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ABSTRACT

We show how nuclear magnetic spin-lattice relaxatispersion of proton-water
(NMRD) can be used to elucidate the effect of celluktbers on water retention and
hydration delay of freshly-mixed white cement paskdMRD is useful to determine
the surface diffusion coefficient of water, the gfie surface area and the hydration
kinetics of the cement-based material. In spitemafdifications of the solution’s
viscosity, we show that the cellulosic derivativksnot modify the surface diffusion
coefficient of water. Thus, the mobility of waterepent inside the medium is not
affected by the presence of polymer. However, tlaekpixtures modify significantly
the surface fraction of mobile water molecules srantly present at solid surfaces.
This quantity measured, for the first time, for almixed cement pastes is thus
relevant to explain the water retention mechanism.

INTRODUCTION

It is known that the presence of cellulose etheZ&)(in mortars enhances
drastically the water-retention (Mansoutre). Celfd ethers@GE) are water soluble
semi-synthetic polymers derived from cellulose, n@st abundant polysaccharide in
nature. This specific property ®E is crucial to achieve sufficient mortar-substrate
adhesion when the mortar is applied in thin layamshighly absorbent substrates.
Other properties are also affected ®¥, such as the delay of hydration and setting
(Peschard). A significant influence of the polymerlecular parameters like
molecular weight and substitution degrees was ecel@ (Pourchez, 2006), but no
clear water retention mechanism could be cleamyiified. During evaporation, no
admixture loss is occurring, due to the very loywarapressure of this admixture and
a decrease in the water chemical potential ocdeesirchez, 2010). A decrease of
water mobility due to the jamming of the diffusispace by the polymer molecules is
even expected (Patural, 2011). However, a recelsegugradient fieldNMR study
proved that the macroscopic bulk water self difinscoefficient is not modified in
CE solution or in admixed cement pastes (PaturalDpMloreover, the interdiffusion
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imaging experiments demonstrated also that therwdiffesion at the paste interface
is not affected by the presence of cellulosic adunex (Patural, 2010). So, the
possibility of a potential microscopic diffusion rbar specifically at the cement
hydrates interfaces is still controversial and dngin of the mechanism of water
retention due t&€E admixture is still an open question.

Our aim here is precisely to answer the latter fiesand to propose a realistic
mechanism for the water retention in presenc&Bfn mortars and cements. For that
purpose, we show how nuclear magnetic spin-latétaxation dispersion of protons-
water (NMRD) can be used to elucidate the effect of cellulodeere on water
retention and hydration delay of freshly-mixed wliement pastes (Patural 2012).

EXPERIMENTS

Mineral and organic products. Cement pastes were prepared with white cement in
order to facilitateNMR relaxation experiments. However, we showed befnyre
electronic spin resonancE$R that paramagnetiEe®* ions were clearly present in
white cement (see Figure 6 in (Korb, 2007)). Theniatures used are cellulose ethers
(CE) of chemical structures given in Figure 1. All tblearacteristics of the main
physical-chemistry properties and labels used e ¢ellulose ethers studied are
described in (Patural, Thesis 2011). Admixture am@0.27%) was in addition to the
total dry mixture e. cement, sand and filler). The cellulose ether iMeayerage
molecular massi{,) was determined using size exclusion chromatograple have
prepared different samples with increased molecularmass
M, = {225,630,910} kDa labeledJ1, J2and J3, respectively. Others starch ethers
were also investigated, those are polymers progidery different water retentions

Water retention. For water retention measurements, mortars were apgdp
according to th&€EReMmixture proportions consisting in 65% sand, 30%irary
Portland cementGEM | 52.5 R, 5% calcareous filler with a water to cementaati
w/c=1.
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Figure 1. Structures of cellulose ethersH&MC, (b): HEMC, (c): HEC

The experimental device and way of probing wateernton WR(%) have been
described in (Patural, Thesis 2011). The celluktbers improved water retention up
to WR=98.9% forHPMC J3 With respect to the water retention capacityhef non-
admixed mortar (64.5%), this represents a veryelangrease. However the starch
ethers procure very different water retention cajacranging from 66.2% to 92.6%.



Experiments of NMRD in admixed cement pastes. We performed proton nuclear
magnetic relaxation dispersioNNIRD) on a fast-field cycling spectrometer from
Stelar s.rl., Mede, Italywhere the polarization magnetic field is 0.5 Tiletthe
evolution magnetic field ranges from 0.25 mT to 0.2\l samples were introduced
into a 7 mm-tube which was inserted into a 10 mawgiter standartiMR tube.
Cement pastes were prepared with a water/cemeatwat=0.4 in order to have an
appropriate consistency and for facilitating MR measurements at low fields. The
NMRD sequence is very well documented (Kimmich). Theeexnents were repeated
over a large range of proton Larmor frequencig€sr (10kHz-20MHz) in order to
obtain the complete dispersion profile of the ldndinal spin-lattice relaxation rate
1/Ti(aw)y). The temperature was fixed at 298K.

Basically, proton NMR relaxation is a stimulateerinspontaneous) phenomenon
driven by the coupling of the proton spins to thegmetic noise induced by molecular
motions (translation, rotation, exchange, etc)yMay the magnetic field changes the
proton Larmor frequencyu/2rz and thus allows exploring the time scales of the
magnetic fluctuations (noise) to which the nuclspin relaxation is sensitive. For
diffusive liquids,NMRD gives also a rich source of dynamical informatewer a
large range of length scales, from localized arsl faotions at large frequency to a
delocalized and slow motions at low frequency.

We propose two kinds of NMRD experiments for whattmixed cement pastes.
The first experiment consists of measuring the matignfield dependence of
1/T1(w)) of various admixtures of differe@E (Figure 2).
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Figure 2. Measured watéH magnetic relaxation dispersion profild$T;(cu) for hydrated white
cement paste (w/c=0.4) as a function of the prdtarmor frequency. The experiments have been
realized in the early hydration period (0-45 migjtect of three cellulose etherslPMC J1, J2 and
J3) compared to the neat white cement paste. Themanis lines are the best fits obtained with our
theory of surface relaxation (Barberon and Korb®00

The second experiment consists in probing contislydlfT:(w=27x10kHz thydr)
at a fixed and low frequency (10kHz) during theucishg periodyq: of cement paste
with various admixtures of differer€@E (Figures 3a, 4a). During this period, we
observe a monoexponential longitudinal magnetinatitecay that rules out any



distribution of T;, the non exponential relaxation only appearingrafén hours of

hydration [see Figure 7 of (Korb, 2007)]. The cootus measurement of
LT (w=2rx10kHz tyar) in presence of various admixtures of cellulosersttallows

us to monitor the evolution of the specific surfameaS(kyq)/V, of the material

during the hydration.

RESULTSAND DISCUSSION

We proposed previously a theoretical model necgsarinterpreting all the
NMRD relaxation features reported in Figure 2, 3a an@@&arberon and Korb 2009).
Here, we just outline the basic hypothesis of thedeh needed for probing the
specific surface area and the water surface ddfusioefficients at the growing
interface of the admixed and neat cement pastesc@dly, the molecular exchange
between the solid and liquid phases is sufficiefalt compared to their respective
individual proton relaxation times that a sindlél; () exists given by a linear
combination of a bulk and a surface contributiofibe latter is weighted by the
surface to volume rati®&/V present at a given time of hydration at the sldjdid
interface. 1/T; W(a) for the confined proton-liquid has a bilogarithmfrequency
dependence (Barberon and Korb 2009) that comes higaously from the two
dimensional diffusion of the water molecules aldhg pore surface modulating the
dipole-dipole interaction between the proton speeied the paramagnefi@®* ions
fixed at the surface of the pores. On the contiaryhe frequency range studied, the
spin-lattice relaxation rate for the solid protalzes not depend on the frequency and
the bulk relaxation rat&/T; pukis frequency independent. The conservation of these
frequency dependencies during the progressive tigdreand the evolution of
1/Ty(ey, tya, ) With the hydration time allowed us to renormalize NMRD data to
a single master curve/T, (wy, tyyar ) % [Spaser (tnyar )] F (@) (Barberon and Korb

2009), where5, nmriS @ NMR-based specific surface area of the hydrated cethant
appears to be directly proportional to the degfesdlsancement of chemical reaction.

Surface diffusion coefficient. The surface diffusion coefficient is obtained fr@m
fitting procedure of th&IMRD profiles of Figure 2 which shows ttMRD profiles
for different admixed cement pastes with thigéMC (J1, J2and J3) and neat
(without CE) white cement pastes. In order to limit the kiogteffect during the
measurements, we have decreased the number okfregyoints on the profiles.
This procedure allows a quite reasonable fit of fhateau dependence at low
frequency and the bilogarithmic dependence at hidrefjuency (Figure 2). The
correlation timer,, for translational diffusion of water-proton is dahined using the
model described in (Barberon and Korb 2009).
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Figure 3. (a) WatetH 1/T,(c) of hydrated cement pastes (w/c=0.4) as a functfomydrating time
measured at a Larmor frequency of 10kHz. Effechofe cellulose ethersiPMC J1, J2 andJ3). The
inset represents a zoom on the frequency rangbeoplateau. (b) Correlation between the delays
obtained by th&IMRD and isotherm calorimetry.
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Figure 4. (a) Comparison of the watét 1/T,(«) of hydrated cement pastes (w/c=0.4) as a function
of hydrating time measured at a Larmor frequency0¥Hz. Effect of theCE concentration ocHPMC

J1. (b) Correlation between the water retention ewidel from theNMRD technique and the
macroscopic measurement described in the text (ASTAbH06-09 standard). The different
concentrations dflPMC Jlare indicated.

For these four different cement pastes, we findilammesults for the translational
surface diffusionr,=1lnsand for the time of residenae=10 ws. This suggests a pore
scale invariance of water dynamics at the poreasarin CSH whatever the paste
composition. This value ofy, is in agreement with previous studies performed on
cement pastes or on mortars (Barberon and Korb)2d®@ translational diffusion
coefficient D_,.. at the pore surface can be deduced from the Stokatein
relationship:D,,,, = %/ (41,,) wheres = 34 is the water-molecule size. For all
cement pastes (admixed or not), the surface diffuscoefficient is about
D =22510""m?.57? ie. about 1/100 of that of bulk water at 23°C. In
consequence, the presence of cellulose ethersniertepaste does not modify the
surface diffusion coefficient at the pore surfadéis result is similar to those
obtained in the macroscopic scale by pulsed fieddligntNMR showing that th€E

5



does not modify the diffusion coefficient of water the bulk (Patural 2010). We
found similar results for starch ethers that presemy different water retentions
(92.6% and 66.2% respectively). This demonstrates the translational diffusion
coefficient at the surface of the solid interfagesnot affected by starch ether’s
presence.

These experiments thus demonstrate that cellulodestarch derivatives do not
change the surface diffusion coefficient of waldre water mobility at pore surface is
thus not modified in presence of such polymers.

Specific surface area and relative quantity of water transiently present at pore
surface. On Figure 2, one observes a constant valuelfdi(w) when the proton
frequency becomesi- ay= 2rx 30kHz Such a cross-over frequenoyis of the order
of the dipolar interaction in the solid state beswdéwo protons separated Byl55
nm. On this low frequency range, the confined protmuit explores relaxation
processes induced by characterized long correldiinas encountered in the solid
state: 7,4, =1/cw; = 5.3us. We have shown in (Barberon and Korb 2009) that
owing to the cross relaxation process, the inteecwdar dipole-dipole interaction
then couples the water spin relaxation to thathef $olid and the magnetic field
dependence of the immobilized spin system. Thergbdedata presented in Figure 2
confirms the plateau observed at low frequencyl(akHz) for1/T; during the first
hundred minutes. Then, relaxation rate increases tducement hydration and
development of the specific surface area. Moreavaipom on the Figure 3a shows
that small but significative differences exist beém each admixed cement pastes.
The observed plateau for frequency belaws thus characteristic of the rigid-lattice
limit of the solid-proton hydrates. The absolutéuesof such a plateau, measured for
instance at 10 kHz, is thus indicative of the sfiesurface area precisely at the solid-
liquid interface. The continuous measurement Wi (w=27%10kHZ thyq) in
presence of various admixtures of cellulose etlibts allows to monitor the
evolution of the specific surface are@nvrthya), Of the material during the
hydration.

How NMR relaxation can elucidate water retention mechanisms? In the very early
aged of the hydration, the amount@®His not very large and the admixed polymer
is still in the interstitial solution within the pes of the paste, even if the cellulose
ethers are rather large. The relaxation of the haoproton-water thus will be
influenced by the presence of the polymer. We shbat measuring the time
evolution of the spin-lattice relaxation reitél;(10 kHz, #yq) at 10 kHz, especially in
the first minutes of hydration allows probing qutatively the relative population of
water transiently present at the solid hydratess@$Ng/N (thydr).

On Figure 3a, the continuous lines exhibit the tewelution of1/T1(10 kHz, #yar)
for the non admixed (neat) white cement and WMBMC J1, J2, JAdmixtures. The
periodsd.z during which the plateau remains constant areeexied ¢ is related to
neat cement) and ordered as followed:

dy =11lmin < dj = 60min < d, =79 min < d;; = 107 min.



This perioddcg, measured at low frequency, is a clear indicatothe delay of
hydration induced by th€E polymer introduced into the material. The factt tthia
stays much smaller than the otlie is a clear indication of the delayed hydration
and setting induced by tH¢PMC J1, J2, Jaadmixtures. We show on Figure 3b, that
one can correlate these delays of hydration measiwBIMRD to the ones measured
from isotherm calorimetry measurements (determumgdg the method described in
Patural Thesis 2011) on similar materials. The ilinsar dependence %G0.99)
shows the very good accuracy between the microsq®VIRD) and macroscopic
(calorimetry) measurements.

Another important parameter can be extracted from lehavior of the time
evolution of1/T1(10 kHz, #yqy) during the first 100 minutes of hydration. Thssthe
value of the plateau itself, notetl T, ¢ =1/Tlobserve((10kHz,thydr) which depends

critically on the nature of the admixtures. Theultssfound for the neat white cement
paste andHPMC-admixed cement pastel, J2, J3are ordered as followed:

1/T1. 0: 305_1 < 1/T1'J1 = 35.95_1 < 1/T1’J 2= 36.35_1 < 1/T1’J3 = 37.65_1, where 1/T1,0

is the value of the low-frequency plateau for neanhent.1/T; cg is proportional to
the correlation timer,, and directly related to the relative amount of ex®i,/N
transiently present during the first 100 minutepraimity of solid interfaces that is
proportional to the specific surface area. Owingh® observation that,~1ns and
1<=10us are universal for all the cement-based mater@tg obtains a proportion
Ns(thyag=2 min)/N=1.06% for the neat white cement paste ardthya—=2
min)/N=1.36% for the admixed cement pastes wHiI*MC J3 One obtains
intermediate values for the other admixtu#dMC JlandHPMC J2

The fact to probe, in the first minutes of cemeydrhtion, the fraction of mobile
water molecules transiently present at solid iamEN,_ /N in presence of different
nature and quantity of cellulose ethers is a ksuylteof this study that can be directly
linked to the relative amount of water retainedlompores surface.

We have applied the sam¢MRD method forHPMC J1 with two different
concentrations namely 0.1 and 0.4% giving 82.3 88d)% macroscopic water
retention, respectively (Figure 4a). As expectdw value of the plateall/T; ce
increases significantly with the concentration dfméxture. Finally, on Figure 4b the
linear correlation @r= 0.93) of1/T; ce and water retention of mortar admixed with
three different concentrations 0.1, 0.27 and 0.4%HBMC J1 proves that our
microscopicNMRD measurements on cement pastes could be correldtiedhe
macroscopic water retention on mortars.

CONCLUSION

An original method based on two different appliocas of proton-water magnetic
relaxation dispersiolNMRD) has been proposed to elucidate the effect ofilosk
ethers CE) on water retention of freshly-mixed white cempaste.

The first application oNMRD probes directly the proton-water surface dynamics
from the magnetic field dependence of the nuclpar-kttice relaxation rate. In spite



of modifications of the solution’s viscosity, wadi that the cellulosic derivatives do
not modify the surface diffusion coefficient of watthat is about two orders of
magnitude smaller than that of bulk water.

The second application MMRD concerns the continuous measurements of the
spin-lattice relaxation rates at a fixed and veny ILarmor frequency. At the very
early ages, this application probes continuouslyg tor the first time, the relative
population of water transiently present at the eamefof the time-growing solid
hydrate interfaces. Compared to neat white centleeaCE modifies significantly the
surface fraction of mobile water molecules trandyemresent initially at solid
surfaces. Our results show that the larger thetitnacthe better water-retention
capacity of the hydrated cement or mortar samplggaimity of a solid support.
This quantity measured for all admixed cement gaistehus relevant to explain the
water retention mechanism. Furthermore, a linearetation is found between the
NMR surface fraction and the stand&8TMmethod used by the mortar industry to
estimate the water retention capacity of admixedtan®. However for very strong
water retention, it seems that tASTMis not able to distinguish polymer’s effect
while NMRD enables to make the difference between two adnestu
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