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ARTICLE INFO ABSTRACT

Keywords: A novel internal conditioning (InCon) technique based on saturated sodium montmorillonite (sMT) functional-
Internal conditioning ized with two non-ionic surfactants, polyoxyethylene (9) nonylphenylether and t-octyl phenoxy poly ethox-
Montmorillonite

yethanol, is investigated in this study. With the integration of water for internal curing and pozzolanic reactivity
in a single system, the role of InCon in modifying cement hydration kinetics is comprehensively elucidated. The
results indicate that, in the presence of InCon, both silicate reaction and secondary aluminate reaction rates are
enhanced, and the apparent activation energy (Ea) of cement hydration was decreased from 34.3 KJ/mol to 28.7
KJ/mol indicating a lower temperature sensitivity and threshold of the cement hydration reactions. In addition,
decreased CH contents, improved degree of hydration, increased chemical shrinkage, and the formation of
additional C—S—H and aluminum-containing phases were obtained from the cement with InCon. The autoge-
nous shrinkage of cement and the negative impact of dry sMT on the early age strength of cement can be offset by

Hydration kinetics
Activation energy
Phase evolution
Property development

InCon paving a new path to improve the overall properties of concrete.

1. Introduction

Cement hydration involves a series of chemical reactions between
water, clinker components (i.e., alite (C3S), belite (C3S), aluminate
(C3A), and ferrite (C2(A, F) phases) and calcium sulfate, spanning mul-
tiple time and length scales. As the cement hydration proceeds, the re-
action products are packed closely to form densified structures
contributing to setting and hardening [1,2]. In this critical process,
water availability and space accessibility for hydration products domi-
nate the maximum attainable degree of hydration (DOH) of cement [3].
In the presence of a high water-to-cement (w/c) ratio, a high DOH can be
easily reached, while more crystalline portlandite can be produced,
which exhibits a preferential direction of fracture and provides space for
potential crack propagation attributing to the reduction of strength.
Therefore, a low w/c ratio is typically preferred to obtain high strength
with a homogenous dispersion of calcium-bearing calcium silicate hy-
drates (C—S—H). In addition, a lower w/c ratio would result in a lower
and less continuous porosity retarding the internal transport and
decreasing penetration of external deleterious ions, such as chloride,
sulfate, alkalis, etc. [4], thereby improving the resistance of concrete
against a variety of degradation mechanisms. However, in the presence

of low w/c ratios, the DOH and hydration products decrease [5]. It was
reported that the internal relative humidity (RH) threshold for trig-
gering the cement hydration reactions is at least 80 % [6], as the alite
normally stops hydration at a lower RH [7]. When the w/c ratio is lower
than 0.36, which is especially the cases of high strength or ultra-high
performance concrete, the spare space is not enough for the contin-
uous production growth, and extra water from an external source is
required to achieve the complete cement hydration with a mediate w/c
ratio value between 0.36 and 0.42 [8]. How to maximize the DOH to
take full advantage of cement in concrete at a low w/c ratio to enhance
strength and durability [9] and to address the challenges of shrinkage
and cracking [10] in a single system has been a critical challenge that
remains for many years.

Different from the conventional external curing in which insufficient
water can be readily penetrated into concrete [11,12], internal curing
shows promising potential to address the aforementioned challenges.
The basic concept of internal curing is carrying and gradually releasing
extra water triggered by distributed reservoirs in concrete with an
ignorable impact on the initial w/c ratio [13]. By pre-soaking (or pre-
saturating) the reservoir agents, a more even and efficient distribution
of water within the matrix of concrete can be achieved, which makes the
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Table 1
Chemical and mineralogical compositions of the cementing materials.
Comp. CaO SiO, Al,03 SO3 Fe,03 MgO SrO K,0 Na,O TiO4 ZnO Cl Compton Rayleigh
sMT 0.95 62.0 17.2 0.20 6.52 7.35 0.04 0.072 5.03 0.23 0.03 0.19 0.86 1.03
Cement 62.7 20.1 4.8 3.5 3.2 3.4 Equivalent alkali CsS CoS C3A C4AF LS
0.6 ; 7 7_ 10 1.2

Note: Equivalent alkali: Na;O + 0.658K50; C3S: tricalcium silicate; C,S: dicalcium silicate; C3A: tricalcium aluminate; C4AF: tetra-calcium aluminoferrite; LS: lime-

stone; CaCOs in LS: 92.0 %.

curing efficiency outperform conventional external curing. A variety of
materials, such as lightweight aggregates (LWA) [14], crushed returned
concrete fines [15], superabsorbent polymers [16], fly ash cenospheres
[17], zeolite [18], rice husk ash[19], and wood pulp fibers [20], have
been investigated as reservoirs in internally cured concrete. However,
side effects of conventional internal curing have been reported. The
highly porous structure and poor mechanical properties of the nonre-
active or low reactive agents were found to detrimentally impact the
strength [21], durability [22], and elastic modulus [23] of concrete.
Montmorillonite (MT) is the primary component of naturally abun-
dant sludges and bentonite with a 2:1 sandwiched layered structure
consisting of two stacked tetrahedral silicate sheets and an octahedral
aluminate sheet in-between. As a representative of supplementary
cementitious materials (SCMs), MT is rich in amorphous aluminate and
silicate with a high specific surface area [24,25] thereby possessing high
pozzolanic reactivity, but it typically shows intermediate reactivity
compared to kaolinite after either thermal [26] or mechanochemical
activation [27]. The pozzolanic reaction between MT and calcium hy-
droxide (CH) produced by cement hydration leads to the formation of
additional C—S—H or aluminum-bearing C—S—H (C-A—S—H), which
is mostly responsible for the strength gain of concretes [13,28]. As a
result, enhanced cement hydration, densified microstructure, lower
permeability, higher mechanical strength, and increased durability of
concrete could be obtained by partially substituting cement with MT
[29-31]. However, the poor dispersion of MT nanoparticles in the
cement matrix due to their high agglomeration in the ionic environment
was identified as the main issue impeding its bulk substitution in the
cement industry with a limited optimal substitution level (1 %-3% by
mass) [32]. Both the pozzolanic reactivity of the MT and the perfor-
mance of concrete would be negatively impacted at higher substitution
levels [26,30]. Recently, the exchangeable cations (i.e., sodium, potas-
sium, calcium, and magnesium) in the interlayer spaces of MT that can
counterbalance the negative charge caused by the partial replacement of
Si*t by AI®T in tetrahedral sheets [33] were exploited to fabricate
desirable surfactant functionalized MT with better dispersion and higher
pozzolanic reactivity in the cement matrixes [34-36]. In the authors’
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previous study, functionalization and property characterization of so-
dium MT (sMT) were investigated and the potential of the functionalized
sMT as an agent for internal curing of concrete has been experimentally
explored. Although the improved dispersion, pozzolanic reactivity, as
well as the unique water uptake capacity (WUC) and release behavior of
the functionalized sMT [37] are promising, its role in enhancing cement
hydration has not been elucidated.

In light of the promising properties of the functionalized sMT, the
present study aims to develop a novel internal conditioning (InCon)
technique to combine the benefits of internal curing and pozzolanicity in
a single system based on functionalized sMT by two non-ionic surfac-
tants, i.e., polyoxyethylene (9) nonylphenylether (PONPE9) and t-octyl
phenoxy poly ethoxyethanol (TX100). The kinetics and apparent acti-
vation energy (E,) of the hydration of cement composites containing the
functionalized sMT-based InCon were explored based on the heat of
hydration via isothermal calorimetry at varying temperatures coupling
with the Arrhenius theory. To obtain a comprehensive understanding of
phase evolution in the internally conditioned cement systems, the hy-
dration products were characterized and quantified using thermogra-
vimetric analysis (TGA), X-ray diffraction analysis (XRD), attenuated
total reflectance-Fourier transform infrared (ATR-FTIR), Raman spec-
troscopy, as well as microstructure analysis via field emission scanning
electron microscopy (FE-SEM). Property development of the cement
composites including chemical shrinkage, autogenous shrinkage, and
compressive strength were also monitored. The results of this study are
expected to provide elucidation on the influence of the novel InCon on
the hydration behavior of cement and pave a path for its applications in
high-performance concrete.

2. Materials and methods
2.1. Materials

Type I/1I ordinary Portland cement (ASTM C150 [38]) produced by
Quikrete and fine sMT powders (Sigma-Aldrich) were used as the

cementitious raw materials in this study. Table 1 shows the chemical
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Fig. 1. Particle size distributions of the cement, raw and functionalized sMTs: (a) relative frequency and (b) volume of the particles smaller than a specific diameter.
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Fig. 2. Chemical structures of (a) SMT, (b) PONPE9 and (c) TX100.

Intercalation

>

of surfactants

Fig. 3. Schematic diagram for the structure change of sSMT due to the intercalation of the surfactants.

compositions of the cement and sMT, where it can be seen that the sil-
icate and aluminate phases (SiOz + Al,O3) occupy>79 wt% in sMT.
Fig. 1 presents particle size distributions (PSD) of cement and sMT
measured by laser diffraction. The cement and sMT possess median
particle sizes of 12.2 pm and 15.7 pm, respectively. According to the
manufacturer, the relative density and molecular weight of the sMT are
2.4 g/cm® and 180.1 g/mol, respectively. Based on the Methylene blue
test per ASTM C837 [39], the cation exchange capacity (CEC) of sMT
was determined as 116.48 meq/100 g. In this study, the as-received sMT
was organically functionalized by two chemically pure non-ionic
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surfactants, PONPE9 and TX100 (Sigma-Aldrich), with an average molar
mass of 660 g/mol and 647 g/mol, respectively. Fig. 2a, 2b, and 2c
present the schematic molecular structures of sMT and the two non-ionic
surfactants.

The ion-exchange method [40], which is controlled by nanoscale
chemical-mechanical coupling [41], was employed to organically
functionalize sMT by mixing sMT particles with PONPE9 or TX100 in
deionized (DI) water at 25 C. 100 g of sMT, and the specific amount of
surfactant (either PONPE9 or TX100) at 0.2 CEC or 0.6 CEC were
magnetically stirred in 1 L DI water at 500 rpm for 30 min, followed by

50 T 250

IS
=)
o

F200

(o8]

S
|
a

Al+Si release (mmol/100 g sMT)
Normalized CH consumption (g/100 g sMT)

150
(@)
20 o o
O
100
104 [m]
o O Al+Si release
O Normalized CH consumption
0 50
S“A‘ Q,Q.N\" Q,gv\"

B
o oM
e @?0“?6 O T

Q

Fig. 4. (a) Basal spacing and normalized water uptake capacity; (b) released “Al + Si” and normalized CH consumption of the raw and functionalized sMTs.
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Table 2
Compositions of cement mixtures.
Index Content w/b
@
Cement sMT  Mixing InCon Sand
Water water
PC 100 0 40 0 100 0.40
DsMT 97 3 40 0 100 0.40
SsMT 97 3 40 0.417 100 0.40
0.2PONPEO9- 97 3 40 0.842 100 0.40
SsMT
0.6PONPE9S- 97 3 40 1.251 100 0.40
SsMT
0.2TX100- 97 3 40 0.784 100 0.40
SsMT
0.6TX100- 97 3 40 1.422 100 0.40
SsMT

centrifugation at 1400 rpm for 15 min to separate the functionalized
sMTs from the suspension. After a 24-h oven drying at 70 °C, the func-
tionalized sMTs were grounded with a planetary ball mill at 900 rpm for
2 h, followed by a sieving process to obtain ultra-fine particles smaller
than 40 ym. As shown in Fig. 1, after ball milling, the median particle
sizes of the finctionalized sMTs are within a range of 11.3-12.8 pm,
which is slightly lower than that of the raw sMT. More details of the
functionalization process can be found in the author’s previous work
[37]. A schematic diagram of the layered sMT clay structures before and
after the functionalization is presented in Fig. 3. The concentrations of
the surfactants employed in this study are equivalent to 0.2 or 0.6 CEC of
sMT, and the functionalized clay was expressed as “xy-sMT”, where x is
the equivalent loading of the surfactants with respect to the CEC and y is
the names of the surfactants. For example, 0.2PONPE9-sMT means the
sMT functionalized by PONPE9 at a dosage of 15.38 g/100 g sMT, which
is equivalent to 0.2 CEC of the raw sMT.

Fig. 4 summarizes the properties of SMT before and after the func-
tionalization with the two surfactants. As shown in Fig. 4a, after func-
tionalization, the basal spacing of sMT was increased from 1.52 nm up to
1.90 nm, varying with different surfactants and dosages. Herein, sig-
nificant improvements in WUC of sMT from 13.92 % to 47.42 %
(0.6TX100-sMT) were also obtained. As a result, the pozzolanic reac-
tivity of sMT was also improved after functionalization. As shown in
Fig. 4b, the Al + Si dissolved from the clay particles into a simulated
concrete pore solution was increased from 10.13 mmol/100 g sMT to a
maximum value of 44.93 mmol/100 g sMT. As a result, the CH con-
sumption capacity was raised from 68.21 g/100 g sMT to 217.5 g/100 g
sMT (0.6PONPE9-sMT). A more comprehensive insight and discussion
can be found in the authors’ previous study [37].

2.2. Sample preparation

The mix design for the cement blends is summarized in Table 2. In
this study, 7 groups in total, including neat Portland cement (PC) as a
control group, a cement-dry sMT blend (DsMT), a cement-saturated sMT
blend (SsMT), and four cement blends containing saturated sMT func-
tionalized by PEG-10 and TX-100 at 0.2 and 0.6 CEC (0.2PONPE9-SsMT,
0.6PONPE9-SsMT, 0.2TX100-SsMT, 0.2TX100-SsMT), were prepared.
The water-to-binder (w/b) ratio and cement replacement level were
fixed at 0.40 and 3 wt%, respectively. The weight of the surfactants was
taken into account to ensure that all the binary cement blends have the
same amount of SMT (see Table 2). The saturated raw and functionalized
sMTs were prepared according to their WUC as shown in Fig. 4a.

The cement and cement-sMT pastes were mixed in a vacuum mixer at
500 rpm for 3 min to obtain homogenous mixtures and avoid air bub-
bles, and then sealed in plastic containers at 23 + 2 °C. At each testing
age for TGA, XRD, ATR-FTIR, and Raman spectroscopy analysis, the
paste samples were ground into fine powders, and then the cement
hydration was stopped by solvent exchanging with alcohol for 24 h.
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After 90 days, SEM analysis was conducted on thin disks cut from the
hydrated samples. Mortar samples based on the same proportioning
shown in Table 2 with a binder-to-sand ratio of 1.0 were prepared for
compressive strength evolutions. The cement pastes were mixed with
gradually added sand in a mechanical mortar mixer at 60 rpm for 2 min,
followed by a 1-minute rest, and another 3 min of faster mixing at 120
rpm. Then, three 25 mm by 25 mm by 25 mm cubic samples were cast
for each group per each testing age. After 24 h of covering with a plastic
sheet, the specimens were demolded and cured in saturated CH solution
at 23 + 2 °C until testing.

2.3. Experimental methods

2.3.1. Isothermal calorimetry

To understand the influence of InCon on the hydration kinetics of
cement, the heat flow and cumulative heat release of the cement pastes
during the first 50 h were measured with an I-Cal 2000 HPC high pre-
cision isothermal calorimeter at temperatures of 25 °C, 40 °C, and 55 °C.
Before mixing, the raw materials for each measurement, i.e., cement,
raw or the functionalized sMTs (in dry or pre-saturated condition) and
mixing water, were conditioned in the calorimeter chambers at the
target temperatures for 24 h. After the temperature of the raw materials
was stabilized, 50 g pastes with a w/b ratio of 0.40 were mixed homo-
geneously by hand in an oven at the same target temperatures. Imme-
diately after being well-mixed, the paste samples were sealed in plastic
containers and placed in the calorimeter chambers for data collection.
The entire mixing and sample placing process was completed within 1
min to minimize the potential influence on the hydration heat evolution.
At the elevated temperatures, a slight descending trend was detected
from the heat flow curves, which might be due to the water evaporation
from the sealed plastic vials. It was reported that the heat loss due to
water evaporation is independent of the mixture compositions and
nearly the same as the case when the plastic vial was filled with pure
water [42]. In this study, the measured heat evolution induced by water
evaporation was considered to correct the heat evolution at elevated
temperatures.

Based on the isothermal calorimetry data, a modified ASTM C1074
[43] approach was adapted to calculate E; (KJ/mol), in which the cu-
mulative heat release curves were fitted using the three-parameter
model given in Eq. (1).

H(t) = H, o exp|—(t/1)'] m

where H(t) is the cumulative heat release at time t, and H(u), t, and f§ are
the ultimate cumulative heat release, heat release time parameter
(hours), and heat release rate constant, respectively.

Then, the Arrhenius theory was followed to plot the linear fitting of
In(z) versus 1/T, see Eq. (2). Eq was calculated by multiplying the slope
of the best-fit line and the R-value.

In[t] = (E,/R) ® (1/T) 4 InA 2

where R is the natural gas constant (8.314 J/mol/K), T is temperature
(K) and A is the pre-exponential factor.

2.3.2. Thermogravimetric analysis

TGA was carried out on 20-40 mg of ground powders of the paste
samples after 7, 28, and 90 days using a Perkin Elmer TGA 4000 ther-
mogravimetric analyzer from ~ 30 °C to ~ 800 °C at a heating rate of
15 °C/min under inert Ny gas environment. The content of CH was
determined from the weight loss between 400 °C and 570 °C and the CH
converted from the detected calcium carbonate (CC), which is due to the
carbonation of CH in the samples during processing (see Eq. (3)). The
content of CC was determined based on the weight drop between
~590 °C and ~770 °C by excluding the limestone (LS) content in the
cement as shown in Eq. (4). It should be noted that the temperature
boundaries of CH and CC might slightly vary for specific samples, i.e.,
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Fig. 5. (a) Normalized heat flow and (b) normalized heat release at 25 °C.

the temperatures are not fixed at the values shown in Eq. (3) and Eq. (4).
Instead, a tangent method [44] was applied to determine the tempera-
ture ranges based on the TGA and differential thermogravimetric anal-
ysis (DTG) curves.

Wigo — Wsm} (MCH) (MCH>
CH=|——|e|—|+CCeo | —
|: W510 MHZO MCC

= 041 [(W400 - W510)/W510] + 074CC (3)
CC = [(Wst)o - W77U)/W770] o (MCC/MC()Z) —fcoLS
=2.27[(Wso0 — W170)/Wrz0] — fc ® LS “4)

where W, is the mass at temperature n °C, and M, is the molar mass of
each component (i.e., CH, H»0, CC, and CO5).

As shown in Eq. (5), the content of the chemically bound (non-
evaporable) water (Wp) in the cement systems was determined by
summing the water loss in the dihydroxylation of CH as determined in
Eq. (3) and that due to the dehydration of C—S—H, ettringite (AFt),
stratlingite, and calcium monosulfoaluminate (AFm) in between 120
and 400 °C.

Wp = Ldh + Ldx = Ldh + 0.243CH 5)
where Ldh and Ldx represent the mass loss during the dehydration and
dehydroxylation stages, respectively.

A modified Bhatty method [45] was employed to calculate the DOH
of cement by normalizing Wp with the mass fraction of cement in the
blends (f;) and the ultimate chemically bound water per gram of fully
hydrated cement (0.25 g/g) [46,47]:

DOH = Wy/(0.25 o fc) (6)
2.3.3. X-ray diffraction analysis

XRD patterns of the ground cement paste powders after 7, 28, and 90
days of hydration were captured by an AXRD powder X-ray diffrac-
tometer equipped with a CuKa source (1 = 1.54 A) at 30 kV and 20 mA.
The scanning was performed in stepwise mode between 15° and 65°
with a step size of 0.02° (26) and a scanning time of 5 s per step.
XRDWIN®PD combined with the Crystallography Open Database (COD)
[48] was used for peak fitting and phase identification. In the Rietveld
refinement analysis, the background was fitted by 7th order of Cheby-
shev polynomial and then subtracted from the original data, followed by
quantification based on the Voigt model. The unhydrated alite and belite
were quantified and compared with the DOH of cement determined by
TGA.

2.3.4. Chemical shrinkage

The chemical shrinkage of the cement pastes was determined by
following ASTM C1608 (2017) [49], with two repetitions at a temper-
ature of 23 + 2 °C. The cement pastes were prepared by mixing the raw
materials listed in Table 1 in a vacuum mixer at 500 rpm for 3 min to
ensure homogenous mixtures with no air bubbles. About 10 g of fresh
pastes were cast in a 50-mL plastic cylindrical container to reach a
thickness of about 10 mm. DI water was slowly added to fill the rest of
the container. Rubber stoppers equipped with graduated capillary pipets
with a resolution of 0.01 mL were applied to seal the vials and the air
bubbles were completely removed when assembling the rubber stop-
pers. One drop of paraffin oil was added to the top of the water in the
graduated capillary pipets to stop the water evaporation. During the first
4 h, chemical shrinkage was recorded every 30 min, and then every 1 h
up to 8 h, followed by once a day for up to 30 days.

2.3.5. ATR-FTIR and Raman spectroscopy

ATR-FTIR spectra in the range of 4000 ~ 400 cm ™! were collected for
all the ground cement pastes after 7, 28, and 90 days using a Thermo
Fisher Scientific Nicolet iS10 FTIR spectrometer by pressing the powders
to the ATR diamond to interact with the IR light based on the co-addition
of 32 scans with a resolution of 4 cm ™.

After 7 and 90 days of hydration, Raman spectra were recorded by
loading the grounded cement powders after compacting them onto a
glass slide using a Horiba LabRam HR Evolution Raman spectrometer
with a 532 nm excitation laser source and 2.8 mW laser power. The
scanning was conducted under a 50 x objective lens in the range of 200
cm™! to 1700 em ™! with a resolution of 0.5 cm™! and an acquisition time
of 60 s with 2 accumulations. The background of the as-received data
was removed using LabSpec 6 Spectroscopy Suite, and the peaks were
fitted with the Gaussian function.

2.3.6. Compressive strength

ASTM C109 [50] was followed to determine the compressive
strength of the mortars on a CONTROLS automatic concrete compres-
sion machine at a loading rate of 900 N/s. The strength tests were per-
formed after 1, 7, and 90 days on the cubic mortar specimens with three
repetitions, the average of which was used as the representative
strength.

2.3.7. Microstructure analysis

The microstructure analysis of the hydration products of selected
cement pastes after 90 days of hydration was performed on polished
cutting surfaces using a JEOL JSM 7401F FE-SEM under an accelerating
voltage of 10.0 kV.



D. Luo and J. Wei

25

SsMT
—— 0.2PONPE9-SsMT
—— 0.6PONPE9-SsMT
——0.2TX100-SsMT

0.6TX100-SsMT

204

Corrected heat flow (mW/g cement)

Time (h)

350

300

250

200

150

100 4

50

Corrected cumulative heat (J/g cement)

Time (h)

Construction and Building Materials 385 (2023) 131223

25

—PC

DsMT

SsMT

—— 0.2PONPE9-SsMT|

——— 0.6PONPE9-SsMT|

——0.2TX100-SsMT
0.6TX100-SsMT

20 4

Corrected heat flow (mW/g cement)

350

300

250 4

200

150

100 4

50

Corrected cumulative heat (J/g cement)

Time (h)

Fig. 6. Corrected heat flow at (a) 40 °C, (b) 55 °C, and corrected cumulative heat release at (c) 40 °C, (d) 55 °C.

3. Results
3.1. Isothermal calorimetry

The measured heat flow and cumulative heat release of neat PC,
binary cement blends containing dry/pre-saturated raw and function-
alized sMTs normalized by the mass fraction of cement at 25 °C are
shown in Fig. 5a and 5b, respectively. From the heat flow curves in
Fig. 5a, the five typical stages, namely the pre-induction stage due to the
rapid hydration of C3A occurring immediately after contacting with
water (during the first 0.1 h), the induction stage with the minimal
hydration activity, the end of which marks the onset of the main re-
actions (0.1 to 2.5 h), the acceleration (2.5 to 18 h) and deceleration (22
to 30 h) showing the two main peaks due to the reactions of silicate and
secondary hydration of C3A, and the diffusion-controlled steady stage
(up to the end of the test) with low heat release can be identified. As
defined in [51], the first main peak in the heat flow curves represents the
hydration rate of alite, and the time to reach the maximum hydration
rate (Tmeyx) can be used to evaluate the acceleration of hydration. A
broad shoulder between 25 and 30 h corresponding to the conversion of
ettringite to AFm phases was also observed. By incorporating 3 wt% dry
sMT, the peaks corresponding to silicate and secondary aluminate re-
actions occurred 0.2 and 0.3 h earlier than the neat PC group with 2.3 %
and 2.4 % higher amplitudes, respectively. This indicates the acceler-
ated and enhanced early cement hydration in the presence of sSMT. The
same phenomenon was also observed from the cumulative heat release
curve in Fig. 5b, wherein 2.7 J/g cement more hydration heat was
released after 50 h of hydration by adding the dry sMT. When the dry
sMT was changed to saturated sMT, not only the amplitude of the peaks
was further raised, but also the exothermic peaks were further brought
forward (7.9 and 9.5 h). Around 3.1 % and 2.2 % higher heat were

released from the SsMT group than in the PC and DsMT groups,
respectively. These observations revealed that the saturated sMT-based
InCon plays a more favorable role in enhancing and accelerating cement
hydration than the traditional substitution of dry sMT. The high silica
and alumina contents of the sMT might explain the increased heat flow,
while the accelerated hydration was probably attributed to the finer
particle size of sMT that provides more nucleation sites for C—S—H
[52]. Compared with sMT, the further accelerated cement hydration
from the SsMT group might be due to (1) the release of the bearing water
and (2) spare spaces provided by the volume change (shrinkage) of
saturated sMT after releasing water. After 20 h, the hydration heat flow
of PC exceeded that of DsMT and SsMT groups, suggesting the retarded
conversion of ettringite into AFm in the presence of DsMT, which be-
comes more significant in SSMT.

Comparing with SsMT, as shown in Fig. 5a, higher exothermic peaks
were yielded by the cement pastes containing saturated PONPE9-
functionalized sMTs, while no further acceleration of these peaks was
observed. 0.6PONPE9-SsMT presented a comparable amplitude for the
silicate reaction peak but a slightly higher peak for the secondary
aluminate reaction than 0.2PONPE9-SsMT. While both of the PONPE9
functionalized sMTs resulted in higher cumulative heat releases than PC,
when comparing with SsMT, 0.2PONPE9-SsMT exhibited 0.8 % lower
50-hour cumulative heat release while 0.6PONPE9-SsMT presented a
2.5 % higher value (Fig. 5b). This more pronounced cement hydration
enhancement might be due to the higher pozzolanic reactivity, better
dispersion, and more InCon water of the clay particles intercalated with
0.6CEC of PONPE9. The heat flow peaks of the two TX100-SsMT groups
were found to be higher than that of PC but lower than SsMT. As shown
in Fig. 5b, 0.2TX100-SsMT presented a slightly lower cumulative heat
flow than PC, while 0.6TX100-SsMT released 0.7 % more heat than
SsMT. This indicates that, at the same dosages, TX100 is less effective
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various temperatures.

than PONPE9 in improving the role of SMT in enhancing the early-age
hydration of cement.

The heat flow and cumulative heat release curves at elevated tem-
peratures of 40 °C and 55 °C were also tested, while a downtrend after
around 25 h was observed from the accumulative heat release curves at
55 °C (see Fig. Al in Appendix A). This might be due to the undesired
water evaporation from the samples during the calorimetry test. The
same phenomenon and issue have been identified in previous studies
[42,53,54], which results in limited insights into cement hydration ki-
netics. It was found that, at a high temperature of 87 °C, about 0.03 g/
day of water can be evaporated resulting in about 0.02 mW/day of heat
loss [42]. Although this minor heat loss has an insignificant impact on
the heat flow data, it can induce a non-negligible change in the cumu-
lative heat release curves, especially in the later ages when the hydration
heat from cement is reaching equilibrium, which results in under-
estimated long-term hydration heat.

To address this issue, the heat loss caused by water evaporation
under the same elevated temperatures was tested, which was then taken
into account to correct the heat flow and release evolutions. Fig. 6
presents the corrected heat flow and heat release curves at temperatures
of 40 °C and 50 °C. It can be seen that the heat evolution was signifi-
cantly accelerated and increased by the curing temperature. Firstly,
compared with that at 25 °C, the pre-induction and induction periods
both decreased with the higher temperatures. The induction period ends
at around 1.2 and 0.9 h at 40 °C and 55 °C, respectively, which were 1.3
and 1.6 h earlier than that at 25 °C. Secondly, the acceleration and
deceleration stages occurred earlier and the exothermic peaks became
narrower and shaper with higher amplitudes. The maximal exothermic
peak caused by the reaction of silicate was accelerated from 9.5 h to 5.8
and 3.8 h when the curing temperature was raised from 25 °C to 40 and
55 °C, respectively. Moreover, different from the case at 25 °C, the sil-
icate reaction peak in the functionalized sMT groups is lower than that in
the PC, while SsSMT and 0.2PONPE9-SsMT exhibited a higher peak than
PC. The broad shoulder due to the conversion of AFt to AFm was also
accelerated under the elevated temperatures, while PC still presented
the highest amplitude (Fig. 6a), which is the same as the phenomenon
observed at 25 °C. At 55 °C, further enhanced cement hydration was
observed from all the groups, while the differences between the groups
became less significant indicating that the cement hydration is less
sensitive to the additives at a high temperature. As a result of the
enhanced cement hydration, higher cumulative heat release increasing
with the raised temperature was observed (Fig. 6¢ and 6d). PC yielded
50-h heat release of 327.5 and 336.5 J/g cement at 40 °C and 55 °C,
respectively, which were 12.4 % and 15.5 % higher than that at 25 °C.
Interestingly, different from the detected data at 25 °C, only
0.2PONPE9-SsMT showed 1.8 % higher cumulative heat release than PC
at 55 °C, while the groups containing other functionalized SsMTs

exhibited lower values than PC at higher temperatures (see Fig. 6¢ and
6d), indicating the decreased temperature sensitivity.

According to the graphic method proposed by [55], the length of the
induction period could be determined from the normalized heat release
curves by the intersections of a horizontal baseline at the lowest point
with the tangent lines of the decrease stage in the pre-induction peak
and that of the increase stage in the acceleration period. It can be seen
from Fig. 7a that the induction period of cement hydration was short-
ened in the presence of the raw and functionalized sMTs at 25 °C and
40 °C. The PC presented an induction period of 152.3 min at 25 °C and it
decreased to 90.3 min and 65.9 min at 40 °C and 55 °C, respectively. By
incorporating 3 % dry sMT, the induction period decreased by 6.5 min
and 0.6 min at 25 °C and 40 °C, respectively, while it extended by 6.8
min at 55 °C. The same trend was also observed from SsMT, 0.2PONPE9-
SsMT, and 0.6PONPE9-SsMT. Moreover, at each temperature, the length
of the induction period follows the order of PC > DsMT > SsMT >
0.2PONPE9-SsMT > 0.6PONPE9-SsMT. TX100-SsMT groups exhibited a
shorter induction period than PC, DsMT, and SsMT, while a higher
dosage of TX-100 in sMT further decreased the induction period, which
is in line with PONPED9. Interestingly, less diversity was found among the
groups at the higher temperatures, in particular 55 °C, indicating that
the impacts of cement substitutions with clay particles on cement hy-
dration are less sensitive under elevated temperatures.

The heat flow at the “post-peak” from the normalized heat flow
curves corresponding to the conversion of AFt to AFm is shown in
Fig. 7a. PC presented the heat flow of 1.1 mW/g cement at 25 °C, and it
increased to 3.0 mW/g cement and 4.0 mW/g cement at 40 and 55 °C,
respectively, which indicates the enhanced AFt conversion under the
elevated temperatures. DsMT exhibited 9.1 %, 10.0 %, and 15.7 % lower
heat flow values than that of PC at 25 °C, 40 °C, and 55 °C, respectively.
Compared with the changes in the length of the induction period, a less
significant impact on the conversion of AFt to AFm was observed from
InCon.

Fig. 7b presents the emerging time of the first and second main heat
flow peaks that are related to silicate and secondary aluminate reactions,
both of which are found to be accelerated significantly (shorter time) by
the incorporation of DsMT at 25 °C. When saturated sMT was incorpo-
rated, these two reactions were further accelerated, and a more signif-
icant acceleration effect was obtained from the functionalized sMTs. As
expected, the two peaks were moved forward at elevated temperatures
for all the groups, which also decreased the variations between the
groups.

3.2. Activation energy

The modified ASTM C1074 [43] approach was conducted on the
cumulative hydration heat release curves, and the fitting parameters are



D. Luo and J.

Table 3

Wei

Fitting parameters of the cumulative heat release curves by the three-parameter model.
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Temp (C) Parameters PC DsMT SsMT 0.2PONPE9-SsMT 0.6PONPE9-SsMT 0.2TX100-SsMT 0.6TX100-SsMT
25 Hy,* 403.23 407.71 415.74 400.62 434.99 423.98 473.36
7 13.05 12.71 12.06 11.51 12.28 13.10 14.37
B 0.887 0.860 0.840 0.873 0.803 0.790 0.700
R? 0.994 0.993 0.992 0.993 0.991 0.992 0.989
40 H, 342.22 344.26 342.33 324.32 330.21 339.60 332.07
T 5.57 5.69 5.70 5.68 5.83 5.78 5.81
p 1.470 1.445 1.436 1.502 1.442 1.423 1.484
R? 0.997 0.997 0.997 0.9998 0.998 0.998 0.999
55 H, 335.11 300.08 306.18 334.46 319.05 325.20 330.93
T 3.71 3.96 3.91 3.89 4.05 4.41 4.40
p 1.87 2.234 2.40 2.071 1.957 1.834 1.689
R? 0.999 0.998 0.999 0.998 0.999 0.997 0.998
*Unit of H,: J/g cement; {unit of 7: h.
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Fig. 8. (a) Correlation between 7 and time to reach the maximum hydration rate from heat flow curves, and Arrhenius plot for activation energy calculation of (b) PC,
DsMT, SsMT; (c) PONPE9-SsMTs; and (d) TX100-SsMTs.

presented in Table. 3. The high R? values over 0.99 indicate that the
isothermal hydration heat data were fitted well to the three-parameter
model in Eq. (1). The ultimate DOH of cement and heat release rate
constant () are theoretically temperature-independent parameters

[51,56]. However, as reported by [57], denser cement hydration prod-
ucts would be formed at higher temperatures, which results in the
generation of a hydration “shell” around the hydrating grains acting as
an impeder for the diffusion of the ions, thereby reducing the ultimate
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Fig. 9. Apparent activation energy of the cement hydration based on Arrhenius fitting.

DOH. As mentioned above, 7 and § represent the hydration time
parameter and hydration rate constant, respectively. A larger 7 value
means a more significant delay in hydration, while a larger  value de-
notes a higher hydration rate at the linear portion of the hydration curve
[58]. In this study, all the three parameters (H,, 7, and /) are modeled at
three different temperatures to obtain a precise prediction.

At 25 °C, the H,, values of the binary blends containing raw and
functionalized sMTs are higher than that of PC, except for 0.2PONPE9-
SsMT, which showed a slightly lower value. 0.6TX100-SsMT showed
17.9 % and 13.9 % higher H,, than the PC and SsMT groups, respectively.
The increased H, values indicate higher DOH of cement in the presence
of raw and functionalized sMTs. However, decreased H, values were
obtained from all the groups at elevated temperatures. At 55 °C, PC
exhibited the highest H,, value among all the groups. This might be due
to the temperature sensitivity of the hydration of neat cement and the
dense microstructure yielded in the presence of SMT particles induced by
the high temperature. Decreased 7 values were obtained from the
cement blends containing SMT and PONPE9-SsMTs at 25 °C, while the
incorporation of TX100-SsMTs resulted in slightly higher 7z values than
PC indicating the different roles of PONPE9 and TX100 functionalized
sMTs in accelerating or retarding cement hydration. As shown in Fig. 8a,
the values of 7 are positively related to the time to reach the maximum
hydration rate (Tjqy) from the heat flow curves. At higher temperatures
of 40C and 55 °C, lower 7 values were exhibited by the cement blends,
which is consistent with the increased cement hydration rate. Different
from the case at 25 °C, the binary blends containing either raw or
functionalized sMTs yielded higher 7 than PC, indicating that the cement
hydration was retarded by the incorporation of these clay particles at
elevated temperatures, especially the functionalized sMTs, due to the
structure densification (see the analysis below). In contrast to 7, higher g
values were obtained at higher temperatures, which is expected as the
hydration rate is normally considered positively correlated to the curing
temperature. With increasing temperature, the binary groups containing
either raw or functionalized sMTs showed more significant increases in
values than the PC indicating more considerable improvements in hy-
dration rate at the linear portion of the hydration curves, while the
TX100-SsMT groups showed lower values than PC even at 55 °C.

Fig. 8b-8d show the Arrhenius linear fitting of In(z) versus 1,/T for all

the groups with R? values higher than 0.93. From Fig. 8b, it can be seen
that the slope of PC decreases when the dry and pre-saturated sMTs were
incorporated. Further decreased slopes of the fitting lines were observed
in 0.2PONPE9-SsMT and 0.2TX100-SsMT, while slope values higher
than SsMT were obtained from the 0.6PONPE9-SsMT and 0.6TX100-
SsMT indicating the influence of surfactant’s dosage in controlling
SMT’s role in cement hydration. This provides an indirect indication of
the development of the E, which is calculated by multiplying the
Arrhenius fitting slope with the natural gas constant.

E, is normally defined as the potential energy barrier between the
reactants and products for a reaction system, and it is widely used to
evaluate the temperature sensitivity and catalytic effect of substances in
cement hydration [59]. The term “apparent Ea” is normally employed to
account for the composite nature of cement hydration, which consists of
a series of simultaneous and coupled reactions [51]. As shown in Fig. 9,
PC exhibited an E, value of 34.3 KJ/mol, which agrees well with the
previous studies [51,60,61] with similar testing periods and tempera-
ture ranges. With the incorporation of 3 wt% dry sMT, the E, value
decreased to 31.8 KJ/mol, while in the presence of the same amount of
saturated sMT, E, was further decreased to 30.7 KJ/mol, indicating the
decreased minimum amount of energy required for triggering cement
hydration [62] and the corresponding acceleration effects induced by
sMT-based InCon [63]. More interestingly, the InCon based on func-
tionalized sMTs at 0.2 CEC resulted in lower E, values than PC, DsMT,
and SsMT groups. 0.2PONPE9-SsMT exhibited the lowest E, value of
28.7 KJ/mol, which is 16.4 % and 6.6 % lower than PC and SsMT,
respectively. Although 0.2TX100-SsMT presented 3.8 % higher E, than
0.2PONPE9-SsMT, it is still 13.2 % and 3.1 % lower than PC and SsMT,
respectively. This indicates that a lower cement hydration threshold was
yielded in the presence of InCon with the saturated functionalized sMT.
The decreased E, due to the functionalized sMT-based InCon might be
attributed to the following reasons that can promote and accelerate the
cement hydration: (1) the additional nucleation sites provided by the
fine functionalized sMT particles, (2) the improved pozzolanic reactivity
of sMT after the functionalization that has been confirmed by the au-
thors’ previous study [37], and (3) the extra InCon water carrying and
releasing capacity of the functionalized sMTs. When the surfactant CEC
was increased to 0.6, 0.6PONPE9-SsMT and 0.6TX100-SsMT yielded E,
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Fig. 10. Chemical shrinkage of cement pastes containing raw or functionalized sMTs.

of 30.2 and 32.4 KJ/mol, respectively, which are 5.5 % and 8.8 % higher
than the ones containing the InCon with functionalized sMT at 0.2 CEC,
although still 11.8 % and 5.6 % lower than PC. This again indicates the
decreased effectiveness of the sMT functionalized with a higher surfac-
tant dosage in enhancing cement hydration and the increased temper-
ature sensitivity.

3.3. Chemical shrinkage

Fig. 10 illustrates the development of chemical shrinkage as a
function of hydration time up to 30 days. Chemical shrinkage is caused
by the differences in volumes between the initial reactants and the final
hydration products as the products are normally denser than the re-
actants [64] so it can be employed to evaluate the hydration kinetics of
cement under the same curing conditions. From Fig. 11a, it can be seen
that PC showed a sharp and almost linear increase of chemical shrinkage
during the first 8 h, and then kept increasing with a reduced shrinkage
rate. After 5 days, PC yielded a chemical shrinkage of 0.05 mL/g cement,
followed by a slowly increasing period up to the end of the test (30 days)
with an ultimate chemical shrinkage of 0.07 mL/g cement, which is 40
% higher than that at 5 days. In the presence of dry sMT, a slightly
increased chemical shrinkage was obtained. A further increased chem-
ical shrinkage was observed from SsMT during the first 12 days, which is
1.2 % higher than PC. This chemical shrinkage evolution, however, was
converted and SsMT showed a comparable chemical shrinkage with PC,
which is 4.2 % lower than DsMT after 30 days. This indicates that,
without functionalization, enhancement in cement hydration can be
achieved from the saturated sMT, while their role is limited in the early-
age hydration reactions. In addition, the development of chemical
shrinkage was found not in a perfect reverse correlation with the
apparent activation energy as observed from previous studies. This
might be due to the fact that the shrinkage behavior of the cement-sMT
composites might also be affected by the volume change of sMT and the
modification of hydration products. Due to hydroscopic swelling, the
saturated sMT in SsMT has a larger volume than the dry sMT and cement
at the starting point of the shrinkage test. Due to the enhanced reactions
between sMT and cement in the present of the extra water, the efficient
consumption of the saturated sMT can result in a more significant
shrinkage at early ages to form packed stable Al-rich phases, which
exhibited a lower shrinkage than PC and DsMT at later ages. However,
the dry sMT in DsMT experienced a lower reaction rate, and its swelling
in the presence of water and consumption that resulted in volume
shrinkage occurred later than that in SSMT, which might be the reason
for the higher chemical shrinkage of DsMT after 15 days.

In line with the calorimetry results, significant increases in chemical
shrinkage were detected from the groups with InCon based on the

10

functionalized sMTs. 0.2PONPE9-SsMT showed a 3.5 % higher chemical
shrinkage than 0.6PONPE9-SsMT after 30 days, and it is 12.2 % and
13.5 % higher than that of PC and SsMT, respectively. However,
different from the calorimetry data, 0.2TX100-SsMT presented the same
chemical shrinkage as 0.2PONPE9-SsMT, while a much higher chemical
shrinkage of 0.090 mL/g cement was yielded from 0.6TX100-SsMT after
30 days, which is 29.0 %, 30.5 %, and 19.1 % higher than the PC, SsMT,
and 0.6PONPE9-SsMT, respectively. It is interesting to see that, different
from the slow development of PC and cement blends containing
unfunctionalized sMTs (DsMT and SsMT) after 5 days, the cement blends
with the functionalized sMT-based InCon displayed a higher increasing
rate at later ages. The extra water released by the functionalized sMT
(see Fig. 4a) and the increased pozzolanic reactivity and CH consump-
tion capacity of the functionalized sMT (see Fig. 4b) are believed the
primary reasons for the increased chemical shrinkage. 0.6TX100-sMT
exhibited the highest WUC (47.2 %) and swelling behavior among all
the investigated clays, so although with a higher E, value, its volume
change during the hydration reaction is more significant than other
groups. With the enhanced cement hydration induced by the extra water
and pozzolanic reactions, a higher DOH can be obtained and more hy-
dration products denser than the reactants can be formed. The pozzo-
lanic reactions consume the parallelly distributed CH crystal plates to
form additional C—S—H gel, which refines pore structures and densifies
the overall microstructure of the hydrated cement matrix. These ob-
servations, in turn, explain the changes in cement hydration kinetics (H,
and 7) in the presence of functionalized sMT particles as discussed
above.

3.4. Thermogravimetric analysis

Fig. 11 displays the TGA and the corresponding DTG curves of the
cement pastes after 7 days, 28 days, and 90 days of hydration. The hy-
dration products can be identified from the distinct weight losses from
the TGA curves and the DTG peaks in their specific temperature ranges.
The expected increases in DOH of cement and amounts of reaction
products (C—S—H, ettringite, and CH) over time can be confirmed by
the increased intensity of the DTG peaks between 120 °C and 170 °C and
the one between 400 and 510 °C. The two characteristic two-stage DTG
peaks at 260-340 °C and 350-400 °C, which increased gradually with
time, indicate the formation of hydrotalcite (MgsAlo(CO3)(OH);o:
4H0), an Mg-Al layered double hydroxide phase, due to the small
amount of magnesium and aluminum in the cement (see Table. 1). By
substituting 3 wt% cement with dry sMT, the overlapped weight loss of
free water (from 30 °C to 120 °C), ettringite, and C—S—H were observed
to decrease at 7 days. This might be mainly due to the decreased amount
of free water in the cement-sMT system. In the later ages, especially after
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Fig. 11. TGA and DTG curves at (a-b) 7 days, (c-d) 28 days, and (e-f) 90 days.

90 days, the amounts of ettringite and C—S—H increased and exceeded
that detected from PC. From SsMT, a more significant weight drop of
C—S—H was observed from the TGA curve indicating the more pro-
nounced cement hydration enhancement triggered by the extra water
released from the pre-saturated sMT. The functionalized sMTs-based
InCon also increased the intensity of these weight drops, while the in-
creases are less considerable than that detected from SsMT.
Interestingly, a more significant weight loss at ~ 200 °C was
observed from the cement blends containing either raw or functional-
ized sMTs, which might be a result of the increased amount of stratlin-
gite formed in pozzolanic reaction induced by the amorphous aluminate
in sMT. This temperature range is also shared with the decomposition of
AFm, while sMT didn’t exhibit a significant impact on the conversion of
ettringite to AFm, and even decreased exothermic peaks were obtained
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(see Fig. 7). Compared with the groups containing raw sMT, the func-
tionalized sMT groups showed a higher peak of AFm or stratlingite,
demonstrating the notable and enhanced pozzolanic reactivity of the
sMT after functionalization and the benefit of the gradually released
water from InCon, which can be further confirmed by the increase in
hydrotalcite.

Fig. 12a presents the development of CH contents of the PC and
cement blends calculated from the TGA results. In PC, the gradual in-
crease of CH was expected, as it is one of the main hydration products
and normally accumulates in the cement blends with hydration time
[65]. Due to the incorporation of sMT, the CH produced from cement
hydration can be consumed by the pozzolanic reactions. Therefore, a CH
content of 13.3 % was precipitated from DsMT after 90 days, which is
7.9 % lower than the PC group. A 5.8 % higher 90-day CH content over
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DsMT, however, was obtained when the sSMT was pre-saturated, while it
is still 2.6 % lower than the PC group. In the presence of functionalized
sMT-based InCon, due to the enhanced pozzolanic reactivity, the CH
content was further decreased. 0.6TX100-SsMT showed slightly lower
CH contents than 0.2TX100-SsMT during the whole testing period,
which reached 13.71 % and 13.63 % after 90 days, respectively, indi-
cating the slightly higher pozzolanic reactivity of 0.6TX100-SsMT than
that of 0.2TX100-SsMT. Compared with the sMT functionalized with
TX100, PONPE9 displayed a more effective role in enhancing sMT’s
pozzolanicity, and a lower dosage at 0.2CEC resulted in a higher CH
consumption ability. With the pozzolanic reaction proceeded, the
continuous CH consumption resulted in a further decreased CH content
to 11.44 % after 28 days. After 90 days, the CH content of 0.2PONPE9-
SsMT increased back to 12.04 %, which might be due to the dynamic
balance between the continuous formation of CH as cement hydration
proceeded and the CH consumption in pozzolanic reactions. Neverthe-
less, 0.2PONPE9-SsMT still yielded the lowest CH content among all the
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tested groups. This indicates the most pronounced pozzolanic reactivity
of the sMT functionalized with 0.2CEC PONPE9, which is consistent
with the lime consumption test from the authors’ previous study [37].

Contrary to the evolution of CH, as shown in Fig. 12b, PC exhibited
the lowest DOH among all the testing ages. By incorporating 3 wt% dry
sMT, the DOH was increased to 49.3 %, 58.1 %, and 63.1 % at the
corresponding testing ages. After 90 days, a DOH of 65.0 % was obtained
from SsMT, which is 1.9 % and 6.0 % higher than that of DsMT and PC
groups, respectively. Thus, the high CH contents of SSMT observed in
Fig. 12a are probably due to the enhanced cement hydration in the
presence of the extra water released from the saturated sMT particles,
which promotes the formation of additional CH outperforming the CH
consumption of the pozzolanic reactions. The groups containing InCon
with the functionalized sMTs showed further improved DOHs and the
contest between the enhanced cement hydration and pozzolanic re-
actions in determining CH content was reversed. Among all the groups,
0.2PONPE9-sMT presented the highest DOHs of 56.5 %, 69.5 %, and
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74.1 % after 7 days, 28 days, and 90 days, respectively, indicating the
most significant cement hydration enhancement. 0.6PONPE9-SsMT,
0.2TX100-SsMT and 0.6TX100-SsMT presented similar cement DOHs,
which are around 67.0 % after 90 days. While these values are lower
than that obtained from 0.2PONPE9-SsMT, they are higher than PC and
the cement blends with untreated sMT particles (DsMT and SsMT).

3.5. X-ray diffraction analysis

Fig. 13 presents the XRD diffractogram of the hydrated cement pastes
after 7 days, 28 days, and 90 days. The evolutions of the main hydration
products including CH, ettringite, C—S—H, hydrogarnet, stratlingite,
hydrotalcite, gehlenite, non-hydrated clinkers (C2S/C3S), and gypsum
can be identified from their characteristic XRD peaks. Portlandite was

found as the most pronounced phase showing multiple peaks at 18°,
28.5°, 34°, 47°, 50.66°, 54°, and 64.2° 20. As mentioned above, the CH
precipitation is related to the DOH of cement and its consumption in
pozzolanic reactions. In line with the TGA results, a gradual increase in
CH with hydration time was observed from PC. The increasing peaks of
C—S—H (42.78° and 32.17° 20) and ettringite (50.19° 20) and
decreasing C»S/CsS and gypsum peaks at 32.61° and 62.47° 20,
respectively, were also detected from PC with increasing DOH of cement
over time.

A significant difference between PC and the cement-sMT blends lies
in the decreased CH peak intensity, which shares the same trend as the
TGA results indicating the CH consumption due to the desirable
pozzolanic reaction that occurred in the presence of the sMT. What also
agrees with the TGA data is the evolution of CH in the cement blends.
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When the sMT was pre-saturated, the CH peaks were higher than that in
DsMT but still lower than the PC group. It should be noted that the C,S/
C3S and gypsum peaks from SsMT are much lower than that detected
from DsMT providing evidence for the higher DOH of cement triggered
by the extra water introduced by the saturated sMT particles. The peaks
for Al-containing hydration products, such as stratlingite (CoASHg) at
34° 26, hydrogarnet (C3AHg) at 36.59° 260, and hydrotalcite (Mg4Alo(-
CO)3(0OH)12-4H50) at 22.9° and 33.94° 20, which resulted from the
pozzolanic reaction between CH and Si-/Al-rich phases in sMT, were
found to increase in the presence of dry sMT. Interestingly, although
higher CH peaks were observed from SsMT, more C—S—H and Al-
containing hydration products than DsMT was also detected from
SsMT. These observations validate the discussion above that the
increased CH in SsMT is not due to low pozzolanic reactivity but both the
hydration of cement and pozzolanic reactions were enhanced by
incorporating the pre-saturated sMT into the cement blends. It is just due
to the fact that, without functionalization of SMT, the InCon can enhance
the hydration of cement (CH production) more efficiently than the
improvement of pozzolanicity of sMT. Compared with the SSMT group,
further increased DOH of cement and pozzolanic reaction were unveiled
by the higher peak intensities of C—S—H, stratlingite, and hydrogarnet,
and the lower C2S/C3S and CH peaks from the groups containing satu-
rated functionalized sMTs at each age. Among all the functionalized
SMTs, it should be noted that 0.2PONPE9-SsMT presents the highest
pozzolanic reactivity, in which the lowest CH peaks but the highest
C—S—H (C-(A)-S—H)-related peaks were detected.

Fig. 14a shows the development of the unhydrated alite and belite
quantified via the Rietveld refinement analysis. Agreeing well with the
development of cement DOH determined via TGA (see Fig. 12b), the
amounts of the remained anhydrates in the cement systems decreased in
the presence of sMT. The benefit of InCon can be first observed from the
comparison between SsMT and DsMT, where a 1.5 % lower unhydrated
phase content was obtained in SsMT after 90 days of hydration. This is
especially the case for 0.2PONPE9-SsMT with an alite + belite content of
9.3 % after 90 days, which is 15.4 % and 9.2 % lower than that of PC and
SsMT, respectively. Compared with PC, 7.0 % and 7.7 % lower unhy-
drated phases remained in 0.2TX100-SsMT and 0.6TX100-SsMT after
90 days, respectively. Fig. 14b illustrates a linear correlation between
the anhydrate content quantified by XRD and the DOH of cement
calculated from TGA. Among the investigated groups, due to InCon,
0.2PONPE9-SsMT showed the lowest content of anhydrates and the
highest DOH of cement with values of 9.3 % and 74.0 %, respectively,
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while the highest anhydrate content of 36.5 % and the lowest DOH value
of 46.3 % were yielded by PC. This agreement again indicates the
enhanced cement hydration in the presence of InCon.

3.6. ATR-FTIR spectroscopy

The ATR-FTIR spectra of the cement blends after 7 days, 28 days, and
90 days are shown in Fig. 15a, 15b, and 15c, respectively. The evolution
of hydration products over time caused by the incorporation of SsMTs
can be uncovered by the progression of various peaks identified from
these spectra. The O—H stretch vibration in CH at ~3640 em ! [66] was
observed to increase with the hydration time in both PC and DsMT,
while DsMT exhibited lower peak intensity in the later ages (i.e., 28 and
90 days). Increases in the peaks associated with Si-O stretching (~950
cm ) and bending vibration (~454 cm™ ) of C—S—H [67,68] over time
were also observed. Compared to PC, DsMT showed higher C—S—H
peaks and lower CH peaks, especially after 90 days of hydration,
revealing the enhancement of cement hydration and the pozzolanic re-
actions in the presence of sMT. A new peak at ~820 cm ™! attributed to
the asymmetric stretching vibration of Si-O-Si or Si-O-Al bonds [69] was
found in DsMT, which indicates the coexistence of C—S—H and C-
A—S—H resulting from the pozzolanic reactions triggered by dry sMT.
When changing dry sMT to saturated sMT, CH, C—S—H, and C-A—S—H
peaks higher than that in both PC and DsMT were observed at 7 days,
indicating the positive role of the extra water released by sMT in
modifying the hydration reactions. After 28 days, lower CH-related
peaks were observed from SsMT, but they increased again after 90
days suggesting the dynamic contest between the improved cement
hydration and pozzolanic reactions.

Compared to SsMT, both the CH and C—S—H/C-A—S—H peaks
increased dramatically when the pre-saturated functionalized sMTs
were incorporated. This is a result of the more pronounced enhance-
ments of cement hydration and pozzolanic reactions triggered by the
InCon with functionalized sMTs. It should be noted that 0.2PONPE9-
SsMT exhibits a distinct hydration product evolution from other
groups. At 7 days, the lowest CH peak was detected from 0.2PONPE9-
SsMT, which is consistent with the observations from TGA. After 28
days and 90 days, 0.6PONPE9-SsMT and the two TX100-SsMT groups
presented comparable evolution of CH-related peaks as SsMT, i.e., the
CH peaks decreased from 7 days to 28 days and then increased there-
after. 0.2PONPE9-SsMT, however, showed a gradual increase in CH-
related peaks during the whole testing period indicating the most
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Fig. 17. Compressive strength developments of mortars: (a) the control group and the groups containing raw sMT and (b) the cement blends with InCon based on

saturated sMTs after functionalization.

pronounced cement hydration enhancement. The highest C—S—H/C-
A—S—H—related peak and the lowest CH peak (especially in the later
ages, i.e., 90 days) in 0.2PONPE9-SsMT agree well with the TGA and
XRD results, which further confirms the superior role of the InCon in
sustaining both cement hydration and pozzolanic reactions.

The Ca/Al-OH bending mode (~645 cm™ 1) and sulfates (SO%’) vi-
brations (~1100 cm 1) allocated to the formation of ettringite [70], the
intensity of which increasing with time was detected from PC. In the
binary blends, decreased ettringite-related peaks were observed, which
is consistent with the XRD analysis. In the presence of sMTs, a new
shoulder at around ~ 520 cm_l, which indicates the formation of
stratlingite [71] or C-A-H [72] from the pozzolanic reaction, appeared
and increased over time. The peaks at ~3400 cm ™! and ~1650 cm™*
caused by the bending vibration of the irregularly bound or absorbed
water [66,73] were observed from all the investigated groups, while
relatively higher water molecule peaks than PC and DsMT were
observed from the blends containing saturated raw or functionalized
sMT particles. This is particularly a case for early ages (7 and 28 days),
which is due to the extra water introduced by InCon.

3.7. Raman spectroscopy

Fig. 16a and 16b depict the Raman spectra of the powdered cement
pastes after 7 days and 90 days of hydration. From the spectra, the
stretching vibration of ~OH at ~356 cm ™" and the range of 1400-1700
cm’l, the C—S—H/C-A—S—H phases between 400 em ! and 800 cm ™,
the ettringite bands at ~985 cm™, and the vibration of SOF from the
sulfate phases (AFt/AFm) in the range of 1100-1300 cm~! can be
identified. As the hydration proceeded, the intensity of these hydration
product peaks increased from 7 days to 90 days in PC, while the non-
hydrated C2S/CsS at around ~832 cm ™! decreased with time. When 3
wt% dry sMT was incorporated into the cement blends, the decreased
CH peaks along with the increased C—S—H/C-A—S—H related peaks
were observed revealing the desired CH consumption and its conversion
into C-(A)-S—H binding phases in pozzolanic reaction. When the sMT
particles are saturated with water, higher CH and C—S—H peaks were
exhibited at 7 days. While the CH peaks of SSMT became lower than that
of DsMT after 90 days, higher C—S—H and C-A—S—H—related peaks
and lower unhydrated C3S/CsS peaks, which are in agreement with the
TGA, XRD, and ATR-FTIR analysis above, were obtained from SsMT
indicating the effectively enhanced pozzolanic reactions triggered by the
gradually released water.

The most marked decrease in CH peaks and the lowest C2S/C3S peaks
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from 7 days to 90 days were detected from 0.2PONPE9-SsMT indicating
the most enhanced CH consumption due to the high pozzolanic reac-
tivity of the sMT functionalized with PONPE9 at 0.2 CEC and the posi-
tive role of InCon in improving DOH of cement. 0.6PONPE9-SsMT and
0.2/0.6TX100-SsMT exhibited higher CH peaks than 0.2PONPE9-
SsMT, which is in line with the TGA, XRD, and FTIR data indicating
less improvement in pozzolanic reactivity. It should be noted that,
compared with the untreated sMT, more significantly enhanced cement
hydration with the formations of additional C—S—H and C-A—S—H
phases were obtained in the presence of the saturated functionalized
sMTs, which might be due to their higher water-carrying capacity and
further improved pozzolanicity triggered by the intercalation of sur-
factants [37].

3.8. Compressive strength

The development of compressive strength of the cement mortars as a
function of hydration time up to 90 days is presented in Fig. 17a and
17b, respectively. In addition to the cement substitution with 3 wt% dry
sMT (DsMT), the compressive strength of two groups incorporating 1 wt
% (DsMT-1) and 5 wt% dry sMT (DsMT-5) were also tested. As shown in
Fig. 17a, PC yielded a compressive strength of 31.2 MPa after 1 day,
which decreased to 29.5 MPa, 27.7 MPa, and 25.0 MPa, respectively,
after replacing 1 wt%, 3 wt%, and 5 wt% cement with dry sMT. This
strength loss might be due to the predominant water absorption, poor
dispersion, and high agglomeration of dry sMT particles in the cement
matrix [74]. This negative impact became less significant with time,
especially at the low dosage. After 7 days and 90 days, DsMT-1 showed
2.3 % and 1.5 % higher compressive strength than PC, while the 90-day
compressive strength of DsMT and DsMT-5, is still 8.9 % and 13.8 %,
respectively, lower than that of the PC group. Thus, when considering
mechanical strength, the optimal dosage of dry sMT would be only 1 %,
and it is consistent with the previous investigations [75,76]. Interest-
ingly, although the 1-day compressive strength is still lower than PC, the
incorporation of the saturated sMT particles resulted in a more consid-
erable gain of compressive strength in the later ages. After 90 days, SSMT
yielded a compressive strength of 64.6 MPa, which is 4.7 % and 14.9 %
higher than that of PC and DsMT, respectively, and even 3.0 % higher
than DsMT-1. This indicates that the strength loss due to the high
incorporation level of SMT can be offset by InCon, which paves a path to
improve the mechanical properties of concrete at a higher cement sub-
stitution level.

After functionalization,

the 1-day compressive strength of
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Fig. 18. SEM images of (a) and (b) PC, (c) SsMT, and (d) 0.2PONPE9-SsMT.

0.2PONPE9-SsMT and 0.2TX100-SsMT is higher than that of SsMT,
while lower strength was obtained from the cement blends containing
sMTs functionalized with additional surfactants (0.6PONPE9-SsMT and
0.6TX100-SsMT) (see Fig. 17b). It was found that comparable 90-day
strength of around 63.0 MPa, which is 2.0 %-2.5 % higher than PC,
was yielded by 0.6PONPE9-SsMT, 0.2TX100-SsMT, and 0.6TX100-
SsMT. Again, 0.2PONPE9-SsMT showed the highest compressive
strength during the whole testing age. After 90 days, the strength of
0.2PONPE9-SsMT increased to 67.1 MPa, which is 8.8 % and 3.8 %
higher than that of PC and SsMT, respectively.

3.9. Microstructure analysis

The SEM micrographs of hydrated cement pastes at 90 days were
captured to analyze the microstructures of PC, SSMT, 0.2PONPE9-SsMT,
0.6PONPE9-SsMT, and 0.6TX100-SsMT. As shown in Fig. 18a and 18b,
the typical hexagonal CH sheets, needle-like ettringite crystals, and
semi-crystal C—S—H phases can be observed from PC. Rice-shaped
grains with an average length and width of around 1.5 ym and 0.5
um, respectively, were detected. As reported in [77], this phase might be
a unique form of secondary CH crystal clusters formed in a restrained
growth space, especially after long-term hydration. In SsMT, no ettrin-
gite and fewer hexagonal CH sheets were detected (see Fig. 18c). The
rice-shaped CH crystal clusters were also formed but with a smaller
length and width of 0.25 ym and 0.08 um, respectively, indicating that
the incorporation of sMT can help to densify the microstructure of the
cement paste. These observations are in line with the characterizations
of hydration products that the pozzolanic reaction facilitates the con-
sumption of CH, which leads to the formation of additional C—S—H
phases. In 0.2PONPE9-SsMT, however, no hexagonal sheets or rice-
shaped crystal clusters of CH can be detected, which is in line with the
TGA, XRD, and Raman results as discussed above. Due to the integration
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of extra water and increased pozzolanic reaction triggered by InCon,
additional C—S—H gels were produced.

As shown in Fig. 19, no ettringite needles were seen in the func-
tionalized sMT samples (PONPE-SsMT and TX100-SsMT) as the trans-
formation of AFt to AFm was accelerated in the presence of InCon,
especially after 90 days of hydration. Due to the significant consumption
of CH, the rice-shaped secondary CH crystal clusters disappeared from
these InCon groups. However, hexagonal CH sheets were still observed,
and 0.6PONPE9-SsMT contains more CH than 0.6TX100-SsMT, which is
consistent with the phase’s evolution analysis from TGA, XRD, ATR-
FTIR, and Raman spectroscopy above. Although TX100 is found less
effective than PONPE9 in improving the role of sMT in enhancing the
early-age hydration of cement, more C—S—H gels can be detected from
0.6TX100-SsMT than 0.6PONPE9-SsMT and therefore, densify the
packing of hydration products better. These microstructural observa-
tions confirmed the great potential of the functionalized sMT-based
InCon in improving the cement modification efficiency of sMT.

4. Discussion

To uncover the underlying mechanisms of the functionalized sMT-
based InCon in enhancing cement hydration, the correlations between
clay properties after functionalization and DOH, and phase evolutions of
the cement blends as well as the physical and mechanical properties of
cement are elucidated and discussed. Different from the CH consump-
tion data shown in Fig. 4, which was determined from sMT-CH blends,
the CH contents determined from the sMT-cement blends are analyzed
here. As shown in Fig. 20a, with the increased release of Al and Si from
the functionalized sMT into the simulated pore solution, decreased CH
contents were obtained from the cement blends. Reversely, a positive
linear correlation between the DOH of cement and the dissolution of Al
and Si from sMT particles was obtained from the cement blends
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Fig. 20. (a) Correlations between Al and Si released from sMT particles in pore solution and 90-day CH contents and DOH, (b) correlations between WUC of sMT

particles and 90-day CH contents and DOH of the cement blends.

indicating that sMT particles became more reactive to participate in the
pozzolanic reactions and thereby enhancing the hydration of cement. In
addition to the release of Al and Si from the sMT particles, the WUC
before and after functionalization also determines the role of sSMT in
InCon. As seen in Fig. 20b, the DOH of cement is positively correlated to
the WUC of the sMT particles confirming the benefit of the extra InCon
water in enhancing cement hydration. After the non-ionic functionali-
zation, more water can be absorbed by sMT, which is used as a water
reservoir in the proposed InCon, thereby increasing the water carrying
capacity. The ultra-fine particle size and improved dispersion of sMT
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after functionalization trigger the uniform distribution of this new water
reservoir in the cement matrix, which can gradually release the extra
water as the cement hydration proceeds. It is worth noting that the extra
water released from the saturated sMT particle not only provides more
available water to continue the cement hydration but also plays a pos-
itive role in enhancing the pozzolanic reactions between sMT and CH in
the hydrated cement matrix. If consider cement hydration and pozzo-
lanic reaction separately, the former will induce the formation of addi-
tional CH while the latter will consume more CH. This contest was
dominated by the enhancement of pozzolanic reaction as an overall
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negative correlation between the WUC of sMTs and CH content was
observed from the investigated cement blends. A unique group that is
not on the linear correlations is 0.2PONPE9-SsMT, the CH content of
which is the lowest with a higher DOH than other groups. This is in line
with the pozzolanic reactivity of sMT functionalized with 0.2PONPE9 in
a CH consumption test in the authors’ previous study [37].

A direct result of the modified evolution of cement hydration and
reaction products is the property changes of the hydrated cement com-
posites. Fig. 21a presents the correlation between the extra water
introduced by the InCon to binder ratio (Wincon/b) and chemical
shrinkage, and that between the wi,con/b ratio and autogenous
shrinkage. Different evolutions can be observed from chemical and
autogenous shrinkages. A positive correlation between chemical
shrinkage and the wy,con/b ratio was obtained from the cement blends.
As discussed above, the InCon water introduced by the pre-saturated
sMT reservoirs can facilitate both cement hydration and pozzolanic re-
actions, which resulted in the formation of dense reaction products. The
saturation of pores after the setting of the cement matrix can also result
in the formation of densified microstructure [78]. Different from
chemical shrinkage, the driving force of autogenous shrinkage is the
change in the capillary pressure induced by self-desiccation as a balance
between the absolute volume reduction (chemical shrinkage) and the
building up of the capillary network [79]. It has been reported that one
of the main benefits of internal curing is to diminish the autogenous
shrinkage of the cement blends by maintaining a high level of humidity
in pastes and relieving autogenous shrinkage [80]. The negative corre-
lation between the 48-hour autogenous shrinkage and wincon/b ratio of
the blends (see Fig. 21a) second the previous studies. A critical change
was obtained from the cement blends containing sMT functionalized
with PONPE9 and TX100 at 0.6CEC, in which the autogenous shrinkage
was fully suppressed indicating that the improved WUC due to the
enlarged basal spacing in the presence of surfactants can enable a more
effective water reservoir role of sMT to resist self-desiccation.

Since CH is considered the weak point of the hydrated cement [81],
with more CH reacted to form additional C—S—H phases, increased
strength was obtained from the blends. As seen in Fig. 21b, a negative
correlation between the CH contents and compressive strength at 28 and
90 days was observed in the groups except for DsMT and SsMT. By
incorporating 3 wt% of dry sMT in the cement blends, the CH contents
decreased to 13.1 % and 13.3 % after 28 days and 90 days, while the
corresponding compressive strength also decreased. As discussed in
Section 3.8, the lower compressive strength might be due to the poor
dispersion, high agglomeration, and predominant water absorption of
dry sMT particles in the cement matrix that less water is available to fuel
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cement hydration. In SsMT, however, 24.8 % and 4.6 % higher
compressive strength than DsMT were obtained at 28 and 90 days,
respectively. After functionalization, the saturated sMT, especially the
0.2PONPE9-SsMT, triggers a further decrease in CH content and an in-
crease in strength.

5. Conclusions

A novel internal conditioning (InCon) technique tailored based on
sMTs functionalized with two non-ionic surfactants (PONPE9 and
TX100) was proposed in the current study. Different from conventional
internal curing, InCon integrates the benefits of gradual water release
and pozzolanicity in a single system. The hydration kinetics of cement
with InCon, and its influence on the evolutions of phases, shrinkage,
microstructure, and mechanical strength, were investigated. The
following conclusions can be drawn:

(1) Both the silicate reaction and secondary aluminate reactions are
accelerated and enhanced by InCon. Shortened induction period
and decreased time to reach the main exothermic peaks were
obtained. At elevated temperatures, further enhanced cement
hydration was observed from all the groups, while the role of
InCon in enhancing cement hydration becomes less significant.
The heat release time parameter, 7, is positively related to the
time to reach the maximum hydration rate, while lower t values
were exhibited by the cement blends at elevated temperatures. In
the presence of InCon, the cement blends yielded lower and
higher 7 values than PC at room and elevated temperature,
respectively, indicating the less effective role of InCon under high
temperature due to structure densification. Increases in heat
release rate constant, g, are triggered by InCon at varying tem-
peratures indicating the improvement in hydration rate at the
linear portion of the hydration curves.

(3) With InCon, the apparent activation energy of cement hydration
was decreased from 34.3 KJ/mol to 28.7 KJ/mol, indicating a
lower temperature sensitivity and threshold of the cement hy-
dration process was triggered in the presence of the saturated
functionalized sMT. This might be due to the additional nucle-
ation sites, the improved pozzolanic reactivity of sMT, and the
extra InCon water released by the functionalized sMT reservoirs
as cement hydration proceeds.

Due to the coupled benefits of the enhanced pozzolanic reactivity
and increased water-reserving ability of sMT particles after
functionalization, decreased CH contents, improved degree of
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Fig. Al. Normalized heat flow at (a) 40 °C and (b) 55 °C, and normalized cumulative heat release at (c) 40 °C and (d) 55 °C before correction.

cement hydration, increased chemical shrinkage, and the for-
mations of additional C—S—H and aluminum-containing phases
were obtained from the cement with InCon. Compared with
TX100, PONPE9 displayed a more effective role in enhancing
sMT’s pozzolanicity, and a lower dosage at 0.2CEC resulted in a
higher CH consumption ability.
(5) The negative impact of dry sMT on the early age strength of
cement can be offset by InCon, which paves a path to improve the
mechanical properties of concrete at a higher cement substitution
level. 0.2PONPE9-SsMT group yields a 90-day compressive
strength of 67.1 MPa, which is 8.8 % and 3.8 % higher than the
PC and SsMT groups, respectively.
The hexagonal portlandite crystal and rice-shaped crystalline
clusters, a secondary CH crystal formed in a restrained growth
space after long-term hydration, are observed in neat PC and
cement containing saturated sMT. In the presence of InCon, fewer
hexagonal sheets, less ettringite, and additional C—S—H are
formed densifying the microstructure of the cement matrix.
The identified correlations between sMT’s properties and cement
hydration, as well as the physical and mechanical properties of
the hydrated cement, suggest that the improved water reserva-
tion capacity and pozzolanic reactivity of sMT after functionali-
zation and saturation are the underlying triggers of cement
hydration enhancement, and the improvement of physical and
mechanical properties of cement.

(6)
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Appendix A. . Isothermal calorimetry data at 40 °C and 55 °C
before correction

The raw heat flow and cumulative heat release curves at elevated
temperatures of 40 °C and 55 °C are shown in Fig. Al. As expected,
accelerated cement hydration was observed in all the groups due to the
higher temperatures. The secondary aluminate reaction peak of PC was
brought forward to 5.8 and 3.8 h at 40 and 55 °C, respectively, which
were 2.6 and 4.4 h earlier than that at 25 °C. The peak amplitudes were
also increased by 162.2 % and 426.1 % by elevating the temperature to
40 and 55 °C, respectively. It should be noted that decreased differences
in the exothermic peaks in terms of occurrence time and amplitude
between PC and the cement blends containing raw or functionalized
sMTs can be observed under the two elevated temperatures. From the
accumulative heat release curves at 55 °C, a downtrend after around 25
h was observed. As discussed above, this might be caused by the evap-
oration of water from the fresh cement samples under elevated
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temperatures. These curves were corrected by considering the heat loss
caused by water evaporation under the same elevated temperatures. The
heat flow and cumulative heat release curves after correction are shown
in Fig. 6.
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