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ARTICLE INFO ABSTRACT

Keywords: In recent years, there has been a growing interest in the use of nanomaterials as additives in various industries,
Cement including cement production. Among these materials, carbon-based nanomaterials, such as graphene and gra-
Boron nitride nanotubes phene oxide, have been extensively studied for their potential applications in cementitious materials. However,
g::g:z:: oxide recent research has shown that boron nitride nanotubes (BNNT) can offer superior properties compared to their
Hydration carbon-based counterparts. This study compared the properties of BNNT with those of graphene and graphene
Nanomaterials oxide when used as additives in cementitious materials. The hydration process of the nanomodified cementitious

composite was studied using in situ calorimetry measurements over a period of seven days, and thermogravi-
metric analysis (TGA), X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), nuclear magnetic
resonance (NMR), and Field Emission Scanning Electron Microscopy (FESEM) over a period of 28 days. These
techniques provide insights into the mechanisms of cement hydration and the impact of boron nitride nanotubes
on cementitious composites. The results demonstrate that the addition of BNNT significantly reduced the in-
duction period during cement hydration, indicating that BNNT can enhance the reactivity of cement. Further-
more, BNNT accelerate the hydration process because of their high surface area. Phase identification by XRD
peaks showed that the BNNT reinforcement could regulate the microstructure of the cementitious composites.
These findings suggest that BNNT has the potential to be a more effective and efficient additive in cementitious
materials than graphene and graphene oxide. The use of BNNT in cement production can lead to the development

of high-performance, durable, and sustainable materials for various construction applications.

1. Introduction

Cement production is a recognized cause of anthropogenic global
warming. Cement improvement and breakthrough technologies,
including the potential use of nanomaterials, are among the proposed
solutions [1]. However, the proficiency of nanomaterials to enhance
cement hydration has not yet been clearly established. A significant
improvement with nano admixtures can potentially reduce the amount
of cement in concrete. However, owing to their strong agglomeration
tendency, obtaining homogeneous nano dispersions is extremely chal-
lenging, which is a prerequisite for successfully utilizing nanomaterials
in most applications, including composite materials [2]. Comprehensive
characterization at the multiscale level is essential to truly understand
and harness the benefits of nanomaterials for cement improvement. The
full characterization of calcium silicate hydrate (C-S-H) requires a
multiscale analysis. The C-S-H is the gel that binds the cement phases
together, and it is heterogeneous and nanoporous. The disordered
stacked sheets of calcium and oxygen atoms and silicate tetrahedra are
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separated by sheets of water with nano-sized gel pores and larger
capillary pores [2]. Nuclear magnetic resonance (NMR) analysis is
usually required to investigate the nanospheres of cement [3].
Graphene (G) and graphene oxide (GO) have excellent potential as
reinforcing materials for high-performance composites, based on the
effect they have on cement hydration [4,5]. These materials contribute
to enhancing the toughness of cementitious composites. The limitation
of these carbon based nanomaterials is that they accelerate corrosion in
blends without a high proportion of slag [6]. Thus, other nanomaterials
merit further investigation. Nanoparticles prevent the formation and
propagation of microcracks, as well as contribute to the improvement of
the densification of matrix [7]. Among the promising nanomaterials
being explored, boron nitride nanotubes (BNNT) have emerged as a
particularly intriguing option for enhancing cementitious composites.
BNNT have groundbreaking improvements in material sciences. Nano-
sheets of boron nitride are 2D nanomaterials that have been extensively
exfoliated and used as reinforcements in composite materials. BNNT has
superior chemical stability, mechanical strength, and thermal
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conductivity compared with carbon nanotubes [8,9]. BNNT exhibits
superior mechanical strength and stiffness, which remain largely un-
changed even as the number of layers increases. In contrast, G experi-
ences a significant drop in strength (up to 30 %) as the number of layers
increases from 1 to 8 [10]. The superior interlayer integrity of BNNTSs
ensures that their exceptional mechanical properties are maintained,
making them highly effective for improving the strength and toughness
of cementitious materials. Furthermore, the larger surface area of BNNT
(2600 m?/ g) [10,11] results in more robust interfacial interactions with
the cement matrix when compared to low-dimensional nanomaterials,
including G and GO [11,12]. This provides more nucleation sites for the
hydration products. BNNTs are chemically inert and resistant to most
acids, bases, and organic solvents, ensuring their long-term durability in
the highly alkaline environment of cementitious materials [13]. They
exhibit exceptional thermal stability and can resist oxidation up to
temperatures of approximately 800 °C [14], making them suitable for
applications involving high temperatures or fire resistance. Unlike
carbon-based nanomaterials, BNNTs are unaffected by the alkaline
environment of cement [15], which reduces the risk of degradation or
adverse interactions. This ensures that their reinforcing effect is main-
tained over time, contributing to the long-term performance of cemen-
titious composites. The unique combination of superior mechanical
properties, chemical stability, and high surface area of BNNT provides a
promising opportunity to develop high-performance cementitious
composites. BNNT has already shown promise in increasing the
biocompatibility of dental cements [9], dental adhesives [16], and
regenerative medicines [8] and have an effect on oil absorption [17].
Despite these promising properties, the mechanisms underlying the
enhancement of cementitious composites by BNNTs have not yet been
fully elucidated. Details of the interactions between BNNTs and cement
paste cannot be obtained solely from macroscopic investigations [18].
The main objective of this study was to compare the effects of BNNT,
G, and GO on the hydration process and microstructure development of
cementitious materials, with emphasis on their hydration enhancement
capabilities. By conducting this comparative analysis, we aim to
contribute to the field of construction materials by describing the
mechanism by which these nanomaterials influence cement hydration
kinetics and quantifying and qualifying changes in the cement micro-
structure, which aids in developing high-performance cement. To
accomplish these goals, an in-depth analysis of the cementitious
microstructure was conducted using isothermal calorimetry to quantify
parameters such as heat evolution, induction, and acceleration period
and to analyze the degree of hydration and the formation of hydration
products through thermogravimetric analysis (TGA) and X-ray diffrac-
tion (XRD). In addition to examining the nanostructure of the C-S-H gel,
solid-state Nuclear Magnetic Resonance (NMR) spectroscopy was used,
focusing on the changes in the C-S-H chain length and connectivity.

2. Materials and methods
2.1. Materials

In this study, general use Portland cement (GU, type-1) was chosen to
prepare the cement paste. A polycarboxylate ether (PCE)-based super-
plasticizer (SP) was used at a constant dosage of 1 % by weight of cement
in all mixes. Graphene Black 3X(G) nanoparticles were procured from
Nano Xplore. To achieve uniform dispersion, 10 g of G powder was
exfoliated in 1 L of distilled water and sodium cholate (1:5 ratio). This
mixture was processed using a high-speed shear mixer at 5000 rpm for 1
h [19]. The G used contained 91 % carbon (C), 7 % oxygen (O), 0.5 %
sulfur (S), and 2 % other elements, with an average particle size of 40
pm. GO supplied by Graphenea Inc., Cambridge, USA, was used in this
study. GO was received in the form of dispersion in water at 4 mg/mL.
GO consists of 49-56 % C, 41-50 % O, 2-4% S, and 0-2% other elements
with a particle size of less than 7 pm. For the GO dispersion, 75 ml of the
GO solution was measured and sonicated with 5 g of superplasticizer
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(SP) for 30 min using a 40 kHz bath sonicator. This sonicated GO-SP
mixture was then incorporated into the cementitious composite, and
the amount of SP used for sonication was deducted from the total SP
dosage to maintain consistency across all mixes [20]. BNNT were ob-
tained from BNNT Ltd., U.S. The BNNTs had a BN content greater than
99 % (refined materials), with residual impurities of <1 wt % elemental
boron, low tap density of ~0.25 mg/cm® with extremely low defect
density. The surface area of BNNT is up to 400 m2/g and has a network
of many isolated tubes and bundles up to 5 tubes, typically with 1-5
walls (2 or 3 most common), and lengths up to 200 pm with longer tubes
suspected. The properties of nanomaterials are presented in Table 1.
For better dispersion of BNNT, 0.3 g of BNNT was initially made into
a paste using 10 mL of ammonium oleate surfactant with a mortar and
pestle, and an additional 90 mL of ammonium oleate surfactant was
added to the paste, and sonicated for 3h using a 40 kHz bath sonicator
before being incorporated into the cement mixtures [21]. The ammo-
nium oleate surfactant was prepared by mixing 1 mL of oleic acid with 1
mL of concentrated ammonia solution and 50 mL of distilled water [21].

2.2. Preparations of nanomaterials modified cement paste

The G, GO, and BNNT particles in this study were first dispersed in
water (Fig. 1) and then mixed with cement paste, which is convenient
for mixing. These nanomaterials were incorporated into the cement
mixture at 0.03 % by weight of cement content. The control mix
(without nanomaterials) was prepared according to the mix proportions
listed in Table 2. The water-to-cement ratio was kept constant at 0.35 for
all mixes. This low water-to-cement ratio helped us focus on developing
high-performance cement mixtures and enhancing the observable ef-
fects of nanomaterials on hydration and microstructure development.
All mixing and sample preparation procedures were conducted at a
controlled temperature of 23 °C + 2 °C. This nanomaterial solution and
the remaining water were then added to the dry contents of the cement
and stirred for 180 s at 2000 rpm using an overhead stirrer. The mixing
was completed in three steps: 1) 60 s of mixing, 2) 30 s rest, and 3) 90 s
of mixing. The freshly prepared cement pastes were cast in a poly-
urethane tube and vibrated to remove entrapped air. The tube edges
were sealed with bolts and clamped to prevent moisture loss. After
demolding, the samples were stored in lime-saturated water at 23 °C
until the specified testing age.

2.3. Materials characterization

2.3.1. Calorimetry
Isothermal calorimetry was used to study the in situ hydration

Table 1
Properties of nanomaterials used.
Properties G (Graphene) GO (Graphene BNNT
Oxide)

Composition 91%C; 7%0; 0.5% 49-56%C; 41-50% >99%BN;
S; 2 % other 0; 2-4%S; 0-2% 1 % elemental
elements other elements boron

Particle size 40 pm <7 pm Lengths up to 200

pm
Form Dry Powder Dispersion in water Dry Puffball
Supplied (4 mg/mL)
Surface area - - Up to 400 mz/g
Density 0.18 g/cm® - Low tap density ~
0.25 mg/cm?®

Structure A single layer of Oxidized graphene Network of isolated
carbon atoms with various tubes and bundles
arranged in a oxygen-containing (up to 5 tubes) 1-5
hexagonal lattice groups disrupting walls (2 or 3 most
(up to 10 layers) the lattice (Single common)

layer)
Other Extremely low
properties defect density
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Fig. 1. Schematic presentation of methods used for the preparation of nanomaterials for cementitious composites: a) graphene-based, b) graphene oxide-based,
c) BNNT.

kinetics of cement paste. A thermometric air conduction calorimeter
measured the heat flow. Freshly mixed pastes of approximately 7 g were
cast into 25 mm diameter glass vials, resulting in a consistent sample

Table 2
Mix contents of specimens in weight ratio.

S. Cement  Nanomaterial ~ Water  SP (wt of Surfactant thickness (5 mm). The vials were sealed and analyzed using a calorim-
No cement) eter for 168 h. A constant temperature of (23 4 0.02 °C) was maintained
1 1 0 0.35 1% Sp in the measurement cells throughout the experiment. The hydration
2 1 G-0.03% 035 1% S]l: 'ls"dium heat flow and cumulative hydration heat were normalized to the exact
3 1 GO - 0.03 % 0.35 1% ;PO ae sample mass for each specimen. This normalization was performed to
4 1 BNNT-0.03%  0.35 1% SP - ammonium maintain consistency with standard calorimetry practices and to account

oleate for minor variations in sample mass, even though the intended cement
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content was the same across all samples. This approach allows for more
precise comparisons between samples within the study and facilitates
easier comparison with results from other studies that may use different
sample sizes.

2.3.2. Thermogravimetric analysis

Thermogravimetric analysis was used to assess the change in the
phase composition of the cement pastes owing to hydration. For anal-
ysis, the cement pastes were cast into cylindrical plastic molds with an
inner diameter of 5 mm. The cylinders were stored in a saturated
aqueous solution of calcium at 23 £+ 2 °C to prevent leaching. At
designated ages, the specimens were ground, and hydration was halted
by treatment with isopropanol and diethyl ether, followed by vacuum
drying at 40 °C for 15 min. The treated samples were maintained under
carbonation-free conditions until further testing. The thermogravimetric
analysis was conducted up to 950 °C at a ramp rate of 5 °C/min. Ther-
mogravimetric analysis was used to determine the calcium hydroxide
(CH) content within the cement paste at different times and subse-
quently quantify the degree of evolution of hydration. TGA measure-
ments were performed on days 1, 3, 7, and 28-day samples.

2.3.3. FTIR spectroscopy

Infrared spectroscopy reflects changes in the vibrational energy of
molecules in a hydrated cement sample based on the location and shape
of the absorption peak. The test is performed on the same sample used
for TGA. In this study, the testing range of the wavenumbers used was
400-4000 cm !, which belongs to the middle-infrared region.

2.3.4. X-ray diffraction (XRD)

The nano-modified cement samples were analyzed using XRD to
identify the mineral phases precipitated by the reaction. On a Bruker D8,
Cu Ka radiation was used to collect XRD data with a 40 kV/40 mA
advance diffractometer. For the measurements, a flat-plate Bragg-
Brentano geometry incident beam and receiving Soller slits of 0.04 rad
were used. A vertical goniometer with a 15 rpm spin was used to mea-
sure the particles over an angular range of 5°~70°26 with a step size of
0.020°. The total measurement time per scan was 28 min, assuming a
0.50 s accumulated time per step. ZnO external standards were used to
determine the amorphous content. XRF oxide composition and TGA
measurements were used to calculate the mass absorption coefficient
and bound water content.

2.3.5. ¥si magic angle spinning nuclear magnetic resonance 298i MAS-
NMR

Bruker Avance III HD 400 MHz NMR with silica probe was used to
analyze finely ground hydration-stopped powdered samples. The sample
is packed into a 4 mm zirconia O-ring rotor. 1D proton, 1D silicon, and
29Si NMR spectra were recorded to identify the resonances. In NMR
experiments, a sample is held in a magnetic field, and pulses of radio-
frequency radiation are applied to cause nuclear spin to process, fol-
lowed by the measurement of the electromagnetic response produced as
the nuclei relax back to their equilibrium states. NMR spectra were
analyzed to understand the structure and composition of the material,
and comparisons were made with other characterization techniques,
including X-ray diffraction, TGA, and electron microscopy, for a
comprehensive understanding.

2.3.6. Scanning electron microscopy (SEM)

SEM images of the fracture surfaces of nano-modified cement were
obtained using a scanning electron microscope. Hydration stoppage of
the fracture samples was performed prior to testing. For hydration
stoppage, the fracture samples were initially immersed in isopropanol
for 30 min. The samples are then dried at 40 °C for 24 h. Prior to the SEM
imaging, the fractured surfaces were sputter-coated with a thin layer (1
nm) of gold.
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3. Results and discussions

This study focuses on the cement hydration process and micro-
structural development of cement with 0.03 BNNT, 0.03 GO, and 0.03 G
on cement. In this study, a calorimetric analysis was performed on early
age paste samples. TGA is performed on the 1-, 3-, 7-, and 28-day
samples. The XRD, FTIR, NMR, and SEM analyses were conducted on
samples taken at 7 and 28 days to assess the influence of nanomaterials
on hydration and microstructure development.

3.1. Study of hydration

In situ calorimetry analysis provides a thermal profile that charac-
terizes cement hydration. In this process, the relative rates of the
different hydration reactions are compared. The detailed information on
the maximum heat flow and the time of the peak’s occurrence are listed
in Table 3. The time taken for the sulfate depletion peak to occur was
significantly reduced due to the incorporation of nanomaterials G, GO,
and BNNT. Among these, the most pronounced reduction in time was
observed with the use of BNNT. The acceleration effect of BNNT on the
hydration process is evident in the occurrence of silicate and sulfate
peaks. The silicate peak occurred at 12.5 h for BNNT, which was 19.5 %,
22.4 %, and 27.8 % earlier than that of GO, G, and the reference,
respectively. Similarly, the sulfate peak appeared at 11.1 h for BNNT,
21.3 % earlier than GO, 24 % earlier than G, and 29.3 % earlier than the
reference cement paste. These results demonstrate that the addition of
BNNT into the cement mixture significantly accelerated the hydration
process. The accelerated hydration observed with BNNT-modified
cement could lead to faster construction, as this allows cement to gain
strength more rapidly. This enables earlier formwork removal and
quicker project completion, which leads to the cost savings and
increased productivity in the construction industry. Additionally, higher
early age strength development can enable the use of thinner structural
elements or permit earlier load applications, leading to more efficient
structural designs.

Calorimetry analysis of the compositions examined in this study
revealed that the addition of BNNT, G, and GO nanomaterials reduced
the induction period and induced the formation of C-S-H and CH at an
earlier stage (Fig. 2(a)). Comparable results were observed by Wang
et al. [22]. These results indicate that nanoparticles serve as heteroge-
neous nucleation sites for cement hydration products because of their
large surface area. By increasing the reactive surface area, the energy
barrier of the hydration reactions is reduced, resulting in improved ki-
netics, which in turn reduces the induction period. However, after
approximately 40 h, the nanomaterials inhibited the hydration reaction,
resulting in a slightly lower total heat flow, as shown in Fig. 2. This
decrease is attributed to the higher density of the cement paste due to
nanomaterials, which reduces the diffusion rate of reactant species. GO,
in particular, creates a more effective physical barrier for reactant
diffusion within cement paste due to its 2-D sheet-like structure and
larger surface area.

Table 3
The heat flow and time at silicate peak and sulfate depletion peak occur with the
addition of G, GO, and BNNT compared to plain cement modifications.

Reference 0.03G 0.03GO 0.03
BNNT
Silicate peak Maximum heat 4.33 4.35 4.6 4.57
flow (mW/g)
Time (h) 17.3 16.1 15.5 12.5
Sulfate Maximum heat 3.98 4.07 4.10 4.22
depletion flow (mW/g)

peak Time (h) 15.7 14.6 14.1 11.1
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Fig. 2. Effect of BNNT, GO, and G on the hydration heat release of composite pastes during 48 h hydration: a) rate of heat of hydration over time, b) cumulative heat

of hydration over time.
3.2. Thermogravimetric analysis (TGA)

The TGA shows an increase portlandite content with the nano-
materials. Fig. 3 shows the weight loss by TGA, a derivative of TG (DTG).
As the temperature increases, the weight-loss percentage decreases
gradually, and the DTG’s inflections correspond to the specific phase of
compound decomposition. The portlandite, Ca(OH),, was calculated as
a measure of hydration of a corresponding hydrated cement composite.
The endotherms and their corresponding mass losses in Fig. 4(a) are
comparable to Bhojaraju et al. [4], and at the temperature of 30-105 °C,
the evaporable water and part of the bound water escape. C-S-H, strat-
lingite C2ASHg, ettringite (Aft), Monosulphate(AFms,), mono-carbonate
are altered at the temperature of 110-250 °C. Dehydroxylation of the Ca
(OH),, i.e. CH at the temperature of 400-500 °C. At 650-800 °C
decarbonation of calcium carbonate will take place. Hydration of
cement composites is directly related to the CH content (CH%) Fig. 3
shows the mass loss by Ca(OH), decomposition analysis. Overall, the CH
content showed an increasing trend with the addition of nano-
composites. At 28 days, the 0.03BNNT composites resulted in a 5.4 %
higher portlandite content than the 0.03G composites and a 13.0 %
higher portlandite content than the 0.03GO composites. Compared to
the control mix, BNNT showed an 18.5 % increase in portlandite con-
tent. Additionally, the degree of hydration for BNNT was 8.1 % higher
than G, 16.9 % higher than GO, and 13.9 % higher than the control mix
at 28 days, indicating its superior performance in enhancing cement
properties. The CH content of 1, 3, 7, and 28 days (Fig. 3(b)) revealed

-0.1

Reference 195
—0.03G
—0.03G0
—— 0.03BNNT ]|

S o
w \S]
——T
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S o
SRS

S ©
9 o
T

Deriv.Weight
= = TGA (% of Initial weight)

o
™
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that 0.03BNNT composites showed a higher degree of hydration than
the other composites, followed by the 0.03G, 0.03GO, and control
samples. After 24 h of hydration, both BNNT and G accelerated the
cement composite hydration process, facilitating nucleation. Compara-
ble trends were also observed in the calorimetric study.

Hydrophobic BNNT and G, as well as the presence of surfactants in
the composition, may have contributed to the efficient hydration of the
composite, which ultimately involved BNNT and G in the nucleation and
growth stages of cement hydration. In contrast, GO’s hydration rate is
decreased for 1, 3, and 7 days, perhaps due to its hydrophilic nature,
which absorbs water molecules from its surface and interlayer (Fig. 4).
As a result, there is not enough water (w/c 0.35) to hydrate initially
[23]. On the other hand, the hydration of cement modified with 0.03 GO
increases after 28 days, which may be due to the reaction between the
single bond COOH functional group and adjoining CH phases, leading to
the formation of calcium carboaluminate hydrate [24]. The increased
portlandite content observed with BNNT-modified cement, along with
the increased degree of hydration and denser microstructure resulting
from BNNT incorporation, can enhance concrete structures’ durability
and long-term performance, reducing maintenance costs and extending
their service life.

3.3. FTIR spectroscopy investigation

Fig. 5 shows the infrared spectrum of all samples after 7 days and 28
days, with the spectrum ranging from 500 to 4000 cm!. The

14
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B
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6
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Fig. 3. Thermogravimetric analysis for nano modified cementitious composites: a) for different nanomaterials including G, GO, and BNNT, b) calcium hydrox-

ide content.
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Fig. 5. FTIR Spectra of modified cement composites incorporating 0.03 % of G, GO, and BNNT a) 7 days and b) 28 days.

characteristic wavenumbers and the associated functional groups of
Portland cement are listed in Table 4. The FTIR spectrum was obtained
from the same powder samples as used in XRD and TGA tests. A slight
peak in the vibrational band at 3641 cm ™! was also observed for BNNT,
0.03 GO, 0.03 G, and reference, which is related to the O-H bond in Ca
(OH), [25]. This observation is consistent with the XRD and TG results.
The wide absorption band around 3400 cm ™ is caused by strong O-H
stretching vibrations in water or hydroxyl groups [26]. The absorption
in this range is stronger and wider in BNNT and 0.03GO samples
compared to normal hydrated, and 0.03G sample. Furthermore, H-O-H
bending vibration, representing chemically bonded water, shifts from
1637 cm to 1 in the reference sample to 1646 cm-1 in the 0.03G sample.
This suggests that water is more weakly bonded with hydration products
in 0.03G compared to BNNT and 0.03GO, a similar pattern is observed
with Mollah et al. and Trezza, M [27,28]. An intense peak of vibration at
1404 to 1436 cm ™! corresponds to the symmetric stretching vibration of
C-O or the asymmetric stretching of CO, ions [25]. The generated

Table 4
Wavenumber and its associated functional group.

Wavenumber (cm™1) Functional Groups

968-971 Si-0-Si (Si-0-Al)
1400-1500 C-0 (Co%)
1400-1500 H,0

1400-1500 H,0

1400-1500 Ca(OH),

carbonates appear stable with all the mixtures [27,29]. For
nano-modified cement, the stretching vibration of Si-O-Si (Si-O-Al) is
evident in the 968-971 cm ™! region. Moreover, compared with the
control, after the addition of these nanopowders, the absorption peak of
Si-O-Si (Si-O-Al) shifts toward a higher wavenumber for G, GO, and
BNNT, and it is predominant in BNNT samples. In cement, the chemical
group that corresponds to the wave number at 951 cm ™" is known as the
Si-O-Si stretching vibration. This vibration is unique to the
silicon-oxygen-silicon bond found in the silicate minerals that form
cementitious materials. The wave number at 950 cm ! that is observed
in BNNT is indicative of a particular vibration that is linked to the
chemical structure of boron nitride. The wave numbers of 953 cm ™! and
954 cm ! seen in 0.03GO and 0.03G, respectively, could indicate the
presence of certain vibrations in the functional groups found in GO and
G respectively. Further spectroscopic analysis would be needed to
determine the exact functional groups or bonds responsible for these
wave numbers. These observations suggest that the aluminum phase and
silicon phase in the 0.03G and 0.03GO change the ratio of n(Ca)/n(Si) in
C-S-H and form more C-S-H gels which leads to the enhancement of
compressive strength. The absorption peak of Ca(OH), decreases with
the addition of the BNNT and 0.03GO, and the peak intensity is weak-
ened due to the consumption of CH. This phenomenon is also observed
in the results of the thermogravimetric and XRD analyses. The enhanced
formation of CSH gels and reduced consumption of CH, potentially im-
proves the durability of cementitious composites, aligning with sus-
tainable construction practices.
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3.4. Hydration products formation

The typical cement hydration products are ettringite and portlandite
(CH), tricalcium silicate (C3S), and dicalcium silicate (C»S), detected at
all ages. XRD confirmed the phases of hydration indicated by TGA. The
intensity of CH phases increases with 0.03BNNT and 0.03G in the
composites and with age. The intensity of ettringite phases decreases
with hydration age. However it increases in 0.03G composites. The
crystalline phases also increase with the BNNT, G, and GO content. In
order to quantify the amorphous C-S-H gel and other hydration products
in the 28 days of hydrated composites, a quantitative analysis was
performed using Rietveld analysis. The results are presented in Figs. 6
and 7. The calcite content increased with G, comparable to activated
carbon and decolorized charcoal [30].

With the addition of 0.03 BNNT and 0.03 G, the portlandite and
ettringite content increases. The increased formation of hydration
products with BNNT contributes significantly to construction sustain-
ability. By enhancing the cement’s microstructure, BNNT may increase
the material’s strength and durability, potentially leading to long-lasting
structures that require less maintenance over time.

3.5. 2°Si MAS-NMR analysis

A%°Si MAS NMR study investigates the influence of the nano-
materials on the microstructure of C-S-H. Tobermorite-like structures
are generally accepted for the C-S-H phase, which typically includes
layers of CaO, with seven coordinated Ca?" ions, where oxygen atoms
are shared between Si** tetrahedra chains. The spectrum of the silicate
anion falls within the range of 70-76 ppm for Qy, 78 for Q1, and 82.8 for
Q2, as shown in Fig. 8. The Qo sites correspond to the C3S content or
dehydrated cement, Q; represents the end-chain silicate tetrahedral,
whereas Q5 represents the middle chain silicate tetrahedron with two
neighbouring Q; sites. The middle chain silicate can be bound either to a
three-Ketten position (Qsb) or to a proton (Qap) [31]. Quantitative re-
sults are obtained by deconvolution of the superimposed NMR signals.
Table 5 presents the deconvolution results of cement pastes at various
hydration ages and their decalcification samples. A Gaussian function
was used to fit the deconvolution of the experimental data of each sili-
cate anion. In the C-S-H, the mean chain length (MCL) is calculated using
Richardson’s equation.

A%°Si-NMR spectrum of samples after 7 and 28 days of curing time is
shown in Fig. 8, and the deconvolution information is shown in Table 5.
The hydration degrees are quantitatively obtained using the Qo area.
After 7 days, these values are 62.7 %, 66.3 %, 55.8 %, and 75.6 % for
normal concrete, 0.03G, 0.03GO, and 0.03BNNT samples, respectively.
After 28 days, the values increase to 70.4 %, 70.0 %, 67.5 %, and 78.3 %,
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Fig. 7. XRD patterns of the nano-modified cement composites at 28 days (P;
Portlandite, C; Calcite, E; Ettringite, CS).

respectively. The hydration degree is highest for 0.03BNNT addition,
followed by 0.03G. Interestingly, for 0.03GO, the hydration rate is very
low, and these results do not agree with TGA and XRD measurements.
NMR can detect molecular interactions in specific areas, so it may show
that GO has less water interaction because of its complex surface
chemistry or structural aspects. Meanwhile, other methods explore hy-
dration in a more comprehensive way by considering surface chemistry,
functional groups, crystallinity, and the accessibility of water to nano-
materials. From the literature, it was observed that the elongation of the
mean chain lengths and packing of the chains could stiffen the material
and improve its mechanical performance [32,33]. The maximum chain
length was observed for BNNT, possibly due to alteration of the CSH
structure. Interestingly, the chain for normal cement is reducing with
time (28 days). G and GO reacted chemically with carboxylic com-
pounds, and these could not change the structure of C-S-H. The elon-
gated C-S-H chain length observed with the addition of BNNT could
enhance the sustainability of construction materials. This could result in
long-lasting structures with reduced maintenance needs, decreasing the
environmental impact over time.

3.6. Morphological characterization

Fig. 9 depicts the interfacial microstructures of the specimens for
reference, 0.03G, 0.03GO, and 0.03BNNT after 7 days. All four images
have the same magnification factor. The plain cement paste sample
(Fig. 9(a)) displays clear cracks that penetrate through the dense
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Fig. 6. Mixes composition of various nano-modified cementitious composites after solvent exchange hydration stoppages for A) 7 and B) 14 days.
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Table 5

Percentages of silicate chemical shift from 29Si-NMR spectra for 7 and 28 days.
7 days Q0 Q1 Q2 MCL
Reference 29.65 46.05 21.75 2.94
0.03G 29.99 43.29 26.72 3.39
0.03GO 32.49 44.36 23.16 3.04
BNNT 21.75 43.99 34.26 3.56
28 days
Reference 37.32 38.66 24.03 3.24
0.03G 33.75 44.76 21.49 2.96
0.03GO 44.24 46.24 9.52 2.41
BNNT 24.37 45.81 29.82 3.30

hydration products. Fig. 9 demonstrates the effective dispersion of
nanofillers in the hardened cement paste. Compared to the control
specimens, more hydration products are attached to the surface of
nanoparticles, and the morphology of hydration products is consistent
throughout the cement paste matrix for nano-modified composites.
Fig. 9(b) shows a predominant two-dimensional structure in graphene
nanoplatelets. Each layer is stacked and connected to the next. Fig. 9
shows SEM micrographs of nano-modified pastes with the same
morphological characteristics. As shown in Figs. 9(c), 0.03 wt% GO
significantly enhances the structure of the hardened cement paste. The
resulting C-S-H gel exhibits improved uniformity and compactness,
forming a well-organized layer over other crystals and cement particles
[34]. GO sheets stand out among other nanofillers due to their

distinctive two-dimensional structure, which can redirect cracks,
causing them to deviate or curve in their path. The images demonstrate
that the mixing method adopted during the experiment did not damage
the nano inclusions. There are less recognizable particles of BNNT and
GO in the cement matrix. However, the nanofillers examined in the
research resulted in acceptable dispersion of particles in cementitious
materials, since they did not aggregate into bulky bundles. The incor-
poration of nano-BNNT results in a densely packed C-S-H gel structure.
As shown in Fig. 9(d), plenty of C-S-H gel-wrapped nano-BNNT is found
in the void of CH crystal, which limits the growth of CH crystals and then
reduces the size and orientation of CH crystals [35].

While the study provided valuable insights into the hydration
behavior of cement composites incorporating nanomaterials (BNNT, G,
and GO), certain limitations should be acknowledged. In the present
investigation, we focused on a 0.35 w/c ratio and a single dosage of
nanomaterials, disregarding the potential impact of varying these pro-
portions. Furthermore, this study mainly focused on early age hydration
(up to 28 days), and other aspects, including long-term microstructural
alterations and durability, were not considered. Additionally, no me-
chanical tests were conducted to evaluate the impact of nanomaterials.
It is essential to acknowledge that this study is conducted on a laboratory
scale and may not represent a large-scale application. Moreover,
although we utilized advanced analytical techniques, each method has
limitations in terms of resolution, detection limits, and sample prepa-
ration requirements, which could impact the interpretation of results.
Thus, future research should consider the influence of varying w/c ratio
and dosage of nanomaterials on hydration and mechanical properties. In
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Fig. 9. SEM images of cement paste at 7 days: a) reference cement, b) cement with graphene, c) cement with graphene oxide, and d) cement with BNNT modified.

addition, the investigation of long-term performance is essential for
practical applications. The synergistic effect of combining these nano-
materials can be investigated, potentially this may lead to novel, high-
performance cement composites. Finally, the opportunity for scaling
up production and economic viability for practical applications in the
construction industry should be explored.

4. Conclusion

The use of nanomaterials in cementitious composites offers a
promising avenue for enhancing their performance. As part of this
investigation, an experimental program was conducted to study the ef-
fect of nanomaterials (BNNT, G, GO) on the hydration behavior, phase
development, and degree of hydration of cement composites. Advanced
analytical techniques, including isothermal calorimetry, TGA, FTIR
spectroscopy, XRD analysis, 29SI-NMR, and SEM, were used. The anal-
ysis of the results yields the following conclusions.

- Generally, the addition of nanomaterials increases heat generation
during hydration and accelerates the reaction rate due to the
nucleation effect. Specifically, BNNT accelerates the occurrence of
the silicate peak by 27.8 % and the sulfate peak by 29.3 % compared
to the reference. Composites with BNNT show significant accelera-
tion compared to other nanomaterials.

TGA results of cementitious composites indicate that the presence of
nanomaterials enhances CH content, with BNNT having the
maximum value, followed by G. 0.03BNNT exhibits a higher degree
of hydration throughout all ages. At 28 days, 0.03 % BNNT-modified
composites show an 18.5 % increase in portlandite content, and a
13.9 % higher degree of hydration compared to the reference.

- XRD analysis reveals that the addition of BNNT and G to nano-
modified cementitious composites significantly increases portlandite
and ettringite content while drastically reducing unreacted cement
content, even at an early age of 7 days. However, for 0.03GO, the
portlandite peak decreases while -calcite content increases.
Compared to 0.03GO and cement, 0.03BNNT exhibits a significantly
higher degree of hydration at 28 days. BNNT addition causes a
progressive shift in O-Si-O stretching vibration, indicating a high
degree of hydration and characteristic enhancements.

— 295i MAS NMR determines the extent of hydration to be 62.7 %, 66.3
%, 55.8 %, and 75.6 % at 7 days for cement, 0.03G, 0.03GO, and
0.03BNNT, respectively. 0.03BNNT shows a significantly higher
degree of hydration compared to other nanomaterials (G and GO)
and the reference sample. This trend persists for 28 days. The mean
silicate chain length (MCL) of the C-S-H gel is estimated to be 2.97 for
the reference cement at 7 days, increasing to 3.56 with the addition
of BNNT. This trend of superior hydration for BNNT is consistently
observed for 1, 3, 7, and 28 days.

SEM images show that for lower dosages of GO and BNNT with the
current dispersion methods, no agglomeration is observed in the
microstructure of the composites. These nanomaterials increase
cementitious matrix density. The improved microstructure, com-
bined with accelerated hydration kinetics and enhanced CH content,
confirms that BNNT has significant potential for improving early-age
strength development and long-term durability of cementitious
composites.
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