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ABSTRACT

We show how nuclear magnetic spin-lattice relaxataispersion of protons-water
(NMRD) can be used to elucidate the effect of d¢ele ethers on water retention and
hydration delay of freshly-mixed white cement pastdMRD is useful to determine the
surface diffusion coefficient of water, the speciirea and the hydration kinetics of the
cement-based material. In spite of modificationshef solution’s viscosity, we show that the
cellulosic derivatives do not modify the surfacdfudiion coefficient of water. Thus, the
mobility of water present inside the medium is iadfected by the presence of polymer.
However, these admixtures modify significantly tkarface fraction of mobile water
molecules transiently present at solid surfacess §lhiantity measured, for the first time, for

all admixed cement pastes is thus relevant to exfli@ water retention mechanism.

KEYWORDS: cellulose ether, cement paste, NMR relaxometryasardiffusion coefficient,

water retention.
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1. Introduction

Cellulose ethersQE) are well known water-soluble semi-synthetic patyswderived from
cellulose, the most abundant polysaccharide inreattihis polymer is build up from 1,4-
anhydroglucose units linked throufkl,4 glycoside bonds. Among the various derivatives
this polymer, hydroxypropyl methyl cellulose (HPMEjg. 1a), hydroxyethyl methyl
cellulose (HEMC, Fig. 1b) and hydroxyethyl cello@EC, Fig. 1c) are extensively used in
the formulation of various industrial products ematered in food stuffs, pharmaceuticals and
building materials. For instance, the presenceetiilose ethersGE) in mortars enhances
drastically the water-retention [1]. Some experimendevices have been designed to
evidence such water retention a macroscopic lengthscdkig. 2). This specific property of
CE is crucial to achieve sufficient mortar-substrathesionwhen the mortar is applied in
thin layers on highly absorbent substra@®ther properties are also affected@yy, such as
the delay of hydration and setting [2-3]. Some HEMEMC and HEC were characterized in
terms of their effect on mortar water retentiorb]4A few recent works have been concerned
with the remarkable mechanism of water retentiopacdy. A significant influence of the
polymer molecular parameters like molecular wemhd substitution degrees was evidenced
[5], but no clear water retention mechanism cowddclearly identified. During evaporation,
no admixture loss is occurring, due to the very kapour pressure of this admixture and a
decrease in the water chemical potential occursA&Jecrease of water mobility due to the
jamming of the diffusion space by the polymer males is even expected,[d]. However, a
recent pulsed gradient field NMR study proved thatmacroscopic bulk water self diffusion
coefficient is not modified irCE solution or in admixed cement past&. [Moreover, the
interdiffusion imaging experiments demonstrated dlsat the water diffusion at the paste
interface is not affected by the presence of aadicl admixture [9]. So, the possibility of a

potential microscopic diffusion barrier specifigatit the cement hydrates interfaces is still

3
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controversial and the origin of the mechanism ofewaetention due t€E admixture is still
an open question.

The aim of the present work is precisely to anstier latter question and to propose a
realistic mechanism for the water retention in pneg of CE in mortars. To limit the
interaction between mineral components, the systamreduced to a white cement paste. We
propose another NMR measurement to sense the pspeaies dynamics specifically at the
solid interface. Our primary measurement hereasntiagnetic field dependence or relaxation
dispersion of the proton spin-lattice relaxatioteraonstantl/T; (NMRD, [10, 11) in neat
(without CE) andCE-admixed white cement pastésr cement pastes, the NMRD technique
Is neither invasive nor destructive because onesurea only the proton NMR response
coming from the mixing water itself. This techniduas proven useful to give a direct reliable
value of the specific surface area of a cementeasaerial [12]. The remarkable features of
the relaxation dispersion support an interpretatmoterms of coupled solid/liquid relaxation
at pore interfaces, surface diffusion and nuclesamagnetic relaxation. The measurement is
sufficiently fast to be applied continuously duritng progressive hydration and setting of the
material.In this study, we show the time evolution of th&IR-basedspecific surface area
and the amount of water transiently present atsibled and growing interface. We also
discuss the effects of the differeGE and Starch EthelSE used on the surface diffusion
coefficient and on the relative amount of watensrantly present at the solid and growing

interface.

2. Experiments

2.1. Mineral and organic products
Cement pastes were prepared with white cenmentder to facilitate NMR relaxation

experiments. However, we showed before by electronic spin resoma(ESR) that
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paramagnetid=e®* ions were clearly present in white cement (see i@ ref. [12]). The
amount of such paramagnetic ferric ions was quaeivély evaluated through a double
integration of this calibrated ESR spectrum [1€hemical analysis of this cement was
performed by X-ray fluorescence spectroscopy (XRFhe phase compositions were
calculated using Bogue’s formula with a correctanCaO due to sulfatd$3]. The cement
composition is given ifTfable 1

The admixtures used are cellulose eth@s) (of chemical structures given in Fig. 1. The
admixture amount was equal to 0.27% (comparednmené). The characteristics of the main
physical-chemistry properties and labels usedHerdellulose ethers studied are summarized
in Table 2. The number of substituted hydroxyl groups per @nbglucose unit is expressed
as degree of substitutioD$). Moreover the molar ratio of alkoxy groups in gide chains to
cellulose is expressed as the average moleculatitstibs (MS) [14]. The cellulose ether
weight-average molecular mas¥,() was determined using size exclusion chromatograph
[5, 15]. We have prepared different samples with increéaseolecular massM,, =
{225,630,910} kDa labeled J1, J2 and J3, respectivalglile 2). Others starch ethers were

also investigated, those are polymers providing adferent water retentiong ble 3).

2.2. Water retention

For water retention measurements, mortars were meépaccording to the CEReM
mixture proportions consisting in 65% sand, 30%r@/ Portland cement (CEM | 52.5 R),
5% calcareous filler with a water to cement ratiic=1 [16]. Mixing procedure was in
accordance with EN 196-1LT]. Admixture amount (0.27%) was in addition to to¢al dry
mixture (.e. cement, sand and filler). The water retention capavas assessed using the test
from an American standard (ASTM C1506-09), basedapplication of an air depression

[18]. It is also used in France for assessing one-codaerengs [9].
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The experimental device to measure water retemi@mown in Fig. 2. It is composed
of a perforated dish attached to a vacuum assembby funnel. The dish was filled in with
the freshly mixed mortar and the vacuum was adjustenaintain a depression of 50 mm Hg
for 15 min. The initial weight of mixing water iabeled adV,. Its loss W;) is weighted after

the depression period. Hence, the water reteMiB®was defined by the following equation:

WR (%) = % x 100 (1)

2.3. Experiments of proton nuclear magnetic releratispersion (NMRD) in admixed
cement pastes

We performed proton nuclear magnetic relaxatiorpefision (NMRD) on a fast-field
cycling spectrometer frortelar s.r.l., Mede, Italywhere the polarization magnetic field is
0.5 T while the evolution magnetic field ranges fr@@5 mT to 0.5 T. All samples were
introduced into a 7 mm-tube which was inserted attD mm-diameter standard NMR tube.
Cement pastes were prepared with a water/cemeiat wdt=0.4 in order to have an
appropriate consistency and for facilitating the Rivheasurements at low fields. The proton
nuclear magnetization originally at thermal equilin is oriented toward the external steady
polarized magnetic field (typically 0.5 T). The emtal field is instantaneously decreased (in
about 3ms) at an evolution magnetic field chosethérange from 0.25 mT to 0.5 T in which
the magnetization relaxes, then the magnetic feefiked to 0.25T in which a classicgke
induced longitudinal magnetization decay measurensetiienachieved by applying a2
pulse.Such a fast field cycling sequence is very wellunented [10, 11]The temperature
was fixed at 298K. The experiment was repeated evdarge range of proton Larmor

frequenciesu/271(10 kHz - 20 MHz) in order to obtain the compldispersion profile of the

longitudinal spin-lattice relaxation rai&(cw),) =1/T1(w).
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Basically, proton NMR relaxation is a stimulated (non spontaneougnpmenon driven
by the coupling of the proton spins to the magnaticse induced by molecular motions
(translation, rotation, exchange, et@arying the magnetic field changes the proton Larmo
frequency w/2r and thus allows exploring the time scales of thegme#ic fluctuations
(noise) to which the nuclear spin relaxation is gems For diffusive liquids, NMRD gives
also a rich source of dynamical information ovéairge range of length scales, from localized
and fast motions at large frequency to a delocdlazed slow motions at low frequency.

We propose two kinds of NMRD experiments for wrathmixed cement pastes. The first
experiment consists oheasuringthe magnetic field dependence of hton spin-lattice
relaxation rateRy(w,) =1/Ti(w)of various admixtures of differen€E (Figs. 3, 4).The
second experiment consists in probing continuodkl spin-lattice relaxation rat&/T;
(w=2r%10KHz thyq) at a fixed and low frequency (10kHz) during theuaidg period of
cement pastevith various admixtures of differe@E (Figs. 5, 7- 9)During this period, we
observe a monoexponential longitudinal magnetinadiecay that rules out any distribution of
T,, the non exponential relaxation only appearingratien hours of hydration [see Fig. 7 of
12]. The continuous measurement @fT:(«w=27k10kHZ tna) in presence of various
admixtures of cellulose ethers allows us to mortiter evolution of the specific surface area

S(kyar)/V, of the material during the hydration.

3. Theory of nuclear magnetic relaxation dispersion (MRD) in cement pastes

We proposed previously a theoretical model necgsiarinterpreting all the NMRD
relaxation features reported in Figs. 3 and 4 P(222]. In the following, we just present a
self-contained outline of the basic hypothesis agdations of the model needed for probing
the specific surface area and the water surfadestbih coefficient at the growing interface of

the adjuvanted cement paste.
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(i)

(ii)

(iii)

Basically, when considering the nuclear relaxabbrvater embedded in solid hydrated
cement, there are coupled relaxation equationthfosolid and liquid magnetizations at
pore interfaces The return to equilibrium of either solid or liquidroton spin

magnetization is thus a bilinear combination of angntials with the rate constants for

slow Rsion) and fast Rias) components [23, 24] given by:

Rslow:%{RLs +Ry t k(1+1/ F)$ HR-LS -Riy— k(l—l/ F)]2 +4k?/ F]llz}

fast (2)
Here R, &1/T1 s and Ry () are the spin-lattice relaxation rate constants Gateal to
solid protons and confined liquid proton-water, pegively. k is the dipolar cross-

relaxation rate from the water protons to the sphoton species ar¥ is the ratio of the
solid-proton magnetization to the liquid-proton plgtion at equilibrium:F = nfq/rrﬁq.

In most applications of field cycling experimerttse rapidly decaying componeRd,s; of
the bi-exponential decay is not detected becausmstfumental limitations and the
slowly decaying componei o, dominates the observations. Moreover, for the ioedf
liquid, the intermolecular dipole-dipole interacti@ouples the water spin relaxation to
that of the solid and the magnetic field dependeari¢ke immobilized solid spin system.
The molecular exchange between the solid and lighases is sufficiently fast compared
to their respective individual proton relaxatiomdis that a singlB; () exists given by
a linear combination of a bulk and a surface cbaotrons [25]. The latter is weighted by
the surface to volume rati®/V present at a given time of hydration at the shdjdid

interface [20].

(iv) The spin-lattice relaxation raf () for the confined proton-liquid has a bilogarithmic

frequency dependencf6] that comes unambiguously from the two dimensional
diffusion of the water molecules along the porefaste¢ modulating the dipole-dipole

interaction between the proton species and themmgaeticFe®* ions fixed at the surface
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[12, 20-22]. On the contrary, in the frequency ersgudied, the spin-lattice relaxation
rate for the solid proton&; s does not depend on the frequency [20] and the bulk
relaxation ratdz; puis frequency independent [27].

(v) At high frequencies (10-100 MHz), the nuclear paagnetic relaxation controls the
proton relaxation [28]. This gives a typical bumpthe NMRD profiles in this frequency
range [29] that is not seen here.

(vi) The conservation of these frequency dependenciesgdine progressive hydration and
the evolution ofl/Tl(w,,thydr ) with the hydration time allowed us to renormalibe t
NMRD data to a single master curd¢T;(w;, thyar ) % [Spamr (tnyar)]f (@) [20],
whereS, nvris @ NMR-based specific surface area of the hydrateseat that appears to
be directly proportional to the degree of advana&méchemical reaction [20].

Taking these considerations into account, we firad the following theoretical analytical

expression oRy yallows us to reproduce all the observed frequeaajures:

XE
Ruw(@ >awy)= Rpui +%Uspw3p,NMR(V|Vsh)2 S(S+1)x

T 1+ cqzrz J { 1+ wérz H
— T 3IN m +7In = 3
2 { [(rm/rs)%afra (tn 7.V + e )

+8n$2 . 7, 3
g | 1+wd? 1+ wfr?

where g, is the density of the wateg,= 3.0 Ais the water molecule sizes~ 10 A is an
interfacial water layer according to previous cahatry studies 30] andris = 2.7 A is the
distance of minimal approach betwdesndS spins. The electronic spBi= 5/2 forFe®*: n~
1 is the number of bounded water molecules in thanlil field of theFe*" ions. Since the

gyromagnetic ratio of the electrop, is much larger than that of the protgn()s = 658.21
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), the electronic frequency 85=658.21 w. In Eq. 3,Ng/N =x& ovS; nvrrepresentshe ratio

of the number of water molecules transiently presgnthe pore surfaceé\s, to the total
number, N, of exchangeable water molecules in the sampleo Ah Eq. 8), 7y is the
correlation time characterizing the two-dimensioddfusion of the proton species at the
surface of the pore$Ve introduce also the effects of the finite timeresidencers>> 1, for
the mobile proton species at the surface of thepby an exponential cut-off in the time

dependence of the pair correlatidiss The correlation timer, of the nuclear paramagnetic
relaxation is given by/z, =1/1, +YT,-, =VYT,., whererw (7>>T 159 is the lifetime of water

in the ligand field of the ferric ions. The electio spin-lattice relaxation time of the
paramagnetic impuritilire (of the order of 2 18's) is constant at low frequency and has a
frequency dependence at higher frequency definedfifiL2, 20,28]. The relaxation rate in
the bulk phaseRipu~0.3 §* is caused by the fast molecular reorientations teamtslations
and is independent of frequency in the low fieldga studied7]. Last, Substituting Eq. (3)
into Eq. (2)gives the theoretical expression that we can coenwéh the experiments in Figs.

3 and 4.

4. Results and discussion

4.1. Water retention of freshly-mixed mortars

The water retention capacity of each admixed mowas evaluated; the results are
presented imMable 2 and 3 The cellulose ethers improved water retentiortauf8.9% for
HPMC J3. With respect to the water retention cdpauf the non-admixed mortar (64.5%),
this represents a very large increase. Howevestidreh ethers procure very different water

retention capacities ranging from 66.2% to 92.6%.

10
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4.2. Surface diffusion coefficient

The surface diffusion coefficient is obtained franfitting procedure witticgs. (2) and (3)
on the NMRD profiles of Figs. 3 and 4. Fig. 3a skothe NMRD profiles for the neat
(without CE) white cement paste. Fig. 3b shows the NMRD preftéa white cement paste
admixed with HPMC J3. On both cases, we have vdhedduration of the experiments by
changing the number of frequencies explored. Uty points takes some time (about 5
minutes per point) and we note that frequency [@®fivere affected by the kinetics of cement
hydration. Indeed, the time needed to register oomplete profile is about 2h30. In
consequence, we could not observe the characateti®fB slope ratio of the bilogarithmic
frequency dependence usually found in cement basgerials 0]. A simple procedure that
allows limiting such a kinetic effect during the aserements is to decrease the number of
frequency points on the profiles. One observesiga.Ba, b that reducing the experimental
time to 45 minutes allows decreasing the kinetfeaf For instance, we observe that the first
12 points almost merge at high frequency, then,géye between the two profiles increases
with time. In consequence, all NMRD dispersion cenaé this work were obtained with
twelve different and logarithmically spaced fregeeivalues between 0.01 and 15 MHz to
avoid the problems due to kinetics of cement hyonatThis procedure allows quite
reasonabldit of the plateau dependence at low frequencythadilogarithmic dependence at
higher frequency (Figs. 3 and 4).

Fig. 4a presents the proton NMRD data obtainedlifilerent admixed cement pastes with
three HPMC (J1, J2 and J3). The correlation titpas determined using the model described
above. For these four different cement pastes, img gimilar results for the translational
surface diffusion approximately equal tg~ 1nsand 7 = 10 s This suggests a pore scale
invariance of water dynamics at the pore surfac€-48-H whatever the paste composition.

This value ofr, is in agreement with previous studies performedcement pastes or on

11
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mortars PO, 21. The translational diffusion coefficiem;,,, at the pore surface can be

deduced from the Stokes-Einstein relationsbig;, , = £2/(4t,,) Wheree = 34 is the water
molecules size. For all cement pastes (admixedody, the surface diffusion coefficient is
aboutD = 2.25 107 11m?2,s71 i.e. about 1/100 of that of bulk water at 23°C. In camsence,
the presence of cellulose ethers in cement pasts dot modify the surface diffusion
coefficient at the pore surface. This result isilsinto those obtained in the macroscopic scale
by pulsed field gradient NMR showing that the CEeslmot modify the diffusion coefficient
of water in the bulk9].

The effect of starch ethers was also investigatiéladl M1 and M4. These polymers provide
very different water retentions (92.6% and 66.2%peetively). The protocol was identical to
that of cement pastes containing cellulose ethEmng. results are shown on Fig. 4b. The
translational correlation times a#éso 7, ~ 1nsand 7; = 10 us for the admixed cement paste
with M1 and M4 respectively. This demonstrates thattranslational diffusion coefficient at
the surface of the solid interfaces is not affettgdtarch ether’s presence.

These experiments thus demonstrate that cellulndetarch derivatives do not change the
surface diffusion coefficient of water. The wateolity at pore surface is thus not modified

in presence of such polymers.

4.3. Specific surface area and relative quantityvater transiently present at pore surface
On Figs. 3 and 4, one observes a constant valud/iqrwhen the proton frequency
becomesw- awy=27%x 30 kHz Such a cross-over frequenay is of the order of the dipolar
interaction in the solid state between two proteeparated by 0.155 nm. On this low
frequency rangethe confined proton liquid explores relaxation @sses induced by
characterized long correlation times encounteretieérsolid statet,;;;; =1/wg = 5.3us. We
have shown in Section 3 (i) that owing to the cromaxation process, the intermolecular

dipole-dipole interaction then couples the watan splaxation to that of the solid and the

12
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magnetic field dependence of the immobilized spistesn. From a mathematical point of
view, Eq. (2) tends to the constant relaxation aitéhe solid matrixR;s when the dipolar

cross-relaxation rate is lower than the individual relaxation

ratesi.e.: k < Ry, Ry s and |Ry,, — Ry | and providing thaF<<1 andk/F>>k:

I:\)slow(c‘*l < a‘d): R:Ls +k/ F, with R:Ls = R:Lw(a‘l = a‘d): Cte (4)

The observed data presented in Fig. 5 confirm thteal observed at low frequen@y 10
kHz ) for Rsjow during the first hundred minutes. Then, relaxat@ie increases due to cement
hydration and development of the specific surfama.dloreover a zoom on thé-ig. 5
shows that small butignificative differences exist between eagtijuvantedcement pastes.
The observed platedar frequencybelow ayis thus characteristic of the rigid-lattice limit o
the solid-proton hydrates. The absolute value ohsuplateau, measured for instance at 10

kHz, is thus indicative of the specific surfaceaapeecisely at the solid-liquid interface:

Rotowl@ = 277%10kHZ thygr) = Res(thyar) = Riwl@d = @y thyar) )

As the correlation timesgy, and 7; are constantsvhatever the cement paste composition, the
continuous measurement Rfiou(thyar) at a fixed and low frequency, =27x10kHz allows

to probe directly the time evolution of the spex#urface area of the cement p&tevr

1/Tlobservec!\lOkHthhydr)

Xém 1+ it} 1+ 65% wir?
ﬁaspw(VWsh)z SS"']-)Tm[?’In{ S0 2J+7In{ 2 ;2m2 ;

Sp,nmR(thydr) =

(6)
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The continuous measurement dffTi(«w=27x10kHZ thya) In presence of various
admixtures of cellulose ethers thus allows to noorthie evolution of the specific surface area

Se nmrthyar), Of the material during the hydration.

4.4. How NMR relaxation can elucidate water retentmechanisms

In the very early aged of the hydratiadhe amount of CSH is not very large and the
admixed polymer is still in the interstitial solomi within the pores of the paseyen if the
cellulose ethers are rather largehe relaxation of the mobile proton-water thus wigé
influenced by the presence of the polymer. We stiatmeasuring the time evolution of the
spin-lattice relaxation rat®owW(10 kHz, ) at 10 kHz, especially in the first minute$
hydrationallows probingguantitativelythe relative population of water transiently presat
the solid hydrate surfac®&/N(thyar).

On Fig. 5, the continuous lines exhibit the timeletion of Rgow(10 kHz, #yq;) for the non
adjuvanted (neatyhite cement and with HPMC J1, J2, J3 admixtuildse periodsd g
during which the plateau remains constant are ecel® ¢, is related to neat cement) and
ordered as followed:

do =11min < d;3 =60min < dj; =79min < dj; = 107 min.
This perioddcg, measured at low frequency, is a clear indicafothe delay of hydration
induced by theCE polymer introduced into the material. The factt thastays much smaller
than the othedce is a clear indication of the delayed hydration aetting induced by the
HPMC J1, J2, J3 admixtures. We show on Fig. 6, tme can correlate these delays of
hydration measured by NMRD to the ones measuredn figotherm calorimetry
measurements (determined using the method desdnbed [31]) on similar materials. The
quasi linear dependence®0.99) shows very good accuracy between the miopmsc

(NMRD) and macroscopic (calorimetry) measurements.

14
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Another important parameter can be extracted filoenbiehaviour of the time evolution of
Rsion(10 kHz, #yar) during the first 100 minutes of hydration. Thesthe value of the plateau

itself, noted, Rog = Rs|owobserve&10<Hz,thydr) which depends critically on the nature of the

admixtures. The results found for the neat whitmexat paste and HPMC-admixed cement
pastes J1, J2, J3 are ordered as followed:

Ry=30s"' < R;; =359s! < R, =3635"* < Rj3=376s"
whereR, is the value of the low-frequency plateau for resmahent. According t&gs. (2) and
(3), Rcg i1s proportional to the correlation timeg, and directly related to the relative amount
of watel Ny/N transiently present during the first 200 minutepraximity of solid interfaces

that is proportional to the specific surface area:

Ns(thyar < dce)
N

= XE,OWSp,NMR(thydr < dCE) (7)
whereS nvr(thyar) IS defined in Eq. (6). Substitution of all the paxeters measured or defined
above in Eq. %) and owing to the observation that~ 1nsand 7~ 10 /s are universal for all
the cement-based materials, one obtains a propdxfin.—2 min)/N =1.06%for the neat
white cement paste ang(thyg=2 min)/N = 1.36% for the admixed cement pastes with
HPMC J3. One obtains intermediate values for therchdmixtures HPMC J1 and HPMC J2.
The fact to probe, in the first minutes ofment hydrationthe fraction of mobile water
molecules transiently present at solid interfaN,/N in presence of different nature and
quantity of cellulose ethens a key result of this study that can be diretittked to the
relative amount of water retained on the poresasetf

We have applied the same NMRD method for starchretM1, M4 (Fig. 7) and found the

following results dy = 11 min < dy, = 19min < dy; =22min and R, =30s7! <
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Rys = 33.6s71 < Ry, = 35.2s71 that reveal a much weaker microscopic water rent
effect than the ones obtained witlk polymers.

Moreover, the effect of the substitution ©E on the water transiently present at the solid
interfaces for HEMC C4 and HEC N7 molecules is shmam Fig. 8. These two polymers
have been chosen to evidence the effect of hydropmbthoxyl groups present on HEMC
and absent on HEGNe check thathe ASTM method cannot discriminate the important
water retention (WR=98.8%) for the cements adjusarity these two polymers [31]. We
remind that this discrimination is limited by theptession imposed by the method (50
mmHg). To improve the sensibility of the ASTM meth@ne should increase largely such a
depression. On the contrary, we show here tt@tNMRD data can indeed discriminate the
observed valudReg=39 s* for the hydrophilic HEC N7 molecule arfe=37s" for the
hydrophobic HEMC moleculéecause NMR is very sensitive to the local envitent of the
proton spins. So the macroscopic ASTM measurengenbi able to distinguish polymer’s
effect while NMRD is more sensitive to the localypital-chemistry at the solid interfaces.

Last, Fig. 9 shows the NMRD results for HPMC J1hwitvo different concentrations
namely 0.1 and 0.4% giving 82.3 and 98.0% macrascepter retention, respectively. As
expected, the value of the plateRde increases significantly with the concentration of
admixture. Finally, on Fig. 10, the linear corrigat(” = 0.93) ofRce and water retention of
mortar admixed with three different concentrati@s, 0.27 and 0.4% of HPMC J1 proves
that our microscopic NMRD measurements on cemestepacould be correlated with the

macroscopic water retention on mortars.

5. Conclusion

An original method based on two different applica of proton-water magnetic
relaxation dispersion (NMRD) has been proposediuoidate the effect of cellulose ethers
(CE) on water retention of freshly-mixed white cempaste.
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The first application of NMRD probes directly theoppn-water surface dynamics from the
magnetic field dependence of the nuclear spinekattelaxation rate. In spite of modifications
of the solution’s viscosity, we find that the cédisic derivatives do not modify the surface
diffusion coefficient of water that is about twoders of magnitude smaller than that of bulk
water.

The second applicationf NMRD concerns the continuous measurements of the spin-
lattice relaxation rates at a fixed and very lowrhar frequency. At the very early ages, this
application probes continuously and for the firshe, the relative population of water
transiently present at the surface of the time-gngvsolid hydrate interfaces. Compared to
neat white cement, teE modify significantly the surface fraction of mabivater molecules
transiently present initially at solid surfaces. @esults show that the larger the fraction, the
better water-retention capacity of the hydratede®nor mortar samples at the proximity of a
solid support. This quantity measured for all adedixcement pastes is thus relevant to
explain the water retention mechanism. Furthermeiaear correlation is found between the
NMR surface fraction and the standard ASTM metheeduoy the mortar industry to estimate
the water retention capacity of admixed mortarsweleer for very strong water retention, it
seems that the ASTM is not able to distinguishpblymer’s effect while NMRD enables us

to make the difference between two admixtures.
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Table 1 Phase composition of the white cement.

Phases

CsS

C.S

CA

C/,AF Sulfates

Phase composition (%)

68

.8+0.3

10.4 £ 0.7

10.5+0.1

1.0+£01 7.5%0.

Table 2.Molecular parameters and water retentionceliulose ethers used in this work.

CE (k'\|/|3wa) %E)H 3| ps O%/T)LlaOH OC@:)GSH MS Water(g/eO;ention
HEMC C4 380 274 | 1.7 4.80 - 0.15 98.8
HPMC J1 225 282 | 1.8 - 2.98 0.10 96.8
HPMC J2 630 282 | 1.8 - 2.98 0.10 98.6
HPMC J3 910 282 | 1.8 - 2.98 0.10 98.9

HEC N7 2900 - - 56.0 - 2.5 98.8

Informations provided by the manufacturer.

Mw=Cellulose ether weight-average molecular massrdened using size exclusion chromatography
DS= Number of substituted hydroxyl groups per ambghtlicose unit expressed as degree of substitution
MS=Molar ratio of alkoxy groups in the side chaiogellulose expressed as the average moleculatituion
OCHs= Methoxy group
OCH,H,OH= Hydroxyethyl group
OCHsHg=Hydroxypropyl group

Table 3.Molecular parameters and water retentionstarch ethers (SE) used in this work.

SE k'\IADW Amylopectin / | Degrees of polymerizatiorf | \water retention
(kDa) amylose ratio® Amylose Amylopectin (%)
SE M1 | 860 80/20 4 000 2 000 000 92.6
SE M4 | 830 80/20 4 000 2 000 000 66.2

®Informations provided by the manufacturer.
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Figure captions

Fig. 1. Structure of cellulose ethers (a): HPMC, (b): HEMc): HEC. Substituent positions

are arbitrary; they may differ slightly from one iacule to another.

Fig. 2. Experimental device to measure water retention wBTM C1506-09 standard.

Fig. 3. Measured watetH magnetic relaxation dispersion profiles for hyddawhite cement
paste ({/c=0.4) as a function of the proton Larmor frequentige experiments have been
realized in the early hydration period (0-45 mitiedl circles) and on a larger hydration time
(up to few hours, filled squarefr neat (withoutCE) cement(a) and cement admixed with

HPMC J3(b). The continuous lines are the best fits obtaingt #Qqs. ) and (3.

Fig. 4. Measured watefH spin-lattice relaxation rates of hydrated whiement pastes

(w/c=0.4) as a function of the proton Larmor frequer(@y.Effect of three cellulose ethers
(HPMC J1, J2, J3).The J3data sets are the sam®ss in Fig. 3. (b) Effect of two starch
ethers (M1 and M4). In both cases, we have repdhedesults obtained with the neat white

cement paste. The continuous lines are the begibitined with Eqs2{ and (3.

Fig. 5. Water 'H spin-lattice relaxation rates of hydrated cempastes \W/c=0.4) as a
function of hydrating time measured at a Larmomdéiency of 10 kHz. Effect of three
cellulose ethers (HPMC, J1, J2, J3). The insetesgits a zoom on the frequency range of the

plateau.

Fig. 6. Correlation between the delays obtained by theREMind isotherm calorimetry.

Fig.7. Water'H spin-lattice relaxation rates of hydrated cenpastes\y/c=0.4) as a function

of hydrating time measured at a Larmor frequency¥®kHz. Effect of three cellulose ethers
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(Neat, starch CE: M1, M4). The inset represent©@z on the frequency range of the ,

plateau.

Fig. 8. Comparison of the watéH spin-lattice relaxation rates of hydrated cememstes
(w/c=0.4) as a function of hydrating time measured bammor frequency of 10 kHz. Effect

of different cellulose ethers (Neat, HEC N7, HEME C

Fig. 9. Comparison of the watéH spin-lattice relaxation rates of hydrated cememstes
(w/c=0.4) as a function of hydrating time measured bammor frequency of 10 kHz. Effect

of theCE concentration of HPMC.

Fig. 10. Correlation between the water retention evidenced from the osaopic
measurement described in Fig. 2 (ASTM C1506-09dstat) and the NMRD method. The

different concentrations of HPMC J1 are indicated.
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