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ABSTRACT

Hydroxypropylguars (HPG) are used as admixturdagtory-made mortars. These molecules
present water retention properties comparable tsethobtained with commonly used
cellulosic water-retaining agent.

The influence of HPG on cement hydration was ingastd in order to improve
understanding on the delayed effect induced by samigharides. Hydration kinetics were
characterized by means of conductivity and isotlarcalorimetry measurements. The
influence of polymer concentration and predissolutivas studied. A weak influence of HPG
on the germination of hydrates was observed. Inrasty HPG induced a significant decrease
in the hydrates growth rate. Strong effects of plog/mer concentration and predissolution
were noticed too. From these results, we suppdhecdhypothesis that HPG adsorption on

hydrated phases via polar interactions should $goresible for the delayed effect observed.

KEYWORDS: polysaccharide (D), hydroxypropylguars (D), retardation (A), hydration (A),

water retention (C)
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1 Introduction

Traditionally, mortars are based on a mixture ofdsa binder such as cement or lime, and
water. Nowadays, modern factory-made mortars aneptex materials, in which are added
some kinds of admixtures used to exhibit variouspprties, from the fresh state to the
hardened material.

Polysaccharides are one of these admixtures. Theyfraquently introduced into mortar
formulations in order to improve water retentiompaeity of the freshly-mixed materials,
which enhances cement hydration and adhesion teuthstrate [1-4]. These products are also
expected to act as viscosity-enhancing admixturegsrévent segregation and thus improve
the homogeneity and workability of the mortar [5—8]

Among all polysaccharide§elluloseEthers (CE) are the most widely used when high water
retention capacity is expected. NeverthelddgdroxyPropylGuars (HPG) were recently
presented as a promising new class of water-reiagent [9]. HPG are already used in
various industrial fields, such as textile printing production or paper manufacturing, due to
their thickening effect [10]. HPG were also the jegb of some patents as admixture for
mortars.

The effect of saccharides has been largely stuithesk fifty last years, in particular from a
cement hydration delay point of view. In the fitishe, the delayed effect of monosaccharides
was investigated [11-19]. It appears that sugatddcbe adsorbed to cement phases by a
chelation process. It can thereby form a tempotasrier to further hydration. In broad
agreement with Young [11], Thomas and Birchall [p&)posed that sugars would be able to
poison the surfaces of the CH and CSH by complemabinto these phases, which inhibit

their growth and therefore would be responsibletifier delay observed. According to Taplin
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[13], sugars could bind to the cement phases ¥ tieve a HO-C=0 group, or it could be
formed in alkaline media, such as cement pastaytdyolyze [14].

Then, due to the use of polysaccharides in modenofy-made mortars, interactions between
polysaccharides and cement have been reportedtiyeders established that polysaccharides
induce a more or less important delay of Portlagiehent hydration [20—-25], which depends
on the nature of the polysaccharide [26]. Pourchezal. [27, 28] have established a
mechanism of interaction between CE and cement.

However, HPG have received scant attention by taelemic community although they are
already used industrially. As far as we know, olaigguirre et al. [29]vas interested on the
impact of HPG, but in lime-based mortars. Thus,dime of this work is to study the influence
of HPG on the Portland cement hydration kineticsaaty age.

Firstly, the water-retaining effect induced by tHBG in Portland cement-based mortars will
be checked. Secondly, cement hydration kineticthénpresence of HPG will be presented.
Hydration kinetics have been monitored by conditgtivand isothermal calorimetry
measurements. Finally, a special focus on the enfte of the polymer predissolution has

been performed.

2 Materials

2.1 Mineral product

The investigated ordinary Portland cement (OPC) waSEM | 52.5 R CE CP2 NF type
cement according to the EN 197-1 standard. Its dd@@rand phase compositions are given in
Table 1. Oxide composition was determined by Xftagrescence spectroscopy (SRS3400,
Bruker-AXS). XRD analysis (D5000, Siemens) alsoowkd quantifying the phase

composition of the given cement by means of Rietvefinement method (Siroquant V2.5



77 software).
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Table 1: Chemical and phase compositions of the iegtigated cement.

Chemical composition (% wt) Phase composition (% wt

Oxides XRF Oxides XRF Phases  XRD (Rietveld)
CaO 66.1+1.2 Ti® 0.24 +0.01 6S 73.0£0.53
Sio, 20.2+0.4 POs 0.05 + 0.01 GS 12.7+0.50
Al,0, 48+0.1 MnO 0.04 +0.00 B 4.2+0.18

SO, 35+0.2 KO 0.01 +0.01 GAF 6.1+£0.22
Fe0; 29+0.1 LOI 2.2+0.2 Gypsum 1.7+£0.15
MgO 1.11 +0.02 Anhydrite 2.3+0.28

2.2 Organic admixtures

Guar gum is a polysaccharide extracted from thed seadosperm ofCyamopsis
tetragonolobus, a native plant from India. This is a galactomanmansisting of a (1-4)-
linked B-D-mannopyranose backbone, with random branchpointmlactose via an-(1-6)
linkage [30] (Fig. 1a). The ratio of mannose to agébse is about 1.8. Unlike the
manufacturing of cellulose, the extraction does negjuire chemical process, but a thermo-
mechanical one. So, guar gum is produced withaadyming any effluent. Moreover, because
of the presence of hydroxyl groups in its structuyaar gum exhibits a high chemical
reactivity and is soluble in cold water. Thus, ghemical modification of this polysaccharide
does not require hard reaction conditions of temoee and pressure, does not generate large
guantity of by-products and needs weak purificapoocedure [31].

HPG are obtained from the native guar gum via asvarsible nucleophilic substitution,
using propylene oxide in the presence of an alkabtiatalyst (Fig. 1b). Table 2 gives a
gualitative description of the six HPG samples froamberti Sp.A which were studied. All

the samples have similar molecular weight. The alifierence between HPG 1, 2 and 3 is



95 the Degree of Substitution (DS). The only differetetween HPG 4, 5 and 6 is the presence
96 of additional substitution (short or long alkyl ohs).

97 In order to compare with classical polysaccharideniatures, three CE were also tested
98 (Table 2): two HydroxyPropylMethyl Cellulose (HPM@amed HPMC1 and HPMC2, and

99 one HydroxyEthyl Cellulose (HEC).

HQ CH
_c~“Ms
HO HC™ T,
OH 0 OH O
HO K
HO
HO
OHO OH _¢-CHs
OH ? oH Hz  H
%Oéb/o o %Oﬁ/o ° o
HO (O] HO O
OH OH
100 OH OH
101 Fig. 1: Molecular structure of native guar gum (a)and hydroxypropylguar (b).
102 Table 2: Qualitative description of the admixturesused.
Admixtures DS Viscosity Additional substitution
HPG 1 Low High -
HPG 2 Medium Medium -
HPG 3 High Medium -
HPG 4 High Low -
HPG 5 High Medium Shorter alkyl chain
HPG 6 High Medium Longer alkyl chain
HPMC 1 High Very low -
HPMC 2 High Very high -
HEC High Very low -
103
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3 Experimental methods of investigation

3.1 Water retention measurements

Water retention capacity of mortars was charactdrezccording to ASTM C1506-09 standard
[32]. This test is based on a measurement of theoved water after depression and was
previously described by Patural et al. [3]. Wattention, noted WR, was calculated using
the following equation:

Wo _Wl

WR(%) = x100 (1)

0
W, represents the initial mass of mixing water; i/the loss of water mass after aspiration.
Mortars were prepared according to the followingtomie proportions: 30% of cement, 65%
of sand and 5% of limestone filler (by weight). $hmixture design was adapted from the
CEReM (european consortium for study and researcmortars) mortars formulation [3].
Admixture amount (0.3 wt%) was in addition to tle¢at dry mixture .e. cement, sand and
filler). Dry mixture was blended in a shaker (TudguNab) for 15 min. Deionized water was
added in order to obtain a water to cement raticCW/ 1. Mixing procedure was in
accordance with EN 196-1 [33]. All tests were ceariout in triplicate and at controlled
temperature of 23°C because water retention is eeatyre-dependent. A control test was

performed with a mortar without admixture.
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3.2 Characterization of the cement hydration delay

3.21  Conductivity measurements on diluted suspensions

Characterization of the delay induced by the stligielymers on the cement hydration was
performed by conductivity measurements. This metlaggpears as a powerful and
reproducible tool to monitor the hydration kinetj84,35].

Conductivity measurements could be achieved in Isuspension. This allows obtaining
hydration kinetics close to that observed in cenpadtes, in spite of a high liquid to solid
weight ratio (noted L/S). Nevertheless, monitormglration kinetics in an artificial system of
lime water is complicated because the dissolutada of calcium from the cement could be
modified due to the initial high concentration @l@um ions in solution. Thus, conductivity
curves were interpreted according to the explangpimposed by Comparet et al. [36]. As
soon as cement was put in contact with liquid, ¢hectrical conductivity increased as a
consequence of the dissolution of the anhydrousgshdl hen, germination of hydrates on the
grain surface leads to a period, called “low comidity increasing period”, where the
conductivity evolves weakly. Conductivity then adecated more quickly. The conductimetric
slope is related to the growth rate of the hydrapooducts. Meanwhile, cement dissolution
still continued. The conductivity increased to tngical supersaturation point with respect to
portlandite and decreased rapidly due to its pretipn. Thus, an electrical conductivity drop
is caused by the portlandite precipitation. Thisemdmenon was used to determine the
hydration delay. Therefore, in this study, the laordite precipitation time (notedd) is a
benchmark to classify and to quantify the relatierdation ability of admixtures on cement
hydration.

Experiments were performed in diluted suspensitreymostated at 25°C and continuously
stirred. Each experiment was carried out in trggkc The liquid to solid weight ratio (L/S)

used was equal to 20. Polymer to cement weighisd®/C) equal to 0.5, 1.0, 1.5 and 2.0 %
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were studied. Cement and admixture powders weralbtéin a shaker (Turbula, Wab) for 10
min before contact with the liquid phase. The ltquised was a 20 mM lime solution or

deionized water. The control used was the neat sceme

3.2.2 Isothermal calorimetry on cement pastes

Calorimetry is another technique useful to charactethe exothermic hydration process of
cement. The hydration process can be followed ooatisly at realistic water/cement ratios
(W/C) in situ and aims at giving an indication dfetoverall rate of reaction. Thus,
calorimetry can be used as a complementary methatnductivity in order to monitor the
kinetics of cement hydration and to observe hydratielay induced by retarders [37].

The tests were performed with an isothermal caletém(C80, Setaram) at 25°C. The weight
ratios used were W/C = 0.4, with deionized wateid 8/C = 0.3 %. Ex-situ mixing was
preferred to in-situ mixing to improve the homogéneof the sample, and thus
reproducibility. Mixing procedure, with 100g of cent, was in accordance with standard EN
196-1 [33]. 10 min after the beginning of the batahout 2g of paste are introduced in the

calorimeter. The control used was the neat cement.

3.2.3 Predissolution of the admixture

The influence of the polymer predissolution wasdgd by means of conductivity and
isothermal calorimetry measurements. Admixturesewgreviously dissolved in the liquid
phase, deionized water or 20 mM lime solution,Z8h by magnetic stirring. Then, cement
was added.

In case of conductivity experiments, the effectid predissolution has been highlighted by
calculating the increase percentage in the poritianutecipitation timedy as followed (in

gray in Fig. 10):

10
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3.3 Calcium binding capacity

The ability of HPG and also sugars (sucrose whgtknown to complex calcium ions,
galactose and mannose which constitute HPG’s migleéo form complexes with calcium
ions was studied. Sugars are valuable insightsdardo compare the behavior of HPG and to
validate the relevance of this protocol, developgdhomas and Birchall [12].

Each sample (2 g per liter) was introduced intoolume of water (1L) containing a large
excess of solid lime (6 g per liter). After 48 hewf stirring at a controlled temperature of
23°C, the suspension was filtered through audn7glass fiber filter. The filtrates were diluted
and acidified. Then, a quantification of the catgiton content by ionic chromatography was
performed on a Dionex apparatus composed of a GBra&dflent pump, a CS 12A cation-
exchange column and a CD 20 conductometric detedtoe eluent was a solution of
metasulfonic acid at 20 mM with isocratic mode. Tlog was fixed at 1 mL/min. The results
correspond to an average of 3 experiments.

As the solid calcium hydroxide is in large excesdcium ions consumed by complexation do
not affect the "stock” of calcium ions in solutiamhich thus remains equal to 23 mM during
the experiment. However, once the filtrate dilused acidified, the complexes are destroyed,
thus freeing the complexed calcium ions. So, if ¢taécium concentration is about 23 mM
(solubility of lime), no significant complexationab taken place. Instead, a calcium

concentration above 23 mM indicates a significambhglexation of calcium ions.

11
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3.4 Kinetic of dissolution

HPG absorb in the ultraviolet as evidenced by thsogption spectra (Fig. 2a), and the
concentration of HPG in solution is proportionalth® absorbance at the maximum of the

band (266 nm) as shown in Fig. 2b.

0.8,

~
&

Lo —0.1glL 3 04 (b)
;-‘ o \‘ \\‘ 778'55 ?L/L \é’ ,
S e 10 giL s 03
2 04l 15 S
@ S N 2.0g/L = 0.24
? 3} ]
2 8 01
o EELEL 3 0

350 400 < 0 05 1 15 2 2.5

Wavelenght (nm) Concentration (g/L)

Fig. 2: UV absorption spectra (a) and absorption aP66 nm vs. concentration (b) for HPG in water

The dissolution process was monitored by acqursitd UV-Vis absorption spectra. The
procedure was the following: a dispersion of HPi@a{f concentration: 2g:t) in deionized
water or 20 mM lime solution was prepared in aesaeactor (1L of solution) thermostated
at 25°C. HPG was introduced through a sieve inraimleave a good dispersion of the sample
into the vortex created by the mechanic stirrerusihthe aggregation of particles was
minimized and a homogeneous polymer solution waslymed. The experiment was done
under continuous flow of nitrogen to avoid carbamabf lime. At different times, an aliquot
of approximately 5 mL was taken from the batch sotuand centrifuged by means of a
micro-centrifuge (Eppendorf MiniSpin Plus, 14500m)pfor 5 min in order to remove
undissolved particles. The supernatant was collezmbel homogenized by vortex-stirring. The
absorbance of this solution was measured betwe®na@@ 400 nm using an UV/Visible
spectrophotometer (Cary 300 Scan, Varian). A degfg@ogress of the dissolution reaction

A(t) was used, which is equal to the absorptionna¢ t divided by the absorption at the end

12
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of the dissolution reaction.€¢. 24 h). This number is adimensional and its vasuketween 0

and 1.

4 Results and discussions

4.1 Impact of HPG on water retention in fresh mortar

Water retention is a very sensitive mortar propdrigieed, it must be important enough to not
disturb the hydration of the cement. It also lintlie absorption of the mixing water by the
substrate and thus provides good mechanical aresaghproperties to the mortar.

DTU 26.1 [38] specifies three classes of waterntade of a fresh mortar. The first one
represents mortars which water retention is lowant86%; they belong to the low water
retention category. The second class (intermedaiatter retention) corresponds to values
ranging from 86% to 94%. The last one is definedMayer retention higher than 94%. This
class is related to strong water retention mortat i desired by formulators of industrial
mortars.

Water retention capacity of the studied mortareting to the admixture used is shown in
Fig. 3. With this formulation, mortars containingPB8 2 to 6 and HPMC 2 could be
considered as high WR capacity according to the XBUL. Mortars containing HPG 1,
HPMC 1 and HEC are in the intermediate category.

Thus, HPG improve considerably the water retentiapacity of the mortar compared to the
control without water-retention admixture, as anmmaad by Plank [9]. In addition, the results
are quite comparable to those obtained with thefdEference.

Therefore, HPG can be considered as promising weatention agents for dry-mix Portland

cement-based mortars.

13
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Fig. 3: Water retention capacity of studied mortarswith 0.3 %w.t. of admixture.

4.2 Impact of HPG on hydration kinetics of cement

4.2.1 Delayed effect

The delayed effect of HPG on cement hydration kisetvas monitored by conductivity in a

20 mM lime solution, for ratios L/S = 20 and P/C2%. To have a clear and readable

analysis, all the conductimetric curves will notgresented on the same figure. Thus, Table 3

regroups the conductimetric data obtained (i.e.tlgdite precipitation times, delays

compared to the control and conductimetric slogég).4 presents the influence of the DS on

the conductimetric curves by studying HPG 1, 2 @which are the same molecules, except

the DS (DSHPG1>DSHPG2>DSHPG3). The influence ofalgl substitution was studied

by comparison of HPG 4, 5 and 6 (see Table 2). dovauctimetric curves obtained are

shown in Fig.

14

5.



244

245 Table 3: Comparison of conductimetric data accordig to the admixtures studied
Admixture Without HPG1 HPG2 HPG3 HPG4 HPG5 HPG6 HPMC1 HPMC2 HEC
pfgg'rf}{‘a‘i:fn 252 1083 786 611 478 432 420 366 354 1273
time (min) +0 +13 + 27 +16 +9 7 +9 +3 +9 +15
Delay compared
to the control 329 212 142 89 71 66 45 40 405
(%)
CO“d;f)grQemc 196 3.3 5.0 7.0 96 114 114 135 13,5 3.3
(uS.cnit-min) +1.5 +04 +05 +05 +08 +09 09 +1.0 +1.7 +0.0
246
14
€
2 AT
& :
E
2
=
©
>
o — CONTROL
S —e— HPG 1 (low DS)
o —=— HPG 2 (medium DS)
| —=—HPG 3 (high DS)
8 I I I T [ T I \ 1
0 250 500 750 1000 1250 1500
247 Time (min)
248 Fig. 4: Influence of the DS on conductimetric curve ([Ca(OH),]=20 mM, L/S=20, P/C=2%).
14
€ 134
O |
n
£ 12
= |
s 11
-'g |
5 10 —— CONTROL
S —&— HPG 4 (no alkyl chain)
O g g~ —<—HPG 5 (short alkyl chains)
/ —0— HPG 6 (long alkyl chains)
8 [ T I [ T I T I T 1
0 100 200 300 400 500 600
249 Time (min)
250 Fig. 5: Influence of alkyl substitution on conductimetric curves ([Ca(OH)]=20 mM, L/S=20, P/C=2%).
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The conductimetric data (Table 3) highlights theatt of HPG on the kinetics of hydration.
By focusing on the portlandite precipitation tine@iiductivity drop) and delays, it appears a
wide range of delays induced by the admixturesistudHPG 5 and 6 exhibit superposed
conductimetric curves and the weaker delay (+71% #66% respectively). The most
important delay is observed for HPG 1 (+329%).dbappears that delays induced by HPG
are between those obtained for the CE studied (+#0%405%).

Some polysaccharides (dextrines for example [28]pther admixtures (setting retarding
admixtures such as sugars [19], sodium glucon®&edBsome superplasticizers [36]) induce
a blocking effect or an inhibition of the hydratidfiere, from the shape of the conductimetric
curves obtained, HPG involve a small increase m diration of the “low conductivity
increasing period”. Therefore, this indicates a kviefluence of the HPG on the germination
of cement hydrates. The delay of portlandite piitatipn time seems to be mainly due to a
slope decrease (Table 3). Indeed, the slope olotaith the control is almost six times
higher than that obtained for HPG 1. The slopehef ¢conductimetric curve is linked to the
growth rate of the hydrated cement phases. HPG seamtt preferentially on the growth of
hydrates phases, rather than on their germinafibis. could explain the delays observed and
is in agreement with results obtained with CE [40].

In addition, delay increases when DS decreases 4fridNevertheless, the alkyl substitution
seems to have a slight effect (Fig. 5) becausaléthay slightly decreases in the presence of

alkyl chains. The effect of the chain length isliggigle.

4.2.2  Calcium binding capacity

The calcium complexation is often advanced as aggamto explain the effect of retarders
[41]. It seemed important to check if HPG complehvealcium ions. The calcium binding

capacity at alkaline pH of the 6 HPG and 3 sugaesewconducted and the results are

16
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presented in Fig. 6. It appears clearly that thraplexation of calcium ions by HPG is null or
very weak, like with CE [42]. Indeed, the valuecaicium ions concentration found for the
HPG samples was close to the reference samplesamdyi due to the lime solubility. Instead,
sugars studied present higher calcium ion concemtralue to a greater binding capacity,
which is coherent according to the data of therditee [12,42]. Therefore, calcium ion

complexation is clearly not responsible for theagiedf cement hydration induced by HPG.

40

[Ca®"] (mmol/L)

Control
HPG 1
HPG 2
HPG 3
HPG 4
HPG 5
HPG 6

Sucrose

Galactose
Mannose

Fig. 6: Calcium binding capacity of HPG and monosazharides.

4.2.3  Influence of polymer concentration

The influence of the amount of polymer is studigdcbnductivity in 20mM lime solution by
varying P/C ratio with a constant L/S ratio (equaR0) for each HPG. The effect of polymer
concentration is considerable and results in atidrdecrease in the slope (Fig. 7). Thus, a
small increase in the amount of polymer leads ttwuge increase in the portlandite
precipitation time, and so in the delay of hydmatid=ig. 8 presents the portlandite
precipitation time for each polymer and concentratiThe effect of the concentration is
similar whatever the molecule. For each polymeg, riftore the concentration increases, the
more the delay increases. As the retarding effeeffective at very low HPG concentrations,

it confirms that calcium complexation cannot bgmessible for the delay mechanism.

17



294 It is generally admitted that cement hydration geladuced by admixtures is due to
295 adsorption of these molecules to surfaces of tligaiyng cement particles and/or surfaces of
296 hydration products [41,43]. The concentration deleem behavior of the delay suggests also

297 that HPG delay cement hydration via adsorptionh@encement phases.
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299 Fig.7: Conductimetric curves of cement admixed wittHPG 1 in lime solution according to the P/C ratio

300 ([Ca(OH),]=20 mM, L/S=20).
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302 Fig. 8: Influence of admixtures concentrations on prtlandite precipitation time.
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The mechanism responsible for the delay induce@bys the adsorption of the molecule on
the hydrate cement phases. Indeed, Pourchez led\ad. shown evidence of the adsorption of
CE on calcium hydroaluminates [44] and CSH/CH [#8jlysaccharides are molecules which
contain a lot of polar functional groups (-OH). Téfere, strong interactions, through
electrostatic forces and hydrogen-bonding, can mobetween polysaccharides and the highly
polar hydrated phases [43]. The relationship betwedsorption and retardation was
previously shown [25,40]. It results that the higttee substituent content is, the weaker the
retardation ability is, because of lower amountfree hydroxyls and so lower adsorption
ability.

For HPG, the phenomena could be very close, dteetgimilarity of the molecules used, in
particular the high content of hydroxyl groups. Waet al. [45,46] have shown that the
adsorption mechanism of galactomannose polysaddsst solid-liquid interfaces involves
strong hydrogen bonding. Results obtained are oadragreement with the relationship
between adsorption and retardation described abloekeed, qualitative data of DS are
coherent with the delay observed. For examplectimeparison of the HPG with different DS
shows thatdu(HPG1) > £x(HPG2) > £4(HPG3) with DS(HPG1) < DS(HPG2) < DS(HPG3).
Moreover, delay induced by HPG 4 is slightly higlkempared to HPG 5 and 6. The only
difference between these HPG is the substitutioth@falkyl chains which could cause steric
hindrance and increase the lipophilic charactethefpolymer. The presence of alkyl chains
could reduce slightly the adsorption and so thayddEffectively, §n(HPG4) is higher than
tcu(HPG5,6). Nevertheless, the length of the alkylimh&eems to not affect the adsorption
because the difference on hydration delay is nidxddigindeed, the portlandite precipitation

times for HPG 5 and HPG 6 are very close.
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4.2.4  Influence of admixture predissolution

The effect of the admixture predissolution on tleenent hydration kinetics has also been
observed. Firstly, this effect in concentrated @asts studied by isothermal calorimetry.
Heat evolutions within 24h for cement pastes withaod with admixtures are presented in
Fig. 9. For admixed cement pastes, HPG 1 (a), HR® and HPG 3 (c) were predissolved or

not.

8y (@ 8m (b)

HPG 1 (low DS) HPG 2 (medium DS)

Heat Flow (mW/g of cement
Heat Flow (mW/g of cement

Heat Flow (mW/g of cement

0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time (h) Time (h) Time (h)

Fig. 9: Isothermal calorimetry curves of cement pags in presence of HPG 1 (a), HPG 2 (b) and HPG 8)(

(— :control; --O--: without predissolution; —@- : with admixture predissolution).

Two significant heat flow maxima are observed atyeage for the neat cement paste.
According to many authors [47-50], the main peatigbuted to the alite hydration reaction.
The second peak, only visible as a shoulder, cooreds to renewed dissolution ofAConce

the solid gypsum has been exhaustemt. the cement pastes admixed with HPG and without
predissolution, the main peak is delayed, whatdveradmixture. Thus, HPG retard cement
hydration at early age, as well in concentratedergrpastes as in diluted suspensions.

The polymer predissolution seems to allow the sdfwar of the main peak into two peaks.
This separation is more easily visible in the aafstne HPG 1 (Fig. 9a). For HPG 4, 5 and 6,
which have a high DS, the effect is very weak,astlie HPG 3 (Fig. 9c). For HPG 2 (Fig.

9b), which has an intermediate DS, separation @fpiak is less pronounced than in the case
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345 of HPG 1, but it is clearly visible. This suggetttat the effect is all the more significant since
346 the DS is low. Thus, HPG act preferentially eitbarthe alite hydration or on the exhaustion
347 of the solid gypsum, which is highlighted when H&® already in the solution.

348 In diluted suspensions, negligible impact of predigtion is observed in water whatever the
349 admixture considered (Fig. 10a). However, in limspension (Fig. 10b), the impact of
350 predissolution is very strong for HPG 1, with a @ugcrease in portlandite precipitation time
351 of 77%. As observed by isothermal calorimetry, éffect decreases when the DS increases: +
352 19% for HPG 2 and +10% for HPG 3. The impact odmsolution is negligible for HPG 4
353 and 5. For CE, no impact of predissolution is obsértoo, which is coherent with results of
354 Pourchez [51]. For HPG, the delay caused by theynpei is more important after
355 predissolution in 20 mM lime solution than in wafeo effect), mainly when DS is low. It is

356 therefore an effect of the alkalinity of the medium

2000 () 20001 (b)
= Bl Without Predissolution - W Without Predissolution
c c . . .
£ (| g [ with Predissolution
g 1500 In deionized water 2 1500 In lime solution
= [=
c c
2 S
8 8
3 10007 Z 10001
(%] (%]
o o
o o
2 2
T 5001 2 5007
RS RS
<] <]
o o
0 o~ ™ < 10 © 3 N 0 N ™ < 10 © 3 N !
~ 13} 13} I3} o Q [} 8]
358 Fig. 10: Effect of predissolution of the polymer omportlandite precipitation time in diluted suspensons
359 with L/S=20 and P/C=2% (a: deionized water; b: 20 vl lime solution).

360 Different hypotheses can be considered. The polyroetd be degraded due to the high
361 alkalinity reached when cement dissolves. This agafion could lead to the formation of
362 carboxylates by peeling reaction, molecules knosvhave a strong retarding effect [52]. The

363 predissolution in lime would promote this degrad@atiresulting in an increase in the delay.

21



364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

Ultra-violet spectroscopy allows highlighting aliked degradation. Indeed, the alkaline
degradation of sugars leads to the formation afgel peak in the UV range, between 250 and
300 nm, due to the formation of saccharinic acidshe enolization of the sugars [12]. To
investigate this effect, HPG and sugars (sampkeddn calcium binding experiments) were
stirred in water and lime solution. UV-Vis absoqptispectra were carried out over time. Fig.
11 shows these results in case of HPG 1 and galctepresenting HPG and sugars
respectively. In the case of HPG 1, the absorppectra are different in water and in lime
solution. Nevertheless, the difference is almostantaneous and then remains stable over
time. Therefore, it cannot be due to alkaline deégtian. The difference in intensity is only
due to HPG dissolution. For the other 5 HPG, néedéhce was observed between UV-Vis
absorption spectra of polymer dissolved in watet iarlime solution. On the contrary, sugars
exhibit actually alkaline degradation. A new peabears and grows with time when they are

dissolved in lime solution.

2 (a) 2. (b)
—HPG 1 dissolved i ter after 24h
- ~<"HPG 1 dissolved in 20mM fime solution after 1mif = —— Galactose dissolved in water after 24h
215 | o HPG 1 dissolved in 20mM lime solution after 1h S 1.54| —*—Galactose dissolved in 20mM lime solution after 1H
& —o—HPG 1 dissolved in 20mM lime solution after 24h] & —>— Galactose dissolved in 20mM lime solution after 24h
3 3
c 14 c 1A
@© @
g £
o

205 305
< <

O T T O T T T T T T ¥ T u T u T T

220 270 320 370 220 270 320 370

Wavelenght (nm) Wavelenght (nm)

Fig. 11: Effect of dissolution media on UV-Vis abaption spectra of HPG 1 (a) and galactose (b).

Moreover, an infrared investigation was made teeine if carboxylates are formed after
dissolution of HPG in alkaline media. As above, HR&e stirred in water and lime solution.

After 24h, solutions were neutralized and then gdagh an oven until evaporation of the
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liquid phase. Solid residues were analyzed by iaftapectrometry. No band at 1590 %m
corresponding to carboxylates functions, was oleskmeither in water nor in lime solution.
Thus, experiments on HPG indicate their alkalingbisity. This is consistent with the
hypotheses of many authors. A reduction in intdnsiscosity has been observed for
galactomannans under alkaline conditions [53-8bjvever, according to these authors, this
reduction is not due to degradation by a peeliragtren, but to inhibition of intermolecular
interactions (hyperentanglement) because of iolzabf hydroxyl groups. Izaguirre et al.
reached the same conclusion with HPG [29]. Furtleemsimilar results of polysaccharide
alkaline stability were observed with CE [42].

A second hypothesis would be slower dissolutior&iis of the polymer in lime solution than
in water. In that case, in lime solution, the poégynis not fully active to delay the cement
hydration without predissolution because the digsmh would be slowdown. On the
contrary, predissolution leads to the complete afig®n of the polymer and therefore a
maximum delay. In water, if the dissolution is fgstedissolution could have no effect. Fig.
12 presents the effect of the media on the dissoliinetics for HPG 1. Dissolution is very
fast, both in water and in 20 mM lime solution. Thelymer seems to be completely
dissolved after 40 min, whatever the dissolutiordimeSame results are obtained for the
other HPG. Thus, dissolution kinetics cannot bgaasible for the predissolution effect on

cement hydration kinetics. Moreover, guar gum isvkn to be easily soluble [56].
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Fig. 12: Dissolution kinetics in water and in 20mMime solution of HPG 1 at 2 g/L.

According to some authors, hydroxyl groups of gala@annans [53-55] and HPG [29] would
ionize in alkaline media. It seems very probablat fhredissolving the polymer in the lime
solution would ionize a maximum of hydroxyl grougsd thus enhance the adsorption of
polysaccharide on the cement phases. So, the de#diext is greater after predissolution in
lime solution, but there is no change after predigsn in water. That would explain why
HPG 1, which is the polymer with the lower DS, thugher amount of polysaccharidic
backbone hydroxyl groups, is the most sensitive ptedissolution. Furthermore, this
hypothesis is coherent with the adsorption mechaniga the hydroxyl sites proposed to
explain hydration delay induced by HPG. This is sistent with the effect of HPG
predissolution in water observed by isothermal raetry too. Indeed, calorimetry
experiments were made in concentrated pastes. d$te [ quickly saturated in lime and the
pH increases almost instantly. Thus, even if thgmer is predissolved in water, phenomena
occurring are closer to what was observed in camdtycexperiments after predissolution in

lime solution.
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5 Conclusions

Based upon this study, it appears that HPG delagetent hydration with an influence on the
growth of the hydrates, rather than on the gernanadf hydrates. Complexation of calcium

ions does not explain this effect. A strong impattthe concentration on the hydration
kinetics was observed. The results and the molesutalarity with CE suggest that the delay
effect is due to the adsorption of the HPG viaitheraction between hydroxyl groups and the
highly polar hydrated phases. This hypothesis eoent with the qualitative data of DS.

An increase in portlandite precipitation time wadiced after predissolution of HPG in lime

solution. It was shown that no alkaline degradabdiPG occurs. Moreover, no difference
of admixture dissolution kinetics in water or lirselution was observed. Thus, these two
phenomena are not responsible for the increasénendelay. We put forward that the

ionization of hydroxyl groups in alkaline media enkbes the delay. This is consistent with
the adsorption theory. In addition, calorimetriwastigations on predissolution effect show
that the delayed effect induced by HPG would beergpecific on silicate or aluminate

reaction.

Finally, this paper initiates the study of the mamion between cement and HPG. This
polymer, whose study is very scarce in literatypegsents very interesting properties.
Especially, water retention properties are comgar#i those obtained with CE, with the

advantage of producing lower pollution during thenufacturing. Therefore, it is very

important to improve knowledge of the impact of HBscement hydration kinetics.
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