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A B S T R A C T   

Core/shell TiO2@SiO2 nanoparticles (nTS) were added to cement class G, and their physical and chemical 
properties were investigated with and without polycarboxylate (PC). The hardened cement pastes were analyzed 
through gas pycnometry, Brunauer-Emmett-Teller (BET), field emission scanning electron microscopy (FE-SEM), 
and compressive strength. For hydration characterization, portlandite quantification, and C–S–H analysis, X- 
ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), and 
29Si magic-angle spinning nuclear magnetic resonance (29Si MAS NMR) were performed. The nTS demonstrated a 
self-dispersive behavior and increased the specific mass and matrix compacity. Moreover, the total pore volume 
decreased, and the compressive strength increased. The nTS improved the hydration degree, reduced portlandite 
content, and increased C–S–H main chain length.   

1. Introduction 

The demand for new materials and blends with improved properties 
to be used as supplementary cementitious material (SCM) is increasing 
[1–4]. Currently, nanoparticles (NPs) have received great attention as 
SCM since they can improve the performance and durability of cement- 
based materials. Some examples of NPs that have been added to 
cementitious materials are silicon oxide (SiO2) [5,6], aluminum oxide 
(Al2O3) [7], titanium oxide (TiO2) [8], iron oxide (Fe2O3) [9,10], carbon 
nanotubes (CNTs) [11,12], graphene oxide (GO) [13,14] and clays 
[15–17]. The use of nanomaterials for oil well cementing is very 
promising since nanoparticles can modify some properties, such as 
rheology, heat of hydration, mechanical resistance, microstructure, 
shrinkage, and chemical resistance [18–20]. The addition of nanosilica 
(n-SiO2) in concrete is widely reported, but its addition in oil-well 
cement is relatively scarce [21–23]. The main advantages of using n- 
SiO2 are: creation of additional calcium-silicate-hydrate (C–S–H) 
nucleation points, accelerating hydration; reduction of calcium hy-
droxide (CH) and ettringite (AFm) crystal size, resulting in a more uni-
form C–S–H matrix; increase the pozzolanic activity, consuming CH to 
form additional C–S–H; free water immobilization, filling the voids 
between the cement grains; enhancement of the bonding between the 
aggregates and the cement paste [24]. 

On the other hand, adding non-reactive nanoparticles as a filler to 
oil-well cement is also interesting once they modify the hydration re-
action due to dilution, alter the particle size distribution, changing the 
porosity, and provide additional sites for nucleation of the cement hy-
dration products [25,26]. TiO2 is an interesting material due to its 
chemical stability, low price, nontoxicity, and photocatalytic activity, 
which can impart biocidal, self-cleaning, and smog-abating functionality 
to cement-based materials [27]. When added to Portland cement, TiO2 is 
considered an inert filler that modifies its properties, increasing C–S–H 
nucleation and compactness, not reacting with the matrix [28,29]. 

Blended additions using pozzolanic and inert SCMs have received 
attention, making it possible to take advantage of the properties of both 
materials, providing enhanced properties for the cement paste in fresh 
and hardened states. In the case of an oil well, the mechanical and 
chemical properties and durability of cement paste are very important 
since it is subjected to mechanical loading, temperature variation, 
interstitial pore pressure changes, and chemical attacks, such as CO2 and 
H2S [30]. Previously, studies using blends addition such as fly ash and 
zeolites [31], nanosilica and polymers [32,33], and graphene oxide and 
nanosilica [34] demonstrated the benefits of using more than one type of 
material. For example, the study of Xiao et al. [35] showed that the use 
of both nano-SiO2 and nano-TiO2 acting together is very promising. The 
early and later properties of ordinary cement paste, such as hydration 
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rate, total pore volume, and compressive strength were improved when 
both nanoparticles were added [35]. However, besides the use of 
nanoparticle blends and their influence in cement class G properties 
were not reported in the literature, studies are still needed to develop 
better dispersive methods once blends have high tendency to 
agglomerate. 

The production of core/shell materials gained attention at the 
beginning of the 21st century, but its application in cementitious ma-
terials began only in 2017 [36,37]. Therefore, there are still scarce 
studies on using these nanoparticles in cement-based materials as nano- 
SiO2-coated TiO2, also called core/shell TiO2@SiO2 (nTS). In the best of 
our knowledge, no one involving oil well cement. Han et al. [36] studied 
the application of core/shell in Portland cement mortar and coated TiO2 
rutile phase with SiO2. They observed that the CH crystal size was 
reduced, and density and fracture toughness of the cement mortars were 
improved. Sun et al. [37] also added nTS to ordinary cement paste and 
observed a similar behavior. The microstructure became denser through 
nucleation and pozzolanic effects during cement hydration. 

Despite what has been presented so far and all the advantages of nTS, 
it still follows the lack of studies related to the dispersion, microstruc-
ture, and chemical changes promoted by these nanoparticles. The self- 
dispersive property is an important and promising aspect related to 
nanoparticles since agglomeration harms their effect in cement-based 
materials. In this context, this study aims to investigate the physical 
and chemical properties of cement class G with addition of nanoparticles 
(nTS) with and without polycarboxylate as an advanced material to be 
used in critical conditions of operation in oil and gas industry. 
Furthermore, the physical and chemical changes promoted by nTS 
addition, such as pore refinement, mechanical resistance, portlandite 
content, hydration degree, and CSH main chain length were evaluated. 

2. Materials and methods 

2.1. Materials 

The API Portland cement class G for oil well was supplied by Lafarge 
Holcim Brasil S.A. The nTS was acquired from SkySpring nanomaterials. 
It consists of 99.5 % purity rutile phase titanium oxide (TiO2) nano-
particles coated with silicon oxide (SiO2). The SiO2/TiO2 ratio is 
approximately 0.03, the nanoparticle size is between 20 and 40 nm, and 
this material is highly hydrophilic. The transmission electron micro-
scopy (TEM) image and the thermogravimetric analysis (TGA) of nTS are 
shown in Fig. 1. As nTS reduces the cement workability, its behavior was 
tested with CQ Plast MR 825 addition, an ether polycarboxylate plasti-
cizer (PC) of the third generation, provided by Camargo Química. The 
properties of the materials are shown in Table 1. The chemical compo-
sition of the cement and nTS are presented in Tables S1 and S2 of the 
Supplementary material. 

2.2. Cement slurries preparation 

Before the mixing, the nTS was added to deionized water, and the 
mixer was set to a speed rotation of 2,000 rpm for 2 min. The correct 
weight of nTS was added to deionized water, respecting the 10A speci-
fication of the American Petroleum Institute (API) [38]. For 600 g of 
cement, the water/binder (w/b) ratio was 0.44. In the mixtures with PC 
addition, the w/b was reduced to 0.35. Two nTS amounts (0.5 and 1 wt 
% of cement) were chosen based on previous studies once a higher NPs 
amount causes particle agglomeration, deleterious to the properties of 
cementitious material [23,39]. The PC amount was 0.15 wt% of cement. 
The composition of each cement mixture is specified in Table 2. Dy-
namic Light Scattering (DLS) was carried out in a ZEN3600 equipment 
from Malvern Panalytical to investigate particle dispersion in water and 
in the presence of PC. The 1nTS and 1nTS-PC mixtures were tested 
without cement, and the results are presented in Fig. 2. When the w/b 
ratio is 0.44, the nTS offered an excellent dispersion, with a Z-average 
diameter of 32.66 nm. When the w/b is reduced to 0.35 and the PC is 
added, the Z-average diameter increased to 57.81 nm. This indicated 
that lower water content and additive addition contributed to particle 
agglomeration. 

The cement pastes preparation started immediately after the nTS 
mixing with water, following the API 10A specification [38]. The mixer 
(Model 7000 Constant Speed from Tulsa) was set to a rotation of 4,000 
rpm for 15 s for the cement addition and 12,000 rpm for 35 s for com-
plete homogenization. A cylindrical polyvinyl chloride (PVC) mold of 

Fig. 1. (a) TEM image and (b) TGA thermogram of nTS nanoparticles.  

Table 1 
nTS, cement class G, and PC properties.  

Material Particle 
size 

Density (g. 
cm− 3) 

Type pH Specific surface 
area (m2.g− 1) 

nTS 20–40 
nm 

4.25 Powder N/A > 40 

Cement 
Class G 

7.30 µm* 2.80–3.20 Powder 12–14 0.82* 

PC N/A 1.07–1.09 Liquid 4–6 N/A 

*Determined by BET. 

Table 2 
Composition of the cement pastes.  

Mixtures Cement (g) Water (mL) nTS (g) PC (g) 

REF 600 264  –  – 
0.5nTS 600 264  3.0  – 
1nTS 600 264  6.0  – 
REF-PC 600 210  –  0.9 
0.5nTS-PC 600 210  3.0  0.9 
1nTS-PC 600 210  6.0  0.9  
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120 mm height and 21.6 mm diameter was used to produce the speci-
mens. The slurry was poured into the mold in two layers with 20 strokes 
per layer using a 3 mm diameter metal rod. For the initial cure of 
specimens, the molds were immersed in deionized water inside a pres-
sure vessel, heated at 60 ◦C, and pressurized at 4 MPa with nitrogen (N2) 
for 4 h. The specimens were demolded and cut with a Buehler Isomet 
low-speed precision saw to 43.2 mm height. Then, the specimens un-
derwent to additional cure process in deionized water for 20 h at 60 ◦C 
to guarantee the maximum percent of hydration products in 24 h [40]. A 
new cement slurry was made for each paste composition. 

2.3 Characterization of the specimens 

2.3.1. Nitrogen gas pycnometry 
Nitrogen gas pycnometry was used to measure the hardened cement 

paste density variations with nTS addition. Prior the measurements, the 
cylindrical specimens were oven-dried under vacuum at 60 ◦C for 7 days 
to complete water removal. The analysis was performed in triplicate in a 
Quantachrome Multipycnometer equipment with N2 gas. 

2.3.2. Pore volume and pore size determination 
The Brunauer-Emmet-Teller (BET) analyses were carried out to 

quantify total pore volume and pore size differences in the cementitious 
matrix due to nTS addition. Before analysis, the samples were cut into 
small pieces and oven-dried under vacuum at 60 ◦C for 7 days for water 
removal. After that, the samples were degassed with N2 in the FlowPrep 
060 equipment for 24 h and analyzed in the Tristar II Plus equipment 
from Micromeritics, with N2 gas, filler rod, and nitrogen bath 
(− 195.85 ◦C). The analysis was performed in triplicate for each cement 
paste mixture. 

2.3.3. Microstructure characterization 
The FE-SEM was used to observe the matrix microstructure and 

density differences as nTS was added. The analyses were carried out in a 
FEI Inspect F50 model microscope. For the microstructure examination, 
the specimens were cut in slices, grounded with SiC sandpaper from 
#220 to #1200, and polished with alumina 1 and 0.3 µm, respectively. 
The surface was covered with a thin gold film to become conductive. The 
images were acquired using secondary electron (SE) mode. 

2.3.4. Compressive strength tests 
The compressive strength tests were performed to evaluate the in-

fluence of nTS on cement paste mechanical resistance. The cured spec-
imens were capped with sulfur for surface regularization. Three 
specimens per mixture were tested in an EMIC PC200I model using a 
constant speed deformation of 1 mm/min, following the C39/C39M-21 
[41] specifications. 

2.3.5. X-ray diffraction (XRD) 
The XRD technique was used to identify crystalline phases, such as 

CH, C3S, and C2S, as nTS was added. The powder was obtained by 
grinding the cured cement paste specimens with a mortar and pestle. A 
Bruker D8 Advance A25 powder diffractometer with Cu Kα radiation (λ 
= 1.5406 Å), a voltage of 40 kV, a current of 30 mA, a step of 0.015◦, a 
scan interval of 10-80◦ 2θ, and a split of 0.6 mm were used. 

2.3.6. Fourier transform infrared spectroscopy (FTIR) 
The FTIR analysis was performed to observe changes with nTS 

addition in –OH stretching vibrations of CH, CO3
2− stretching vibration 

of carbonate groups (CaCO3), and C–S–H formation and its polymer-
ization. After the curing, the powder sample was obtained by grinding 
the cement paste specimens with a mortar and pestle. The spectra were 
recorded in a PerkinElmer Spectrum 3 equipment using the Attenuated 
Total Reflectance (ATR) accessory. The wavenumber range was set from 
4000 to 650 cm− 1, and 12 scans were performed per sample. 

2.3.7. Thermogravimetric analysis (TGA) 
The TGA analysis was used to investigate the hydration product 

formation differences with nTS addition. After the curing, the powder 
sample was obtained by grinding the hardened cement specimens with a 
mortar and pestle. Minor chemical changes are detected through this 
method. The analyses were performed in the STD 650 equipment from 
TA instruments using N2 gas and a heating rate of 10 ◦C/min from 40 to 
1000 ◦C. 

2.3.8. 29Si magic angle spinning – nuclear magnetic resonance (29Si MAS 
NMR) 

Solid-state 29Si MAS NMR was performed to observe chemical shifts 
of silicon tetrahedron as a consequence of nTS addition. Furthermore, 
the hydration degree of cement silicate minerals (αc) and C–S–H mean 
chain length (MCL) were quantified using Eqs. (1) and (2), respectively. 
For this analysis, the powder sample was obtained by grinding the 
hardened cement specimens with a mortar and pestle. The analyses were 
carried out in triplicate using an Avance III 400 MHz equipment from 
Bruker. The number of scans was 60,000. The magnetic field strength, 
the resonance frequency, and the magic angle rotation were 9.4 T, 79.4 
MHz, and 5 kHz, respectively. The pulse width was 4 µs, and the cycle 
time was 5 s. The spectra were deconvoluted with Bruker TopSpin® 4 
software. 

αc = 1 −
Q0

Q0
0

(1)  

where: Q0 is the percentage of silicate tetrahedra in hydrated cement; Q0
0 

is the percentage of silicate tetrahedra in anhydrous cement. 

Fig. 2. DLS results from (a) 1nTS and (b) 1nTS-PC.  
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MCL =
Q1 + Q2

p + 1.5Q2
b

0.5Q1 (2)  

where: Q1, Q2
p, and Q2

b are the percentages of C–S–H silicate tetrahedra 
in hydrated cement. 

3. Results and discussion 

3.1. Physical, microstructural, and mechanical properties 

The gas pycnometry results of the cured specimens with and without 
nTS are presented in Fig. 3. The REF specimen showed a specific mass 
value of 2.24 g.cm− 3. When 0.5 wt% of nTS was added, the specific mass 
decreased by approximately 5 %, reaching a value of 2.13 g.cm− 3. 
However, with the nTS content increase from 0.5 wt% to 1 wt%, the 
specific mass slightly increased, being only 2 % higher than the REF 
(2.28 g/cm3). 

In general, the specimens with PC exhibited a higher specific mass 
than those without additive. The specific mass of the REF-PC and 
0.5nTS-PC specimens were 2.29 and 2.52 g.cm− 3, respectively, which 
corresponds to an increase of 10 % in presence of 0.5 wt% of nTS. 
However, a reduction on the specific mass was found for the higher 
content of nTS (1 wt%), but its specific mass value (2.34 g.cm− 3) is still 
higher than the REF-PC by approximately 2 %. 

Batista et al. [23] also found an increase in specific mass after adding 
1 wt% of 50 nm n-SiO2 to cement class G. The increase was around 1.40 
%. The reason for this behavior was the filler and pozzolanic effects of n- 
SiO2. However, the authors reported that when the nanoparticle content 
was raised, a reduction in specific mass occurred due to particle 
agglomeration [23]. The specific mass reduction noted in our study was 
much more pronounced, probably due to the better dispersion and 
smaller particle size of nTS. 

Total pore volume and average pore diameter were determined 
through the BET technique to better know the nTS effects. The results 
are presented in Fig. 4. The total pore volume values agree with the 
specific mass results. Values of 0.0342, 0.0379 (+10.8 %) and 0.0283 g. 
cm− 3 (–33.9 %) were found for the REF, 0.5nTS and 1nTS, respectively. 

The high pore volume observed in 0.5nTS specimen can explain the low 
specific mass, previously identified for this mixture. The total pore 
volume significantly reduced when the nTS content was 1 wt%. In the PC 
presence, the total pore volume values were lower when compared with 
the specimen without additive. The REF-PC, 0.5nTS-PC, and 1nTS-PC 
showed values of 0.0171, 0.0134 (− 27.6 %), and 0.0155 (− 10.3 %) g. 
cm− 3. The average pore diameter was higher for the mixtures with PC 
but presented no significant variation as nTS was added. After adding 1 
wt% of nTS with 15–20 nm to ordinary cement paste with a w/s ratio of 
0.50, Sun et al. [42] also noticed a reduction in the average capillary 
pores using Mercury Intrusion Porosimetry. The total porosity decreased 
by 14.47 % compared to the reference. However, the less pronounced 
decrease found by the authors when compared to our study could be 
related to the characterization technique and the sample preparation 
that were performed. 

The nTS effects in the microstructure are shown in the FE-SEM im-
ages presented in Fig. 5. A more homogeneous and compact micro-
structure is formed when nTS is present due the filler effect and because 
the nTS particles provide extra sites for C–S–H nucleation. This 

Fig. 3. Specific mass of the specimens.  

Fig. 4. Total pore volume and average pore diameter.  
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Fig. 5. FE-SEM images of the hardened cement paste microstructure. (a) REF, (b) 0.5nTS, (c) 1nTS, (d) REF-PC, (e) 0.5nTS-PC, and (f) 1nTS-PC.  

Fig. 6. Compressive strength tests of the specimens.  
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observation agrees with the BET results, in which the total porosity has 
decreased when nTS was added. The improvement in the microstructure 
densification is more evident for the 1nTS cement paste, as shown in 
Fig. 3c. Furthermore, the microstructure became denser after reducing 
the w/b ratio to 0.35 and adding PC. This effect was expected and have 
been reported by some authors in cement-based materials with addition 
of PC [43–46]. The specimens with nTS and PC addition presented a 
more homogeneous microstructure probably due to the w/b reduction, 
consequently increasing cohesion. However, no significant changes in 
microstructure were observed between 0.5nTS-PC and 1nTS-PC speci-
mens. Analogous effects were observed by Han et al. [36] when added 1, 
3, and 5 wt% of 20 nm NSCT to cement mortar, both CH crystal size and 
CH amount were reduced with nanoparticle addition. In other similar 
study, after adding 1 wt% of 10–15 nm nTS to ordinary cement paste, 
Sun et al. [37] also noticed a much denser and more compact micro-
structure. Moreover, a higher content of hydrates was found with nTS 
addition. Both authors concluded that this happens due to the pozzo-
lanic, and C–S–H nucleation effects caused by the SiO2 shell and TiO2 
core, respectively. 

Compressive strength test results are shown in Fig. 6. The REF, 
0.5nTS, and 1nTS specimens presented compressive strength average 
values of 40.07, 53.85, and 57.76 MPa, respectively. The compressive 
strength increased with increasing content of nTS, 34.4 and 44.1 % for 
the 0.5nTS and 1nTS, respectively, compared to the REF. This behavior 
was predictable since a denser microstructure was observed for the 
samples with nTS addition. The REF-PC specimen exhibited a higher 
compressive strength average value (47.76 MPa) compared with REF 
paste without PC (40.07 MPa). The PC effect on compressive strength 
increase was expected, which was already stated by some authors 
[47,48]. When 0.5 wt% of nTS was added, the compressive strength 

presented a remarkable increase reaching a value of 76.23 MPa, which 
corresponds an increasing of 59.6 %. However, the average compressive 
strength value for the 1nTS-PC specimen (73.43 MPa) remained almost 
the same than the 0.5nTS-PC. As shown in FE-SEM images of Fig. 5, by 
comparing the microstructures of 0.5nTS-PC and 1nTS-PC cement pastes 
no significant differences can be identified. This can be related to the 
water content reduction favoring nTS particles agglomeration, as pre-
viously revealed by DLS analysis (Fig. 2). The compressive strength 
values obtained with nTS addition were very satisfactory compared to 
those reported by the literature for oil well cement. 

After adding 1 wt% of 20 nm NSCT to mortar, Han et al. [36] found a 
compressive strength increase of 5.97 % when compared to the refer-
ence specimen. With 1 wt% of 10–20 nm nTS addition to ordinary 
cement paste, Sun et al. [37] observed a compressive strength increase of 
10 %. The increase in compressive strength was attributed to the filler 
and pozzolanic activities of nanoparticles, reacting with CH while hy-
dration products are formed, thereby increasing nucleation and matrix 
densification. The compressive strength increase observed in our study 
was expressively superior, approximately 44.15 % for the 1nTS mixture. 
This is probably related to a better dispersion and higher pozzolanic 
reaction of nTS improving the microstructure of oil well cement paste. 

3.2. Portlandite quantification and hydration degree 

For further investigation of the pozzolanic effect, CH consumption, 
and secondary C–S–H formation due to nTS addition, XRD, FTIR, TGA, 
and 29Si MAS NMR were performed. 

Fig. 7 shows the XRD spectra of the samples. Calcium hydroxide 
(CH), calcium carbonate (C), tricalcium silicate (C3S – A), and dicalcium 
silicate (βC2S – B) are the main compounds identified through XRD 

Fig. 7. XRD spectra of the samples.  
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analysis. The presence of calcium carbonate is related to natural 
carbonation [49]. The CH peaks presented a remarkable intensity 
reduction as nTS was added, indicating CH consumption due to the 
pozzolanic effect and increase of C–S–H nucleation sites. On the other 
hand, for the samples with PC addition, the portlandite peak decreased 
for the 0.5nTS-PC mixture but increased for the 1nTS-PC. This increase is 
probably related to particle agglomeration due to high nTS addition, 
previously detected by DLS. A similar behavior was also observed for the 
calcium silicate peaks (A and B), which were reduced as nTS was added. 
Less content of unhydrated compounds was found in nTS samples. This 
is associated with a higher hydration rate and pozzolanic effect due to 
nTS addition. However, when PC was added, the intensity of calcium 
silicate peaks was even higher than the REF mixture, indicating higher 
content of unhydrated products. This effect is the retardation of hy-
dration (mainly on C3S reaction) caused by superplasticizer addition 
during the first 30 h and was already reported by many authors [50–52]. 
In the study of Sun et al. [42], 1 wt% of nTS was added to cement paste, 
and a very similar behavior was noticed. Both calcium hydroxide and 
silicate peaks were reduced, evidencing the increase of hydration rate 
and pozzolanic effect of nTS, in agreement with the results found in our 
study. FTIR, TG, and NMR were performed for additional investigations 
related to CH consumption and unhydrated products. 

The FTIR spectra of the samples are presented in Fig. 8. The sharp 
band at 3641 cm− 1 is attributed to the –OH stretching vibrations in CH 
[53,54]. The broad bands observed from 3600 to 3000 cm− 1 and 
centered at 1641 cm− 1 are related to stretching and bending vibrations 
of –OH in water [55,56]. With nTS addition, a decrease on the intensity 
of the peaks related to –OH is noticed, indicating less CH and free water 
quantities. A similar behavior is observed when the w/b is reduced, and 

the PC is added. When the nTS content was increased from 0.5 to 1 wt% 
(1nTS-PC), the peak became sharper, associated with increasing in the 
CH content probably related to particle agglomeration. To quantify the 
CH content, TG analysis was performed. 

The wide band observed between 1600 and 1300 cm− 1 represents 
the asymmetric CO3

2− stretching in carbonate (CaCO3) groups. Two 
peaks characterize this region. The higher band region (1472 cm− 1) 
indicates the presence of vaterite/aragonite, while the lower band re-
gion (1417 cm− 1) corresponds to calcite. The sharp band located at 874 
and 712 cm− 1 are related to out-of-plane and in-plane vibrations of 
CO3

2− [53,57]. As previously detected by XRD, CaCO3 was formed 
through the natural carbonation of CH during the sample preparation 
and storage. 

The band between 964 and 961 cm− 1 is attributed to Si-O stretching 
vibrations of C–S–H presence [54,58,59]. This band narrowed with 
nTS and PC addition. In addition, a slight shift to the left was observed 
for the samples containing nTS and PC. This was due to a C–S–H with a 
higher order structure. Furthermore, the intensity of the band located at 
approximately 920 cm− 1 is reduced as nTS is added, indicating con-
sumption of the anhydrous cement phases (C3S and C2S) and conse-
quently increase in hydration degree. These results agree with XRD 
analyses, reinforcing the increase of nucleation sites and the pozzolanic 
effect of nTS. To better understand the hydration degree and C–S–H 
formation, NMR analysis was carried out. 

The TGA thermograms of the samples are presented in Fig. 9, 
showing three characteristic regions of mass loss at 115, 450–600, and 
650 ◦C. The first region, located at 115 ◦C, is related to free water 
removal and dehydration from cement hydration products, such as 
C–S–H and ettringite [60,61]. The inflection at 450–600 ◦C, which 
shows a high mass loss variation, is related to CH decomposition 
[62,63]. The weight loss in this region was 4.838 and 3.183 % for the 
REF and 1nTS, respectively. The weight loss percentage decreases in 
presence of nTS, indicating CH reduction due to the nanoparticle 
pozzolanic effect. No significant difference was observed for the samples 
with PC addition, being 4.148 and 3.934 % of weight loss for the REF-PC 
and 1nTS-PC, respectively. After adding 1 wt% of nTS to Portland 
cement paste, Sun et al. [42] observed a decrease in CH content from 
7.13 to 6.31 % after 3 days of curing. The CH reduction found in our 
study (1.66 %) was twice the value found by Sun et al. [42] (0.82 %). 
Many factors could be explained the differences, such as particle size, 
surface area and curing method. In this work the cement pastes were 
cured at 60 ◦C temperature influencing the CH formation and con-
sumption related to pozzolanic reactions [64]. The weight variation at 
approximately 650 ◦C is associated with calcium carbonate decompo-
sition [65,66]. The CaCO3 appearance is due to the natural carbonation 

Fig. 8. FTIR spectra of the samples.  Fig. 9. TGA thermograms of the samples.  
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during the sample preparation. The TGA results agree with those 
revealed by XRD and FTIR analyses. 

29Si MAS NMR spectra are presented in Fig. 10, demonstrating 
changes in C–S–H microstructure with nTS addition. The peak posi-
tion, percentage area of the deconvoluted components, hydration de-
gree, and the C–S–H MCL are given in Table 3. The Q0 and Q0 (1H) 
signals are related to residual anhydrous clinker phases (C3S and C2S). In 
presence of nTS, the Q0 intensity (at − 71 and − 73 ppm) decreases, 
indicating a higher hydration degree. The αc quantitively represents the 
cement hydration degree. Hydration values of 41.46, 49.42, and 56.64 
% were found for the REF, 0.5nTS, and 1nTS samples, respectively. The 
hydration difference between the REF and the 1nTS sample was 15.18 
%. This increase in the hydration rate is directly related to the increase in 

the hydration degree. Han et al. [36] and Sun et al. [42] also observed an 
increase in hydration using NSCT and nTS, but in lower levels. After 
curing the samples for 3 d and adding 1 wt% of NSCT, Han et al. [36] 
reached a hydration degree increase of 2.21 % compared to the refer-
ence sample and increased to 5.20 % with 5 wt% of NSCT. When adding 
1 wt% of nTS, Sun et al. [42] found a hydration rate 5.91 % higher than 
the reference sample. The higher value found by our study can be related 
to a better particle dispersion and due to the different curing method, 
which improve the hydration reactions. However, the samples with a 
lower w/b ratio and PC presented a relatively lower hydration degree. 
Values of 37.18, 36.46, and 46.71 % were found for the REF-PC, 0.5nTS- 
PC, and 1nTS-PC, respectively. The first two samples exhibited a lower 
hydration degree than the REF (41.46 %). This retardation effect 
(mainly on alite reaction) caused by superplasticizer addition during the 
first 30 h of hydration is already known and reported by many authors 
[50–52]. 

The Q1, Q2
b, and Q2 signals are related to typical C–S–H gel [67]. A 

Q1 with a higher relative intensity than Q2
b means C–S–H formation 

with a short MCL [68]. In addition, the increase in the Q2/Q1 ratio im-
plies a reduction in the Ca/Si ratio [69]. The Q1, Q2

b, and Q2
P signals were 

located at − 78, − 81, and − 84 ppm, respectively. The Q2/Q1 ratio and 
MCL changed with nTS addition. The REF sample showed a Q2/Q1 ratio 
of 1.48, while the 0.5nTS and 1nTS presented 1.61 and 1.65, respec-
tively, indicating an increase in the Ca/Si ratio with nTS addition. 
Furthermore, an MCL increment from 5.35 (REF) to 5.75 (0.5nTS), and 
then 5.80 (1nTS) was observed. This MCL rise led to a higher C–S–H 
polymerization. The increased MCL elongation and packing of silicate 
chains were suggested to stiffen the material, enhancing the compressive 
strength [69]. 

However, the samples with lower w/b ratio and PC addition 
decreased both Q1/Q2 ratio and MCL values. The REF-PC and the 
0.5nTS-PC samples showed a Q1/Q2 value of 1.38 and 1.20, respectively. 
In addition, the C–S–H MCL values were 5.23 and 4.85, respectively. 
As commented before, this was probably caused because of the PC 
addition. The 1nTS-PC sample presented an increase on both Q1/Q2 and 
C–S–H MCL, being 1.67 and 5.86, respectively. According to Kunther 
et al. [70], C–S–H MCL decreases when the Ca/Si ratio is higher than 
1.20. They observed that more extended curing periods (as 28 and 91 d) 
provide a decrease on the MCL even more pronounced when compared 
to shorter curing periods (7 and 14 d). Moreover, some studies that 
correlate the C–S–H MCL to compressive strength showed that higher 
values of MCL indicate high compressive strength [69,70]. Even though 
the specimens with PC presented a lower MCL value than the others, the 
compressive strength increased. Nevertheless, among the factors 
observed through NMR analysis, the w/b ratio was decreased, conse-
quently reducing the pore volume, and increasing the cohesion. 

The behavior of nTS during the cement hydration, confirmed using 
multiple characterization techniques, is schematically summarized in 
Fig. 11. The good dispersion of nTS favors the increase of C–S–H 
nucleation sites through the filler effect of nTS core and the reduction of 
CH content through the pozzolanic reaction of the nTS shell. Therefore, 
the matrix is denser, and the pore volume and amount are reduced. 
These effects combined, increase the hydration degree, and lengthen the 
C–S–H MCL. 

Fig. 10. 29Si MAS NMR spectra of the samples.  

Table 3 
Deconvoluted 29Si MAS NMR position and percentages.  

Mixtures Chemical shift (ppm) / Qn relative intensity (%) αc (%) Q2/Q1 C–S–H MCL 

Q0 Q0(H) Q1 Q2
b Q2

p 

REF − 70.68 27.08 − 73.08 14.61 − 78.53  26.3  − 81.06  10.05  − 83.98  28.96  41.46  1.48  5.35 
05nTS − 70.83 23.25 − 72.98 12.77 − 78.47  24.54  − 81.53  11.92  − 83.93  27.53  49.42  1.61  5.70 
1nTS − 70.73 18.13 − 72.82 12.75 − 79.01  26.06  − 80.74  12.89  − 84.77  30.17  56.64  1.65  5.80 
REF-PC − 70.86 30.01 − 73.55 14.73 − 78.87  23.26  − 81.30  11.12  − 84.25  20.89  37.18  1.38  5.23 
0.5nTS-PC − 70.86 30.01 − 73.23 15.24 − 78.80  24.88  − 81.72  11.09  − 83.86  18.79  36.46  1.20  4.85 
1nTS-PC − 70.88 25.81 − 73.35 12.14 − 78.56  23.27  − 81.36  12.37  − 84.15  26.41  46.71  1.67  5.86  

G.S. Batista et al.                                                                                                                                                                                                                               



Construction and Building Materials 367 (2023) 130282

9

4. Conclusions 

An investigation on nTS addition to oil well cement class G was 
performed through experimental analysis, and the following conclusions 
can be taken:  

(1) The nTS presented an excellent dispersion in water without any 
application of dispersive methods. A principle of agglomeration 
was observed when the w/b was reduced to 0.35, but higher 
addition amounts should be tested to confirm this behavior.  

(2) A much more compact and homogeneous microstructure was 
obtained when nTS was added. The filler effect and the increase 
of C–S–H nucleation sites promoted a rise on mechanical 
properties. The physical advantages, such as higher specific mass 
and pore refinement were more pronounced with the w/b 
reduction and in the presence of PC;  

(3) The chemical effects endorsed by nTS were very clear and 
important. The pozzolanic effect reduced the CH content and 
increased the C–S–H MCL and the hydration degree. These 
benefits are related to the better physical properties reached with 
nTS addition;  

(4) Although the PC incorporation led to a lower hydration degree 
and a smaller C–S–H MCL, the PC provides highest compacity 
and compressive strength, with low pore volume and CH content. 
The best results were found for the 0.5nTS-PC;  

(5) Overall, the nTS provides significant advantages for cement- 
based materials, specifically oil well cement. Their use com-
bined with PC endorsed important properties, such as self- 
dispersion, filler and pozzolanic effects, and hydration degree 
increase. Further investigations are needed to understand its 
rheological behavior and its resistance against CO2 acid attack 
under Carbon Capture and Storage (CCS) conditions. 

Suggestions for future studies:  

• Evaluate the nTS behavior in cement pastes with PC for longer curing 
times;  

• Increase the addition amount (e.g. 2 and 3 wt%);  
• Reduce the w/b ratio and study the hydration degree;  
• Study the rheological behavior and hydration rate of the cement 

slurry;  

• Evaluate the hardened cement paste behavior against CO2 
degradation. 
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