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Cement as a porous material contains pores and cracks on the whole nanoscale forming an interconnected pore
structure. Its interaction with water during the rehydration of cement plays a key role in every application, such
as in nuclear waste treatment, where cement binders are commonly used for conditioning liquid radioactive
waste. In the prediction of the long-term disposal the knowledge of water mobility and distribution in the formed
porous cement matrix is essential.

In this study we systematically investigate the effects of metakaolin and several components of the liquid
phase (complexing agents, model ions, boric acid, etc.) on the hydrated solid structure by various nuclear
magnetic resonance (NMR) methods. The novelty lies in the complex use of such non-conventional techniques
that separately provide only partial information of the cement structure; however, the gained results complete
each other to offer a new approach in the structural study under several conditions. Water mobility is deduced
from NMR T relaxation distributions and D20-H20 exchange diffusion measurements, and the conclusion on
structural properties is supported by the macropore structure revealed from NMR cryoporometry and SEM
(scanning electron microscopy) images, as well as by following the formation of pores and water domains in the
curing process with NMR relaxometry. The results confirm that metakaolin was built into the CSH (calcium
silicate hydrate) gel region without altering its mesoporous structure, however, it significantly decreased the
capillary pore size and the diffusion coefficient of water. Complexing agent concentration between 2 and 20 g/1
and the presence of model ions did not cause significant structural changes, while the rehydration decreased the
size of capillary pores due to swelling.

1. Introduction

aluminoferrite monosulphate ([Cay(Al,Fe)(OH)g]X-H20), hydrogarnet
(3Ca0-Alx03-6H20) as well as hydrotalcite (MggAla(CO3)-(OH)16-4

The most common conditioning method for low- and intermediate-
level nuclear waste is cementation, during which radioactive compo-
nents are immobilized in a solid, cement-based matrix.[1-3] The basic
material of the technology is Portland cement, a mixture of inorganic
crystalline materials (clinkers). During the hydration of cement crys-
talline portlandite (Ca(OH);) and amorphous CSH as major phases
(calcium silicate hydrate, 1.7Ca0-SiO2-xH20), while aluminoferrite tri-
sulphate  ([Ca3(Al,Fe)(OH)e-12H50]1X3-H20) (X = sulphate),

(H,0) as minor phases are formed. Among these, the CSH phase is the
most significant due to its large surface area which helps the immobi-
lization of radionuclides through several chemical changes (precipita-
tion, adsorption, ion exchange, etc.).[3-7].

Although the hydration of Portland cement is an extensively
researched topic, there are several points of this process which are still
not certain. Based on calorimetric and conductivity measurements, so-
lution phase analysis, X-ray diffraction and many other techniques the
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hydration process can be divided into five stages.[8,9] The formation of
the CSH, which is the product of the hydration of alite (Ca3SiOs) and
belite (CaySiO4) anhydrous phases, dominates the hydration process. In
the initial period (stage I), the wetting of the cement grains, the fast
dissolution of clinker phases and the formation of ettringite (CagAl>(SO
4)3(OH)12:26H,0) takes place. Afterwards, in the induction period
(stage II), the reaction slows down, which can be explained by two hy-
potheses: the protective membrane and the dissolution control theories.
[8,9] After this stage of reduced reactivity, the main product (CSH)
precipitates in the acceleration period (stage III), which is followed by
the declaration (stage IV) and slow hydration periods (stage V). In the
last stages the aluminate containing phases, like ettringite and sul-
phoaluminates, are formed. During the hydration of cement a hardened
porous structure is formed from a saturated colloidal dispersion through
complex chemical reactions. At the moment of mixing anhydrous
cement and water, the system can be considered as a coarse dispersed
system, where the micron-sized cement particles are dispersed in the
aqueous phase. This increasingly turns into a colloid-like system, where
the dissolution of the silicate and aluminate phases from the surface of
the cement takes place and a supersaturated Ca(OH); solution is formed.
The rigid gel structure of the CSH gel is formed during the aggregation of
several 5-10 nm sized globular units containing defective CSH sheets.
[10,11].

In the hardened cement structure water domains of different
mobility are present. According to the Power-Brownyard model water in
a solidified cement structure can be grouped as chemically bound, non-
vaporizable water (the crystal and interlayer water of cement hydration
products) and vaporizable, pore-filling water (including water in capil-
lary and air pores, and physically bound water in gel pores).[12] In place
of the evaporated water, a heterogeneous porous solid structure re-
mains, with pores of different sizes. On the basis of the Feldman-Sereda
model and experimental pore-size determinations these are: intra CSH
sheet pores (d = 0.5-1.8 nm), inter CSH gel pores (d = 2-10 nm),
capillary pores (d = 20/50 nm-1 pm) and air pores (um to mm size), as
later illustrated in Fig. 3a [13-18].

In order to use cement for waste conditioning, it is important to
improve its leaching properties. On the one hand, this can be achieved
by the application of silicate-based additives, for instance, already 5%
kaolinite in the cemented waste can significantly decrease the leaching
rate of Cs and Co.[19] Nowadays, an artificial silicate, metakaolin is
often used as an additive, since it can improve the cement structure due
to its pozzolanic and hydraulic properties, furthermore, it is able to
neutralize the acidic components of the radioactive waste.[20,21] On
the other hand, complexing agents, like citric acid and oxalic acid, are
used for the management of the liquid waste.[2] These additives and the
formed complexes can chemically interact with the cement hydration
products, and thus modify the surface properties and the structure of the
formed cement composite.[22].

The characterization of the structure and aqueous behavior of
cement composites is essential since the porosity ultimately affects other
properties of the material during the possible applications and the long-
term storage. Nuclear magnetic resonance (NMR) methods are
outstanding in studying the interaction of porous materials with water,
as well as for the characterization of water mobility and the hydrated
structure, which we recently demonstrated for various porous materials.
[23-25].

In NMR relaxometry we follow the return of the excited magnetic
spins of the hydrogen nuclei (protons) in water molecules to the equi-
librium state. This process can be described with relaxation time con-
stants (T; or Tj). T, characterizes the rate of the relaxation in the
transverse plane. The transverse relaxation time constant depends on the
mobility of the protons, thus the water types of different mobility in the
sample can be distinguished. Since the intensity of the NMR peak is
proportional to the water amount of the given type, the ratio of bound
and more mobile water (e.g. in pores) can be determined.[26-28] The
observed transverse relaxation rate constant (1/T2) can be expressed by
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the weighted average of the relaxation rate of the mobile water in the
bulk-like (1/T2pux) and the bound water in the surface region (1/T2)
provided fast molecular exchange between these water types:
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where V is the total volume of the measurable water, Vs and Vy, are
the volumes of the surface water and the bulk water respectively. T is
the observed apparent transverse relaxation time, while Topy and Tag
are the characteristic relaxation time constants of water molecules in the
bulk-like and surface regions respectively.

Furthermore, the pore size of saturated pores in the nm size range
can be calculated according to Eq. (2), if the surface relaxivity () is
known.[29].
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where S, is the surface and Vj, is the volume of the pores.

Low-field (LF) NMR relaxometry techniques are more accessible,
cheaper and less sensitive to magnetic impurities compared to high-field
NMR, and thus are effective in the characterization of cement materials,
both their hydration process and the hardened state.[30,31] In hydrated
cement several water domains can be distinguished by their T, relaxa-
tion time constants, which are in good agreement with the above-
mentioned pore-filling water types in cement.[14-16,31,32] Similarly,
the mobility of water within the system changes during the hydration of
cement, thus this process can also be observed by NMR relaxometry. Pop
et al. followed the process of hydration in the case of cement samples,
during which they found a significant change in the measured T,
transverse relaxation time constants for ~ 20 h after mixing with water.
[33] This time interval was divided into 5 periods based on the changes
seen in the relaxation time constants and were ordered to the different
stages of cement hydration.[33] Faure and Rodts studied the change of
the longitudinal relaxation time (T;) of water during the hydration
process and identified two liquid domains as the bulk water and the gel
water surrounding the cement grains. The change of T; over time
showed the five- stage behavior characteristic for cement hydration.[34]
The curing process of cement is strongly influenced by several param-
eters such as the water-cement ratio, the composition of cement and the
type of additives. Rusu et al. investigated the effect of calcium nitrate, a
hydration accelerator additive, on the early hydration of a white cement
paste. It was found that the induction period shortened in the presence
of calcium nitrate, proving that the effect of additives can also be
detected by following the curing process of binders by NMR.[9].

Another technique which can be successfully applied in the structure
characterization of porous materials is NMR cryoporometry.[35,36]
Liquids in nano-sized confinements show different melting-freezing
phase transition temperature than in bulk. The observed melting- and
freezing point depressions can be converted into pore sizes according to
the modified Gibbs-Thomson equation:

nk,.

p

ATy =Ty —To = — 3

where Ty, is the melting and freezing point of the liquid in the
porous system, Ty is the phase transition temperature of the bulk liquid,
n is a factor characteristic for the pore geometry, K, is the cryoporo-
metric constant of the liquid (determined by the V,, molar volume, yg,
solid-liquid interfacial tension, AH, heat of melting and the T, of the
liquid), while r, is the radius of the pore.[35] Valckenborg et al
completed their relaxometric studies with cryoporometry experiments
and revealed three pore types in mortar.[18] Clay minerals can also be
investigated by NMR cryoporometry, however, due to their layer-like
structure only freezing-point depression can be expected to detect. In
the case of cured modified metakaolin, pores between ca. 2-40 nm were
observed and assigned to three different parts of the zeolite structure.
[37].
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With the help of NMR diffusometry, the self-diffusion (Brown -
movement) coefficient of water can be determined, the value of which
significantly depends on the confining effect of the pore structure. The
restricted diffusion processes provide valuable information about the
size and permeability of the pores in the range of 5-100 pm. Diffusion is
conventionally measured using gradient pulses in the so-called stimu-
lated spin-echo sequence (PGSTE) by NMR. However, in the case of
samples containing magnetic inhomogeneities the T; and T, relaxation
processes of confined water are significantly accelerated, therefore this
sequence is not suitable for investigating diffusion processes. For testing
such systems the so-called H20O-D20 exchange diffusion technique can
be applicable.[38] The basis of the method is to place the sample,
saturated with light water (H»0), into heavy water (D20) and follow the
decreasing intensity of the proton signal within the sample due to the
H,0-D,0 exchange process. An important criterion of the test is the
strictly cylindrical geometry of the sample and the high heavy to light
water ratio (a).[38] During the evaluation of the primary data series, the
exponential curves can be fitted with a mathematical model derived by
J. Crank suitable for describing diffusion from a cylinder.[39] In this
model, diffusion processes in an infinite cylinder (Cy) and in a plane
sheet (Cy;) are included, as the product of two exponentials:

. M(t) —M(t = o)
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where C* is the change in the concentration of light water, M is the
intensity of the measured signal, « is the volume ratio of heavy to light
water, p, is the square root of the error function, D, is the diffusion
coefficient of water, t is the duration of the measurement, r and [ are the
radius and length of the cylinder, respectively.[38,39].

The aim of this study was to thoroughly describe the interactions
between water and the porous structure of cement-based materials by
various NMR methods, and compare the effects of metakaolin and other
additives on them. For this reason, the formation of the cement structure
was followed in the early state of the hydration process by NMR relax-
ometry. The hardened cement and its composite with metakaolin were
characterized by SEM images, measuring the size of pores in the struc-
ture by NMR cryoporometry, the T, transverse relaxation times and the
self- diffusion properties of water molecules in the pore system.
Furthermore, we studied how a basic model solution, the concentration
of complexing agents and the presence of model ions, as well as the
rehydration time influence the pore structure and water mobility by T2
relaxometry.

2. Material and methods
2.1. Preparation of cement samples

First Portland cement and metakaolin containing cement composites
were prepared. Portland cement (CEM I 42.5 N) was mixed with
deionized water in 0.48 water-cement (w/c) ratio, and cured for 30
days. Metakaolin (KM60) consisted of 50-55% SiO5, min. 40% Al;Os,
max. 1.45% Fe;03, 0.05-0.5 % CaO, 0.20-0.45 % MgO and max. 1.5%
K50 + NayO. The cement composite with 0.5 water-cement ratio were
prepared from Portland cement (80%) with 20% metakaolin content
(KM60). The liquid phase was deionized water on the one hand, and a
model solution of 0.44 mol HNO3 (65% solution, VWR, a.r.), 0.44 mol
KOH (Molar, a.r.), 3.28 mol NaOH (Molar a.r.) and 3.08 mol boric acid
(Molar, a.r.) for 1 L solution, on the other hand, simulating the condi-
tions of application.

To study the effect of complexing agents and model ions, two sample
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series were prepared. The first series of cement composite samples
contained complexing agents, citric acid (VWR, Reag. Ph. Eur.), oxalic
acid (Molar, a.r.spec.), Nay-EDTA (Molar, puriss), in 1:1:1 mass ratio, in
different concentrations (2, 20, 200 g/1). For the second series inactive
metal salts, modeling radioactive isotopes, (0.34 mmol Nb(NOj3)s, 2.42
mmol CsNOs3, 5.48 mmol Ni(CH3COO)5-4H50, 2.22 mmol Nd
(NO3)3-6H50, 2.52 mmol KI, 90.6 mmol KCl, 0.16 mmol NH4ReO4 for 1
L solution) were added to the liquid phase beside the complexing agents.
The cement samples were cured for 30 days under high (100%) hu-
midity, and then stored in wet or dry (relative humidity around
50-60%) medium to model different storage conditions.

2.2. Scanning electron microscopy imagining (SEM)

The surface morphology of the Portland cement and 20% metakaolin
containing cement composite samples was investigated with a dual
beam scanning electron microscopy type Thermo Fisher Scientific-Scios
2 (FIB-SEM, Waltham, MA, USA) operated at low accelerating voltage (2
keV). Applying such low energy and short working distance (2 mm)
allows us to study surface morphology of insulating samples without
coating it with gold layer. The advantage of using a low accelerating
voltage (1-2 keV) is that the secondary electrons generated near the
surface can easily escape and in this way, we can increase its yield. The
increased yield increases the probability of collecting the electrons
needed for imaging, thereby providing the opportunity to examine
insulating samples without application of gold coating, which may
modify the surface morphology. In order to detect signals with such a
small working distance, special detector strategies are required. The
microscope used is equipped with a so-called in-lens detection system
that has the ability to separate and collect secondary electrons, back
scattered electrons, or a mixture of both types of signals.

2.3. NMR relaxometry measurements

For NMR relaxometry experiments the samples were broken in a
mortar and then larger pieces suitable for the NMR tube (10 mm) were
soaked in deionized water (MilliQ) for three days. Measurements were
performed on a 20 MHz NMR instrument (Minispec Bruker mq20) at
room temperature (25 °C) using the CPMG (Carr-Purcell-Meiboom-Gill)
pulse sequence.[40,41] 0.08 ms echo time and 0.5-1 s relaxation delay
were applied. The obtained exponential curves were inverse Laplace
transformed in the MERA (Multi Exponential Relaxation Analysis) pro-
gram running under Matlab software.[42] This data evaluation method
results in a T, distribution with the most characteristic relaxation times
in the maxima. These values were further confirmed by multi-
exponential fitting based on the least squares’ method with the Origin-
Pro © program.

The curing process of pure cement and the 20 % metakaolin con-
taining cement composite was also followed by NMR relaxometry with
the same experimental setup. Portland cement was mixed with distilled
water in 0.48 water-cement (w/c) ratio, while w/c = 0.5 was used for
the 20 % metakaolin containing composite. The cement pastes were
immediately poured into an NMR tube (10 mm), and the T relaxation
decays were recorded using the CPMG (Carr-Purcell-Meiboom-Gill)
pulse sequence for 48 h. The echo time was 0.08 ms with a 2 s relaxation
delay. The process of primary data evaluation is described above.

2.4. NMR cryoporometry measurements

The crushed cement samples were studied in cyclohexane as test
liquid. Samples were prepared in 5 mm glass NMR tubes 3 days before
the measurement, after the saturation the excess amount of liquid was
removed. NMR cryoporometry measurements were performed on a
Bruker Avance II 360 MHz NMR instrument with a QNP direct probe.
The probe-head was cooled with dried air by a BCU-05 cooling unit. A
spin-echo sequence was used for the measurement where the optimal
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echo time was 8-10 ms for cyclohexane. Temperature calibration was
performed by measuring the temperature dependent chemical shifts of
neat methanol.[43] During the experiments the frozen samples were
melted first and then freezing and melting measurements were carried
out in the temperature range appropriate for the used liquid medium. At
each temperature a proton spectrum was recorded, which was then
transformed with MestreNova9.0 software. The integrated intensity
changes of the proton signals as a function of temperature gave the
system-specific freezing and melting curves. Using the modified Gibbs-
Thomson equation (Eq. (3) the pore size was calculated[35], and the
pore size distribution was obtained by numerical derivation. A model-
free cryoporometry constant (K, = 96 nm K for cyclohexane) deter-
mined by Petrov and Furo[35] was used for the calculations.

2.5. Diffusion experiments

The diffusion of water was studied in the pure Portland cement (w/c
~ 0.46) and in the cement- metakaolin composite (20% metakaolin, w/
¢ ~ 0.5), using cylindrical sample geometry with a length of 21-22 mm
and a diameter of 7 mm. The cylinders were soaked in distilled water for
several days, then placed in at least tenfold (« = 10) excess of heavy
water (D20, VWR) immediately before the measurement. The pD was
previously adjusted to the pH of the soaking water (pD ~ 13.8), using cc.
NaOD. The NMR measurement was performed on a 20 MHz NMR in-
strument (Minispec Bruker mq20) at room temperature (25 °C). During
the experiment, the intensity of water protons within the sample was
recorded as a function of time by FID sequence. To obtain a high signal
to noise ratio 512 scans were used, the waiting time between each scan

-
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was set to 0.5 s, as a relaxation filter. This way only the change in the
amount of water located inside the cement samples was detected,
considering the contribution of the external liquid to the signal (~18%).
The exchange process between H,0O- D20 was followed every 5 min for
6 days in case of pure cement and 9 days in case of metakaolin con-
taining composite. The resulting intensity values were corrected,
normalized, and then plotted as a function of the observation time. The
obtained curves were fitted with the mathematical model derived by J.
Crank (Eq. 4-6).

3. Results and discussion
3.1. Effect of metakaolin

3.1.1. Hydration process and structure formation

By following the hydration process of cement-based binders, the
evolution of the confined water can be visualized during the formation
of the porous system. Water is the reaction partner of the clinker phases
in this process, which results in the change of its mobility and quality
due to the formed hydration products. The hydration process of Portland
cement and a metakaolin containing cement composite was followed
with NMR relaxometry for two days, during which the transversal
relaxation time constants of water (T,) were determined. Three water
domains with different mobility characterized the cement binders. The
longest T relaxation time (T2 ~ 40-15 ms) values were uncertain at the
beginning of the curing process but reached a stable value after two
days. This domain can be assigned to the water filling the formed
capillary pores based on T, values measured by Bede et al. and Liu et al.
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Fig. 1. T, relaxation time values over time for a) Portland cement and b) for 20% metakaolin containing cement composite during the hydration process. Different
colors show water in the intra CSH sheet (orange) and inter CSH gel pores (blue). The 5 stages of the hydration period are numbered and indicated with dashed lines.
¢) The reciprocal representations of T assigned to the CSH gel pores for Portland cement (orange) and the metakaolin containing composite (blue) show the CSH

formation rate difference between the samples.
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[16,32]. The change of the T, relaxation time constants in time for the
other two domains are shown in Fig. 1. The water domain with Ty = 8-2
ms can be assigned to water forming and filling the inter CSH gel pores.
The T, value of this type of water changes most significantly in parallel
with the formation of the structure, so this is the most informative
domain for further conclusions. The shortest T, relaxation time (T; ~ 2 —
0.4 ms) also changes slightly during the hydration and can be catego-
rized as water in the intra CSH sheet pores.

The change of the T, relaxation times of the presented two water
domains as a function of hydration time can be divided into 5 stages
(Fig. 1), as explained in the introduction. The first, very short, initial
period (L) could be measured only in the presence of metakaolin
(Fig. 1b), where the T, relaxation time decreased drastically due to the
rapid formation of ettringite. In the induction period (II.) the T3 times
were constant for at least two hours, which can be explained by the
inhibited formation of CSH gel. After the dissolution of appropriate
amount of calcium-silicate, the formation of calcium-silicate-hydrate
(CSH) gel starts in the acceleration period (IIL). From the hydration
reaction of alite and belite, portlandite is released, which can react with
the excess aluminosilicate source, like metakaolin. The change of the T,
relaxation times of the two material is quite similar until the declaration
period (IV.), where the aluminate containing phases form. At the same
time in the IV. period, the established alkaline environment enables the
dissolution of the excess aluminosilicate source and its transformation
into CSH gel during its reaction with portlandite. Due to the larger
amount of CSH, the formation of the solid structure is faster in the case of
the metakaolin containing cement composite. The reciprocal represen-
tations of T, relaxation times assigned to the CSH gel pores make the
reaction rate difference between the two processes more visible
(Fig. 1c). During the III. period (2-10 h) the slope of the two curves is
identical, as the reaction between water and the clinker phases starts
similarly. As the metakaolin dissolves in the alkaline system and forms
extra CSH, the two curves diverge, and an order of magnitude difference
between the slope values appears. Finally, in the last slow hydration
period (V.) the T, relaxation times characteristic of the water in the
pores of the hardened cement were observed.

The effect of added metakaolin can be detected at other stages of the
hydration process as well. In the initial and induction periods, the T3
relaxation time of water in the CSH gel pores starts to decrease from
lower value in the metakaolin containing sample, and the T, relaxation
time values of the less mobile water in CSH are scattering. According to
Eq. (2)., lower T relaxation time constant refers to water in smaller
confinements or stronger interaction between the liquid and the solid
surface (higher surface relaxivity).

3.1.2. Structure of dry cement-based binders

The dry structure of the formed ordinary Portland cement and the
metakaolin containing composite was compared by scanning electron
microscopy analysis (Fig. 2). The main hydration products, plate-like
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shaped portlandite and spike-like calcium-silicate hydrate can be
found in both binders. In the case of pure cement needle-like units are
present which can be assigned to ettringite.[8,44,45] This hydrate phase
is not visible in the metakaolin containing sample probably due to the
large-scale formation of CSH gel. Metakaolin, as a synthetic pozzolan,
reacts with lime, released from the hydration reaction of alite and belite,
through the Si4 ions at the end of the tetrahedrons to form CSH gel as
described in Section 3.1.1.[7] Therefore, the structure of the hardened
composite is more compact and less permeable compared to pure
cement.

3.1.3. Structure of the hardened binders in water

3.1.3.1. Portland cement. Water in different types of pores in saturated
porous materials can be distinguished by their transverse relaxation
time constants. In pure cement (see Fig. 3a and b), the relaxation of
bound water in the smaller intra CSH layer pores and inter CSH gel pores
is faster (short T, relaxation time), while the more mobile water mole-
cules filling the larger capillary or air pores show longer relaxation
times. From the T, distribution curves also the ratio of these water do-
mains can be determined, which strongly depends on the water-cement
ratio used during the preparation and indicates the porosity of the
hardened cement.[16,46].

Fig. 3b shows the T, distribution curve of Portland cement, resulting
from the inverse Laplace transformation of the measured exponential
decay of proton signal intensity. From the maxima of the curve four
different relaxation domains and the relating water types can be
distinguished. Their quantitative contributions (Fig. 3b, expressed in %)
are in good agreement with the pore ratio found in the literature
regarding the applied ~ 0.48 water-cement ratio.[46] Thus, we identi-
fied the water types and the corresponding pore types as follows: intra
CSH sheet water (T2 = 0.5-0.6 ms), inter CSH gel water (T2 = 1-4 ms)
and capillary water (T2 = 20-25 ms). This is also confirmed with com-
parable ratios and T relaxation times published by Bede et al. and Liu et
al.[16,32].

3.1.3.2. Cement composite containing metakaolin. After the identifica-
tion of water types in the pure material, we prepared a cement com-
posite adding metakaolin in 20% to the Portland cement (80%). In order
to model the circumstances of the possible application in radioactive
waste conditioning, a basic model solution (containing HNO3, KOH,
boric acid and NaOH) was used as liquid phase (see details in the
Experimental). As shown in Fig. 3c after 3 days soaking the Ty distri-
bution of water in this sample is similar to that of the pure cement
sample in Fig. 3b. It means that the added metakaolin takes part in the
formation of the cement hydration product (CSH region) through the
pozzolanic reactions known from the literature.[8,20,21] A difference
can be observed only in the case of inter CSH gel pores, the distribution
of which broadens and incorporates the two maxima of the pure cement.

Fig. 2. Scanning electron microscopy images of a) Portland cement and b) the composite containing 20% metakaolin with the characteristic hydration products.
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Fig. 3. a) Schematic pore structure of cement and T, relaxation time distribution in b) hardened Portland cement and c) 20% metakaolin containing cement

composite with the identified pore types and their ratios (%).

Other slight differences between the two T distributions can be
explained with the higher w/c ratio of the cement composite due to the
presence of metakaolin.

3.1.4. Pore size analysis of the hydrated binders

For the two samples, Portland cement and cement composite with
metakaolin, the size determination of the pores was carried out by NMR
cryoporometry on the one hand, and by the conversion of the relaxo-
metric results to size by Eq. (2) on the other hand.

In the first case the geometry and the size of the compartments inside
and between the solid grains of the two samples were determined by
NMR cryoporometry. The pore system of the samples was saturated with
cyclohexane since in aqueous medium the formed fast-relaxing cement
hydration product disables the measurement with high-field NMR. The
intensity changes of the obtained proton spectra as a function of the
temperature gave the melting and freezing curves, shown in Fig. 4.

The observed freezing-point depressions and the lack of melting-
point depressions indicate slit-like pore geometry in both cases, which
is also supported by the SEM images, where the amorphous structure of
various compounds showed no regular spherical or cylindrical pore
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structure on the micrometer scale. The size of these pores, i.e., the dis-
tance of the slit walls, was determined using Eq. (3) with a geometry
factor n = 1 for slit-like pores. The calculated r, is the half-distance
between the slit walls, from which the whole distance is d = 2r. [35,47].

The insets in Fig. 4. show the pore size distributions of the two
samples resulting from the freezing curves. In pure cement the freezing
point depression was ~ 0.2 K, while in the cement-metakaolin com-
posite it was ~ 0.7 K (Fig. 4a and b). The obtained pore size distributions
range from 200 nm to 1600 nm for pure cement with an approximate
maximum of ~ 800 nm, and 20-550 nm with a characteristic slit dis-
tance of 200-300 nm for the cement composite. We have to note, that
these pore sizes are close to the upper detection limit of the NMR cry-
oporometry technique; however, the observed freezing-point de-
pressions and thus the pore-size distributions show significant
differences between the samples. The observed large pore size in pure
cement and the cement composite can be mainly attributed to the
capillary pores (see Fig. 3a.). Smaller CSH sheet and gel pores could not
be detected by NMR cryoporometry because of the fast relaxation of the
liquid inside. In the case of pure cement, the distribution is shifted to
larger size values (~pm) which can be explained by the microcracks
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Fig. 4. Melting and freezing curves of Portland cement (a) and 20% metakaolin containing cement composite (b) and the calculated pore size distribution curves
(inset). Different colors show the melting (orange) and freezing (blue) curves. The dashed lines stand for the bulk transition temperatures (Ty), while the solid lines
are guide for the eye.
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formed during the storage. For the cement composite containing meta-
kaolin, the decrease in the pore size and the absence of pm sized pores
can be owned to the improving effect of metakaolin.[20].

In the second case, the T, transverse relaxation time constants were
converted into pore sizes based on Eq. (2). For the calculations the
knowledge of surface relaxivity (¢) is required, which has a substance-
specific value depending on the thickness of the surface monolayer of
adsorbed water (1) and its T, relaxation time constant (Ts, surface
relaxation time):

A

fZT—ZS

@)

The surface relaxivity of water in the CSH of cement materials is
determined in several ways in the literature and thus ranges from 0.9
nm/ms to 3.73 nm/ms.[18,48-50] For the pore size calculations we
applied 1.88 nm/ms, calculated from 2 = 0.3 nm, and Ty = 0.16 ms
measured by Zhou et al.[48] Based on the observations in the cry-
oporometry measurements for larger pores, and on literature evidences
of the CSH pores regarded as planar pores or mentioned with layered
structure, slit-like geometry was used in the pore-size calculations, thus
Sp/Vp is equal to 2/d in Eq. (2).[10,51,52] The pore size distributions of
the two materials are shown in Fig. 5. As opposed to cryoporometry this
way we can get information about the size of the smaller compartments
of the structure as well, like the CSH sheet, gel and capillary pores. For
the cement and cement composite samples the pore size values are in
good agreement with the ones from literature[13-16,31], also shown in
Fig. 3, confirming our identification of the water domains in the previ-
ous section: intra CSH sheet pores d~2 nm, inter CSH gel pores d~6-15
nm and capillary pores with d~60-90 nm. Significant difference in the
pore sizes of these nano-sized confinements cannot be observed.

3.1.5. Diffusion of water in cement-based binders

The rate of water diffusion in cement binders is a key-question from
the application point of view both as a building material and a binder for
liquid-phase waste. However, its experimental determination comes up
against difficulties, since the diffusion of water can be quite restricted in
the compact cement structure. Furthermore, the use of PGSE NMR is also
impossible due to the fact, that the great majority of water relaxes too
fast (T2 < 5 ms, see Fig. 3b, c) to detect its diffusion. As a solution, the
self-diffusion coefficients of water in the cement and cement-metakaolin
composite samples were determined using a special H,0-D20 exchange
diffusion technique.[38] During the measurement, only H20 protons
inside the cement samples were detected with the help of a relaxation

Cement
composite

Cement

0.1 1 10 100
d(nm)

1000

Fig. 5. Pore size distributions of Portland cement and the 20% metakaolin
containing cement composite obtained from NMR relaxometry.
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filter, meaning a short (0.5 s) relaxation delay after each scan, which
eliminates the long-relaxing bulk water component from the measured
signal. The intensity of the measured signal exponentially decreases over
time because of the exchange process of water from the whole pore
structure with heavy water surrounding the cement sample (Fig. 6a).
Comparing the exponential curves of pure cement and the metakaolin
containing cement sample, a significant difference can be observed
(Fig. 6b). In the case of pure cement, the water signal intensity decreased
to 17% of the initial value in two days (see dashed line in Fig. 6b), which
was stable for the rest of the measurement. In contrast, the signal in-
tensity in the metakaolin containing sample decreased only to 59% in
two days, and reached 34% at the end of the experiment. Fitting the
exponential curves with the aforementioned model (Eq. 4-6), the
characteristic diffusion coefficients were determined with a maximum
fitting error of 10%. The primary data was best fitted as a product of 3
exponential sums. All the three determined diffusion coefficients were
much lower than the value assigned to free water (D = 2.3 x 10°° rnz/s),
referring to strongly restricted diffusion of water in the samples. The
slowest diffusion process can be assigned to the restricted movement of
water in the swollen CSH gel, where the derived diffusion coefficients
were D = 3.1 x 1072 m?/s for pure cement and D = 8.2 x 10712 m?%/s
for the metakaolin containing one. Comparable results were observed by
Fleury et al. using the same method.[53] Capillary, and air pores, due to
their larger size, allow higher water mobility, thus the other two diffu-
sion coefficients in pure cement were assigned to these pores with D =
2.4 x10°m?/sand D = 9.6 x 10°1° mz/s, which are still far below
that of bulk water and typical values for cementitious materials.[38]
With the addition of metakaolin to cement, the change in the pore
structure, compactness and permeability of the binder were clearly
visible form the results of NMR relaxometry, cryoporometry and the
SEM images. Due to this structural change the diffusion of water is more
restricted, which results in a slower diffusion process of D = 2.3-2.4 x
1071 m?ss.

3.2. Effect of possible application conditions

As it was confirmed, the addition of metakaolin to Portland cement
results in a more compact and less permeable pore structure, and various
NMR techniques, especially relaxometry, are definitely applicable for
the characterization. Consequently, we measured T2 relaxation time
distributions to study the effect of several possible application condi-
tions on the structure of the metakaolin-containing cement composites
and the mobility of water therein.

3.2.1. Time of rehydration

In order to model the possible rehydration process of dry cement
binders during waste storage, we measured the T, relaxation of water in
the cement composite sample containing metakaolin and model solution
for 18 days. The dried samples were immersed in water and the signal of
the bulk water was filtered out through relaxation selection, thus the Ty
of the structure filling water was detected.

The measured Tz distribution, as shown in Fig. 7, does not change
significantly until 12 days. The T time constants (0.5-0.6 ms and 1.5-2
ms) and their ratios are similar as evidence of the stable structure of the
bound water containing CSH region. It means that water absorbs
immediately in these segments after the immersion. The T, relaxation
time constants attributed to the more mobile inter CSH gel (5-12 ms)
and capillary pores (60-120 ms) show slight shift during the rehydration
process, which can be explained by the exchange of water molecules in
these domains.

After 18 days the distribution broadens, the first two domains merge
between T2 = 0.5-2 ms. This can be a result of accelerated exchange
between these sites, which is interpreted as the domain of the chemically
bound water in the intra CSH is incorporated into the smaller inter CSH
gel pores through their swelling (see Fig. 7). The swollen growing hy-
drated gel region reduces the mobility of water in the larger pores and
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Fig. 6. a) Schematic picture of the H,0-D,0 exchange diffusion technique representing the diffusion of water from the whole cement structure and b) the measured
intensity of the proton signal over time in Portland cement (blue) and the 20% metakaolin containing composite (orange). The dashed line marks the point of

comparison at two days.
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Fig. 7. Change in the T, relaxation time distributions of water with the soaking
time in the rehydrated cement sample, and the supposed scheme of rehydration.

capillaries, which can be observed from the decrease of T, and the
broadened distributions of the other two domains.

3.2.2. Effect of the complexing agent concentration

Cement composites were prepared with metakaolin, model solution
(HNOg3, KOH, boric acid and NaOH), and complexing agents (citric acid,
oxalic acid and Na,-EDTA) in several concentrations, the effect of which
on the structural properties of the cement composite was investigated by
NMR relaxometry.

Fig. 8 shows that the position and relative amount of the most bound
intra CSH type of water do not change significantly in the presence of
complexing agents, compared to the pure cement sample. At 20 g/1
concentration the T, relaxation distribution of the capillary water
broadens, suggesting these water domains become somewhat more
mobile, and the exchange between them increases.

At 200 g/1 complexing agent concentration, the distributions widen
and shift significantly (arrow in Fig. 8). The ratio of the intra CSH sheet
pores and the inter CSH gel pores interchanges. This change was
observed in the macroscopic properties as well, the structure became
looser and frangible, which makes the sample unsuitable for the targeted
application.

3.2.3. Effect of model ions
A series of cement composites was prepared in the presence of ions

200 g/l complexing agent

20 g/l complexing agent

2 g/l complexing agent

0 g/l complexing agent

0.2 2

T,(ms) 20

Fig. 8. T relaxation time distributions of water in the hydrated cement sam-
ples prepared with model solution and 2, 20 and 200 g/l complexing agent
concentration (the arrow highlights the observed shift).

modeling the radioactive isotopes. After curing these samples were kept
wet in exsiccator under stable humidity.

Changes in relaxation properties are demonstrated by the compari-
son of the samples with same complexing agent concentration from the
1. and 2. series (the concentration of 200 g/1 is not studied further due to
the observed radical change in the pore structure). For samples con-
taining model ions, the relaxation domains of water types shifted to a
shorter relaxation time range, but the ratios remain unchanged (arrow in
Fig. 9). This can be explained on the one hand by the acceleration effect
of the added paramagnetic ions on the relaxation rate. On the other
hand, the CSH region is capable of ion absorption[1], thus the
decreasing relaxation times may be caused by the astringent effect of the
added alkali metal ions, but further studies are needed to clarify this.

4. Conclusions

The hydrated structure of cement composites and the mobility of
water in the pore system were investigated under the effect of meta-
kaolin, and other additives related to the application by nuclear mag-
netic methods. These methods reveal new aspects in the characterization
of these porous materials and bring much closer to the conditions of
applications. For the accurate determination of the effect of metakaolin
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Fig. 9. Effect of model ions on the T, relaxation properties of water in cement
composites (the arrow highlights the observed shift).

on the cement structure, the hydration process of the binders and the
hardened structure were characterized first. Over the hydration process
the formation of the solid structure is faster in the case of the metakaolin
containing cement composite, due to the precipitation of larger amount
of CSH. Metakaolin is built into the CSH gel structure of the formed
cement composite and did not alter the nanostructure of the CSH region.
However, it significantly decreased the size of the large capillary pores,
confirming the expected structural improvement. The more compact
structure hindered the diffusion of water within the system, which was
inferred from the magnitude change of the determined diffusion
coefficients.

We studied the effects of some conditions under the circumstances of
the possible application of cement composites as binders of radioactive
waste. Through the rehydration of dry cement samples, the swelling of
the CSH gel and the shrinking of the capillary pores were observed.
Clearly visible differences were found between the cement matrices as a
function of the complexing agent concentration. The concentration
range between 2 and 20 g/1 can be proposed for the immobilization
process without any structural change of the binder. The model ions of
radioactive compounds might be absorbed in the CSH region, but did not
cause significant structural change.

We demonstrated that NMR techniques can be effectively applied in
the structural analysis of hydrated cement materials and the charac-
terization of water mobility in the solid matrices, thus these methods can
contribute to the optimization and development of proper binders for
the final disposal of radioactive waste. Furthermore, the NMR methods
reveal the structural reasons for the in-situ behavior of the binders, thus
effectively support the standard leaching experiments, widely applied
for porous solids in waste immobilization.
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