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Abstract

The study presented in this paper is devoted to improve the knowledge on the influence of
cellulose ethers (CE) on the freshly-mixed mortars water retention. Indeed, this crucial
property is the most important imparted by these polysaccharides. One of the assumptions
proposed to explain this phenomenon is that CE acts as diffusion barrier to the water. To test
this hypothesis, the CE effect on the self-diffusion coefficient of water in solution and on the
water mobility between two fresh cement pastes was studied by Nuclear Magnetic Resonance.
CE does not significantly modify the water self-diffusion coefficient in CE solution or in
admixed cement pastes. Moreover the interdiffusion imaging experiments demonstrated that
the water diffusion at the paste/paste interface is not affected by the presence of cellulosic
admixture.

Keywords:
Cellulose ether; Diffusion coefficient ; Freshly-mixed ; Mortar (E) ; Water retention

l. Introduction

Cellulose ethers (CE) are water-soluble polymers derived from cellulose, the most abundant
polysaccharide in Nature. This polymer is built up from 1,4-anhydroglucose units linked
through B-1,4 glycosidic bonds. It is insoluble in water because of the tight connection of the
paired cellulose chains via hydrogen bridges. These bonds can be disrupted by partial or total
etherification of the cellulose hydroxyl groups with various organic groups, then turning the
material into water-soluble. Among these derivatives, hydroxypropyl methyl cellulose,
HPMC (Figure 1a), hydroxyethyl methyl cellulose, HEMC (Figure 1b) and hydroxyethyl
cellulose, HEC (Figure 1c) are extensively used in the formulation of various industrial
products such as food, pharmaceuticals, construction products, etc., thanks to their non-toxic
character and their interesting rheological and mechanical properties. In building materials,
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such as mortars, cellulose derived products are used as water-retention agents, thickeners,
and film formers.

Water retention is the most important property imparted to CE when used in a cement based
mortar. The water retention capacity of neat cementitious pastes submitted to a hydric stress
(evaporation, filtration under pressure, or suction by the substrate) is poor and organic
admixtures are generally added when strong water retention is required [1]. Cellulose
derivatives are the most suitable molecules used to improve this property. This specific
behaviour of CE is particularly crucial when the mortar is applied in thin layers on highly
absorbent substrates (that is, in conditions where water loss is occurring by evaporation and
by suction). Cellulosic admixtures are added in order to retain the amount of water required
for proper hydration and setting of the cement and to achieve sufficient mortar-substrate
adhesion.

In spite of the success of CE in practical applications, little work has been devoted to the
mechanism of their remarkable water retention capacity [2]. Pourchez et al. characterized
some HPMC, HEMC and HEC in terms of water retention [3], [4] and [5]. A significant
influence of the polymer molecular parameters (i.e. molecular weight and substitution
degrees) was evidenced, but no clear water retention mechanism could be identified. One
hypothesis was put forward concerning the water bound to cellulose ethers. Nevertheless,
cryo-differential scanning calorimetry was used to quantify the bound water with the results
that water bound to CE was not responsible for strong water retention capacities [3].

The concept of water retention itself covers different properties, depending on whether one is
interested in limiting water evaporation, or limiting water loss to a porous substrate, or both.
During evaporation, no admixture loss is occurring, due to the very low vapour pressure of the
admixture. Hence, as the water evaporates, the average admixture concentration increases.
According to the basic thermodynamics of polymer solutions, this leads to a decrease of the
water vapour pressure, due to the decrease of the water chemical potential [6].
Simultaneously, a decrease of the water mobility due to the jamming of the diffusion space by
the polymer molecules is expected [7]. Both effects may be amplified by attractive polymer—
water interactions. In addition, a polymer-enriched layer of low permeability (ultimately, a
polymer film) may form at the mortar—air interface. As far as water loss to the substrate is
concerned, the only dangerous situation is that of an unsaturated substrate. Indeed, with a
fully water-saturated substrate, there is no driving force for water loss. Due to the higher
osmotic pressure of the interstitial solution in the mortar, the driving force is towards
pumping water from the substrate into the mortar. On the other hand, with an unsaturated
substrate, a competition will set up between the capillary pressure, which drives the CE
solution into the substrate, and the osmotic pressure, which drives the solvent (water) from
the substrate to the mortar. In addition to the osmotic and capillary pressures, the
competition is ruled by the solution and water transport properties (viscosity, diffusion
coefficient).

In the present work, we choose to probe the influence of CE on the mobility of water in fresh
cement pastes by Nuclear Magnetic Resonance (NMR). NMR can be used in a wide variety of
modes. High resolution solid-state NMR spectroscopy has been extensively used to study the
atomic structure of cement hydrates and the measure of T, or T. relaxation times is now a
classical technique to follow the microstructural evolution during hydration and setting [8].
Besides, the time evolution of the cement paste microstructure was characterized by nuclear
magnetic relaxation methods at variable magnetic fields [9]. In this work, we characterized
the diffusion properties of water molecules using Pulsed-Gradient Spin-Echo (PGSE) NMR on
one hand and Magnetic Resonance Imaging (MRI) on the other hand. PGSE NMR is probably
one of the most convenient and reliable methods to measure diffusion coefficient [10] and
[11]. It is non-invasive, it does not involve the introduction of a chemical tracer and the
system is kept at equilibrium. Moreover, in anisotropic materials, the self-diffusion tensor can
be extracted from a set of measurements performed along well-chosen non-collinear
directions [12] and [13]. PGSE NMR has been widely applied to a variety of porous materials
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[14]. In cement-based materials, it has been used to monitor moisture and salt transport
inside concrete [15] and water absorption in mortars [16].

In the second part of the paper, MRI was used to follow water diffusion in cement pastes at
large length scale (a few millimeters). In comparison with PGSE NMR which gives dynamical
information at pore scale (~10 um), the MRI length scale is about 1000x larger. MRI is
extensively used as a medical diagnostic tool but it is also recognized as an important tool for
non medical applications, especially in materials research and process engineering [10]. Many
of these applications depict a fluid, usually water, in porous inorganic materials and highlight
the dynamics of the internal water distribution during capillary flow [17]. Generally speaking,
MRI is a suitable technique to follow the diffusion of a solvent in complex structures. For
instance, in order to study water diffusion in colloidal gels by *H MRI, Duval et al. followed
the time-dependence of the one-dimensional proton (*H) profiles during water interdiffusion
between a pieces of H.O-based Laponite gel and a piece D.O-based gels in close contact [18].
In spite of the complex structure and the high modulus of this kind of gel, the water self-
diffusion coefficient was only marginally smaller than that of bulk water.

Our investigation of the water retention mechanism and water mobility in CE-admixed
mortars is organized as follows. First, water retention was measured for all CE-admixed
mortars using standard methods of the mortar industry. Then, the effect of the CE on the self-
diffusion coefficient of water in polymer solution was assessed using PGSE NMR. Afterwards,
the water diffusion between admixed cement pastes and a substrate was studied. Finally,
interdiffusion imaging experiments between H.O-based and D.O-based cement pastes were
performed. As will be demonstrated, very little influence of the CE on the water mobility in
these various situations was detected, in spite of their strong water retention properties.

I1. Materials and experimental methods
I1.1. Mineral and organic products

Cement pastes were prepared with white cement in order to minimize the Fe3* amount due to
C,AF in the material. Indeed, ferromagnetic and paramagnetic constituents enhance the NMR
relaxation Kkinetics, thus leading to very poor signals during NMR measurements. Chemical
analysis of this cement was performed by X-ray fluorescence spectroscopy (XRF). The phase
compositions were calculated using Bogue's formula with a correction on CaO due to sulfates
[19]. The cement composition is given in Table 1. Each analysis was performed three times
with the results averaged for the three measurements.

For NMR experiments, cement pastes were prepared with a water/cement ratio equal to 0.7
in order to have an appropriate consistency. Indeed, preliminary tests with various
water/cement ratios, including the formulation imposed by the CEReM (W/C =1, Section
I1.2.) [20], provided inadequate consistencies. With such high water to cement ratio, bleeding
problems appeared.

The admixture amount was equal to 0.27% (regarding cement). The characteristics of the
eight cellulose ethers selected for the study are summarized in Table 2. The number of
substituted hydroxyl groups per anhydroglucose unit is expressed as degree of substitution
(DS). Moreover the molar ratio of alkoxy groups in the side chains to cellulose is expressed as
the average molecular substitution (MS) [21]. The cellulose ether weight-average molecular

mass (M,, ) was determined using size exclusion chromatography [22].

In the MRI experiments, plaster of Paris (CaSO,, 2 H,O) was used as a substrate. It was
characterized by mercury intrusion porosimetry. The total porosity of this material was 64.7%
and the average pore size diameter was approximately 545 nm.

II.2. Water retention

For the water retention measurements, mortars were prepared according to the CEReM
mixture proportions: 65% sand, 30% cement, 5% filler with a water/cement ratio equal to 1
[20]. Mixing procedure was in accordance with EN 196-1 [23]. Admixture amount (0.27%)
was in addition to the total dry mixture (i.e. cement, sand and filler). In consequence, the CE
concentration, for this formulation was 9 g L. Siliceous sand (ref. DU 0.1/0.35) was used, in
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agreement with NF EN 13139 standard [24]. The filler was calcium carbonate (CaCO;). Grey
Portland cement CEM I 52.5 R was used, according to EN 197-1 [25].

The water retention capacity can be assessed using diverse testing methods. One of these
methods used is described in the DIN 18 555-7 standard [26]. With this method, a freshly-
mixed mortar is in contact with filter paper, thereby simulating the action of an absorptive
substrate.

DIN measurements have to be performed 5 min after mixing. The water retention capacity of
a freshly-mixed mortar is characterized by the mass of water it retains after capillarity action
of an absorbent substrate. The standardised apparatus is described in Figure 2.

The mortar (3) was poured into the ring. Then, knowing that the water content of the tested
mortar was equal to 23%, for CEReM formulation, the water retention was calculated by
weight differences (Equation (1)).

m
WR =100——" x 100 (1)
m

m

Where my, is the quantity of water retained by the filter paper and my, is the quantity inside
the studied mortar.

I1.3. NMR equipment

All proton NMR measurements were performed using a Bruker DSX100 spectrometer
operating at a proton (*H) frequency of 100 MHz with a 2.35 T superconducting magnet. A
microimaging probehead (Micro5 Bruker) with gradient coils in three perpendicular
directions was used to generate magnetic field gradients along any arbitrary directions. All
experiments were performed at room temperature (293 K). All samples were introduced into
a 10 mm-diameter standard NMR tube, with an inner diameter of about 8.5 mm.

I1.4. Longitudinal relaxation time (7;) measurements

The longitudinal relaxation time T is the characteristic time for re-establishing thermal
equilibrium of the longitudinal component of the magnetization vector [27]. In other words,
the T, value corresponds to the time required for the magnetization to recover 63% of its
initial value after being flipped into the magnetic transverse plane by a 90° Radio Frequency
pulse. To ensure that the magnetization relaxes to its thermal equilibrium before each pulses
sequence, the repetition time was chosen up to 5 T3, i.e. 15 s (corresponding to a recovery of
about 99.3% of the equilibrium state). The longitudinal relaxation times were measured in all
samples using the standard inversion-recovery pulse sequence (180° — 7 90 — Acq.) [28], with
a pulse width of the 90° pulse equal to 7.75 us and a delay 7 varying between 250 ms and 15 s
(8 steps). The T values were then obtained by fitting the maximum amplitude of the NMR
spectra versus the delay 7 by the following recovery equation (Equation (2)):

M, = M{l—Z X exp(—_l_i)} (2)

1

I1.5. Self-diffusion PGSE measurements

Water self-diffusion coefficient measurements in CE solutions were performed by using the
PGSE NMR method originally described by Stejkal and Tanner [11]. In this pulse sequence,
depicted in Figure 3, the proton 'H spins are labelled at time t = 0 with respect to their
positions in a given direction (O;) by applying a 90°-pulse of magnetic field gradient along this
direction. After an evolution time A called diffusion time, a second 180°-pulse of magnetic
field gradient is then applied. This second gradient pulse cancels the effect of the first one,
unless the spins have moved during the time A along the same direction (O;). If the spins have
diffused along this chosen direction (0;), the second gradient pulse does not refocus the entire
spins signal and the echo intensity is less intense. So, this decrease of the echo amplitude is a
function of the self-diffusion coefficient D, and the echo attenuation E(g,A) measured using
this method is given by the following equation:
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E(q,A) = :Egii =exp| -47°°D(A-5/3) | =exp| —*9°5’D(A-5/3) | (3)

o . . . .
where (= ZL, with y the gyromagnetic ratio of the proton (y = 2.675 x 108rad s T 1), g is
V4

the intensity of the pulsed magnetic field gradient, & its duration, A the diffusion time and D
the self-diffusion coefficient, I(q,A) and I(0,4) being the echo intensities measured with and
without the magnetic field gradient g, respectively. This method, based on the T, spin-echo
sequence [29], is limited by the value of the transverse relaxation time 7, that dictates the
maximal value of the diffusion time A and the magnetic field gradient duration 6. In our
experiments, pulse sequence parameters were fixed at 20 ms for A and 1 ms for §, whereas g
was varied from o to 1.5 T m~ (8 steps). By performing a series of experiments with variable
gradient intensities g, from the slope of the echo attenuation In[E(q,A)] versus the quantity
-y2g262(A — 6 / 3), the self-diffusion coefficient D is calculated.

I1.6. Imaging experiments at the paste/unsaturated substrate interface

A standard one-dimensional spin-echo sequence [10] was used to obtain 1D profiles with a
repetition time (TR) of 1 s. Depending on the length of the sample, the field of view was taken
varying between 20 mm and 25 mm leading to a spatial resolution of 39 um and 49 pum with
512 pixels along the profile. From these 1D profiles, the water concentration can be
determined inside the sample at a given time. To quantify the diffusion process, the migration
of the water inside the different experiment configurations is detected by the analysis of a set
of 1D profiles acquired at constant time intervals.

The experimental procedure was the following: the fresh cement paste was introduced into
the tube 15 min after mixing. Then, as soon as possible, a piece of hardened plaster of Paris
was put into contact with the paste, as illustrated on Figure 4. The one-dimensional proton
concentration profiles along the tube axis were then acquired according to a constant
temporal interval (a few minutes typically).

Several substrates were tested. Plaster of Paris was chosen as the most convenient substrate.
Indeed, its affinity as regards to water and appropriate porosity lead to relatively short-time
analysis.

I1.7. Interdiffusion imaging experiments at the paste/paste interface

In the last series of experiments, the influence of CE on water mobility was measured at the
interface between two fresh cement pastes. These experiments were performed using two
open pieces of glass tubes filled with fresh cement paste. They were then assembled in a larger
NMR glass tube as displayed in Figure 5. One was prepared with water and the other with
heavy water. The one-dimensional proton concentration profile along the cylinder axis was
then followed as a function of time. Figure 5 shows the three studied configurations. In spite
of the cement hydration delay in presence of D,O [30] and [31], experiments were not affected
because they were performed during the dormant period. Besides, the results can be relatively
compared because the conditions were the same for the three configurations and absolute
values were not determined.

The cellulose ether HPMC J2 (see Table 2) was chosen for this experiment, due to its strong
water retention capacity to enhance the observed phenomenon.

I11. Results
II1.1. Water retention of freshly-mixed mortars

The water retention capacity of each admixed mortar was assessed using the standard DIN
method. The results are presented in Table 3. The cellulose ethers improved water retention
up to 92.3% for HEC Hi, to 99.5% for HPMC C6. With respect to the water retention capacity
of the non-admixed mortar (60.2%), this represents a very large increase. These figures are
qualitatively in agreement with the results of Pourchez et al. [4] obtained with other HPMC
and HEMC admixtures.
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II1.2. Relaxation and water proton self-diffusion in CE solution

The first step of our investigation is to know whether the cellulose derivatives affect the T\
longitudinal relaxation time and/or the proton self-diffusion coefficient D in an aqueous
solution (prepared with distilled water). For this purpose, both parameters were measured in
CE solutions for two CE solutions: HEC H1 and HEMC C4. These polymers were chosen
because they provide to the mortar critical values of water retention (Section III.1.).
Experiments were performed with two H1 concentrations: 1 g L-* and 9 g L%, respectively, to
reach the CEReM mortar concentration. The results for HEC are shown in Table 4. The self-
diffusion coefficient of water ranged from 2.02 x109m2s* in distilled water to
1.98 x 109m2s! in the most concentrated Hi solution. Considering the fluctuations
(D=2.05x109m2s* at 1 g L), this cannot be considered as a significant decrease. The
conclusion is that HEC H1 does not significantly modify the proton or water self-diffusion
coefficient from the polymer solutions with concentrations ranging from 1to 9 g L.

After the results were obtained, a larger CE concentration range, up to 60 gL, was
investigated with HEMC C4. The results are shown in Figure 6.

In the concentration range from 10 to 60 g L%, the proton self-diffusion coefficient decreased
from 1.96 x 109m2s* to 1.81 x 109 m2 s~%. This represents a mere 10% reduction with
respect to pure water. At 9 g L1, which is the CE concentration in the reference CEReM
mortar, the decrease of D amounts to about 2%. In relative terms, this is vastly weaker than
the increase of water retention measured on mortars at the same CE concentration (Section
I11.1.).

In conclusion, at the concentrations used in mortars formulation, CE does not significantly
modify the water self-diffusion coefficient in aqueous solutions.

II1.3. Water mobility at the cement paste/substrate interface

Using MRI, one-dimensional proton concentration profiles between a fresh cement paste and
a piece of (initially) dry plaster were recorded. Figure 7a and b displays the signal intensity
profiles along the z-axis for a neat cement paste and a cement paste admixed with Hi,
respectively. The left parts of the curves represent the cement paste and the right ones are the
porous substrate. Capillary invasion of the substrate starts as soon as contact is established.
Note that t =0, in Figure 7, corresponds to the time when the first profile record was
completed, which was approximately 1 min after contact. This explains that at t = 0 significant
suction of water by the substrate was already observed. For admixed cement paste, in
approximately 30 min, the substrate was homogeneously saturated.
A series of profiles were recorded for each cellulose derivative. To estimate the CE effect on
the suction process, the profiles were integrated in order to determine when a steady state
was achieved for the system. Then, the curves were normalized to 1. As illustrated in Figure 8a
and b, the normalized integral value is increasing rapidly, reaching a plateau value after a few
minutes for the neat cement and about 30 min for the admixed cement. The time needed to
reach 99% of the final value will be noted Ts. Note that the increase of the profile integral does
not mean that the overall quantity of water in the paste/substrate system is increasing. The
evolution stems from the fact that the relaxation times of protons are different in the paste
and the substrate. In other words, the one-dimensional proton concentration profiles are
weighted by the transverse relaxation times 7. of protons for each part of the sample. This
leads to a different sensitivity in each medium and the profile intensities cannot be directly
compared each other. For non admixed cement paste, Ts is equal to 4 min whereas for HEC
Hzi, Ts is equal to 28 min. The values for the other CE are tabulated in Table 3.
Ts characterizes the water retention capacity of the paste in contact with a porous substrate.
Therefore, a strong correlation is expected with the water retention capacity determined by
the standard DIN method (Section III.1.). In the later, the amount of water absorbed by a
filter paper in contact with the mortar is measured after 5 min. Indeed, when the mortar
water retention capacity is plotted versus the MRI Ts value, a good linear correlation is
obtained (Figure 9; R2 = 0.98). This validates the standard DIN method and the use of filter
paper as a valuable method to evaluate water retention in real mortar/substrate
configurations.
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II1.4. Interdiffusion at the paste/paste interface

As explained in Section II, three types of H.O/D.O interdiffusion experiments at the
paste/paste interface were performed. They all have in common to have H,O on one side and
D,O on the other. In type (a) experiments, both sides contain CE at the same concentration.
In type (b), both sides are CE-free. In type (c), the H.O side contains CE whereas the D,O side
does not. Figure 10a illustrates the signal intensity profiles along the z-axis at initial time. The
signal perturbations of the profiles present at the different interfaces of the sample are due to
the presence of little drops of liquid (interface and top of the sample) which are generated
when the two parts of the sample are put into contact. These drops of liquid also induce
inhomogeneities of the magnetic susceptibility at these boundaries. These intensity profiles
were normalized in order to be able to compare them to each other at later time. However, the
proton amount cannot be determined using these profiles. Indeed, as already pointed out in
Section III.3, the intensity profiles do not reflect the actual proton density. They are related
only to the proton density weighted by the transverse relaxation time T.. Nevertheless, at
initial time, for each type of experiment, the profiles were the same when both compartments
were put into contact. As time went on, water molecules diffused from one side to the other.
Remarkably, whatever the type of experiment and the time (25 min and 75 min), the profiles
in the three types of experiments remained identical to each other (Figure 10). Thus, water
diffusion at the paste/paste interface is not affected by the presence of CE. This conclusion is
valid when the CE is introduced on both sides and when it is introduced on one side only.

IV. Discussion and conclusions

The standard DIN 18 555-7 method is used by the mortar industry to estimate the water
retention capacity of admixed mortars, based on the water loss at the mortar/filter paper
interface (Section III.1.). A first conclusion which can be safely drawn from the experiments
reported in this paper is that, this method is reliably related to the actual water migration
process occurring through the interface between a fresh cement paste and a dry porous
substrate (Section II1.3.). To our best knowledge, this is the first time that such a direct
validation is made.

A second important conclusion related to the water retention mechanism is that, at the
concentrations used in practice and even beyond, CE does not significantly modify the water
self-diffusion coefficient. This was established in CE solutions (Section III.2.) and in admixed
cement pastes (Section III.4., comparison of type a with type b experiments). This is in
agreement with previous studies on dilute or semi-dilute polymer and colloidal solutions or
even gels [7] and [18]. In spite of their potentially very high viscosity and yield stress, these
media are actually very “open” systems, with large and well connected solvent-filled voids
within and between the polymer molecules coils, or between the colloidal particles.

More surprising is the observation that water self-diffusion is not modified even when an
osmotic gradient is counteracting the diffusion flux. This is shown by the results of type c
experiments (with osmotic gradient) in Section III.4., undistinguishable from those of type b
experiments (without osmotic gradient). Of course, this does not mean that osmotic effects
would remain negligible at higher CE concentrations.

What type c experiments do show (or, confirm) also is that CE do not introduce any water
retention property when the admixed cement paste is applied on a water saturated substrate.
Indeed, the D,O-saturated admixture-free cement paste in these experiments is nothing else
than a saturated substrate.

When taken together, our experiments and results lead to the conclusion that the only
configuration where water mobility is strongly modified by small amounts of CE is that of a
mortar/unsaturated substrate interface. This is a configuration where water loss is driven by
capillary suction, not by diffusion. The flow induced by capillary suction is itself controlled by
the substrate pore pressure, which depends on pore size and interface tension via Laplace's
equation, and by the fluid viscosity [32]. This suggests that the rheological properties of the
aqueous CE solutions may be the key properties for water retention. However, this working
hypothesis is against the common acceptance that other viscosity enhancing admixtures such
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as high molecular weight PEO (polyethylene oxides) and starches are less effective than CE.
Alternatively, one may consider the formation of a thin CE- and fine particles-enriched filter
cake at the mortar/substrate interface, similarly to what happens at the fluid/rock interface
with polysaccharide-based drilling muds in oil well drilling [33]. In any case, further work is
necessary to solve the question. The main point established in this work is that an organic
admixture may be a strong water retaining agent without modifying the mobility of water in
either in solution or paste.
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Figure 1: Structure of cellulose ethers [(a): HPMC,( b): HEMC, (c): HEC]. Substituent positions are arbitrary;
they may differ slightly from one molecule to another.
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Figure 2: DIN 18 555-7 test arrangement for determining the water retention of freshly mixed mortars (1: two
plastic plates, 2: a conical plastic ring, 3: mortar, 4: filter paper [190 x 190 mm], 5: a nonwoven tissue).
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Figure 3: (a) Schematic view of the Pulsed-Gradient Spin-Echo (PGSE) sequence used for the measurement of the

self-diffusion coefficients. (b) Coherence transfer pathway (p =0 — +1 — - 1) resulting from an adequate
phase cycling.
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Figure 4: Sample configuration for the study of water diffusion at the interface between a fresh cement paste and
a piece of hard plaster of Paris.
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Figure 5: Inter-diffusion imaging experiments at the interface between two fresh pastes (a: admixed cement
pastes; b: non-admixed cement pastes; c: only one side contains CE).

2.0510° i

210° - .

1.9510° - .

1.910° - .

Diffusion coefficient (m2 s™)

1.85107° |- .

A

1.8 10'9 ! ! ! ! ! A
0 10 20 30 40 50 60 70

Cellulose ether concentration (g L'l)

Figure 6: Influence of the HEMC C4 concentration on the water self-diffusion coefficient in polymer solutions.
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Figure 7: One-dimensional proton concentration profiles: (a): cement paste/plaster; (b): cement paste admixed
with HEC Hi/plaster.
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Figure 8: (a). Integration of one-dimensional proton concentration profile (cement paste/plaster). (b).
Integration of one-dimensional proton concentration profile (cement paste + Hi/plaster).
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Figure 9: Relationship between standard water retention measurements and MRI results.
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Figure 10: One-dimensional proton concentration profiles during interdiffusion at the paste/paste interface [(a):
t = o min; (b): t = 75 min].
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Tables

Table 1: Phase composition of the white cement.
Phases CsS C.S C5A C,AF Sulfates
Phase composition (%) | 68.8 £+ 0.3 | 10.4 £+ 0.7 | 10.5 £ 0.1 | 1.0 £ 0.1 | 7.5 + 0.1

Table 2: Cellulose ethers panel.

HEMC MW (kDa) | Hydroxyethyl group (% OC-H,OH) MS | Methoxy group (% OCH3) | DS
C2 180 4.8 0.15 1.7
C4 380 4.8 0.15 1.7
Cé 630 0.14 1.8

HPMC Mw (kDa) | Hydroxypropyl group (% OC;HsOH) MS | Methoxy group (% OCH3) | DS
J1 225 2.98 0.1 1.8
J2 630 2.98 0.1 1.8

HEC | M, (kDa) | Hydroxyethyl group (% OC:H,OH) MS
Hi 45 45.3 1.9
Hy 430 51.2 2.3
Hz 790 52.5 2.4

Table 3: DIN water retention results (Section III.1.) and MRI steady state times, Ts (Section III.3.).

Cellulose ether WR_DIN (%) Ts (min)
Control - (60.2 + 0.2) (4+1)
Hi (92.3 £ 0.6) (28 + 2)
HEC Hy (98.2 £ 0.4) (130 £ 2)
Hyz (98.6 £ 0.4) (106 + 2)
C2 (94.2 + 0.6) (92 +3)
HEMC C4 (99.3 £ 0.5) (162 + 3)
cé6 (99.5 + 0.2) (185 + 3)
J1 (96.4 + 0.1) (132 + 3)
HPMC
J2 (99.4 + 0.1) (178 + 3)
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Table 4: PGSE NMR self-diffusion coefficient of water in cellulose ether H1 solutions.

Relaxation time

Relaxation rate

Self-diffusion coefficient

T: (s) Ri=1/T: (s) D (109 m2s%)
Distilled water 2.77 0.361 2.02
Hi solution, [H1] = 1 g.L* 2.78 0.360 2.05
Hi solution, [H1] = 9 g.L 2.74 0.365 1.98
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