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Abstract

The potential to determine the porosity of cements and other porous materials by employing '’F NMR relaxometry was explored for samples
of hydrated Portland cement, white cement and calcium aluminate, filled with Freon 11. The dependence of '°F signal amplitudes on the content
of Freon in samples with completely filled pores was linear with a small (<6%) intercept thus allowing a direct determination of total porosity.
Additionally it was found that magnetic susceptibility (hence the content of paramagnetic compounds) of the solid can be evaluated from '°F
NMR spectra of samples containing exterior liquid. Information concerning pore size distribution can be obtained from the analysis of
multiexponential relaxation of '’F nuclei in samples with completely filled pores. Mathematical models employing sets of distributions of
relaxation rates have been developed for this purpose. Distributions were assumed to be of a (fixed) square/triangular type allowing for the
calculation of moments of any order from the estimated initial value, width of distribution and asymmetry factor. Longitudinal and transverse
relaxation were characterised by either single or several continuous distributions of relaxation rates. One of the relaxating phases (assigned to fluid
occupying throats connecting the pores) was found to selectively disappear when Freon was evaporated from samples. Another approach is to
analyse the dependencies of means and variances of relaxation rates on Freon content. This has been done by employing the two-site relaxation
model with a permanent adsorption layer and pore-dependent relaxation enhancement. Simultaneous fitting of dependencies of means and
variances of relaxation rates on Freon content yields parameters of pore size distribution and of the dependence of relaxation enhancement on the
pore radius. Analysis of experimental data shows agreement between these two approaches.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Porosity is one of the most important parameters of cements
and concretes determining as it does the strength of construc-
tions made of these materials. For technological purposes the
porosity of these objects is mainly determined from BET
adsorption isotherms. In scientific studies, nuclear magnetic
resonance methods have been used in the determination of
porosity and pore size distribution in cement stones and other
porous media employing stepwise freezing of water in pores
[1] and multiexponential analysis of NMR relaxation [2].

* Corresponding author.
E-mail addresses: akoudri@online.ru (A.B. Koudriavtsev),
wlinert@mail.zserv.tuwien.ac.at (W. Linert).
! We regret to inform that Prof. Hunter passed away in May 2002.

0008-8846/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.cemconres.2005.09.015

Chemical shifts of "H NMR have also been found to be
informative with respect to the pore size distribution: signals
from organic molecules in small pores of carbonaceous
adsorbent were found to be shifted to lower frequencies [3].

Proton "H NMR measurements on water naturally contained
in hydrated cements are connected with some difficulties in the
interpretation of experimental data:

The background signal of chemically bound water and of
water in the so-called gelphase overlaps with that of the
capillary water both in frequency domain and in the relaxation
rate scale. It is therefore difficult to evaluate the volume of
pores excluding the gel-phase. Stepwise freezing out of water
in pores involves redistribution of H,O molecules among these
phases as well as between pores of different size. This
redistribution affects the state of gel-phase and hence the
original state of cement stone.
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Recently a novel method of NMR-porosimetry based on
Fluorine-19 NMR has been suggested [4]. In this method a
specimen of porous material dried to a technologically
required water content was filled with an inert fluorine-
containing liquid (Freon or any fluorinated hydrocarbon as
well as SF¢) and the extrapolated signal amplitude of '°F
resonance is measured yielding an estimate of total porosity.
The pore size distribution is estimated using the multi-
exponential analysis of '’F longitudinal and transverse
relaxation. This method has the advantage of having no
background signal interfering with the direct determination of
signal intensity. The sensitivity of '’F NMR is practically the
same as that of "H NMR, therefore no problems are expected
to arise in detecting small amounts of molecules in micro-
pores. Moreover, the molecules of fluorinated compounds
mentioned above do not chemically interact with the surface
of solids and therefore the free induction decay from Freon
molecules in micro-pores is longer and easier to detect than
that of water.

In this paper a detailed analysis of a study of '°F relaxation
in porous systems employing Freon 11 as filling liquid and
samples of hydrated Portland cement (pc) white cement (wc)
and calcium aluminate (ca) as porous solid is given.

2. Experimental

Fluorine—19 NMR saturation—recovery (80 /2 satura-
ting pulses train) curves have been obtained at 188.3 MHz and
296 K using a Bruker CXP-200 spectrometer equipped with a
modified high power probehead that provides for the insertion
of a 20 mm o.d. sample. The /2 pulsewidth of '°F resonance
varied within 5—8 ps depending on the sample size and electric
properties.

The number of points in the saturation—recovery delay scale
was 26 which included four groups of four parallel measure-
ments at =4, 32, 256 and 2000 ms. Parallel measurements
yielded the variance of reproducibility of experimental data
according to which the adequacy of the fitting of re-
equilibration curves was evaluated. Effects of transverse
relaxation (arising mainly from the magnetic inhomogeneity
of the solid) were taken into account by using calculations from
4 to 8 initial points of each FID. The effective transverse
relaxation rate R,*, i.e. the rate constant of free induction decay
was thus measured and not the spin-lattice relaxation rate.
However, for simplicity sake we drop the asterisk sign in the
formulae below.

The combination of R; (SR) R, (FID) measurements
provided for an increase in resolution power with respect to
different phases present in the sample. Additionally phases
were characterised by their resonance frequencies (see below)
which also increased the resolving power of the employed
method. Well-tuned spectrometers of the CXP-type equipped
with cryo-magnet provide for a high stability of the NMR
signal yielding the required high accuracy of amplitude
measurements. The reproducibility error determined from
parallel measurements was of the order of 10—15 units at the
highest measured amplitude of ca. 10,000 units (each

measurement involved at least 4 accumulations at the digital
resolution 12 bit).

Hydrated cement samples were prepared from a commercial
Portland cement (M-400, Shurov plant) and white cement
(Shurov plant). A sample of calcium aluminate was kindly
supplied by Prof. T.V. Kouznetsova. Water-to-cement ratio was
0.5 in all cases. Samples (17 mm o.d. and 18—25 mm height)
were hydrated for 7 days in a moist atmosphere and stored at
ambient conditions.

Before measurements, samples of cement stone were
evacuated to the residual pressure 0.1 mm Hg for 1 h in
standard 20 mm NMR sample tubes.” Freon 11 (Merck) was
then adsorbed from the gaseous phase and eventually added, in
excess, in liquid form. Sample tubes were fitted with a valve
allowing for the release of gaseous Freon. Before each
measurement some amount of Freon was allowed to escape
and its actual content was determined by weighing. The loss of
Freon during a single NMR measurement (with closed valve)
was negligibly small (less than 2 mg).

3. Mathematical model of multi-exponential relaxation

In order to correctly estimate the initial amplitude of an FID
(proportional to the number of resonating nuclei in a sample)
one has to analyse the decay of an NMR signal both in real
time (¢) and saturation—recovery delay time (t). Such an
analysis implies a knowledge of the longitudinal (R;) and
transverse (R,*) relaxation rates and their distribution. The
problems of the determination of the total porosity and of pore
size distribution are therefore closely bound together.

It is generally assumed [5—7] that the distribution of
relaxation rates of liquids filling the pores of a solid reflects
the distribution of pore radii. This rule is based on the
assumption of fast exchange of molecules between bulk liquid
and adsorption layer within a pore [5]. The observed non-
exponential relaxation reflects therefore the existence of pores
of different relaxation efficiency slowly exchanging molecules
containing resonating nuclei. If the structure of the adsorption
layer is identical in all pores then the relaxation rate in a pore
depends exclusively on the surface-to-volume ratio. However,
the multi-exponential relaxation of water protons was observed
even in controlled pore glasses saturated with water [7]. Such
behaviour can be interpreted as indicating a slow exchange
between free and bound water within a pore (not very
probable) or to inhomogeneous distribution of paramagnetic
centres.

In some cases the distribution of relaxation rates can be
represented as a continuous spectrum [6], in some instances,
however a discrete set of d-functions is a better approximation
[6,7]. Tt was suggested that slow exchange between free and
bound water is better described by a discrete spectrum whereas
slow exchange between pores is characterised by a continuous

2 By evacuating a sample of cement stone for 1 h one removes the gaseous
phase but the gel-phase and chemically bound water remains intact because of a
very slow rate of water redistribution among the hydrated cement phases (the
time of half conversion varies from weeks to months).
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distribution [7]. Generally speaking a set of d-functions can be
a good approximation of a system having a limited number of
sites with drastically different relaxation rates. If a relaxation
rate varies gradually from site-to-site then a continuous
distribution of relaxation rates is a better model.

Both these types of variations can be present in a cement
stone. We have developed therefore a combined model
employing a set of distributions of relaxation rates. Each
distribution is supposed to be narrow which allows one to use
polynomial expansions and directly estimate central moments
of such a distribution. This accounts for gradual variations of
properties. On the other hand employing several distributions
provided for an adequate description of sites with drastically
different relaxation rates (such as macro- and micro-pores).

For a system exhibiting a distribution of relaxation rates a
saturation—recovery curve of a point in an FID can be
described as:

A(t,7) = Agcos(wir)e ®! ine_ARz"t(l — peRlTe_AR“T) (1)

l

where A, is the initial extrapolated amplitude proportional to
the number of nuclei in a sample, Rj, R, are mean values of
relaxation rates, o is the resonance frequency supposed to be
identical for all nuclei in a phase. For a narrow distribution the
deviations of R, and R, from their mean values are small
(AR1;7<1 and AR,;t<1) and corresponding exponential in (1)
can be expanded into series:

Alt,7) =4 it = ARy 1 AFat”
(t,7) = Apcos(wt)e Zx,- — ARyt + TR

. 2.2
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From ((2)) one straightforwardly obtains®:

A(t,7) = Agcos(wt)e ™! {(l - pe’RI’)
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Eq. (3) shows that the re-equilibration of nuclear magnetisa-
tion can be viewed as a perturbed mono-exponential process
with additional polynomial terms containing central moments
of distributions of relaxation rates as coefficients. Mono-
exponential parts are actually multiplied by generic functions
of the moments of distributions of R, and R,. The terms:
ARFAR, 2 AR|AR} 5

AR ARyttt — 20 o (72 (4)

3 Bearing in mind that means of the deviations <AR> are zero.

f(R) =

reflect correlations between AR,; and AR,,;. These terms are
zero for statistically independent AR; and AR»,. In general, the
rates of longitudinal and transverse relaxation are not
independent and one can therefore expect some contribution
from terms shown in ((4)). In order to be able to neglect
correlation coefficients we have used limited numbers of points
in FID’s so that ARARtt << 1;ARZAR|#t << 1, and so
forth. In such a case:

: AR: , AR
A(t, t) = Agcos(wt)e ! (1 + 2—'2t2 - 3—'2t3 . >

e [AR2 AR
X [l—peR”<2'lrz—3llr3+...>1 (5)

Fitting an experimental re-equilibration curve to ((5)) in
principle yields estimates of the moments of distribution of
relaxation rates. This works for the first two terms of expansion
yielding means and variances of relaxation rates [8]. However,
when higher order terms are to be taken into consideration the
interpretation of the results of fitting becomes ambiguous. For
example, several re-equilibration curves obtained in our
experiments can be fitted to ((5)) with AR? =0 but a non-
zero AR;. These estimates do not have any physical meaning
and are therefore merely coefficients of a regression equation.

Such ambiguities have been avoided by regularising the
fitting algorithm, viz. by choosing a fixed type of a feasible
distribution. An even distribution (‘square’ distribution func-
tion in Fig. 1A) of relaxation rates in the range from R, to
Ry+o is characterised by the following moments:

_ o — 1 — — 1
R=Ro+ ;AR = — % AR = 0;AR = —o" ... (6
0 + 2 2 12 0 2 2 80 O- b ( )
Possible asymmetry of the actual distribution has been taken
into account by using triangular distributions (Fig. 1B, C)
characterised by:

] 1, — 1 _ 1
R=Ro+—0; AR =— ¢ AR’ =+ — o’ AR' =+ — ¢ ..
0=3% 187 ~1357 ~135°

(7)

Both these types of distribution can be written using one
general formula in terms of two parameters: the width of
distribution ¢ and asymmetry coefficient s (Fig. 1D):

e (1) ®

in which the initial relaxation rate (third parameter) of the
distribution is assumed to be zero (Ry=0). All non-central
moments of this distribution are completely defined by ¢ and s:

E(i+12)(z;+2) <l+sf1> ®)
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Fig. 1. Square (A) and triangular distributions corresponding to positive (B) and negative (C) third moments. Distribution (D) simulates these types depending on the
value of the parameter s. Vertical arrows show positions of the mean relaxation rate.

Central moments are obtained from non-central ones by
employing the well-known equation:

AR = ancy(—f?)im_*f
i=0

- 1+a\ 20+ (n—id
=q" Cl'-’(— > - - (10)
; 3 m—i+1)(n—i+2)
where:
s n!
= - ("=_—"" 11
CTEET Y T i) (1)

These moments that arise from the two parameters (o and s)
can be used in the general regression Eq. (5) thus containing
any number of expansion terms. In practice it is advisable to
use a limited number of terms providing for the independence
of estimates on the number of terms. In our calculations it was
sufficient to use 10 terms of expansion in ((5)). A square/
triangular distribution can be substituted by the gamma-
distribution, however the speed of computation in this case is
much slower which is not convenient for the regression of large
arrays of data. Gamma-distribution can be advantageously used

100 50 0 -50 -100
ppm

in the cases when the number of computations is not large (see
Section 4.3).

The suggested method combines the advantages of the
multi-exponential analysis and that of continuous distributions
characterised by their moments. The problem of multiple
solutions is solved by employing narrow distributions of fixed
types. Fitting of experimental data to Eq. (5) involves the
optimisation of a not very large number of parameters.
Parameters of longitudinal (R;) and transverse (R,) relaxation
have been estimated from virtually independent sets of
experimental data (SR train and FID). In the case of two
distributions one has to estimate a double set of 8 parameters:
viz. the extrapolated amplitude (4,), resonance frequency (),
initial relaxation rates (Ro;, Rg,), widths of distribution (o,
0,), and asymmetry coefficients (s;, s,). Values of mean
relaxation rates ( < Rjp > = Roi02 +Ri2) and their var-
iances (V' (Ri2) = AR%Q\Z‘ have been computed from these
estimates according to Eqs. (9)—(11). In many cases R,
relaxation was characterised by a single relaxation rate and
not a distribution, which decreased the number of adjustable
parameters. The regression procedure usually converged very
rapidly yielding descriptions with F-criteria of the order 1.1—
1.5. When further increase of the number of distributions did

200 100 0 -100 -200
ppm

Fig. 2. '°F NMR spectra of Freon in samples of we (A) and pe. Upper curves are from samples containing an excess (exterior) liquid; lower curves correspond to

complete filling of pores.
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Table 1
Parameters of investigated samples of hydrated cements
Maximal amount Freon content Ao, arb.u. Total porosity, Invisible %y 10° Fe 03, %y, <R;> at complete V(R)/ R? at
of Freon, g Gr/Geem cm’/g Freon, % filling s~ complete filling
pc 3.120 0.301 15,430 0.201 42 282 11.9 2.06 0.06
we 2.480 0314 12,408 0.210 11.4 38 1.64 3.80 1.52
ca 1.057 0.131 5005 0.088 259 6.51 0.24 0.67 427

not improve the regression error ( F-criterion) the solution was
considered as found.

4. Results and discussion
4.1. Total porosity

Samples containing a visible excess of Freon (exterior
liquid) yield specific '°F spectra with additional ‘doublet’
signals, Fig. 2. This doublet splitting is proportional to the
difference of the magnetic susceptibilities of liquid and solid
and can be used to estimate the content of paramagnetics in the
solid [11,12] (see below).

When Freon was allowed escape, exterior liquid was
evaporated and the moment of disappearance of doublet
signals corresponds to the complete filling of pores. Total
porosity can then be determined from the weight of such a
sample as well as from calibrated extrapolated signal ampli-
tude. Results of such determinations for pc, we and ca are
shown in Table 1.

When the extrapolated signal amplitude, 4, is calibrated
using samples of pc, we and ca completely filled with Freon the
calibration chart is a straight line with a small (ca. 6% of the
total Freon content) intercept (Fig. 3A). Calibration using
samples of cement stones with varying Freon contents yields
calibration charts (Fig. 3B) pointing to larger intercepts
corresponding the amounts of the ‘NMR invisible’ Freon
varying from 4% (pc) to 25% (ca), of the maximal amount, see
Table 1.

>
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The doublet splittings of '°F lines in samples containing
exterior liquid yields information on the content of paramag-
netics in solid. The distance between ‘doublet’ peaks is
proportional to the volume magnetic susceptibility of the solid
sample [11,12]:

47 r gample 47
A= ? (Xvsample - XvFreon) 2 e XVsample (12)
Ttube 3

The percentage of paramagnetics (as Fe,0;) calculated from
the obtained values of y, is shown in Table 1. The variation of
the content of Fe,O; qualitatively agrees with the average
compositions of commercial cements, however the absolute
content of Fe,O5 in pc is double the allowed amount of Fe,O3
in pc clinkers. This disagreement shows that the demagnetisa-
tion factor 4m/3 in ((12)) derived for an infinitely long cylinder
is not valid for actual samples. However these data supply
correct information on the relative content of paramagnetic
compounds in cements.

4.2. Distributions of relaxation rates

To a first approximation the distribution of relaxation rates
(hence pore size distribution) can be characterised by averaged
means <R;>, and relative variances V(R;)/<R;>* in samples
with completely filled pores shown in the last two columns of
Table 1. As expected, the mean relaxation rates in samples
containing paramagnetic impurities (pc, wc) are higher than in
the essentially diamagnetic ca. However the relaxation rate in

=]

18000 -
PC

16000 A
14000 ca
12000 A
wC
10000 A

8000

6000

4000 1

Extrapolated amplitude /arb. u.

2000

0 T T T ]
0.00 0.10 0.20 0.30 0.40

Freon content G¢/G o,

Fig. 3. Dependencies of extrapolated amplitudes of NMR signal on Freon content. Graph (A) corresponds to samples with completely filled pores. Graph (B) shows

dependencies on Freon content for each porous medium.
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Fig. 4. Shapes of distributions of longitudinal relaxation rates in samples with completely filled pores. Intensities of broader components are multiplied by 10 (wc)

and 20 (ca).

pc is considerably smaller than that in we, containing about 10
times smaller amount of paramagnetic components. This
apparently arises from larger diameter of pores in pc compared
to those in we.

Relative variance of relaxation rates in samples with
completely filled pores V(R,)/<R;>* characterises the width
of distribution of relaxation rates: it increases in the order
pc<wc<ca. Similar conclusions will be made from the
dependencies of <R;> and V(R;) on Freon content (Section
4.3).

Next the shapes of separate distributions of relaxation rates
required for the adequate description of experimental re-
equilibration curves of samples with completely filled pores
can be compared. The decaying triangular distributions (s<1,
Eq. (8)) describe experimental data better than square (s=1) or
rising triangular (s> 1) distributions. In most cases, values of s
are close to zero (complete decay of distribution function at the
end of the range). Relaxation in samples of pc can be described
by one R, -distribution and one R,-distribution (one-phase
relaxation, Fig. 4, left-hand graph).

In samples of wc and ca a two-phase relaxation is observed
each phase being characterised by a distribution of R, single
R, and a single resonance frequency (). These phases are
mainly distinguished by their frequencies « and/or transverse
relaxation R, rates.

A
0.020 -
0015+ & o g
wl
g 5 o
= 0.010 1
S
< o
S
= 0.005 - N
‘AA A
0.000 : : .
0.0 1.0 2.0 3.0

Freon content/ g

10000 1

Separation into two ‘phases’ in wc only takes place at large
Freon contents (above Gp/Gcem=0.18). At lower Freon
contents, relaxation becomes one-phase. Fig. 5 shows the
dependencies of mean relaxation rates and populations of
phases in we with varying Freon content. The most populated
relaxating phase in wc has lower R, values. It can therefore be
assigned to liquid in macro-pores. This phase disappears in
parallel with the decreasing Freon content (see Fig. 5).
Population of the second phase, characterised by higher R,
remains approximately constant over the range of the coexis-
tence of these phases. The relaxating phase corresponding to
liguid in macro pores is thus selectively removed when Freon is
allowed to evaporate.

Relaxation in ca can be separated into two phases over the
whole studied region of Freon contents. The slower relaxation
phase (95% to 80% of the total Freon) was selectively
removed when Freon was allowed escape from sample. The
mean R, of this phase is close to the longitudinal relaxation
rate of bulk liquid Freon (0.51 and 0.37 (ms)™, respectively)
in agreement with a very low content of paramagnetic
impurities.

The behaviour of Ry- and R,-distributions in pc at varying
Freon content (see Fig. 6) was found to be different: the width
of the distribution of R, increases with the decreasing Freon
content while the width of R-distribution decreases (on the

14000 7

12000 A

0.0 1.0 2.0 3.0
Freon content | g

Fig. 5. Mean relaxation rates (A) and extrapolated amplitudes (B) of two relaxating phases (squares and triangles) in wc at different Freon content (grams of Freon

per actual sample). Trendlines show the data averaged over all phases.
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SRy

2e+71

JRy)

200

Fig. 6. Distributions of longitudinal and transverse relaxation rates in pc at different Freon content. The first three narrow R, distributions (right hand graph) are
plotted on a different scale (diminished). The narrow R distributions (left hand graph) are cropped. The Freon content is measured in grams of Freon per actual

sample.

absolute scale the narrowest distribution of R, is nevertheless
wider than the widest distribution of R;). The origin of such
behaviour lies in the actual mechanisms effecting longitudinal
and transverse relaxation.

Liquid Freon in spatially distant clusters of pores (Fig. 7)
may have considerably different resonance frequencies due to
the magnetic field gradient created by a paramagnetic solid.
This difference in resonance frequency (Aw=w;— w,) con-
tributes towards transverse relaxation (R,) and at slow
exchange rate (empty connecting pores, Fig. 7) towards the
width of R, distribution.

When connecting pores are filled, molecular exchange
between clusters is fast and the difference in resonance
frequencies, does not contribute towards the width of R,-

Fast exchange

—_—
e S——

Slow exchange

Fig. 7. Filled and partly empty macro-pores. Different shades denote variations
in relaxation efficiency.

distribution. Longitudinal relaxation (R;) is unaffected by
resonance frequencies: it is exclusively determined by the rate
of molecular motion and by interaction with paramagnetic
centres.

The critical Freon content, below which the width of R,
distribution sharply increases, can therefore be identified with
the situation when connecting macro-pores are nearly empty. In
wc and ca the widths of both R; and R, distributions decrease
with decreasing Freon content. The effects of molecular
exchange between sites with different @ do not therefore
contribute significantly to R,. This is in agreement with a
smaller content of the paramagnetic component in wc and ca
compared to pc, and hence a smaller gradient of magnetic field
and Aw.

4.3. Mean relaxation rates and their variances as functions of
Freon content

Mean relaxation rates averaged over all phases in a sample
can be considered as equal to a virtual rate of mono-
exponential relaxation in the same sample but with a very
high exchange rate. Experimental <R;> in our systems are
linear functions of inverse Freon content, Fig. 8A, suggesting a
very simple two-site relaxation model. According to this
model, relaxation occurs at two sites: bulk liquid and
‘adsorption layer’, i.e. a layer of liquid close to the solid
surface in which relaxation is enhanced (compared to that in
bulk liquid) by the interaction with paramagnetic surface
centres and slower molecular motion. In the framework of this
model the average R; can be written as:

Vad,

<R1 > —R1b:—;S(R1a_R1b> (13)
F

where R, and R, are relaxation rates in the adsorption layer

and bulk liquid, respectively, v,q4s is the volume of liquid in the
adsorption layer, Vg is the total volume of liquid contained in
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Fig. 8. Experimental dependencies of mean relaxation rates on the inverse Freon content (A). Graph (B) shows schematic picture of the filling of pores thick black

lines denoting the adsorption layer.

filled pores and adsorption layer. If the volume of the
adsorption layer is constant and R, is independent of the pore
radius Eq. (13) predicts a linear dependence of <R;> on Vy '
with zero intercept. Experimentally however positive and
negative intercepts are observed, Fig. 8A.

The condition v,q,=const means that the volume of the
adsorption layer does not change on the evaporation of
Freon from the sample: it must be the same in empty
pores and in filled ones. Logically it can be supposed that
the adsorption layer in the empty pores is thinner, this
leads to positive intercepts such as observed in samples of
wC.

Negative intercepts suggest that the actual dependence is
curvilinear and one has to consider the mode of filling of the
pores by Freon, the effects of pore size distribution and the
dependence of relaxation rate in adsorption layer on the pore
radius.

The order in which micro- and macro-pores lose the filling
fluid depends on whether the latter wets the solid or not. If it
does, then the surface of a liquid in a pore is concave (Fig. 8B)
and the vapour pressure over such a surface is smaller than that
over a plane surface. In this case liquid evaporates first from
larger pores. The actual vapour pressure is the following
function of the radius of curvature of liquid surface in the
largest filled pore, »¢ [9]:

_ 2pve \ 7o
ppoeXp< rfkT>poeXp< rf) (14)

where p, is the vapour pressure over a plane surface, y is
surface tension, vg is the volume per molecule in the gaseous
phase and ro=2yvg/kT. Our results (see above) show that in
wc and ca, Freon is selectively removed from larger pores
therefore it does wet the solid surface (the case of pc is
uncertain).

The theoretical dependence of <R>on V' ! can be defined
parametrically, e.g. by defining these variables as functions of
the radius of the largest filled pore. For V% this can be done by
integrating from the minimal radius to the radius of the largest
filled pore and adding the amount of Freon in the adsorption
layer in empty pores:

e Tmax
Vi = / V,(r)r + / Vap(r)r (15)
“ Fmin re

In a similar way the mean relaxation rate must be averaged
over F(r), also taking into account, however, the variation of
the relaxation enhancement with pore radius:

re T'max
/ Ry, (r)V,(r)r + / Ria(r)Vap(r)r
Fmin e

SR> = - + Ry
(16)

in which:

V() = 7R (r); Viplr) = [ = (= )| Fr;

Rplr) = R+ S Rlr) = )] (17)

In the same manner mean values of R{ can be obtained and
the variances of relaxation rates can be calculated as
V(R)=<R>>—<R>>. Quite unexpectedly this model predicts
zero intercepts in <R,>=f(Vg ') irrespective of the shape of
F(r) and/or Ri,(r). Again positive intercepts are obtained for
all possible types of F(r) and R,(r) if the thickness of the
adsorption layer is smaller in empty pores. Negative intercepts
are expected for larger adsorption layers in empty pores which
does not look probable.

Another explanation of the observed negative intercepts
admits the existence at low Freon content of ‘NMR invisible’
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Fig. 9. Gamma-distributions simulated using: «=0, and varying values of /3.

species characterised by very fast transverse relaxation. Indeed
when all pores are filled the fast exchange between bulk and
adsorbed Freon efficiently decreases the transverse relaxation
rate and makes all nuclei visible. At low Freon content some
parts of adsorbed Freon is separated from bulk liquid and,
being characterised by very fast transverse relaxation, becomes
‘invisible’.

A linear dependence of mean relaxation rate on V5 ' merely
reflects the existence of a permanent adsorption layer in pores
and does not yield much information on the pore size
distribution. However, the dependencies of the variance of
relaxation rates are very sensitive towards parameters of pore
size distributions and of dependencies of relaxation rate on the
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pore radius. For such simulations the gamma-distribution [10]
is very convenient:

)ew( -
br

)ew( L5 ) 4

Shapes of this distribution function for several combina-
tions of o and f are shown in Fig. 9. Experimental
dependencies of mean relaxation rates <R;> and relative
variances V(R,)/<R;>* can be simultaneously fitted to the

(18)

(19)

Fmin "'min
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Fig. 10. Simultaneous fitting of mean relaxation rates <R;> and relative variances V(Rl)/R? as functions of inverse Freon content (Vgmax/ V) employing the
distributions F(r) and Ra(r) shown below. Curves correspond to: 1—wc, 2—pc, 3—ca. Parameters are given in Table 2.
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Table 2

Parameters of distributions of pore radii ( F(r), rmin=1) and relaxation rates in
adsorbed state (R ,(r)) fitted to the experimental data on <R ;> and V(R,), see
Egs. (18), (19)

ng/m571 J/rminl (S/rmin 5cmply/5ﬁllcd F(r) Rla(r)
o B B
pc  0.007 0.8 0.3 1.3 -30 00 -1.0 0.0
we  0.065 2.0 0.2 0.6 -15 00 -29 0.0
ca 0.016 33 0.5 1.2 -1.0 00 -—-44 00

model of an approximately constant adsorption layer as
shown in Fig. 10. Parameters obtained for this model are
shown in Table 2.

Relaxation rates in paramagnetic-rich pc are unexpectedly
lower than in samples of white cement having lower content of
paramagnetics. Also the variances of relaxation rates in pc are
small.* This means that the investigated sample of pc has large,
narrowly distributed pores. Low relative variances also require
for their explanation large thickness of the adsorption layer (o)
characterised by a very low relaxation rate R;,, smaller even
than in samples of diamagnetic ca. This indicates that probably
the surface of pores in pc is not wetted by Freon® and therefore
the interaction of '°F nuclei with paramagnetic centres is
hindered.

The width of distribution of pore radii (¢ =rmax — "min)
increases in the order pc—wc—ca. In the same order the
thickness of adsorption layer ¢ (i.e. the range of surface effects
on relaxation, see Table 2 decreases. The shape of distribution
of pore radii in all samples is decaying and is slightly better
described by hyperbolic functions (ff=0) than by exponential
functions (¢ =0).

The same is true for the dependencies of R, on pore radius.
The fastest decay of R;, is obtained for diamagnetic ca, the
slowest for highly paramagnetic pc. This means that in the
diamagnetic system only small pores have really high
relaxation efficiency whereas in paramagnetically doped wc
and pc larger pores also show a high relaxation rate. Relaxation
enhancement in ca is thus apparently effected via slower
molecular motion, whereas in pc and wec, it originates from
interaction with paramagnetic centres.

These data cannot give information on the absolute value
of the mean radii of pores, although the relaxation rate in
the adsorption layer R;) is dependent on both the mean
pore radius and the mechanism of relaxation enhancement
in the adsorption layer. The mean pore radius can be
estimated from experiments on porous media with known
surface concentration of paramagnetic centres and calibrated
pores.

4 Zero variances obtained for smaller Freon contents in pc contradict the
model of slow exchange between pores and hence only a part of the
experimental curve can be fitted to this model. Data on means and variances
in we and ca can be described over the whole range.

5 Shapes of dependencies of means and variances of relaxation rates on Freon
content in the case of nonwetted surface are similar to those obtained for wetted
surfaces.

5. Conclusions

In this paper we have analysed the potential of '°F NMR
relaxometry for the determination of the pore size distribution
in cement stone. A formalism employing a set of distributions
of relaxation rates has been developed and successfully tested.
This formalism can be employed in the analysis of multi-
exponential relaxation of protons and other nuclei.

Two kinds of tools for the determination of the nature of
pore size distribution have been suggested. One involves the
analysis of multi-exponential relaxation in samples completely
filled with a fluorine-containing liquid. The shape and central
moments of distribution can be estimated from experimental
data using the developed formalism. The existence of several
distributions reflects the presence of several hydrated states
whereas parameters of individual distributions can be consid-
ered as arising from the pore-size distribution. The use of the
moment expansion is a logical consequence of this model and
provides for the optimal description of systems with properties
gradually changing over a narrow range.

Another approach involves the analysis of the dependencies
of means and variances of relaxation rates on Freon content in a
sample. Shapes of these dependencies (considered simulta-
neously) are sensitive towards details of distributions of pore
radii and of relaxation rates in the adsorbed state. Using model
distribution functions, one can estimate the width of pore size
distribution as well as parameters of the dependence of
relaxation enhancement on the pore radius.

Total porosity can be determined from the amplitude of '°F
NMR signal in samples with completely filled pores. The
moment of complete filling can be associated with the
disappearance of the characteristic ‘doublet’ signal of exterior
liquid. The distance between components of this doublet yields
information on the relative amounts of paramagnetics in
cement stone.
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