molecules m\py

Article

The Role of Titanium Dioxide on the Hydration of
Portland Cement: A Combined NMR and
Ultrasonic Study

2 2

George Diamantopoulos 1,2(5), Marios Katsiotis 2, Michael Fardis 2, Ioannis Karatasios 2,
Saeed Alhassan 3, Marina Karagianni 2(7, George Papavassiliou ? and Jamal Hassan 1-*

1
2

Department of Physics, Khalifa University, Abu Dhabi 127788, UAE; g.diamantopoulos@inn.demokritos.gr

Institute of Nanoscience and Nanotechnology, NCSR Demokritos, 15310 Aghia Paraskevi, Attikis, Greece;

mikappal@gmail.com (M.K.); m.fardis@inn.demokritos.gr (M.E); i.karatasios@inn.demokritos.gr (1.K.);

m.karagianni@inn.demokritos.gr (M.K.); g.papavassiliou@inn.demokritos.gr (G.P.)

3 Department of Chemical Engineering, Khalifa University, Abu Dhabi 127788, UAE;
saeed.alkhazraji@ku.ac.ae

*  Correspondence: jamal.hassan@ku.ac.ae

Academic Editor: Igor Sersa check for
Received: 30 September 2020; Accepted: 9 November 2020; Published: 17 November 2020 updates

Abstract: Titanium dioxide (TiO;) is an excellent photocatalytic material that imparts biocidal,
self-cleaning and smog-abating functionalities when added to cement-based materials. The presence
of TiO, influences the hydration process of cement and the development of its internal structure.
In this article, the hydration process and development of a pore network of cement pastes containing
different ratios of TiO, were studied using two noninvasive techniques (ultrasonic and NMR).
Ultrasonic results show that the addition of TiO, enhances the mechanical properties of cement
paste during early-age hydration, while an opposite behavior is observed at later hydration stages.
Calorimetry and NMR spin-lattice relaxation time T results indicated an enhancement of the early
hydration reaction. Two pore size distributions were identified to evolve separately from each other
during hydration: small gel pores exhibiting short T; values and large capillary pores with long T,
values. During early hydration times, TiO, is shown to accelerate the formation of cement gel and
reduce capillary porosity. At late hydration times, TiO, appears to hamper hydration, presumably
by hindering the transfer of water molecules to access unhydrated cement grains. The percolation
thresholds were calculated from both NMR and ultrasonic data with a good agreement between
both results.

Keywords: cement hydration; titanium dioxide TiO,; NMR; ultrasonic; calorimetry

1. Introduction

Titanium dioxide (TiO,) has been studied for potential applications, notably as a white pigment
and in hydrolysis [1] and electricity production [2], as well as an additive in construction materials
(cement, concrete, tiles and windows) for its sterilizing, deodorizing and antifouling properties [3-8].
TiO, integrated into construction materials effectively decomposes or deactivates volatile organic
compounds, removing bacteria and other harmful agents. Cement-based, self-cleaning construction
materials can play a major role in achieving clean air conditions in modern urban environments.
Accordingly, it is of critical importance to characterize the structural properties and hydration kinetics
of these materials to improve their mechanical performance.

Different, nondestructive methods are used to investigate the hydration of cement-based materials.
The authors of [9,10] provide an overall view of these techniques. NMR has the advantage of
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nuclear-spin selectivity, where only one nuclear-spin isotope is detected at a time. The resulting
resonances provide information on the local structure and dynamic effects. NMR allows studying
the development of cement microstructures and kinetics in real-time during cement hydration, even
at the earliest hydration times. Until now, several NMR techniques have been reported to provide
valuable information on the porosity, pore size distribution and hydration kinetics of cement pastes.
Such techniques include NMR cryoporometry [11,12], imaging [13-15] and diffusion studies [16-19].
The most widely used technique to study the porosity and hydration of cement pastes is proton
(*H) NMR relaxometry [20-23]. In this method, the molecular motion and chemical and physical
environments of water molecules are probed continuously by measuring the 'H nuclear-spin-lattice
and spin-spin relaxation times of hydrogen nuclei. Ultrasonic wave velocity measurements similarly
provide an excellent nondestructive tool to continuously monitor the evolution of the solid matrix as
cement hydrates from the initial fluid state to the final solid configuration [24,25]. Measuring the speed
of ultrasonic waves propagating through the cement slurry allows for in situ monitoring of hydration
dynamics and determination of elastic properties [26-28].

When additives with hydrophilic properties, such as TiO,, are added to a cement paste,
the hydration process and pore size development are affected in multiple ways [29,30]. It is known
that the surface of fine fillers provides additional sites for the nucleation of C-5-H, accelerating
the hydration reaction by reducing the energy barrier [31]. The effectiveness of this catalytic effect
depends on the dosage and fineness of the nanoparticles. For TiO, nanoparticles, their addition
to cement can result in decreased water permeability and improved durability properties, such as
chloride penetration and capillary adsorption [29]. It has been reported that the addition of TiO,
nanoparticles to ordinary Portland cement results in an accelerating effect of early cement hydration,
directly proportional to particle/agglomerate size [32]. TiO, nanoparticles acquire a negatively charged
surface in the early-stage “ionic soup” of hydrating cement, balanced by increasing Ca*? concentrations.
Agglomeration is promoted via ion-ion correlations, also observed in C-S-H gel particles [33]. It is
known that adding TiO, to cementitious materials enhances the mechanical properties of the cement
in the early age of hydration. Enhanced mechanical properties for cementitious materials doped with
TiO, are also reported at the late stage of hydration [32,34-39]. In a recent review by Rashad [40],
the optimum percentages of TiO, in cementitious materials at which mechanical properties enhanced
were summarized as 1-4% for concrete, 2-10% in mortars and up to 10% in pastes. Other studies
reported opposite results, where the mechanical properties of cementitious materials doped with
TiO, decreased at later stages of hydration [41-43]. The effect of adding TiO; in cement hydration
and hardening, as well as the effect on the mechanical properties at late hydration times, are not
fully clarified. This is considerably important for the development of new construction materials that
incorporate TiO; for its sterilizing effects but less likely for its photocatalytic properties where a more
practical approach would be the application of coatings to the exterior surface of the structures.

In this article, results from both NMR and ultrasonic velocity measurements on the effect of TiO,
on the hydration of Portland cement are presented. NMR 'H spin-lattice relaxation and diffusion data
are recorded. These measurements monitor the dynamics of water molecules confined in cement pores
and their interaction with the pore surface.

2. Experimental

2.1. Ultrasonic Section

In bulk solid materials, ultrasonic waves propagate mainly in two modes: shear and longitudinal
waves. In cement, shear waves are expected to propagate only after C-S-H cement gel first percolates
(i.e., at cement setting time) [24]. On the other hand, longitudinal waves propagate through the initial
suspension. As the hydration procedure continues, the system becomes increasingly rigid and develops
a solid matrix of pores filled with water. The longitudinal V1, and shear Vs wave velocities increase as
both the bulk and shear moduli increase rapidly in value. V7 is related to the constrained modulus [44],
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M = p V12, where p is the density of the sample. By monitoring the evolution of Vi during the
hydration process and the evolution of the cement paste density, it is possible to deduce the evolution
of the M modulus of the cement paste as a function of the hydration time. During the propagation of
the signal through a material, its spectrum deforms and experiences high damping [25,26,45,46].

2.2. NMR Section: Spin-Lattice Relaxation Time

In this study, 'H-NMR spin-lattice relaxation time T1 measurements are used to obtain information
on the hydration process in a nondestructive manner. T; is determined by the water/solid interface of
the cement system and the development of the pore network. The relaxation rate, 1/T, of mobile water
molecules increases near a liquid-solid interface due to the exchange between the free and bonded water
and the presence of paramagnetic sites on the solid surface [13]. In the fast-exchange approximation:
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where the subscripts b and f refer to the “bonded” water near the pore surface and “free” water,
respectively; p is the fraction of bonded water molecules at pore surfaces [22,47]. For spherical pores
with mean radius r, assuming bonded water molecules form a layer of thickness ¢ [23],
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where 5/V is the pore surface area to volume ratio. As T, < Ty due to the presence of paramagnetic

sites on the solid surface, the overall relaxation rate depends linearly on the S/V of the pores.
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In cement and other complex porous materials, T; spreads over a wide distribution of relaxation
times due to the existence of pore sizes ranging from nanometers to micrometers. During cement
hydration, pore networks develop within the cement matrix. The nuclear magnetization in a saturation
recovery experiment can be expressed as [23]:

Ry = MM | T (mexp( —Til) Ty @

where R(t) is the proton magnetization recovery function, M is the magnitude of the magnetization
at equilibrium and M(t) is the observed magnetization as a function of time ¢. Here, g(T7) is the T
distribution function, which can be resolved by means of an inverse Laplace transform [23], unveiling
important information on the porous microstructure in the hardened material.

There are mainly three different “water groups” in hydrating cement pastes, which can be
monitored by T; 'H-NMR relaxometry. First, water chemically bound to OH groups (portlandite,
gypsum and ettringite) exhibits a restricted motion, characterized by long T; (> 100 ms) and very
short spin-spin T, (*10 us) relaxation times. In this study, this water group is intentionally excluded
from the data acquisition by setting the experimental time window for the NMR measurements
accordingly. Second, mobile water is incorporated into the C-S5-H phase and located in the restricted
volume of the gel pores. The relaxation is dominated by the pore-surface interactions, resulting in
short T1 and T, values (0.5-1.0 ms). Monitoring the gel pore water is of primary importance, as it
controls the viscoelastic response of C-S5-H gel to mechanical loading and relative humidity changes
(drying shrinkage). Third, water is trapped inside capillary pores (3-50 nm) and microcracks of the
hydrating cement pastes, with considerably higher relaxation times (~5-10 ms) [48,49], albeit lower
compared to bulk water (~2 s).
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2.3. NMR Section: Spin-Spin Relaxation Time and Diffusion Measurements

Measuring the water self-diffusion coefficient (D) is important in studying cement, as it is
directly related to hydration and the development of the gel matrix. D is directly connected to water
permeability and thus to the durability and aging properties of cement. The conventional NMR method
for measuring D is to monitor the 'H-NMR spin echo decay in a constant linear magnetic field gradient.
For the isotropic diffusion, the NMR data can be fitted to the relation [19]:

M((2t) =M, exp(z—T - % y?2 D G? ”63) ()

where y = 26.7522 x 107 rad s'T~! is the gyromagnetic ratio for proton, and G is the magnetic field
gradient. The linearly exponential part of the decay corresponds to T, and the cubic exponential decay
corresponds to dephasing due to the presence of the magnetic field gradient. However, water molecules
in porous systems do not diffuse freely due to pore confinements. Therefore, the dephasing part of
the spin echo deviates from the previous equation [18,19,50]. To describe the dephasing behavior,
two length scales need to be compared [50,51]: structural length I (=V/S, for spherical pores) and
dephasing length [, i.e., the distance a particle must travel to dephase by a full cycle in the magnetic
field gradient. If the diffusion length Ip(= +/6D7) < Is or < I, water molecules diffuse freely in the
porous matrix and Equation (5) is valid. However, if Is < Ip, the magnetization decay is in the so-called
motional averaging regime [50,51], and the dephasing part of the spin echo decay is characterized by a
single exponential law. For the case of spherical pores [52,53]:
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8y )2]

M(2t) =M, exp[—(175 D

(6)
On the other hand, if I < Is and < Ip, the magnetization decay is in the so-called localization
regime [50], and the following expression applies:

M(27) = M, exp[—l.OZ(()/ G)3 D%) 2 ] @)

The above is applicable when the magnetic field gradient is very strong and water molecules have
already dephased significantly before they reach the pore walls.

2.4. Materials

White cement (CEM 11-42.5) was provided by Lafarge-Heracles (Greece) and TiO, (P-25 Aeroxide)
was purchased from Degussa. White cement was selected because of its low iron oxide content,
which causes line shape broadening in NMR experiments due to magnetic susceptibility effects.
According to the manufacturer, P-25 TiO, contains 70% anatase and 30% rutile (w/w), with average
grain sizes of 21 nm and a specific surface area of 50 m?/g. Four cement paste mixtures were prepared,
namely C100, C97T3, C93T7 and C85T15. The number at the end of the doped sample names refers to
the weight percentage of TiO; that replaced equal amounts of cement (3, 7 and 15% w/w, respectively).
The water-to-cement ratio (w/c) was kept constant for all samples at w/c = 0.40. The percentages were
chosen based on expansion measurements by Flow Table. The sample with 15% titania (C85T15) has
a w/c ratio of 0.40, which is also its normal plasticity water, thus ensuring its workability. All other
percentages are roughly selected by dividing the percentage of titania. Regarding sample preparation,
cement and TiO, were initially mixed together at the appropriate weight ratio of each specimen and
stirred at a low mixer speed for 10 min to ensure excellent dispersion of TiO, in cement. Mixing with
distilled water was performed according to the procedure described in the EN 196-1 standard [54].
For the ultrasonic experiments, each sample was cast in a Plexiglas cubic mold (10 x 10 x 10 cm)
immediately after mixing with water. The thickness of the Plexiglas wall at the position of contact
with the ultrasonic transducers was 0.25 cm. Care was taken to ensure constant pressure on the
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transducers attached on opposite sides of the mold by the use of springs. The quality of the contact was
assured by the application of lubricant between the transducers and the Plexiglas mold. Samples were
saturated with distilled water after 6 h of casting and the open top of the molds was membrane-sealed.
With this procedure, shrinkage was minimized, and good contact between the Plexiglas wall and the
curing cement was ensured to avoid sound attenuation and signal loss. Ultrasonic measurements
were conducted with a commercial ultrasonic pulse generator (GE USM 23) driving two identical
transducers of nominal frequency (500 kHz). The waveforms were recorded with an A/D converter
using LabView home-built software. All experiments were performed at room temperature for a
minimum time period of 80 days and conducted four times. The values of the ultrasonic velocity
measurements provided here are the mean values of the four experiments. The estimated uncertainty
for the ultrasonic velocity measurements was + 30 m/s (calculated as % (Vmax — Vmin), where Vinax and
Vmin are the maximum and minimum velocity values as measured from the experiments). For the
NMR experiments, samples were taken from the same mixtures used in the ultrasonic measurements
to ensure identical preparation conditions. Immediately after mixing with water, the samples were
sealed into NMR glass tubes (9 mm in diameter and 30 mm in length) using a Parafilm® membrane to
minimize the evaporation of water. 1 H-T; experiments were conducted using a home-built circular
Halbach array magnet, suitable for low-field NMR measurements [55]. The field at the magnet center
was 0.29 T, corresponding to a proton resonance frequency. The magnet was coupled to a broadband
spectrometer operating in the frequency range of 5-800 MHz. T; was measured using a standard
saturation recovery technique ((1/2) — t — (71/2) — © — (7)) with the interpulse delay, ¢, ranging between
100 ps and 6 s on a logarithmic scale. The signal was detected by the common Hahn echo pulse
sequence with a 7 value of 60 ps. All experiments were performed at room temperature and the
hydration process for each sample was monitored for 28 days. Time intervals between successive
experiments ranged from minutes and several hours in the initial hydration stage up to full days at the
later hydration stages. At the early stage of hydration, T; was characterized by a single exponential
function. However, with progressive hydration, a multiexponential behavior 12.1718 developed,
which was resolved by means of an inverse Laplace transform [55]. The numerical Laplace inversion
of the 'H- of 12.1718 MHz NMR saturation recovery curves was obtained using a modified CONTIN
algorithm [56], which was constrained to a positive output for 30 logarithmically distributed points
between Tqpin = 0.01 ms and Tymax = 10.000 ms.

Water diffusion experiments were also conducted in the same Halbach magnet with a magnetic
field gradient of 1.03 T m~!. Measurements were carried out using the Hahn echo pulse sequence
((r/2) — © = (1) — T — echo) with the interpulse delay, T, ranging from 20 to 8 ms. All experiments
were performed at room temperature and the hydration process for each sample was monitored for
300 h with time intervals between successive experiments ranging from minutes to several hours.
The uncertainty in the T; values was estimated at £0.01 ms.

From the same batch mixtures that were used for ultrasonic and NMR analyses, an additional set
of cement-TiO, specimens were prepared to measure microstructural properties during hydration.
Each specimen was set in prismatic molds (20 x 20 x 80 mm) and left to hydrate at a relative humidity
of 98 + 2% and a temperature of 21 + 1 °C inside a curing chamber. The molds were membrane-sealed
and covered with glass sheets to avoid water evaporation. After two days, the specimens were
removed from the molds. These prismatic specimens were used to measure density at progressing
hydration ages using the standard Archimedes method with water. All specimens were examined
during the first 28 days of hydration with scanning electron microscopy (SEM) using a FEI Quanta
Inspect coupled with an energy-dispersive spectroscopy (EDS) unit. Specimens were vacuum dried
using ethanol and diethyl ether prior to analysis and gold-coated. Standard Vicat measurements
were performed and isothermal calorimetry measurements were carried out in an I-CAL 2000 HPC,
Calmetrix at 20.0 + 0.5 °C. The hydration of the mixtures was monitored by simultaneous differential
thermal analysis and thermogravimetry (DTA/TG) in a Perkin Elmer Pyris 2000 thermal analyzer [57].
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3. Results and Discussion

3.1. Vicat, Isothermal Calorimetry and DTA/TG Measurements

Figure 1 exhibits the normalized rate of hydration (per gram of cement + TiO;,) for all mixtures,
according to isothermal calorimetry measurements performed for the first seven days. Note that the
wy/c ratio is the same for all mixtures.
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Figure 1. Isothermal calorimetry measurement. Power versus hydration time and heat release versus
hydration time divided by the total solid mass.

These calorimetry data show that the peak heights were increased with the addition of the inert
TiO, nanoparticles, thus the addition of TiO, greatly affects the early-age hydration. The TiO,-doped
samples’ heat release curves around 5 h are shifted to the left, indicating the early-age acceleration
effect of TiO,. Although Titania is inert, the rate of reaction of the clinker component is enhanced.
The main peak is higher for the samples with 7% titania, while for all doped samples, it is higher than
the reference sample, and the acceleration slope is steeper for all the doped samples compared to the
reference sample. The cumulative heat of the C85T15 sample falls lower than the reference sample
after approximately 24 h. Considering that ] in Figure 1 is referred to as the extent of the hydration
process, the differentiation of mixture C85T15 is attributed to the sorter retardation/deceleration period
and the beginning of the long-term reactions at earlier stages. Overall, the full curve of C85T15 is
shifted to the left.

Standard Vicat measurements were performed in all mixtures for determining the initial and final
setting time (see Table 1 in Section 3.5), using the same amount of water.

Table 1. Percolation parameters (p.) obtained from fitting NMR and ultrasonic data to Equations (8)
and (9) and weighted standard deviation. Vicat measurements with uncertainty values.

Sample Percolation Threshold, p. Vicat Setting Times (h)

Ultrasonic/h NMR/h Initial Final
C100 4.7 £ 0.08 3.6 £0.1 4.18 +£0.02 4.88 +0.02
C97T3 43+0.1 33+0.1 3.66 +0.02 4.26 +0.02
C93T7 3.7+02 2.8+0.2 3.35+0.02 3.80 + 0.02
C85T15 32+04 22+0.3 2.78 £0.02 3.15 +0.02

The setting time determined by different methods and the hydration process are presented and
discussed in Table 2 (Section 3.5).
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Table 2. Periods of the hydration process for all four samples.

Samples C100 C97T3 (C93T7 C85T15
NMR Start of acceleration (h) 1.63 1.57 1.20 1.08
Formation of “shoulder” (h) 4.88 4.71 - -
Start of diffusion (h) 89.0 43.0 29.0 23.0
UltraSounic Initial detection of signal (h) 2.75 2.73 222 2.20
End of acceleration (h) 8.8 6.0 49 3.9
End of deceleration (h) 692 570 490 306
Calorimetry Start of acceleration (h) 1.67 1.37 1.26 1.06

End of acceleration/start of deceleration (h)  9.04 6.48 5.66 4.87

Based on the peaks appeared in the DTA curves, the total amount of chemically bound water
(attributed to the hydrated C-S-H and C-A-H phases) was calculated gravimetrically (TG%) at
different setting periods in the range of 75-320 °C [58,59]. Samples were heated in an air atmosphere
in three steps: from 25 to 60 °C, using a heating rate of 5 °C/min; a hold-step at 60 °C for 1 h (aiming to
remove any physically adsorbed water; and heating up to 400 °C with a rate of 10 °C/min. The amount
of chemically bound water was compared to that calculated in a reference cement specimen (C100R)
after setting for two years at the same curing conditions.

The hydration rate (Ry) of each different cement-TiO, mixture was calculated (Figure 2) by
dividing the amount of bound water at different setting periods by the amount of bound water in the
fully hydrated cement (C100R) [60].

0.9
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o Hydration rate C97T3 o
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A Hydration rate C85T15 . ag50, Oa
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Figure 2. Normalized hydration rates of the four samples with respect to the fully hydrated
C100R sample.

3.2. Ultrasonic Experiments

The hydration process for all samples was monitored by means of continuously measuring the
longitudinal ultrasonic wave velocity as a function of hydration time. Figure 3 demonstrates the
longitudinal ultrasonic velocity V1 as a function of hydration time. As seen from Figure 3, the hydration
periods of cement [27,61,62] are distinguished in the time evolution of V1, except for the “dormant
period”, which occurs at the early time (below 2 h) of hydration, where cement paste behaves as a
liquid suspension of particles. In our measurements, no longitudinal velocity signals were observed at
the dormant period (left region of the dashed line A, Figure 3) as entrapped air led to strong attenuation
of the longitudinal waves [25,26,62]. Air bubbles within the binder blocked the higher frequencies at
the early-age, allowing them to transmit at a later-age [26,45,63—-65]. The evolution of the frequency
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follows the evolution of the ultrasonic velocity and asymptotically reaches the carrier frequency at later
times. Between ~2 and 3 h of hydration (dashed lines A and B), ultrasonic waves become detectable
and V7, increases rapidly with hydration time.
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Figure 3. Ultrasonic longitudinal velocity versus hydration time for the samples used in this study.
The inset presents the data during the first ten hours of hydration time. The vertical dashed lines are
presented for clarification and to indicate the different hydration periods as discussed within the text.

Samples with higher TiO;, content exhibited higher Vi values. The V|, value of the sample
with the highest TiO, content, C85T15, was recorded approximately 40 min earlier compared to
the reference sample, C100 (notice the signal between the two blue lines in the inset of the figure).
This indicates that substituting cement with TiO, causes a strong acceleration of the early hydration.
In the “acceleration period” (~3-0 h, lines B and C), an increased hydration rate is observed for all
the samples with the lowest V[, values for the reference sample. The rapid growth of cement gel in
this period facilitates solid pathways, which enables the transmission and detection of longitudinal
waves [28,45]. After approximately 10 h of hydration, the “deceleration period” began with a slower
increase in Vi for all samples compared to the acceleration period. This period lasted for up to
~300 h of hydration for the TiO,-containing samples (between lines C and D) and up to ~700 h for the
reference sample (between lines C and E). The data show a nonlinear behavior for the TiO,-containing
specimens and a linear behavior for the reference sample, a characteristic of adding fine aggregates to
cement [66-70]. The addition of fine aggregates accelerates the evolution of the microstructure [51].
Therefore, additives such as TiO; caused a reduction of the distances among solid particles, and smaller
amounts of hydration products are needed to form the first connection path for the ultrasonic signal to
transmit. This “filler effect” is also observed in the SEM images of the samples and presented later in
this section (Figure 8). A further observation of the data at the end of this period indicates that the
V1, value of the reference sample overpassed the V1, values of the other samples, indicating its solid
paths became fully developed. This is opposite to what was observed at the early stage of hydration
(between the two blue lines).

Furthermore, all samples reach a saturation value in their ultrasound velocity after 1000 h.
The saturation values from Figure 3 are calculated as 3018 m/s for sample C85T15, 3123 m/s for sample
C93T7, 3169 m/s for sample C97T3 and 3207 m/s for sample C100.

These values are inversely proportional to the amount of TiO; in the sample, indicating the
reduction of the constrained modulus with increasing TiO, content in cement. In this connection,
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the constrained modulus (M = pV?) of the samples is calculated, and the results are presented in
Figure 4.
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Figure 4. Evolution of constrained modulus M for the samples versus hydration time.

The saturation values of Mg, are 15.2,16.4, 17.7 and 17.8 Gpa for C85T15, C93T7, C100 and C97T3,
respectively. It is known that TiO, is added to construction materials (cement, concrete, tiles and
windows) for its sterilizing, deodorizing and antifouling properties [3-8]. The results of Figure 4
show that if too much TiO; (15%, as in C85T15) is used, the mechanical properties of the material will
be affected.

3.3. 'H-Spin-Lattice Relaxation Time (T1) Measurements

The hydration process for the samples was monitored by measuring ' H-T;, which is less liable
to artifacts caused by water molecule diffusion in magnetic field in-homogeneities. Figure 5 shows
T, distribution profiles, obtained by the inverse Laplace transform [55], as a function of hydration
time. For all samples and at early hours of hydration, the magnetization of water protons relaxes
uniformly due to the fast exchange between water spins in the various environments, represented by a
single T; component [20,71,72]. T; for this peak is ~ 100 ms. With proceeding hydration, a growing
number of hydration products develop and the paste becomes rigid. The surface area of the pore
network increases, which causes a reduction of T4, as predicted by Equation (3). Monitoring the change
in Tq allows the observation of the evolution of hydration and the growth of the pore structure of
cement. At approximately 12 h of hydration, T distribution splits into two components. The short
and long T peaks are attributed to water in gel pores and large capillary pores, respectively [55,73].
The observation of these two components indicates the formation of both gel and capillary pores,
with different pore geometries reflected by their T; values. At longer hydration times, the cement
paste hardens and a further reduction of T; is observed, as a result of increasing pore surface areas
according to Equation (3). Beyond 12 h of hydration, the peak assigned to the gel pore (short T7) grew
larger in area while the capillary peak (long T1) decreased slightly, providing a measure of the change
of the two pore populations. The two T; peaks are visible over different time intervals depending
on the percentage of the TiO, in each sample (with the reference sample lasting longer). The two T
peaks are visible from 12 h for all samples and retain until 18 h, 1 day, 3 days and 14 days for C85T15,
C93T7, C97T3 and C100, respectively. Beyond these times, both peaks merge into one. This behavior
can be related to the deceleration period of the samples, as deduced from ultrasonic results (Figure 3),
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where the deceleration period lasted longer for the reference sample. Another observation on the two
peaks of T7 in Figure 5 is that the gel pore peak (short T1) attains relatively higher initial values in the
TiO,-containing samples compared to the reference sample, while it subsequently shifts to lower T4
values with progressing hydration. This might be due to the creation of an initial “more open” gel
pore structure.

a) C100 b) C97T3
28days - 28days — " \-
S\ 21days A AN 21days
14days —/;\\ 14days — -
10days SN 10days
7days _/\/\ 2d 7days /\é-\\ 3d
— 7 Jdays Hydration ays
1day—~—/"— ye 1day A~
- ~ /" _18n Time . A~ _18h
12h— o~ N 12—
/\/\ 5h /\/\ 5h
1h 1h
001 04 1 10 100 100010000 001 04 1 10 100 100010000
T1/ms T1/ms
c) C93T7 d) C85T15
A
28days N\ 28days NS
AT 21days N 21days
14days —— - Hydration 14days ——/
N — 10days Ti AN 10days
7days — — ime 7days A
- 3days S~ 3days
day—— 1day B\
—  ~ N 18h ~\ 18h
12h—  ~ "N 12—~
AN 5h J\/\ 5h
1h DN 1h
001 04 1 10 100 100010000 001 01 1 10 100 100010000
T1/ms T1/ms

Figure 5. NMR spin-lattice relaxation T; distribution profile versus hydration time obtained from the
inverse Laplace transform of the NMR data for (a) C100, (b) C97T3, (c) C93T7 and (d) C85T15, samples.
Note the change of the T; profile from one, two, to one component at short, intermediate and long
hydration times, respectively.

Figure 6 shows the evolution of the average T; as a function of hydration time for the four cement
samples. A formation of a “shoulder” in the T1 versus hydration time curve is observed at about 5 h for
both C97T3 and C100 samples but is more visible in the C100 sample. The formation of this shoulder
is known to relate with the w/c ratio and is more pronounced at a higher w/c ratio [12], related to a
second water release originating from the melting of solid substructures, mainly ettringite crystals into
monosulfate [41,42]. Although the samples used in this study have the same wyc ratios, C93T7 and
C85T15 do not exhibit such a shoulder contrary to C100 and C97T3 samples. This behavior can only be
attributed to the role of titania in withholding water, making the samples with a larger titian content
not exhibit such a shoulder curve.
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Figure 6. 'H-T; NMR measurements for all four samples versus hydration time.

1

The ratios of the mean relaxation rates (1/T1) 5y = <T11> versus hydration time are obtained

1/max

using the procedure described in [55]. This quantity is the average relaxation rate and is a measure of
the development of the fine porous system by the increase of the total surface area of the porous system.
The increase of the total surface area is related to the formation of hydration products and follows the
hydration rate of the samples [17,39,40], regarded as a well-defined parameter for a heterogeneous
multiphase system such as cement (gel and capillary pores) [59]. Figure 7 shows the connection
between the hydration rates derived from DTA/TG measurements and the normalized NMR 1/T; rates.
For the samples C100 and C97T3, there is a significant deviation between DGA/TA and NMR results.
This deviation is related to the formation of the shoulder in the T; measurements in those samples
(Figure 6). This behavior could be explained by the hydrophilicity of TiO, nanoadditives and the
consequent stronger van der Waals forces between water and titania. This has a consequent effect
on the water molecules” mobility (considerably reduced by increasing the amount of TiO;) and the
resulting 'H T} NMR measurements. The TG measurements are affected, since the fast heating rate
(10 °C/min) cannot overcome the strong hydrophilic forces between water molecules, resulting in a
decrease of the hydration related water and a better fit to NMR results. On the other hand, T NMR
monitors all mobile water molecules both in gel and capillary pores. For the samples C93T7 and
C85T15, which do not manifest a shoulder in the T; results, a very good coherence between these two
techniques is shown.

An increase in relaxation rates is observed for the higher-doped samples. Increasing relaxation
rates correspond to an increase in the pore surface areas, as expected by Equation (3). The enhancement
is believed to be due to two reasons: (1) TiO; grains promotes C-S-H gel production and the grains
act as nucleation centers for cement gel growth, causing an increase in the short T peak area versus
hydration time (Figure 5); (2) TiO; speeds up the rupture of the gelatinous coating created around
cement grains [31,74], therefore the dormant period is shorter for the doped samples, as seen at the
beginning of the hydration time of Figure 6.

For the SEM images, the specimens were cast on freshly cleaved flat mica surfaces and left to
cure for two days at 21 °C and 95% RH. Samples were then placed on SEM aluminum stubs and
the mica surface was removed. Images were collected from the surface of each specimen exposed
to mica. Figure 8 shows the SEM images of the reference sample, C100, and the 7% TiO, sample,
C93T7. The latter appears to have a denser and more packed structure compared to C100 due to the
high production of early hydration products. This can also be related to the NMR results (shown in
Figure 5; Figure 6), which revealed (from 1/T1) an increased production of cement gel in doped samples
compared to those in the reference sample.
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Figure 7. Hydration rates and normalized mean relaxation rates [Tll]mrm versus hydration time for all
four samples calculated by DTA/TG measurements.

Figure 8. Scanning electron microscopy (SEM) images for specimens C100 (left) and C93T7 (right)
after two days of hydration. The 7% TiO; (right image) sample exhibits a significantly denser internal
structure compared to the reference sample (left image).

3.4. 'H-NMR Diffusion Measurements

Water mobility inside the porous system of hardening cement was monitored through the
evaluation of self-diffusion coefficient, D, as determined from the NMR diffusion data using
Equations (5)-(7). The results are shown in Figure 9. At the beginning of the dormant period,
D, remains practically unchanged, with the TiO,-containing specimens exhibiting higher values.
Going more into this period, a sharp decrease is seen in the coefficient value for all specimens.
This indicates a restriction of water mobility as the pore system develops due to the increased
production of cement gel. The decrease in D¢ directly corresponds to an increase in the pore size area.
It is interesting to note that the aforementioned decrease in D, takes place after an amount of time
proportional to TiO, content, as depicted by the dotted lines in Figure 9 (at approximately 8, 9 and 14 h
for C100, C93T7 and C85T15, respectively).
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Figure 9. Self-diffusion coefficient, D,y versus hydration time obtained from NMR data by using
Equations (5)-(7). The time at which D,y has decreased depends on the TiO; concentration. For the
15% TiO, sample, this started at a longer time compared to the other samples.

3.5. Correlation between NMR and Ultrasonic Results

Ultrasonic longitudinal velocity Vi evolves with hydration time and is closely related to the
formation of the pore network. On the other hand, NMR relaxation rate 1/T; is proportional to the
pore sizes through Equation (3) and provides a measure of the development of the fine pore system.
Therefore, a correlation between these two properties can be made. Figure 9 presents the normalized V1,
values versus the normalized 1/T; values, considering hydration time as an implicit parameter. The 1/T4
values were normalized with respect to the 1/T; value measured for the reference sample after a setting
period of two years. V1, values were normalized with respect to the saturation values obtained from
Figure 3. In Figure 9, two distinct regions of linear correlations between V; and 1/I'; can be observed.
The first linear correlation appears immediately after the initial setting and continues for 7 to 10 h of
hydration time. The second linear region appears directly after this period and continues for the entire
time of the analysis (28 days). The steeper slope observed in the first region indicates that the ultrasonic
technique is more sensitive than NMR during early hydration. V increases rapidly when the first solid
pathways are formed, but water is still unhindered and pore size distributions (measured through
1/T4) are not yet distinguishable on the NMR time scale. With progressing hydration, water either
reacts with cement or becomes confined within the porous system, resulting in an observable change
in the NMR signal. In Figure 10, the slope of the second linear region is shifted toward the NMR 1/T;
axis, indicating that the NMR technique is more sensitive at later hydration times in detecting the
development of the porous network. Accordingly, both techniques monitor the formation of hydration
products through different yet complementary mechanisms.
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Figure 10. Correlation between ultrasonic longitudinal velocity and NMR relaxation rates. Both are
normalized and the hydration times are taken as implicit parameters. Two distinct regions of linear
correlations between Vi and 1/T; are observed from the starting time until ~7-10 h and ~7-10 h until
28 days.

As discussed previously, 'H-NMR experiments define the evolution of cement microstructure
and the formation of a pore network over time by probing the water molecules and their interaction
with the solid surface of the pores. 'H 1/T; rates are a measure of hydration by probing the
development and evolution of the pore network of the cement paste during the hydration process,
as described by Equation (3). Ultrasonic measurements probe the development of the solid matrix by
monitoring changes in the elastic modulus and density of the system through the transmitted ultrasonic
waves. Percolation is a critical element in defining the performance of cement-based materials.
To quantitatively characterize phase percolation, a complete understanding of microstructural changes
in three dimensions is necessary. Experimentally, this can be challenging because commonly used
techniques such as scanning electron microscopy or mercury intrusion porosimetry provide partial
information or demand a significant amount of time to perform or to analyze [75]. On the other hand,
the two techniques used in this study can be used to define percolation during cement hydration.
In this context, each method defines the percolation of cement hydration in a different manner. As per
ultrasonic methods, the percolation threshold can be defined as the point in time upon when the
connectivity of the solid hydration products in the cement paste reaches a critical content, allowing
for enhanced propagation of ultrasonic waves from that point onwards (acoustic percolation) [61,76].
From the NMR T; relaxation perspective, the percolation threshold can be defined as the point in
time when the interconnectivity of the pore network reaches a low critical value, following which T;
relaxation is controlled mostly by gel porosity (NMR relaxation percolation) [21,55,77]. By extending
the power law equation used previously by Scherer et al. [76] (in ultrasonic, similar to Equation (8))
and NMR (Equation (9)), the percolation thresholds for Vi and 1/T; can be calculated as:

(V2= V) e (p—pe) ®)

1 1
= _ Y
(Tl) (Tlo) *p=po) ©
where V) and Ty are the initial values of V|, and Ty, respectively. In order to determine the critical

exponent y and the percolation threshold, p., ultrasonic and NMR data were fitted to the above
equations, and a sample of the results is shown in Figure 11. From the fitted curves, the percolation



Molecules 2020, 25, 5364 15 of 19

parameters were obtained for all samples and presented in Table 1. The initial and final setting times
are also presented in Table 1. These are obtained by Vicat measurements.

8 0.8
7R | @ M) o7
——Fit, Eq. 8 C100
6 4086
o e 1,
[ I . *
5} |=—Fit,Eq.9 4 0.5
@ : % -
E s
o 4 404 @
w
= £
o
~ 3t 403 "
> =
2+ 402
1F 401
0 e ) , 4 0.0
1 10 100 1000

Hydration time [h]

Figure 11. Fit of Equations (8) and (9) to the NMR data (black circles) and ultrasonic data (white circles)
for the reference specimen C100 to obtain the percolation parameters p. as described in the text.

The threshold values obtained with ultrasonic, NMR and Vicat techniques (Table 1) are inversely
proportional to the concentration of TiO; in the samples. The ultrasonic parameters, p., indicate a
formation of solid pathways after ~5 h of hydration for the reference sample C100 and after ~3.5 h for
the samples containing TiO,. Similarly, from the NMR part, the percolation threshold, p, for pore
critical low interconnectivity is reached after ~4 h for the reference sample and after ~3 h for the TiO,
samples. The initial setting times from the Vicat measurements correlate with the NMR percolation
times (Columns 2 and 3 of Table 1), while the final setting times correlate with the ultrasonic percolation
times (Columns 1 and 4 of Table 1).

Furthermore, in the following table, all the important hydration periods are presented, as detected
from all the methods used. The start of the acceleration derived from the NMR measurements coincides
excellently with the start of acceleration derived from the isothermal calorimetry measurements (Rows 2
and 8 of Table 2, bold). The end of the acceleration, as detected from the ultrasonic measurements,
is verified from the main peak position of the isothermal calorimetry measurements (Rows 6 and 9 of
Table 2, shaded).

4. Conclusions

The effect of titanium dioxide TiO, in cement hydration has been demonstrated, using two
noninvasive techniques (NMR and ultrasonic). Spin-lattice relaxation times T; and diffusion
measurements were used to monitor the dynamics of water molecules confined in cement pores
and their interaction with the pore surface. Critical information on the role of TiO, on the pore
developments during hydration of cement paste was obtained. Ultrasonic wave velocity measurements
provided information on bulk mechanical properties of cement in the presence of TiO, and the evolution
of the cement-solid matrix.

An acceleration of early hydration kinetics in TiO,-containing samples was observed with NMR,
specifically as an enhancement in early hydration and C-S5-H gel production. The existence of
two pore reservoirs was also revealed: a small gel pore reservoir (short T; component) and a large
capillary pore reservoir (long T component), evolving separately from each other with the progress
of hydration. The presence of TiO, appeared to favor the formation of gel pores more than capillary
pores, providing further proof of its role as a nanofiller.
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Hydration rates derived from DTA/TG measurements and the normalized NMR 1/T; rate were
well correlated for the highly doped samples. Ultrasonic results showed that TiO, enhances the
mechanical properties of cement paste during early hydration. The ultrasonic signal was detected
in earlier hydration time for samples with TiO;, an indication that the additive improved cement
paste consistency. On the other hand, opposite behavior was observed at later hydration times, as the
elastic properties (defined by the saturation values of the ultrasonic velocities) and the constrained
modulus M of cement pastes (after 28 days of hydration) were inversely proportional to TiO, content.
At later stages, TiO, appears to hamper hydration, presumably by hindering the transfer of water
molecules to access unhydrated cement grains. Isothermal calorimetry measurements further support
our conclusions.

The percolation threshold parameters were calculated using data of both techniques.
These parameters are inversely proportional to the concentration of TiO, in the samples. Using the
ultrasonic methodology, the acoustic percolation threshold can be identified as the moment when
solid pathways are first formed and sound propagation is enhanced. NMR detected the percolation
threshold as the point when the interconnectivity of the pore network reaches a low critical value,
after which T; relaxation is controlled mostly by gel porosity. These values were well correlated with
initial and final setting times determined by the Vicat method.
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