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Abstract:

The influence of cellulose ethers (CE) on CsS hydration processes was examined in order to
improve our knowledge of the retarding effect of cellulose ethers on the cement hydration
kinetics. In this frame, the impacts of various cellulose ethers on C;S dissolution, C-S-H
nucleation-growth process and portlandite precipitation were investigated. A weak influence
of cellulose ethers on the dissolution kinetics of pure C;S phase was observed. In contrast, a
significant decrease of the initial amount of C-S-H nuclei and a strong modification of the
growth rate of C-S-H were noticed. A slowing down of the portlandite precipitation was also
demonstrated in the case of both cement and C;S hydration. CE adsorption behavior clearly
highlighted a chemical structure dependence as well as a cement phase dependence. Finally,
we supported the conclusion that CE adsorption is doubtless responsible for the various
retarding effect observed as a function of CE types.

Keywords:
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l. Introduction

Cellulose ethers (CE) are widespread admixtures introduced into industrial mortar
formulations to fulfill specific tasks during the handling stage. As famous thicker and air
entrainment agent, CE allow to adjust the workability of the fresh cementitious material at
desired level by controlling the water balance. Moreover, CE contribute to reach a high water
retention capacity to prevent water from draining out quickly from the mortar to the
substrate. Thereby, mechanical, adhesive and water retention properties of mortar were
significantly improved in the presence of CE. However, as a side effect, CE may also induce an
uncontrolled and problematical retardation of cement hydration.

Nowadays, the knowledge of the molecular parameters that enable to control and to predict
the hydration kinetics of cement containing CE was well elucidated [1] and [2]. The degree of
substitution appears as the most relevant structural parameter on the kinetics of cement
hydration. Furthermore, other results pointed out that CE seem to have phase-specific
retarding effects on cement hydration processes [3] and [4]. Regarding the stability of CE in
alkaline media, it was demonstrated that there was no significant degradation of CE and
therefore a negligible impact of hydroxy acids was generated on cement hydration kinetics
[5]. In spite of these recent insights on cement—CE interactions, the mechanism at the origin
of the hydration delay induced by CE remains not perfectly understood. Because Portland
cement is a complex material composed by many reactive phases, any statement concerning
the interaction of its mineral phases and organic compounds must be made carefully. In this
sense, we choose to focus on the cellulose ether interactions with tricalcium silicate (C3S), the
main phase of Portland cement. Consequently, the influence of CE on C,;S dissolution, and
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their impact on C-S-H nucleation-growth processes as well as portlandite (CH) precipitation
are investigated and discussed in the present study.

Moreover, the current understanding of the mechanism of polysaccharide adsorption onto
mineral surfaces suggests an acid/base interaction [6], [7] and [8]. It was generally assumed
that polysaccharides interact with metal hydroxylated species that are anchored at the
mineral surface. Nevertheless very few papers dealt with CE adsorption on cement phases [9].
In particular, the phase dependence and the structural parameter dependence of cellulose
ether adsorption were still not elucidated. That is why, this paper is also devoted to the
investigation of CE adsorption behaviors on cementitious phases.

Il. Mineral and organic compounds

The investigated ordinary Portland cement (OPC) was a CEM I 52.5 R CE CP2 NF type
cement according to the EN 197-1 standard. Its chemical and phase compositions are given in
Table 1. The C3S pure phase used for this study was supplied by the Lafarge company
(France). X-ray diffraction analysis (Siemens, D 5000) allowed to put in evidence a very low
content of free lime (approximately 0.5 wt.%). The C-S-H phase was prepared by the so-called
pozzolanic method [10], i.e. by reacting lime (heating Aldrich calcium carbonate at 1100 °C for
3 h) with silica fume (Degussa Aerosil 200). To avoid carbonation, the reaction occurs under
nitrogen environment. The mixture was kept at 60 °C during 6 months. X-ray diffraction
confirmed that pure 14 A tobermorite-like C-S-H was obtained [11]. A Ca/Si ratio of the C-S-H
phase equal to 1 was characterized by a Bruker-AXS SRS3400 X-ray fluorescence
spectroscopy. Finally, the CH phase used was purchased from Merck.

Table 1: Chemical and phase compositions of the investigated mineral phases.

BET surface area Cement chemical Cement phase composition (wt.%)
composition (wt.%)
Mineral Surface area Oxides XRF Phases XRF XRD analysis
phases (m2g™) analysis (%) analysis and Rietveld
and Bogue (%)
(%)
Cement 1.53+0.03 CaO 67.1 CsS 67.5 69.4
C;S 0.92 £ 0.02 SiO, 21.2 C.S 9.8 9.3
C-S-H 23.4+0.35 ALO; 4.3 CsA 8.3 8.3
CH 15.2 £ 0.15 SO, 4.6 C,AF 5.5 3.1
Fe,O; 1.8 Gypsum 4.6 3.6
MgO 0.6 CaCOq 4.9
TiO, 0.2 Anhydrite 1.2
P.O; 0.2 Quartz 0.2
Na.O 0.2
K.O

The surface area of the mineral phases was analyzed by nitrogen adsorption in a
Micromeritics ASAP 2000 nitrogen adsorption apparatus. The samples measured were
degassed at 100 °C before the measurements. The surface area was determined by the
multipoint BET method using the adsorption data. Results are reported in Table 1.

Three different HEC molecules (noted Hi1, N1 and N7) and two HPMCs (named U2 and P1)
were selected. Beforehand, a precise characterization was performed (Table 2) by size
exclusion chromatography and near infra red spectroscopy analysis [1] and [2]. It allowed to

quantify the structure parameters, e.g. the weight-average molecular mass (M_w) , the content
of hydroxy ethyl groups, hydroxy propyl groups and methoxyl groups.
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Table 2: Molecular parameters of cellulose ethers.

Admixtures M, (Da) OC,.H,OH (%) OC;HcOH (%) OCH; (%)
HPMC U2 955 000 10.65 27.5
HPMC P1 175 000 19 27.5

HEC Hi1 175 000 48.5

HEC N1 175 000 56

HEC N7 1335 000 56

I11. Experimental methods of investigation
II1.1. Impact of CE on C;S dissolution

Conductometry is a powerful tool for monitoring the hydration kinetics [1], [2], [9] and [12].
The dissolution kinetics of C;S is monitored by conductometry, in dynamic nitrogen
environment to prevent carbonation. To avoid reaching the critical supersaturation with
respect to C-S-H and consequently its precipitation, the dissolution tests were performed with
a high liquid to solid ratio (L/S), equal to 5000 or 130 000 [13] and [14]. To exhibit the
mechanisms controlling the kinetics of C;S hydration in the presence of CE, we used an
experimental approach using conductivity measurement in diluted media previously
developed in [15]. Based on this methodology, delayed additions of water, C;S and C-S-H have
been performed to assess the effect of CE on the competition between C,S dissolution and C-
S-H nucleation.

III.2. Impact of CE on C-S-H nucleation

The quantity of C-S-H nuclei precipitated at the beginning of the C;S hydration appears as a
useful data to evaluate the impact of CE on the nucleation of C-S-H. By following the
evolution of silicate and calcium concentration versus the time of C;S hydration, the number
of initial nuclei of C-S-H is calculated using the gap of silicate concentration during the period
where the calcium concentration is still constant [16]. The determination of silicate and
calcium concentration was obtained using ionic chromatography. This was performed on a
Dionex apparatus composed of a GP50 pump, a CS12A column for cation analysis, a AS11HC
column for anions, a CD conductometric detector and an UV-visible detector. The analysis
conditions are given in [14].

II1.3. Impact of CE on C-S-H growth

The mechanism of C-S-H formation was previously elucidated by Garrault [16], [17] and [18].
It occurs via a nucleation-growth process.

= Formation of a continuous C-S-H layer
11
Change of C-S-H growth Portlandite
kinetic stage — precipitation

-
(=]

Growth of C-5-H limited by
diffusion

! «+—— Free growth of C-S-H

Conductivity (mS/cm)
[is]

Nucleation of C-S-H
Dissolution of C,S

0 500 1000 1500 2000 2500
Time (minutes)

Figure 1: Different steps of the C;S hydration process in limewater (L/S =160, P/S=2%,
[Ca(OH).] = 20 mM).
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Based on this theory, conductometry in various limewater concentrations appears as a
powerful tool to monitor the different kinetic stage of the C-S-H growth (Figure 1). In this
frame the duration changes of the kinetic period, limited by the free growth of C-S-H or by the
diffusion through the C-S-H shell around CsS grain, allow to highlight the impact of CE on the
growth rate of C-S-H perpendicular or parallel to C;S surface.

I11.4. Impact of CE on CH precipitation

The influence of CE on CH precipitation was examined by conductometry. Experiments were
performed in limewater suspension with a liquid to solid ratio (L/S) equal to 20, and a
polymer to solid (P/S) weight ratio of 2%. The experiments were thermostated at 25 °C and
carried out in triplicate. The initial CH precipitation was represented by an electrical
conductivity drop [1], [2], [19] and [20]. So, the impact of cellulose ethers on the beginning of
CH massive precipitation was determined using time of the conductivity drop as a global
kinetic benchmark of silicate phase hydration.

II1.5. Adsorption of CE on mineral phases

The protocol developed was based on the quantitative determination of CE by a phenol-
sulfuric acid method. The concept consists of determining the absorbance at 490 nm with a
UV-visible spectrophotometer [21]. We put in contact a given CE concentration with a well-
characterized mineral phase. After 2 h of exposure time under nitrogen atmosphere and
constant magnetic stirring, the suspension was centrifuged. Then, the CE concentration in the
supernatant was determined using the phenol-sulfuric acid method. The amount of polymer
adsorbed on the mineral phase was easily calculated from the initial well-known CE
concentration and the final CE concentration was measured in the supernatant by
spectroscopy.

The adsorption of CE on mineral phases was under “stable” conditions (for the hydrated
phases) or under “dynamic” conditions (for the anhydrous phases). Under stable conditions,
we assume that the hydrated pure phases were in quite stable equilibrium with the liquid
phase. In this sense, in order to limit as far as we can any solid dissolution, adsorption
experiments were performed with Ca(OH).-saturated solution previously ion-saturated in
respect of each mineral phase investigated. CE were always previously dissolved in the ion-
saturated solution prior to the adsorption measurement.

In contrast, under dynamic conditions the hydration process took place during the
experiments. The experiments under dynamic conditions lead only to qualitative and
comparative statement on CE adsorption. It allows a time-resolved monitoring of CE
adsorption during hydration, i.e. to follow the CE consumption over the hydration time. CE
degradation is considered as negligible during the exposure time [5] and [22]

V. Results
IV.1. CE adsorption behaviors under stable conditions

The results (Figure 2) exhibit that a variable amount of CE can be adsorbed on C-S-H
(between 0 mg g-* for P1, 9.4 mg g-* or 400 ug m-2 for H1) and CH (between 5.5 mgg-* or
365 ug m-2 for P1, 9.7mgg-* or 635 ug m-2 for H1). The order of magnitude obtained is
perfectly in accordance with CE adsorption on CH around 500 pug m-2 measured by Mueller
in [4]. We notice that this adsorption mainly depends of the CE-type. As a general rule, the
adsorption capacity on C-S-H and CH is higher for HECs (H1, N1 and N7) rather than for
HPMCs (U2 and P1). Moreover, in the same CE family, the adsorption is clearly sensitive to
the content of substitution groups. Actually, despite the fact that U2 and P1 are two HPMC
molecules, the adsorption behavior observed is very disparate. In particular, U2 and P1i,
varying only by the percentage of hydroxypropyl group variation, show that the lower the
content of hydroxypropyl group, the stronger the CE adsorption on C-S-H and CH. The
relative 1mpact on the adsorption capacity of the content of hydroxyethyl group is put in
evidence in the case of HECs. HEC molecules H1 and N1 (with varymg percentages of
hydroxyethyl group and identical molecular mass) lead to show again that the lower the
content of hydroxyethyl group, the stronger the CE adsorption on C-S-H and CH.
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Figure 2: CE adsorption on C-S-H and CH expressed in wt.% after a 2 hour-exposure time (initial
concentration of CE equal to 15 mg per g of pure mineral phase introduced, L/S = 20).
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Figure 3: CE adsorption isotherms on C-S-H after a 2 hour-exposure time (L/S = 20).

The polymer to mineral weight ratio was varied so as to establish adsorption isotherms.
Results on C-S-H and CH single phases were respectively reported in Figure 3 and Figure 4.
The data was satisfactorily fitted by means of a Langmuir law. The adsorption isotherms lead
to establish the relative affinity of the polymer for the mineral phase as well as the amount of
polymer adsorbed at the plateau value. Indeed, the higher the slope of the initial linear part of
the adsorption isotherm curve, the stronger the polymer relative affinity with the mineral
phase. The global tendency observed is a great impact of the CE chemical structure on the
relative affinity: the lower the content of hydroxyethyl group (case of HECs H1 and N1) or
hydroxypropyl group (case of HPMCs U2 and P1), the higher the relative affinity on C-S-H
and CH. Moreover, the relative affinity of CE is clearly higher on CH rather than on C-S-H.

IV.2. CE adsorption behaviors under dynamic conditions

Whatever the CE studied, the dynamic experiments showed that the CE adsorption on cement
phases increased with increasing hydration time (Figure 5). Furthermore, we perfectly
observed that the amount of CE introduced initially is totally consumed after several hours of
hydration (in the range 24—48 h).

During the first hour of hydration, we suggest that the C;S—water interface is slightly
modified, since the variation of specific surface and the amount of C-S-H precipitated is
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relatively small. Thus, even if the system is never in the thermodynamic equilibrium, we
perform “adsorption pseudo-isotherm” using the usual “stable conditions” methodology but
with a shorter exposure time (only 1 h). Regarding the standard deviation, the adsorption
pseudo-isotherm behavior observed on hydrated cement and hydrated C;S single phases
(Figure 6) is quite low compared to the amount of CE adsorbed on hydration products such as
C-S-H and CH (Figure 2). This result is correlated with the very low CE adsorption measured
during the first hour of cement hydration under dynamic conditions (Figure 5). These results
showed a possible but quite low adsorption capacity of CE on anhydrous phases.
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Figure 4: CE adsorption isotherms on CH after a 2 hour-exposure time (L/S = 20).
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Figure 5: CE consumption during cement hydration followed by conductometry (initial concentration
of CE equal to1g L, P/C = 2%, L/S = 20).

IV.3. Influence of CE on C;S dissolution: qualitative approach

When the C;S hydration occurs, a more or less important duration of the low activity period
(e.g. a conductivity plateau) can be observed as a function of the chemical nature of the CE
introduced (Figure 7 and Figure 8). According to the experimental results on Figure 7 and
Figure 8, it appears obvious that the C3S dissolution rate can be very low in the presence of
CE. Our investigations focused on the understanding of the duration change of the period
where the aqueous concentration remains quite constant in the presence of CE (Figure 8).
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Figure 6: CE adsorption on CsS and cement after a 1 hour-exposure time (initial concentration of CE

equal to 15 mg per g of anhydrous phase introduced initially, L/S = 20).
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Figure 7: Impact of HEC H1 on the duration of the conductivity plateau during CsS hydration in
limewater suspension (L/S = 20, P/S = 2%, [Ca(OH).] = 20 mM).
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At first, some water is added during the conductivity plateau of C;S hydration in water diluted
media admixed with the HEC named H1 (Figure 9).

C4S + 2% H1 with delayed

E addition of water
@ 3 —
E
= -
T 27 v !
3 | Reference: C;S + 2% H1
3 1 1 without water addition
s
(&)

0

0 10 20 30

Time (minutes)

Figure 9: Delayed addition of water during the conductivity plateau at the beginning of the C;S
hydration in water suspension with H1 (L/S = 70, P/S = 2%). The water delayed addition corresponds
to 30 wt.% of the amount of water initially introduced.

The water delayed addition is equal to 30 wt.% of the amount of water initially introduced. H1
was chosen since this molecule has the stronger C,;S hydration slowing down capacity (Figure
8). A rapid drop of conductivity is initially noticed owing to the dilution effect. Then, an
increase of conductivity is obvious due to the rise of C;S dissolution in order to compensate
the dilution effect induced by water addition. Finally, the conductivity attained the same value
observed just before water addition. Nevertheless, we can notice that a few minutes after the
delayed addition of water, a much lower conductivity value is observed compared with the
reference curve without water addition.

10 1

g -
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additlop of C-5-H

—,.:/ |
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oo
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Figure 10: Delayed addition of C-S-H during the conductivity plateau at the beginning of the C;S
hydration in limewater suspension with H1 (L/S =160, P/S = 2%). The C-S-H delayed addition
corresponds to 30 wt.% of the amount of CsS initially introduced.

This can be easily explained due to the change of liquid to solid ratio induced by the delayed
addition of water [15]. Therefore, we propose that C4S dissolution in the presence of CE is
certainly not directly blocked during the important duration of the low activity period. In fact,
the composition of the liquid phase during this period seems to be mainly limited by the
critical supersaturation level reached with respect to C-S-H (i.e. the composition of the
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aqueous phase corresponding to the conductivity plateau). As water addition do not modify
the critical supersaturation level attained with respect to C-S-H, the same limit of liquid phase
composition (i.e. the same conductivity value at the plateau) is observed after water addition.
In contrast, C-S-H addition decreases the critical supersaturation reached with respect to C-S-
H. The C-S-H delayed addition corresponds to 30 wt.% of the amount of C;S initially
introduced. During the hydration process, the critical supersaturation level with respect to a
hydrate decreases as precipitation creates more and more seeds. Consequently, by a seeding
effect, C-S-H addition induced a rapid drop of conductivity corresponding to a massive
precipitation of C-S-H from the calcium and silicate ions accumulated in the solution (Figure
10). Then, the conductivity increases and the period of limitation of the aqueous
concentration (i.e. the conductivity plateau) is not observed again.

8
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Figure 11: Delayed addition of C;S during the conductivity plateau at the beginning of the C;S
hydration in limewater suspension with Hi (L/S =40, P/S=2%). The C;S delayed addition
corresponds to 30 wt.% of the amount of CsS initially introduced

The last delayed addition experiments consist of C;S addition during the conductivity plateau.
The C,;S delayed addition corresponds to 30 wt.% of the amount of C,S initially introduced.
So, if C;S is added during the conductivity plateau in the presence of H1, a new conductivity
plateau is noticed but at a higher conductivity value (Figure 11).
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Figure 12: Impact of cellulose ethers on the C;S dissolution kinetics in water diluted media
(L/S = 5000, [CE] =1 g L).
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This process is repeated several times and a conductivity curve with several steps is finally
observed. The C;S addition leads to increase the critical supersaturation level reached with
respect to C-S-H. The rise of conductivity just after C;S addition shows that the C;S added is
dissolved.

Our results performed in CE admixed system are perfectly similar to the experiments of CsS,
C-S-H and water delayed addition previously carried out in non admixed system by Damidot
et al. [15]. Based on these data, we can suggest that C;S dissolution is certainly not directly
blocked by CE, but rather limited by the ionic composition of the liquid phase induced by CE.

IV.4. Influence of CE on C;S dissolution: quantitative approach

The kinetics of C;S dissolution in the presence of CE were examined. The precipitation of C-S-
H does not consume all the calcium and hydroxide ions released during the C;S dissolution.
Thus, neglecting the impact of the very low CE concentration on the electrical conductivity
(this assumption was successively verified), as long as the precipitation of CH was not started,
the electrical conductivity of the solution is directly proportional to the calcium concentration
[23]. Under very high diluted media (L./S higher than 100 000), we prefer to follow the
silicate concentration by ionic chromatography in order to calculate the C;S dissolution
advancement.

Firstly, the C;S dissolution kinetics experiments were conducted in very high water diluted
media (L/S = 5000), in argon environment, to avoid any precipitation (and in particular C-S-
H precipitation). Thus the C;S is quickly and totally dissolved, and the liquid phase never
reaches the critical supersaturation with respect to C-S-H. The impact of CE on C,S
dissolution kinetics (Figure 12) emphasizes that the admixtures do not appear to modify the
dissolution kinetics of C;S. The slopes of the curves (calculated by regression in origin)
corresponding to the initial dissolution rate are rigorously identical regardless of the chemical
nature of the CE introduced.
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Figure 13: Impact of cellulose ethers on the C,S dissolution kinetics in limewater diluted media
([Ca(OH).] = 10 mM, L/S = 130000, [CE] =19 L-1).

However, the calcium hydroxide concentration is a key parameter controlling the dissolution
kinetics of C;S. The huge role it plays on the rate of solid—liquid reactions by the gap from the
thermodynamic solubility equilibrium of dissolved solid is well-known [24]. Therefore, the
saturation index has a great impact on the mechanisms involved in kinetic dissolution: the
higher the undersaturation of a mineral, the faster its dissolution. Thus, in very high
limewater diluted media, the initial C;S dissolution rate strongly slows down rather than in
very high water diluted media. Based on this knowledge, some authors perfectly demonstrate
that some latexes exhibit a more or less C;S dissolution inhibition [25]. The monitoring of C5S
dissolution phenomena emphasizes insignificant influence of CE (Figure 13). As a matter of
fact, the slopes of the curves corresponding to the initial dissolution rate are similar
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regardless of the chemical nature of CE (2.3 + 0.15 wt.% min-*). We should also notice that
the polymer to Cs;S ratio is very high (around 130). Thus, if the CE can inhibit C;S dissolution
in the case of a polymer to CsS ratio equal to 2% (the ratio where we observe a very important
duration of the low activity period!), a strong effect should be observed with a polymer to C;S
ratio equal to 130. By way of conclusion, the results obtained indicate a quite low impact of CE
on Cs;S dissolution kinetics as a global tendency.
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Figure 14: Impact of CE on the C;S hydration behavior monitored by conductometry measurement in
limewater suspension under argon atmosphere (L/S = 20, P/S = 2%, [Ca(OH).] = 20 mM).

IV.5. CE action on C-S-H and CH precipitation

Conductivity measurement of cement and C;S admixed suspensions were successively
performed (Figures 14 and 15). We observed, whatever the C3S or cement hydration, a CE-
type impact on the hydration kinetic with a gradual delay in the following order: from the
highest slowing down induced by H1, to the lowest slowing down induced by P1.

14
Pl NIy - NI HI
E
3 -
£
2
>
-
Q
3
b~
s
=]
(&)
N1 H1
6 T -y - -
0 300 600 900 1200

Time (minutes)

Figure 15: Impact of CE on the cement hydration behavior monitored by conductometry

measurement in limewater suspension under argon atmosphere (L/S =20, P/S=2%,
[Ca(OH).] = 20 mM).

Moreover, the conductivity experiments exhibit clearly that CE can cause a more or less
important conductivity plateau at the beginning of the C3S hydration (Figure 14). It means
that CE act during the period of C;S hydration when the competition between the C;S rate of
dissolution and the C-S-H rate of precipitation occurs.
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IV.6. Impact of CE on C-S-H nucleation

Results reported in (Figure 16) show that CE leads to decrease the initial amount of C-S-H
seeds. Thus, CE seems to slow down the heterogeneous nucleation of C-S-H on the surface of
C5S grains. The kinetics initial stage of C3;S hydration may be explained by only considering
the nucleation and growth of clusters of C-S-H on the C;S surface [17]. In this sense, the
decrease of the quantity of C-S-H nucleating during the beginning of C;S hydration can
strongly contribute to the increase of the duration of the conductivity plateau in the presence
of CE. This assumption appears coherent with the results described in this paper since we
notice that the higher the inhibition capacity of C-S-H nucleation, the longer the duration of
the low activity period (i.e. the conductivity plateau).
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Figure 16: Impact of CE on the amount of initial nuclei of C-S-H precipitated after 30 min of C;S
hydration (L/S = 100, P/S = 2%, [Ca(OH).] = 20 mM, volume of 100 mL).

IV.7. Impact of CE on C-S-H growth

The proposed approach consists of monitoring the duration changes of the kinetic period
limited by the free growth of C-S-H or by the diffusion through the C-S-H shell around the C;S
grain. In this frame, we used the time of change of C-S-H growth kinetic stage (easily
determined on the conductometric curves — see Figure 1) as a useful benchmark to highlight
the impact of CE on the growth rate of C-S-H [26] and [27].

The CsS hydration in a 20 mM limewater media was firstly examined. All CE show the same
behavior (whatever the concentration of limewater), even if the tendencies were always
exacerbated for the molecule H1. That is why, only the results for H1 are reported in (Figure
17 and Figure 18). The higher the amount of CE introduced, the higher the retardation of CH
precipitation, and in the same time the higher the conductivity value reached when CH
massive precipitation begins (i.e. the higher the critical supersaturation reached with respect
to CH). Moreover, common behaviors on C-S-H growth process are observed:

% The higher the amount of CE added, the higher the conductivity value when the change
of C-S-H growth kinetic stage occurs (i.e. the higher the thickness of the C-S-H layer at
the time corresponding to the formation of a C-S-H shell around the C;S grain).

% The change of C-S-H growth kinetic stage is delayed when the amount of CE increases.
Thus, in the presence of CE, we emphasize that, the duration of the kinetic period
limited by the free growth of C-S-H increases, and the C;S hydration time when the
kinetic period limited by the diffusion through the C-S-H shell around the C;S grain is
delayed.

12
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Figure 17: Conductometric curves of C;S hydration admixed with various amount of H1 (L/S = 100,
[Ca(OH).] = 20 mM).
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Figure 18: Characteristics of the C-S-H growth kinetic stage (conductivity increase at the change of C-
S-H growth kinetic stage, and hydration duration to attain the change of C-S-H growth kinetic stage)
during CsS hydration admixed with various amount of H1 (L/S = 100, [Ca(OH).] = 20 mM).

However, concentration of limewater is a well-known parameter which plays a major role on
the rates of C-S-H growth [26] and [27]. As a result, in order to evaluate the possible action of
CE on the C-S-H growth rates, we also examine the case of C;S hydration in a 15 mM
limewater media. As discussed above, only the results for H1 are reported in (Figure 19 and
Figure 20). In this specific hydration conditions, CE accelerate the beginning of CH massive
precipitation (i.e. the higher the amount of CE, the earlier the CH massive precipitation
begins). We emphasized also that the higher the amount of CE, the higher the critical
supersaturation with respect to CH massive precipitation. Finally, specific impacts of CE on
the C-S-H growth were noticed:

% CE delay the formation of a continuous C-S-H layer around the C;S grain because the
time of change of C-S-H growth kinetic stage that appears much later as the amount of
CE introduced is important.

% CE increase the conductivity value reached when the change of C-S-H growth kinetic
stage occurs.
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% CE can modify the permeability of the C-S-H shell around the C;S grain, since the
duration of the C-S-H growth kinetic stage limited by the diffusion of ionic species
through the C-S-H layer decreases and the slope of the conductivity curve during this
period increases.
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Figure 19: Conductometric curves of CsS hydration admixed with various amount of H1 (L/S = 100,
[Ca(OH).] = 20 mM).
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Figure 20: Characteristics of the C-S-H growth kinetic stage (conductivity increase at the change of
C-S-H growth kinetic stage, and hydration duration to attain the change of C-S-H growth kinetic
stage) during CsS hydration admixed with various amount of H1 (L/S = 100, [Ca(OH).] = 15 mM).

To sum up, whatever the limewater media, results highlight a same global effect of CE on the
C-S-H growth process. At first, the formation of the C-S-H shell around C;S grain is delayed in
the presence of CE. Moreover, when the continuous C-S-H layer appears, the C-S-H layer
seems to be a thicker and more permeable and porous barrier compared to the C-S-H shell
formation in the case of non admixed C;S hydration (Figure 21).

V. Discussion

We highlighted that CE is totally consumed after several hours of cement hydration (Figure
5). Two different mechanisms can explain this CE consumption over the hydration time: the
steadily increasing of the surface area (due to the continuous precipitation of hydration
products) accessible to CE adsorption, and/or the incorporation as an inclusion during the
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growth process of the CE-molecule adsorbed on the surface of a growing hydrate. Moreover,
CE has a strong affinity for aluminate phases [9]. As a result, we must bear in mind that data
on cement hydration don't reflect only the C,;S-CE interactions.
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Figure 21: Schematic overview of the cellulose ether impact of the thickness and permeability of the C-
S-H shell during C,S hydration.

Comparing the adsorption behavior (Figure 2) and the hydration delay on CH massive
precipitation induced by each CE-molecules (Figure 14), it appears that the longer the
conductivity plateau at the beginning of the admixed C;S hydration, the higher the amount of
CE adsorbed on pure C-S-H phase. For example, the molecule named P1, which is not
adsorbed on C-S-H, exhibits a similar kinetic hydration behavior to the reference. On the
contrary, the molecule named H1, with a huge adsorption capacity of 62 wt.% on C-S-H,
induces a very important conductivity plateau around an 800 minute duration. As a result, we
propose that the influence observed on the C-S-H precipitation rate mainly depends on the
adsorption capacity of CE on C-S-H. More generally, we notice that the higher the CE
adsorption capacity on C-S-H and CH (Figure 2), the stronger the retardation on silicate
hydration (Figures 14 and 15).

Moreover, the results of CE impact on C-S-H growth let us think that CE could retard the
formation of a C-S-H shell around the C;S grain. Several explanations may be proposed to
explain this behavior: (i) an inhibition of C-S-H nucleation, (ii) a slowing down of the growth
rate of C-S-H parallel to C;S surface with no significant change of the growth rate of C-S-H
perpendicular to C,S surface, (iii) a slowing down of both the growth rate of C-S-H parallel
and perpendicular to C;S surface. All things considered, it seems that CE could modify the
balance between the rates of C-S-H growth parallel or perpendicular to C;S surface. More
precisely, it seems that CE could act preferentially in order to decrease the C-S-H growth
parallel to C;S surface. Consequently, if we consider that the C-S-H growth proceeds by
agglomeration of nanometric thin elements [16], [17] and [18], we propose that the CE
adsorption on C-S-H modifies the mode of the C-S-H particle agglomeration, and then the
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thickness and porous structure of the C-S-H shell. This influence of CE on the characteristics
of the C-S-H shell can be quite similar of the impact yet observed by other authors when a
change of lime concentration [16], [17] and [18] or temperature [28] occurs.

The influence of CE on CH massive precipitation seems also very sensitive to the limewater
concentration (Figure.17 and Figure.19). We assume that CE could modify the porous
structure of the C-S-H layer as well as the kinetic characteristics of C-S-H nucleation-growth.
These changes induce contrary effects on the beginning of CH massive precipitation. In the
case of a 20 mM Ca(OH), hydration, the impact of CE on the inhibition of C-S-H nucleation is
more important than the changes of the C-S-H shell. As a result, CE delay CH massive
precipitation under these conditions. In the case of a 15 mM Ca(OH), hydration, the influence
of CE on the increase of the C-S-H layer permeability is more important than the inhibition of
C-S-H nucleation. As a result, CE accelerate CH massive precipitation under these conditions.

V1. Conclusions
VI.1. New insight into CE adsorption behavior on silicate phases

CE emphasize a phase-specific adsorption behavior with a degree of substitution dependence.
We observed a high CE adsorption capacity on hydrated phases such as C-S-H and CH, and a
weak CE adsorption capacity on anhydrous phases such as C;S. Moreover, the global tendency
observed highlights a significant impact of the CE chemical structure on the CE adsorption
capacity. The degree of substitution plays a major role on the CE adsorption compared to the
molecular mass. We noticed that the lower the content of hydroxyethyl groups or
hydroxypropyl groups, the stronger the relative affinity on C-S-H and CH. Furthermore,
thanks to a time-resolved monitoring of CE consumption during cement hydration, we also
demonstrate that CE can be totally consumed after several hours of cement hydration in
diluted media. Finally, the relation between CE adsorption and retardation is quite obvious:
high (respectively moderate) and specific adsorption on C-S-H/CH and a great (respectively
moderate) impact on C-S-H/CH precipitation kinetics, no significant adsorption on C;S and
no direct effect on C;S dissolution kinetics.

VI.2. New insight into CE impact on C3S hydration

All signs point to exhibit that the influence of CE on C;S dissolution kinetic is quite low. On
the contrary, CE lead to strongly act on the C-S-H precipitation by means of: a decrease of the
amount of initial C-S-H seeds, a delay in order to obtain a C-S-H shell around the C;S grain,
and a formation of a thicker and more permeable C-S-H layer. Moreover, a rise of the critical
supersaturation level reached to begin the CH massive precipitation is clearly noticed in the
presence of CE. When the hydration conditions are favorable to a slow C-S-H nucleation stage
and a short duration of the C-S-H growth kinetic stage limited by the diffusion of ionic species
through the C-S-H shell (i.e. very high limewater media corresponding to quite similar
hydration conditions regardless a cement paste), CE retard the CH massive precipitation. On
the contrary, when the hydration conditions are favorable to a fast C-S-H nucleation stage and
an important duration of the C-S-H growth kinetic stage limited by the diffusion of ionic
species through the C-S-H shell (i.e. very low limewater media), CE accelerate the CH massive
precipitation.
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