

tion generated PSD is on the same order as
the agreement between the z-plot and BJH
analysis.

Figure 8 is a similar series of PSDs generated
via various techniques for the second A2 sam-
ple, A2-2. Unlike A2-1, mercury porosimetry
indicates significant porosity in the mesopore
range although intrusion is still occurring at
the lower 3-nm pore size cutoff. For this sam-
ple, the mercury porosimetry and N, adsorp-
tion/desorption PSDs are approximately an

2.5

dV/d(log 1) em®/g)

Xerogel A2—-1

NMR
——— Nz Adsorption
........... N, Desorption

o= V—t Analysis

Radius (hm)

FIG. 7. Pore size distributions for sample A2-1.
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FIG. 8. Pore size distributions for sample A2-2.

order of magnitude different. The NMR PSD,
which was calculated using the cylindrical pore
assumption and the same parameters as the
A2-1 sample, is between the nitrogen and
mercury results. For this sample, NMR results
indicate a small fraction of pores (=~2.3%) with
radius less than 0.5 nm.

As with the A2-1 sample, no mercury in-
trusion is noted for the A3 silica xerogel and
porosimetry results are not included. Figure 9
contains NMR- and sorption-generated pore
size distributions. The results are virtually

identical with those for the A2-1 sample except
for a slightly narrower PSD observed with all
methods.

The base-catalyzed silica xerogel, B2, and
the four-component xerogel, 4C, exhibit quite
different pore structure than the A2 and A3
materials. The most interesting results of this
work are found with the B2 sample (see Fig.
10). This material has a very high specific sur-
face area (>1000 m?/g) yet a fairly large pore
size (see Table I). Mercury porosimetry indi-
cates a fairly flat PSD in the size range of 3 to

2.5

dV/d(iog ) (em®/g)

Xerogel A3

NMR
———— N, Adsorption
=== N, Desorption

——-== V-t Anglysis

Radius (hm)

FIG. 9. Pore size distributions for sample A3.
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———--=- Mercury Porosimetry

dV/d(log r) (em® /g)

10 30

Radius (nm)

Fi1G. 10. Pore size distributions for sample B2.

~ 100 nm. In contrast, analysis of the desorp-
tion isotherm indicates a narrow PSD in the
pore radius range of 1 to 5 nm. A smaller tail
is noted up to 30 nm. The adsorption branch
indicates a slightly wider distribution over the
radius range of 1 to ~13 nm with a similar
tail to 30 nm. Micropore analysis, ¢-plot, of
this isotherm was not successful (i.e., indicated
a negative micropore volume). The NMR-de-
rived PSD (using the same pore shape as-
sumption and parameters as the other sam-
ples) showed very good agreement with the
PSD calculated from the adsorption branch of

the isotherm. In addition, NMR analysis in-
dicates the presence of pores in both the 0.5-
to 1.0-nm and less than 0.5-nm pore size
ranges. Approximately 5.7% of the pore vol-
ume is found in pores less than 0.5 nm. This
NMR result certainly agrees with the very high
surface areas obtained with this sample.
Figure 11 contains pore size distributions
for the 4C sample. Unfortunately, mercury
porosimetry could not be conducted on this
particular 4C sample but mercury analysis on
similar 4C samples indicates a significant frac-
tion of porosity in the 10- to 30-nm size range.

3

2.5

dV/d(log ) (em*/g)

0.5

Xerogel 4C

NMR
~———— N, Adsorption

........... N, Desorption

10 30

Radius {(nm)

FIG. 11. Pore size distributions for sample 4C.
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However, analysis of the nitrogen desorption
isotherm indicates a very narrow distribution
between 1.6 and 2.0 nm. The adsorption
branch indicates a broader distribution be-
tween 1 and 7 nm. The NMR PSD is very
broad as reflected in the large 8,, value (0.03).
Approximately 25% of the pore volume is in
pores less than 0.5 nm. The pores at radius
greater than 10 nm predicted with NMR tech-
nique, while not matching the sorption results,
are on the same order as porosimetry results
for similar 4C samples. The agreement be-
tween NMR-derived PSDs and nitrogen sorp-
tion and mercury porosimetry for the A2-2,
B2, and 4C samples is particularly encouraging
when one considers that all spin-lattice relax-
ation parameters were obtained only from the
average of the A2-1 and A3 results.

SUMMARY

By comparing previously published results
of the relative distribution of surface- and bulk-
phase water as a function of pore size (7) to
predictions from various pore models, we have
demonstrated that the “two-fraction, fast ex-
change” model may be applied to relate mea-
sured T to pore size in the mesopore and mi-
cropore size range if the pore geometry is
known (or assumed). The comparison between
conventional techniques, such as nitrogen
sorption and mercury porosimetry, and the
results of NMR spin-lattice relaxation exper-
iments is complicated by the fact that different
pore structure parameters are measured with
these methods. Despite this, agreement be-
tween the methods is quite good for the 5 sol-
gel-derived materials which we have studied.

APPENDIX: NOMENCLATURE

i = Volume fraction of pore fluid with
bulk properties
Jf = Volume fraction of pore fluid with
surface-affected properties
J(T;) = Volume distribution of T}
PV = Specific pore volume
r, = Hydraulic radius, 2PV/SA4
R = Characteristic pore model size
R, = Solid sphere radius
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SA = Specific surface area
T, = Observed spin-lattice relaxation
decay time
T, = Spin-lattice relaxation time for bulk
fluid
Tls = Tl surface/ A
T surface = Surface-affected spin-lattice relax-

ation time
o= 1/T1b
B8 =2/Tis

A = Thickness of surface phase
dopt = Optimum value of the regulariza-
tion smoothing parameter
¢ = Porosity
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