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Liquid self-diffusion in pores of hardened
gypsum: pulsed field gradient NMR study

A. V. FILIPPOV, E. V. KHOSINA, V. G. KHOSIN
Kazan Civil Engineering Institute, Zelenaya Str. 1, Kazan, 420043 Tatarstan, Russia

The self-diffusion of liquid confined in pores of gypsum was studied using NMR method
with pulsed magnetic field gradient at 30 °C. The starting weight ratios of water to gypsum
were equal to 0.4,0.5,0.6,0.8 and 1. The hardening process occurred at 23°C. The pores of
gypsum form a permeable system. This fact allows us to use two liquids with the diffusion
coefficients differing by a factor of 100 such as water and polypropyleneoxide with M=1025.
Thus, the length scale of the study was broadened to 2.5 x 1077-4.2 x 10”° m. Dependencies
of echo-attenuation shape and of diffusion coefficient versus diffusion time were
investigated. The slopes of echo-attenuations and values of diffusion coefficients
determined for the same length scale are different for the systems with starting ratios of
water to gypsum 0.4-0.6 and 0.8-1. The experimental results for the samples with lower
water to gypsum ratios were interpreted in terms of a model with two levels of organization
of the porous structure. The first level comprises the interconnected layers with all possible
orientations. The second level comprises the barriers distributed inside the layers. Diffusion
of the liquid molecules inside the layer is restricted due to collisions with the barriers. In the

samples with greater water-to-gypsum starting ratios, pores larger than 50 pm were
discovered. The width of layer, the barrier separation and the minimum of the layer

stretching were estimated.

1. Introduction
Many physical properties of porous solids depend on
the pore surface and structural development [1], and
thus these are subjects of considerable relevance for
many researchers. One of the porous materials of both
applied and fundamental interest is hardened gypsum
[2-4].

The hardening process of gypsum involves several
stages [2], with formation of gypsum dihydrate being
the most important for structural development:

CaSO,-0.5H,0 + 1.5H,0 — CaS0,-2H,0

with further crystallizing from the saturated solution
during 2040 min. An essential condition for the
hydration reaction to be completed is a significant
abundance of water (approximately four times as
much as is necessary for the reaction). So the resulting
product is distinguished by the increased specific
porosity (up to 40-60%) [2, 3].

Since crystallization occurs at conditions far from
thermodynamic equilibrium, the structure formed dif-
fers from a perfect crystal to a great extent. It repres-
ents an agglomerate of intergrowing crystallites. The
structure of such an agglomerate may be described in
terms of a fractal approach similar to other porous
systems [3, 6].

Water confined in the intercrystalline space is a bad
solvent for the gypsum dihydrate (about 2 g per litre in
terms of CaSQ,), so the gypsum structure does
not change after water evaporation and the following
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reinjection of water (except in cases where this opera-
tion is repeated many times).

Pores of gypsum are interconnected, with the aver-
age dimensions being more than 0.05 pm correspond-
ing to the macropores [ 3, 4]. About 95% of pores are
capillary ones. Water in pores can be either mobile
(bulk) or adsorbed on the surface. The latter being less
than 1% of the porous solid mass.

The NMR method with pulsed magnetic field gradi-
ent NMR PMFG) has proved to be one of the most
suitable methods for studying molecular diffusion in
heterogeneous systems [7-97. The method allows us
to probe the structure of pores accessible for liquid
molecules in varying length scales.

The purpose of this work was to study the peculiari-
ties of liquid self-diffusion and the structure of porous
space of hardened gypsum using the NMR PMFG
method. For this purpose a combined analysis of the
dependencies of echo-attenuations and averaged diffu-
sion coefficients upon the diffusion time was applied.
Substituting water by a less mobile liquid allowed us
to broaden the length scale of the study. As a result
some ideas about the gypsum porous structure were
proposed.

2. Experimental details

2.1. Preparation of samples

A powder of hemiwater gypsum (CaSO,-0.5H,0)
was first heated at T = 100 °C for an hour to remove
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moisture. Then it was blended with distilled water
in the weight ratios 1:0.4 (N1); 1:0.5 (N2); 1:0.6 (N3);
1:0.8 (N4); and 1:1 (N5). Blends were put into both
open and sealed glass tubes. The hardening process
occurred at 23 °C. Measurements were begun within
60 min after blending, and were carried out during an
hour at 30 °C when the hardening process completed
[2-4]. The measurements were repeated a day later. In
the case of the sealed glass tubes, the previously
obtained data were replicated. For the open tubes the
echo amplitude fell to zero in course of time. However,
if the evaporated water was compensated by the addi-
tion of a new portion, the original results were rep-
licated. Thus, the obtained results describe equally the
self-diffusion of mobile water retained after hardening
and the self-diffusion of water added in pores of
hardened gypsum after evaporation. The reduction of
the observed signal in the unsealed samples agree with
the concept of opened pores in gypsum.

2.2. Pulsed field gradient spectroscopy

The base principles of the PMFG method were de-
scribed previously [7-11]. The base information ob-
tained from the NMR PMFG experiment is the mean-
squared displacement of molecules along the pulsed
gradient direction {x*). For bulk liquid of low mo-
lecular weight, (x*) is determined by Gaussian statis-
tics of molecules random walk as:

(x?) =

where D = D, is the diffusion coefficient, and #4 is the
diffusion time. The diffusion attenuation of spin-echo
amplitude in this case is:

Afg) =

2Dt )

A(0) exp( — kD) (2)
where
A(0) ~ exp(— 2t,/T,) exp(—1o/Ty)  (3)

if “stimulated echo” pulse sequence is used, 1, and
7, are the intervals between first and second and the
second and third radio-frequency pulses, respectively.
T, and T, are the longitudinal and transverse NMR
relaxation times, k = y?8%g>t4, v is the gyromagnetic
ratio of the nucleus; g and & are the amplitude and
duration of gradient pulse, respectively. For display of
echo attenuation (EA) the coordinates log[ A] versus
k are usually used. For the simplest cases EA com-
prises a straight line with the slope equal to D.

In the more complicated cases liquid can be charac-
terized by the spectrum of diffusion coefficients. EA, in
the case of discrete spectrum, is given by:

Ag) ~ Z[Piexp( =275/ T 35) exp( —74/T ;) exp(—kD;)]
@

where the summation is performed over the dif-
ferent groups of protons constituting the “NMR
phases”, and P; is a relative fraction of protons in the
“phase”.

The experimental value of the averaged diffusion
coefficient (D) can be determined as a first derivative
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of the EA with respect to g*

1 9(In(4(9))
3(9*) 40

The diffusion of molecules confined in a porous me-
dium strongly depends on the ratio of (x*) to the
characteristic sizes of the porous medium [6-9]. The
latter parameters are the obstacle spacing d (the pore
size) and a correlation length &. £ is determined by the
length scale above which the Gaussian statistics of
random walk holds true. In extreme cases (D} does
not depend on t4. When {(x*)» <d?, the unrestricted
diffusion regime takes place: (D) = D,. For (x*>> &>
a percolation regime is observed. (D) = D, with
Dyer.. being determined by the permeability and tor-
tuosity of the medium. If pores are closed the depend-
ence (D) ~ ty~ ! is observed when {x,)> > d°.

The NMR PMFG experiment was performed using
the NMR spectrometer manufactured by “Magnitnyi
Resonans” [10, 11] operating at frequency 60 MHz on
'H. The largest value of pulsed field gradient ampli-
tude was equal to 40 Tm™'. The “stimulated echo”
pulse sequence was used. The error of measurement
was not more than 10% even in the worst conditions.

Dy = —(¥*8%1)

3. Results and discussion
3.1. Experimental results
The preliminary analysis of echo-attenuations and
diffusion coefficients versus diffusion time has revealed
the difference in the behaviour of the samples N1-N3
on the one hand and N4, N5 on the other. Let us
consider at first the data obtained for the samples
N1-N3.

Fig. 1 shows EA for bulk water and for the sample
N3 that is typical for samples with low initial content
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Figure I Echo-attenuations as the function of pulsed field gradient
amplitude observed in water in bulk water (4) and in gypsum pores
(sample N3} at the diffusion times £4 = 3 ms (3}, 20 ms (2), 100 ms (1).
C is the arbitrary constant, k = y28%g°ts. 8%t4 is a constant for all
samples and all values of t4.



of water. The echo-attenuations for water in pores
(curves 1-3) are more complicated when compared to
the exponential behaviour observed for bulk water
{curve 4).

With t4 increases, echo-attenuations for all samples
change. However, all echo-attenuations observed for
samples N1-N3 can be brought in coincidence with
each other if we replace the axis k by the axis k/D.
Therefore, the apparent change of EA shape with
ts and water content variation is conditioned by
changes of {D>.

To compare the different echo-attenuations one can
use an alternative to the replacement of coordinates.
The use of a parameter characterizes the degree of
echo-attenuation non-exponentially. We used an ex-
perimental parameter ¥ = g,s>/2g%, where gs and
g25 are the gradient amplitudes. They reduce the spin-
echo amplitude by the factors 5 and 25, respectively. In
the case of exponential EA, for example in bulk water,
% = 1. For non-exponential EA of water confined in the
pores of samples N1-N3, y is equal to 2.2 + 0.1.

Fig. 2 shows plots of {D> as a function of diffusion
time in double logarithmic coordinates for the sam-
ples N1-N3. One can see that the values (D) are
varied with water content (curves 2-4) and with diffu-
sion time being less than the bulk water value
Do =27x10"°m?s™ ! (curve 1) at the same temper-
ature.

The echo-attenuations for water in the samples N4
and N5 could be expressed as:

R{g) = P(R(g9) + P2R,(g) @

where R(g) = A(g)/A(0), R, 1s the exponential com-
ponent with D = Dy, R, has the same shape as EA
for samples N1-N3, and P, , are the relative fractions
of components. P, increases with the increasing
gypsum-to-water ratio. The observation of a compo-
nent typical for bulk liquid indicates that some pores
in the samples N4 and N5 have sizes larger than the
maximum mean-squared displacement attainable in
the experiment ( ~ 50 pm).

For the systems under consideration there are no
components of EA where the relation {D)>~t, !
holds up, thus closed pores are absent.
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Figure 2 Plot of the averaged diffusion coefficient (D versus t4 for
water in bulk (1), and in samples N1 (4), N2 (3), N3 (2). Dependence
of (D} versus t4 for PPO in bulk (5) and in pores of samples N1 (8),
N2 (7), N3 (6).

3.2. Estimation of NMR relaxation effect
on self-diffusion data

Both EA and NMR relaxation in porous systems are
known to be complicated (displaying “multiphase”
behaviour) [11]. So EA can be expressed in the form
(4). In this case one should estimate the effect of
non-exponentiality of relaxation on time dependent
echo-attenuation. For this purpose we obtained the
echo-attenuations for two values of the initiation
period of the pulse sequence. The largest value of
initiation period was defined from the condition of
recovery of the longitudinal relaxation and was equal
2.5s. The minimum value was determined by the
equipment performance and was equal to 0.2 s. In the
latter the amplitude of the signal was half as much as
for the first while the shape of the echo-amplitude was
the same. The obtained results can be observed only if
all protons contributing to the echo-amplitude have
the same 7'y or if fast molecule exchange takes place:
0; <ty, where 6; is the life time of a proton in the i-th
NMR “phase” with Ty = T{,. In both cases the de-
pendence of EA upon the diffusion time in the system
is conditioned by the peculiarities of molecular diffu-
sion in the porous medium.

The effect of “multiphase” transverse relaxation was
studied by comparing the echo-attenuations derived
for different t,. The echo-attenuation appeared to be
unchanged. Thus, the observed EA variance and the
diffusion coefficient dependence upon t, are caused by
the peculiarities of molecular self-diffusion in porous
systems.

3.3. Extensions of mean-squared
displacement range

The range of diffusion times that are available for
measurements is restricted on the side of large
tq values due to the relaxation attenuation of echo
intensity (3) and on the side of small 74 due to the
technical characteristics of NMR device (the min-
imum tq~ 1 ms). Respectively, the accessible molec-
ular displacements are also restricted.

However, the range of displacements may be
extended at least in the range of small (x*), by substi-
tuting water by another liquid with a diffusion co--
efficient smaller than that of water. This liquid should
not dissolve gypsum and should be chemically inert
with respect to it. An oligomer of polypropylencoxide
(PPO) with the molecular mass of M = 1025 was
used. The diffusion coefficient of bulk PPO is
1.77x 10" m?s™! for T =30°C, with the echo-
attenuation being close to the exponential value over
the 1.5 decimal orders (3~ 1.04). The samples N1-N3
were saturated with PPO after completion of water
evaporation. Fig. 2 shows (D) and y as functions of
diffusion time for PPO in the bulk state and confined
in pores of gypsum (samples N1-N3, curves 5-8). It is
apparent that the dependence of (D) on t; for PPO
essentially differs from that for water in the gypsum.
A plateau with <D)>~10"''m?s~ ! in the range of
tqg = 100-10 ms is observed for PPO. For t; < 10 ms
{D) increases with the reduction of ¢ty and becomes
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equal to that of the bulk value when 3 =2 ms is
attained. The EA observed in the range of ¢4 more
than 10 ms coincides with that for water in gypsum.
Note that when #; < 10 ms the shape of EA changes,
the details will be discussed further.

Two curves obtained for different length scales of
the liquid molecules displacements in pores of the
same samples (curves 2 and 6) could be overlapped if
the molecular sizes of both liquids are less than the
pore diameter and the effect of pore surface on mol-
ecules of both the liquids are equivalent. The size of
the water molecule is known. The size of the oligomer
molecule can be estimated as the mean-squared dis-
tance between the ends of the oligomer chain [12].
This value estimated from the value of statistical seg-
ment (0.418 nm [13]) and their molecular mass is
equal to 1la. This value and the size of the water
molecule are significantly less than the minimum pore
dimensions of the hardened gypsum (< 0.05 pm [4]).
Interactions between the diffusing molecules and the
pore surface are described by the interaction poten-
tials [14] which reduce to zero due to the formation of
the adsorbed liquid layers on the pore surface [15].
Because of this we have made an assumption about
the equivalence of the interactions of water and PPO
molecules with the pore surface. The operation of
overlapping was performed by adding a part obtained
as a result of conversion of (D} and t4 for PPO into
(D) and t4 proposed for water self-diffusion in pores
for the same (x*)

<D>waler = (DO)water <D>pp0/(D0)pp0
(X512 D waer 4

to the experimental dependence observed for water.
The former was written under the above assump-
tion of equivalent effect of porous medium on water
and PPO molecules for equal {x*». This allows us to
calculate t, from (x*) and the value of {D}u.. The
dependencies obtained in such a way are presented on
Fig. 3. Apparently, the calculated parts overlap with
experimental ones. This fact confirms our above as-
sumption. On the whole, the obtained curves charac-
terize the self-diffusion in pores over the length scale
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Figure 3 Dependence of {D} on t4 for water in bulk (1) and in pores
of the samples N1 (4, 8), N2, (3, 7), N3 (2, 6). Curves 24 represent the
experimental data. Curves 6-8 are computed using the Relation 3.
Curve 9 represents the calculated values of y and obtained experi-
mentally for real diffusion time.
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estimated according to (1) to be 2.5x1077" m-
42x107°m. The parameter of non-exponentiality
x, for the samples N1-N3 also are presented in Fig. 3.

When PPO is injected in samples N4 and N3, the
behaviour of the function (D) = f(t,) is similar quali-
tatively to that for the water contained in samples
N1-N3.

3.4. Discussion

One of the observed phenomena is the invariability of
EA non-exponential shape in the wide range of diffu-
sion times. Since only liquid molecules contribute to
the echo signal, the non-exponentiality of EA is obvi-
ously conditioned by their distribution over the states
with the different projections of D on a pulsed field
gradient vector.

Let us consider the results obtained in terms of
molecular self-diffusion in system with molecular ex-
change between “phases” with different D [ 16]. In this
case the shape of EA depends on the ratios between
the value of #4 and the lifetimes 1, of the molecules in
“phases”™. For 1;» t, the curve EA is non-exponential.
When 1<, it is exponential. In both cases the shape
of EA is independent of t,. However, if t; ~ t4 the shape
of EA is non-exponential and depends upon tg4.

One may try to explain the unchanged EA shape by
two factors.

1. The slow exchange between the states with differ-
ent D (1;>ty).

2. The intermediate exchange between the states
(T;~t4). In the latter case, molecules reach the semiper-
meable obstacles of greater length scale as ¢4 increases,
thus the exchange effect is equalized.

However, we cannot explain the constant shape of
EA by the second factor. Indeed, the more mobile
molecules collide with the obstacles with increasing
extent then slow during the process of diffusion. This
inevitably tends to the exponential EA shape. The first
factor also does not fit the experimental data since it
cannot explain the dependence of (D) upon ¢,.

Comparison of both dependencies of (D} and g
on ty (see Fig. 3) shows an existence of correlation
between the variations of these parameters in the
interval of short t4, but for the large values of t; no
correlation is observed. While y remains constant, D is
dependent upon 5. So we assumed that for these
values of t4, both observed effects are due to different
causes: the evolution of EA shape reflects the slow
molecular exchange between the states with different
values of D while the dependence of (D) on t4, most
probably, arises from restricted diffusion which is
caused by barriers to molecular motions in these
states [17]. The non-exponentiality of EA caused
by diffusion in the semipermeable system with re-
strictions is practically negligible with respect to
that caused by the existence of a set of states with
different D.

A different approach represents the theoretical com-
putation of EA for possible models and the compari-
son of computed curves with experimental ones. The
non-exponentiality of EA at (D) independent upon



tq can be described by a model of low dimensional
anisotropic diffusion. The most simple example of a
medium providing anisotropic self-diffusion is the sys-
tem comprised of randomly oriented capillaries or the
system of void space having laminated morphology
without molecular exchange between structural com-
partments. The relations describing EA in these mod-
els are reported in [18]. We found that the relation
obtained for the motion of molecules trapped between
flat surfaces of different orientations corresponds to
the experimental EA for water in the gypsum pores
over the whole range (Fig. 1). This relation is [18]:

1

R(g) = eXp(—kDo)J exp(kDox?)dx  (5)

0

where x = cos(3), and 9 is the angle between a normal
to the surface layer and the pulsed gradient vector.
The experimental value of <D} is not dependent upon
tq and equal to (D) =D, = Dy/1.5. At the tem-
perature 30°C the value of D, for water is
1.8x107? m?s™!. We assumed that the samples of
gypsum under consideration have also the layered
morphology. Then the observed spectrum of D is
conditioned by the random layer orientations with
respect to the gradient direction. The largest and the
smallest values of D characterize the diffusion in the
layers directed parallel and across the pulsed gradient.

The fact that (D) does not exceed the value
D, =18%10"2m?s™ ! and is tending to it as t4 re-
duces in the whole range of ty when y = 2.2 (Figs 2
and 3) confirms the above assumption. The layers with
different orientations with respect to the pulsed gradi-
ent vector comprise the states of molecules with differ-
ent D, which we have found by considering the first
approach.

During crystallization of gypsum the lattice of
layered structure is formed [2, 3]. Under conditions
close to thermodynamic equilibrium (when water is in
excess) the thin layered crystallites are formed [2].
This structure is observed in the pictures of native [2]
and of artificially hardened gypsum [3]. In the case of
crystallization under conditions far from thermodyn-
amic equilibrium, plates forming the layers are inter-
connected by numerous crystallites. They serve as the
barriers for motion of liquid molecules trapped be-
tween the layers. The layered structure is exhibited by
the space-time correlation of liquid molecule diffusion.
The main elements of such a structure are sketched
in Fig. 4.

We can evaluate some of the structural parameters
of the model using experimental curves (Figs 2 and 3).
The plateau in the region of small ¢4 values is observed
when (D)~ D, (Fig. 3). In this case the shape of EA
remains unchanged and is described by Equation 3.
The plateau region represents the translations of mol-
ecules within distances less than the barrier spacings.
Its existence shows in that the layer width is smaller
than the mean separation between the barriers. The
subsequent reducing of ¢4 leads to an increase of (D>
up to the bulk value D, The unrestricted diffusion
of molecules between the layers is observed when
the mean-squared displacement is equal to the above

Figure 4 Elements of the probable structure of hardened gypsum
derived from the NMR PMFG data: system comprising a random
distribution of the planar layers with respect to the gradient direc-
tion {a), and the part of the planar layer (b). Here 1 is the layer width,
d is the spacing between the layers, n is the normal to the plane, and
a is the separation between the barriers. Proportions between the
elements were chosen arbitrarily.

calculated value of layer width (~2.5x 1077 m). At
the condition of slow exchange between the liquid in
layers of different directions (for the maximum ¢, and
corresponding {D>), the smallest possible value of
layer stretching for each sample can be estimated
for the largest molecular displacement by Equation 1.
These values are equal to 28x10 °m (N1),
3.7x107° m (N2), and 4.2 x 10> m (N3).

The slope of (D) versus tg is defined by liquid
molecule collisions with the barriers. The barriers are
probably the secondary crystalline structures, formed
in the cavities of the primary framework from residual
sufficiently saturated solution [3]. Using an extra-
polation of the experimental dependence into the
range of small ¢, up to attaining the value D, (Fig. 2)
and Equation 1, one can estimate the barrier sepa-
rations in the layers. The obtained values are
0.6x107°m (N1), 1.4x 10" °m (N2), and 2x 10" ®m
(N3).

Thus, the proposed model does not contradict the -
known peculiarities of the gypsum structure and is
a more detailed one. The dependence of (D> upon
tq while EA shape is unaffected by ¢4 and described by
Equation 5, also have been found by Callaghan and
co-worker [19] when they studied the water self-
diffusion in the lamellar phase of a lipid. They have
proposed the model of flat layers oriented in the same
way as the lipid domains. The observed dependence of
{D) upon t4 is caused by molecular diffusion between
the domains with different orientations of the layers.
Virtually the shape of EA (5) is indicative of some form
of low dimensional anisotropic transitions of mole-
cules with respect to the gradient. The transitions of
water molecules between the layers of lipid are similar
to the exchange between the states with different mo-
lecular mobility [16]. The shape of EA tend to the
exponential one as ¢4 increases and (D) is independent
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of t4. Thus Callaghan’s interpretation cannot describe
the experimental data.

The present model allows one to explain the self-
diffusion of liquid molecules confined in the gypsum
pores in the most simple way.
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