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ABSTRACT 

To investigate the effect of functionalizing NS with low levels of APTES on the mechanical and microstructural 

properties of cementitious materials, four pastes were examined: one produced with Portland cement (REF); 

another with 1% substitution of cement with nanosilica (NS); another with 1% substitution of cement with APTES-
functionalized nanosilica using 2mL of APTES (NSFA2); and one with 1% substitution of cement with APTES-

functionalized nanosilica using 4mL of APTES (NSFA4). Compressive strength at 1, 3, 7, and 28 days of 

hydration, as well as porosity measured by mercury intrusion porosimetry (MIP), were evaluated in the 

cementitious mixtures. The compressive strength of the NSFs was higher than that of REF and NS. NSFA4 

achieved a 28% higher strength compared to REF and 17% higher strength compared to NS at 28 days. MIP 

showed that the additions of NS and NSF resulted in a decrease in total porosity compared to the reference mortar. 

KEYWORDS: portland cement; nanosilica (ns); functionalization; functionalized nanosilica (nsf). 

 

I. INTRODUCTION 

Several studies have demonstrated that cementitious materials with silica nanoparticles (NS) exhibit an 
increase in mechanical strength, especially at early ages, when compared to pure cement [[1]; [2]; [3], 

[4]; [5]; [6]], due to the high pozzolanic reactivity and accelerating effect on cement hydration exhibited 

by NS [[7]; [8]]. 

Due to its much smaller particle size compared to cement, NS tends to be effective in filling the voids 

between cement grains, increasing the packing density of cementitious materials, which improves their 

strength and durability [[9]; [7]; [10]; [1]]. According to Singh et al. [11] and Schmalz [12], in the 

presence of NS, pozzolanic reactions and nucleation reactions occur during cement hydration, resulting 
in the formation of additional C-S-H that favors the early hydration of cement. For Gu et al. [13] and 

Fang et al. [14], the formation of pozzolanic C-H-S improves the microstructure of the paste by filling 

the interparticle spaces, leading to denser packing and reducing the need for water, improving the 
mechanical properties and durability of concretes and mortars. In their research, Singh et al. (2011) 

observed that the CH content in the cement paste with incorporated NS was lower compared to the 

reference paste, concluding that the addition of a small amount of NS significantly improves the 

morphology and mineralogy of cementitious materials. 
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However, the incorporation of NS in cementitious matrix also poses some challenges to be overcome. 
Agglomeration of NS, due to inadequate dispersion, results in negative effects on the rheological 

behavior, workability, and final hardened properties of cement composites [[16]; [17]]. The limitation 

of workability of pastes and mortars can lead to possible problems in long-term durability and strength 

[[18]; [19]; [20]; [21]]. Another issue with the use of NS is its extreme reactivity in the early ages, 
which may lead to the formation of a layer of C-S-H on the surface of clinker grains and hinder the 

complete hydration of this material and, consequently, its rate of compressive strength gain at 28 days 

[[22]; [11]; [23]; [13]; [24]; [25]; [26]; [2]; [27]; [17]; [28]; [6]]. This effect justifies the decrease in the 
difference in compressive strength of cementitious materials with NS compared to reference 

cementitious materials (only with cement) as the hydration age increases. The compressive strength 

results obtained by Martins [5] show that although NS provides mechanical performance gains in the 
early ages, at 28 days, this initial gain does not have the same effect due to autogenous shrinkage and 

the formation of the C-S-H layer on the clinker surface, as also observed by other authors. [[24]; [29]; 

[30]; [4]]. 

In order to overcome the challenges of using NS in cementitious materials, some researchers began to 
promote changes in the NS surface (a process called functionalization) to create adaptations in the 

material [[31]; [32]; [33]; [34]; [35]; [36]; [37]; [38]] and include new chemicals functions to 

nanoparticle [[29]; [5]]. In the case of NS, the chemical reaction that occurs during functionalization 
replaces the silanol groups (OH) on the surface of the NS by another group of greater interest, usually 

the amine groups, normally using the reagent 3-aminopropyltriethoxysilane (APTES). Amine groups 

are polymers that have a good connection with the NS surface and are used in various isolated 
functionalization processes and in functionalization processes with other components [[4]; [13]]. 

Studies indicate that the functionalization of NS with aminosilanes forming nanosilica functionalized 

with aminosilanes (NSF), increases its affinity to connect to other chemical additives, such as shrinkage 

reducing additive (SRA) and polycarboxylate ether superplasticizers (PCE) ([34], [37]; [35]]. 
According to Collodetti et al. [31], Vasconcellos et al. [40] and Fraga et al. [29] the hydration kinetics 

of cement pastes is altered with the incorporation of NSF when compared with a reference paste 

containing only cement or with a paste containing NS. The effects vary according to the chemical group 
used, however, in general, there is a delay in cement hydration. Studies with NSF with aminosilanes 

show an improvement in the dispersion of the material, avoiding agglomeration which can lead to an 

acceleration in cement hydration and the filling of internal voids in the cementitious matrix, making the 

microstructure of composites more compact and improving compressive strength [[3]; [13]]. 
Vasconcellos et al. [6] found that the pastes containing NSF exhibited delayed hydration, reduced 

additive demand, formation of additional C-S-H, densifying the microstructure of cement pastes, 

improved cementitious matrix and workability, a reduction in total pore volume and a contribution to 
the mechanical performance of cementitious matrices at advanced ages. Martins [5] verified that the 

variation in the proportion of NS functionalizations with aminosilanes causes alterations in the 

hydration kinetics, in the formation of C-S-H, in the pore size distribution and in the compressive 
strength of Portland cement pastes and also found a delay in the induction time, as also observed by 

Vasconcellos [4] and Vasconcellos et al. [6].  

The results of these studies demonstrate that the higher the content of APTES in the NS, the greater the 

delay in the hydration reactions of the pastes. According to Collodetti et al. [31], amorphous silica has 
a maximum concentration of OH groups on its surface that are apt to be replaced by other organic 

groups. Thus, there is a maximum percentage of functional groups that can be grafted onto its surface, 

reaching a saturation degree. Therefore, the APTES content on the NS may influence the effect of the 
NS on cementitious materials, making it important to further study the effect of reducing the APTES 

content of the NS with aminosilane on the mechanical and microstructural properties of cementitious 

materials. 

This article has been divided into 4 sections. The first section deals with the introduction to the studied 

topic. The second section addressed the experimental program that was developed to achieve the 

objectives. The experimental program was divided into 4 stages: Stage 1: Materials. Stage 2: 

Functionalization of NS. Stage 3: Preparation of Pastes. Stage 4: Tests for the analysis of pastes and 
mortars. The third section presents the experimental results obtained with analysis and discussions of 

the data. The presentation of results and discussions follows the order of the stages developed in the 

https://doi.org/10.5281/zenodo.8330422


International Journal of Advances in Engineering & Technology, August, 2023. 

©IJAET    ISSN: 22311963 

157 DOI: 10.5281/zenodo.8330422   Vol. 16, Issue 4, pp. 155-169 

 

experimental program. The fourth section presents the conclusions drawn based on the experimental 
results. Finally, the references used to support this article are provided. 

II. EXPERIMENTAL PROGRAM 

2.1 MATERIALS 

For the development of the experimental program, the following materials were used: Portland cement 

CP-V ARI, following the Brazilian technical standard [41], equivalent to type III ASTM C150 and 
CEM I EN 197, due to the low content of additions; colloidal nanosilica (NS) prepared in an aqueous 

suspension of 30% by weight NS; superplasticizer additive (SP) type 2 according to the Brazilian 

technical standard [42]; 3-Aminopropyltriethoxysilane reagent (APTES) 99% pure; dichloromethane 
99.8% PA ACS used as solvent; deionized water supplied by the MiliQ system - Millipore equipment 

(Chemistry Institute - UnB) and water from the public supply system in Brasilia.  

Table 1 presents the physical and mechanical properties of Portland cement CP V-ARI, NS, APTES, 

dichloromethane and SP additive. The chemical analysis of Portland cement CP V-ARI and NS was 

obtained by X-ray fluorescence spectrometry (FRX). 

Table 1 - Properties of CP V-ARI, NS, APTES, dichloromethane and SP additive. 

Material Properties Results Material Properties Results 

Portland 
cement CP 

V-ARI 

Setup time: initial (h:min) 02:41 

NS 

Specific mass (g/cm³) 1.20 

Setting time: final (h:min) 03:11 pH 10,707 

Residue on sieve nº 200 (%) 4,26 Solid content (%) 32,5 

Blaine Specific Area (cm²/g) 4692 Average diameter (nm) 8,284 

Specific mass (g/cm³) 3,06 

Compounds (%) 

SiO2 100 

Compressive strength (MPa) 

1 day 19,93 Cr 0,004 

3 days 31,4 K2O 0,02 

7 days 38,55 Cu 0,001 

D10 (μm) 1,89 S 0,183 

D50 (μm) 14,19 CaO 0,008 

D90 (μm) 33,59 Zr 0,005 

Average Diameter (μm) 16,37 Au 0,002 

Compounds (%) 

SiO2 25,22 Th 0,001 

Al2O3 7,72 

APTES 

Color Colorless 

Fe2O3 3,46 Form liquidate 

CaO 55,58 Color test < 10 APHA 

K2O 1,06 Purity (%) 99,6 

TiO2 0,42 Molar weight (g/mol) 221,37 

P2O5 0,24 

SP 

Specific mass (g/cm³) 1.095 

MnO 0,11 pH 3.8 

SO3 6,19 Solid content (%) 40 

In the X-ray diffraction (XRD) test, we aimed to identify the crystalline or amorphous phases of the 
cement. The tests were performed using a RIGAKU brand Ultima IV diffractometer according to the 

parameters of 2 theta: 2 to 60°, step: 0.05°, speed: 5°/min. The diffractogram of the cement sample is 
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presented in Figure 1 (a). In the diffractogram, anhydrous calcium silicate minerals (C2S and C3S) and 
anhydrous calcium iron-aluminate (C4AF) were identified, confirming the chemical composition of the 

respective type of cement. The NS and NSF samples were also analyzed using the XRD test. The 

diffractogram of the colloidal NS sample is presented in Figure 1 (b). The diffractograms of the NSF's 

followed the same pattern as the NS colloidal, only presenting peak intensities at 2 theta = 10° and 2 

theta = 23° with different intensities. 

 

 

Figure 1 - Diffractogram of Portland Cement CPV -ARI and NS colloidal 

2.2 FUNCTIONALIZATION OF THE NS 

The NS functionalization procedure with APTES took place at room temperature using a round bottom 

flask coupled to a condenser to avoid loss of reagents by evaporation. This set was taken inside the 

hood. The dichloromethane and colloidal NS were added to the flask and magnetic stirring was carried 
out at a speed of 900 rpm. Then, APTES was added in the chosen volumetric proportions (2 and 4mL) 

and the stirring speed was changed to 1500 rpm. At the exact moment when APTES came into contact 

with dichloromethane and colloidal NS, the reaction start time was recorded, and the materials were 

stirred for 24 hours at room temperature. 

After 24 hours, with the end of the stirring period, the mixture was transferred to a separatory funnel, 

where the formation of a two-phase system could be observed. After separating the phases, the organic 

phase, with a transparent color (which is dichloromethane), was collected and stored for later disposal. 
The phase containing NSF was mixed with deionized water and taken to the Cole Parmer ultrasonic 

processor to sonicate for 10 minutes, at an amplitude of 65%, with the device remaining at rest for 10s 

every 50s. Finally, the samples were collected and stored in glass bottles for subsequent performance 
of characterization tests in order to evaluate the effectiveness of the functionalization process. It was 

also necessary to check the pH of the NS and NSF's and carry out the solids content test of the samples 

since the amount of water in the samples was deducted from the mixing water of the pastes and mortars. 

The pH and solids content results are shown in Table 2. 

Table 2 – Results of the Solid Content and pH tests of the colloidal NS and the NSF's. 

Sample Solid Content (%) pH 

NS 32,5 10,71 

NSFA2 14 11,06 

NSFA4 14,5 11,30 

 

2.2.1 NS and NSF characterization tests 

To confirm that the APTES silanes were grafted onto the NS nanoparticles and to evaluate the properties 

of the new NSF surface, dynamic light scattering (DLS), transmission electron microscopy (TEM) and 
thermogravimetric analysis (TGA) tests were performed. To carry out these tests, the NSF samples were 

(a) (b) 
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dried in the open air in a Petri dish. After drying, they were finely crushed with the aid of an agate 
mortar and pestle and stored in containers until the date of the tests. 

The Dynamic Light Scattering (DLS) technique was used to verify the increase in the hydrodynamic 

radius of silica nanoparticles caused by functionalization. We sought to verify whether there was 

evidence of an increase in particle size with functionalization, a technique performed by other 
researchers with NSF [[34]; [13]; [43]; [2]; [44]; [27]]. The DLS assay was made using the Zetasizer 

Nano Series apparatus. To carry out the test, samples of colloidal NS and NSF were inserted into the 

cell type PC51115 (Glass cuvette with square aperture). 
According to Vasconcellos [4], the Transmission Electron Microscopy (TEM) technique is performed 

on the NS and NSF dispersions, in order to evaluate the morphology, degree of dispersion, aggregation 

and dimensions of the particles. The samples were dispersed in aqueous media using the ultrasonic 
cleaner. An aliquot of the sample was deposited on the copper grid (specifications: 400 mesh copper 

coated copper grid). After drying, the samples were analyzed in the Transmission Electron Microscope 

(TEM), JEM-2100, Jeol, Tokyo, Japan, equipped with EDS, Thermo Scientific, operating at 200kV. 

Thermal analyzes were performed on the NS and NSFA samples, in order to obtain the mass loss 
variation as a function of the increase in temperature at a programmed rate, seeking to compare them 

with the reference sample. Through this test, it was possible to evaluate the functionalization of the NS 

through the loss of mass of the samples as a function of the increase in temperature. Thermal analyzes 
were performed on solid samples in a thermogravimetric analyzer from SHIMADZU, model DTG-60H. 

The test took place under a nitrogen gas flow of 50 mL /min, at a heating rate of 10 °C/min from room 

temperature to 1000 °C. The assay was performed using platinum crucibles. 

2.3 PREPARATION OF PASTES AND MORTARS 

For conducting the Mercury Intrusion Porosimetry (MIP) tests at 28 days, five different cement paste 

mixtures were prepared as shown in Table 2. All pastes were produced with a water-to-binder ratio 

(w/b) of 0.35. In this research, certain parameters were fixed for paste production in order to reduce the 
number of variables. The fixed parameters were: Curing condition: curing in water saturated with lime, 

as per [45]; Consistency for pastes (110±10mm) referenced in the study by Vasconcellos [4]. 
Table 3 – Nomenclature and composition of pastes 

Cement paste Abbreviation 
Cement 

(g) 

Water 

(g) 

NS 

(g) 

NSF2 

(g) 

NSF4 

(g) 

Additive SP 

(%) 

Spread 

(mm) 

100% CP V P-REF 2000 691,3 - - - 0,6 119,28 

99% CP V + 1% NS P-NS 1980 643,96 61,54 - - 1 112,79 

99% CP V + 1% 
NSFA2 

P-NSFA2 1980 564,09 - 142,86 - 0,9 115,04 

99% CP V + 1% 
NSFA4 

P-NSFA4 1980 569,02 - - 137,93 0,9 113,70 

 

In the preparation of the pastes, the superplasticizer (SP) additive content used had a variation from one 

paste to another, so that all had a spreading of 110±10mm, in the mini-slump test. To keep the exact a/ 
agl ratio, the amount of water from the NS in aqueous suspension, from the NSF's and from the SP 

additive was deducted from the mixing water, for this purpose, according to the previously determined 

solids content. The pH of the NSF's was checked using a pH meter. The process of preparing the pastes 

followed the recommendations of [46], with some adaptations in the mixing time and in the loading 
sequence of the materials. 

In order to carry out the compressive strength test at 1, 3, 7 and 28 days, five different traces of cement 

mortar were molded, according to Table 4, as was the case with the pastes. All mortars were produced 
in relation to a/ agl = 0.35. The same replacement levels of Portland and NS cement used to make the 

pastes and the same SP additive content found in the production of cement pastes were maintained. 
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Table 4 – Nomenclature and composition of mortars 

 

The molding of four specimens of mortar with 50 mm in diameter and 100 mm in height was carried 
out, according to [45]. The spreading of the mortars was obtained by testing the consistency table. The 

mixing of mortars was made in a planetary mixer and will follow the procedures described in the 

literature, with adaptations [[47]; [48]]. 

2.4 TESTS FOR ANALYSIS OF PASTES AND MORTARS 

To verify the mechanical properties of cement mortars using NSF, compressive strength tests were 

carried out at 1, 3, 7 and 28 days of hydration. The cylindrical specimens with 50 mm in diameter and 
100 mm in height for the compressive strength test were molded following [45]. After molding, the 

specimens were taken to the humid chamber where they remained for 24 hours. Then, the specimens 

were demoulded and taken to cure submerged in a solution of water and lime to avoid calcium leaching, 

where they remained until the specified date for rupture (1, 3, 7 and 28 days). On the date of failure, the 
specimens were subjected to compressive stress, until failure, in the Denison Press model TIA / MC 

with a capacity of 200,000 kg. The adopted resistance was the average of the individual resistances of 

the 4 specimens of the same age, as recommended by [45]. 

Mercury intrusion porosimetry (MIP) tests were conducted on the pastes to assess the microstructure of 

cementitious materials. The samples were submerged in isopropanol for 24 hours to halt hydration, 

following the methodology proposed by Scrivener et al. (2016) and Alonso-Domínguez et al. (2017), 

with adaptations regarding the immersion time in isopropanol. After this period, the samples were dried 
in a 40°C oven for 24 hours to ensure complete removal of isopropanol. Subsequently, the samples were 

stored in containers containing silica gel and welded lime until the date of the microstructural tests. The 

samples for the MIP tests were cut into approximately 1 cm cubic pieces using a circular saw. This test 
aims to evaluate the porous structure of cementitious pastes after 28 days of hydration. The test 

parameters included mercury with a surface tension of 0.485 N/m, density of 13.5335 g/mL, and contact 

angle of 130°C. The pressure range used in the test was approximately 0.6582 psi to 25.4162 psi. The 
equipment used was the Micromeritics Poresizer, model 9320. Based on this test, the pores were 

quantified according to their sizes. 

III. RESULTS AND DISCUSSIONS 

3.1 CHARACTERIZATION OF NS AND NSF'S 

Analyzes regarding the characterization of NS and NSF are essential for understanding their influence 
on the microstructure of cement pastes. In this item, the results and discussions of the microstructural 

analyzes carried out for the characterization of the NS and NSF's are presented, in order to evaluate the 

behavior in terms of structure, morphology and composition, through the Dynamic Light Scattering 
(DLS) and Thermogravimetric Analysis (TGA). Figure 2 presents the graphs of the Dynamic Light 

Scattering (DLS) results of the NS and the NSF's. Table 5 summarizes the values of the hydrodynamic 

radius of the NS and the NSF's. 

 

 

Cement 

paste 
Abbreviation 

Cement 

(g) 

Water 

(g) 

Normal sand in 

4 fractions (g) 

NS 

(g) 

NSF2 

(g) 

NSF4 

(g) 

Additive 

SP (%) 

Spread 

(mm) 

100% CP V A-REF 700 241,9 335 x 4 - - - 0,6 189,50 

99% CP V + 
1% NS 

A-NS 693 207,345 335 x 4 48,27 - - 1 163,50 

99% CP V + 
1% NSFA2 

A-NSFA2 693 197,46 335 x 4 - 49,966 - 0,9 183,51 

99% CP V + 
1% NSFA4 

A-NSFA4 693 199,114 335 x 4 - - 48,27 0,9 184,67 
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Figure 2 – Results of Dynamic Light Scattering (DLS) of NS, NSFA2 and NSFA4 

Table 5 - Values of the hydrodynamic radius of the samples 

Sample Peak 1 (r.nm) Intensity (%) Peak 2 (r.nm) Intensity (%) Peak 3 (r.nm) Intensity (%) 

NS 8,284 75,2 49,02 23,6 2195 1,2 

NSFA2 11,1 92,7 880,7 7,3 0 0 

NSFA4 11,68 80,7 180 18,1 2086 1,2 

 

DLS was used by several authors to determine the hydrodynamic radius of NS and NSF samples in 
order to verify the existence of the increase in particles with functionalization [[27]; [51]; [53]; [54]; 

[40]]. According to Martins [5] this increase in particle size is provided by the binding of functional 

groups on the surface of the NS and may vary according to the level of functionalization. The samples 

functionalized with aminosilanes followed the pattern of increasing in size as the APTES content 
increased, which is in agreement with Gu's research. et al. [13] and Martins [5]. The DLS results seem 

to show that the functionalization of the NS particles occurred as expected. 

 
In the TGA test, it was possible to verify the mass loss of the samples as a function of temperature. The 

results are presented in Table 6. It was noted that the NS sample showed the lowest total mass loss 

(7.9%) among the analyzed samples. The NSF samples had increasing total mass losses as the 
functionalization content increased, with the NSFA4 sample having a much higher total mass loss than 

the other samples (21.7%).  

 

Table 6: Localized mass losses and total samples. 

Sample 
Mass Loss 

Entre 300ºC e 800º C Total 

NS 1,7% 7,9% 

NSFA2 3,4% 10,6% 

NSFA4 5,0% 21,7% 

 

According to Rong et al [3] the loss of mass between 300°C and 800°C observed in the TGA test may 

be due to the separation of the coupling agent grafted onto the surface of the NS particles. According 

to their research, the NSF mass loss rate between 300°C and 800°C can be used to approximate the 

engraftment rate of the coupling agent.  

NSFA2 

NSFA1 

 

NSFA4 

NSFA1 

 

NS 

NSF

A1 
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As can be seen, the mass loss increases with the increase in the functionalization content, demonstrating 
that the NSFA4 sample with the highest APTES content has the highest rate of grafted material on the 

NS surface. The result of the TGA test is in line with the results of the DLS test performed on the NS 

and NSF samples, as NSFA4 was the sample that presented the largest hydrodynamic radius, confirming 

that it is the sample with the highest number of APTES coupled to the surface of the NS. 

3.2 MECHANICAL AND MICROSTRUCTURAL PROPERTIES OF PASTES AND 

MORTARS 

3.2.1. Compressive strength 

Figure 3 shows the compressive strength results of Portland cement mortars at 1, 3, 7 and 28 days of 

hydration. 

 

 

Figure 3: Compressive strength of mortars at 1, 3, 7 and 28 days. 

Analyzing Figure 3, it is possible to observe that with 1 day of hydration, the A-NS mortar presented 

the highest average resistance (44.94MPa), corroborating the literature [[24]; [57]; [4]; [5]], with a 

resistance gain of 24.01% compared to A-REF. According to the literature, this resistance gain at initial 

ages in mortars with NS is quite characteristic and can be attributed to the effect of nucleation sites, 
filling effect and pozzolanic reactions. At the same age, when analyzing the mortars with NSF, it is 

possible to observe that A-NSFA4 (36.69MPa) presented the same strength as A-REF (36.21MPa), and 

A-NSFA2 exhibited a higher strength than A-REF by approximately 12%. 

At 3 days of hydration, there is an expressive gain in resistance of mortars with NSF compared to the 

results presented with 1 day of hydration. The greatest increase in resistance between the NSF's was 

noticed in A-NSFA4 (54.46%), followed by A-NSFA2 (36.18%), showing that the APTES/NS volume 
ratio can influence the effect of NSF on the materials cementitious. After 3 days of hydration, it is 

possible to observe that mortars with NSF have superior resistance to mortars with NS, which is in line 

with researches already carried out by Vasconcellos [4] and Martins [5], who found a delay in the 

induction time of past containing NSF. 
At 7 days, it was possible to observe that, as well as at 3 days of hydration, the resistance of all mortars 

with NSF continued to be higher than A-REF and A-NS. A-NSFA4 stands out, which had a resistance 

gain of 14.85% compared to the result achieved after 3 days of hydration, being the mortar that achieved 
the highest resistance among all samples at 7 days of hydration, although its resistance was slightly 

higher than that achieved by A-NSFA2 (60.24MPa). A-NSFA4 had a resistance gain of 33.77% when 

compared to A-REF at the same age, followed by A-NSFA2 (28.83%). Note that the higher the APTES 
content used in the functionalization of the NS, the greater the resistance achieved. 

The compressive strength results of mortars with NSF at 28 days continued to be higher than the 

compressive strength results of A-REF and A-NS, as expected. The compressive strength of A-NS was 

superior to A-REF by 9.79%. The compressive strength results obtained by Martins [5] show that 
although NS provides a gain in mechanical performance at the initial ages, at 28 days this initial gain 
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does not have the same effect, probably due to autogenous retraction and the formation of the layer of 
C-S-H on the clinker surface, as also observed by other authors. [[24]; [29]; [30]; [4]]. When compared 

with A-NS, there is a resistance gain of 10% for A-NSFA2 and 17.29% for A-NSFA4. 

3.2.2. Mercury intrusion porosimetry (MIP) 

The mercury intrusion porosimetry (MIP) test aimed to evaluate the porous structure of cement pastes 
after 28 days of hydration. Figure 4 presents the results of the volume of mercury intruded in the 

analyzed samples. As can be observed in Figure 4, there was a refinement of the porous structure of the 

P-NS pastes and the P-NSFA2 and P-NSFA4 pastes compared to the P-REF paste. 

 

Figure 4: Volume of mercury intruded in the pastes at 28 days. 

The results obtained for the P-NS sample are in accordance with the reference literature [[24]; [57]; 

[30]; [5]]. According to the literature, the pozzolanic activity of NS exerts a significant influence on the 
microstructure of cement-based materials, leading to a refinement in the material's pore structure. Wu 

et al. [60] compared the effects of different dosages of NS on the pore structure of high-strength concrete 

and observed the influence of the percentage of cement replacement by NS on porosity. They found 

that high replacement levels result in material agglomeration, leading to reduced paste fluidity and 

increased porosity. This occurs because material agglomeration limits the filling effect of NS. 

Figure 5 presents the results of the accumulated volume of intruded mercury, which is related to the 

total porosity of the pastes. Analyzing Figure 5, it was noted that the total porosity among the pastes 
varied, with samples P-NS and P-NSFA4 showing the smallest accumulated intruded volume. It was 

observed that the addition of NS and NSF led to a reduction in total porosity, total intruded volume, and 

average diameter when compared to the reference mortar. The results obtained show that the 

incorporation of NS and NSF improves the porous structure of the pastes. 

 

 

Figure 5 - Volume of mercury accumulated in the pastes at 28 days. 
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Table 7 presents a summary of the results found in the MIP test. It was observed that the incorporation 
of NS and NSF reduced the percentage of large and medium capillary pores, corroborating with the 

findings from Vasconcellos et al. [6] research. 

Table 7 - Total porosity and volume of intruded mercury 

Past 

Total 

Intruded 

Volume 

(mL/g) 

Total 

porosity (%) 

Average pore 

diameter (nm) 

Intruded mercury volume (mL/g) 

Large capillary (10.000-50nm) 
Medium capillary             

(50-10nm) 

(mL/g) 

(%) in 

relation to 

REF 

(mL/g) 

(%) in 

relation to 

REF 

P-REF 0,0748 12,75 20,1 0,3979 100% 1,7762 100% 

P-NS 0,0676 11,69 14,3 0,0980 25% 1,6395 92% 

P-NSFA2 0,0737 12,55 17,8 0,1984 50% 1,8925 107% 

P-NSFA4 0,0666 11,4 15,3 0,1358 34% 1,6463 93% 

 

According to the literature [37], [65], [6], the reduction in pore size and total porosity when NS and 

NSF are incorporated into cementitious materials is due to the nucleation effect, the high reactivity of 
NS and NSF, and the pore-filling effect caused by the formation of additional C-S-H through the 

pozzolanic reaction. This pozzolanic reaction leads to a higher polymerization of the C-S-H chains, 

contributing to densification and compactness of the microstructure [[63]]. Vasconcellos et al. [6] 
research shows that the incorporation of NSF leads to a reduction in pore size and total porosity due to 

better dispersion caused by the amino silane groups. Similar results were observed in other research 

studies, [2], [27], and [67]. According to Mindess et al. [68], the reduction in porosity contributes to an 

increase in the mechanical performance and durability of cementitious materials. 

IV. CONCLUSIONS 

This article evaluated the effect of NSF with aminosilanes on the mechanical properties and 

microstructure of cementitious materials. The APTES/NS volume ratios used for NS functionalization 

were 2:60 (NSFA2) and 4:60 (NSFA4). Based on the experimental results in this work, the following 
conclusions can be drawn: 

Through the presented results of DLS tests (an increase of the hydrodynamic radius), and ATG (an 

increase of the loss of mass), it was verified that the method used for functionalization of the NS with 

aminosilanes was effective in grafting the functional groups in different contents in the surface of the 
studied NS. It was verified that the hydrodynamic radius and the loss of mass of the samples get bigger 

with the increase of the functionalization content, demonstrating that the NSFA4 sample with the 

highest APTES content, presents the highest rate of grafted material on the surface of the NS. 
The results of the compressive strength test of the mortars at 1, 3, 7 and 28 days of hydration in the 

mortars show that the extension of the induction period causes the mortars with NSF a delay in the 

resistance gain in initial ages. However, after 3 days of hydration the mortars with NSF already present 
resistance to compression superior to the samples A-NS and A-REF. The development of resistance to 

compression at 28 days of the A-NSFA4 sample was about 28.78% greater than the A-REF sample and 

about 17.29% greater than the A-NS, corroborating the results of Martins (2022), showing that the 

APTES content of 4mL seems to be the most appropriate for NS functionalization. 

The MIP results show that, in general, the additions of NS and NSF lead to a decrease in total porosity, 

total intruded volume and average diameter, in relation to the reference mortar. This reduction in 

porosity contributes to increase the mechanical performance and durability of cementitious materials. 

The variation in the proportion of APTES used to functionalize the NS caused changes in the hydration 

kinetics, CH content, pore size distribution of the pastes, and also altered the compressive strength of 

the Portland cement mortars. Therefore, it is concluded that the functionalization of the NS with 
different levels of aminosilane has the potential to be used in high-performance concretes. However, 

https://doi.org/10.5281/zenodo.8330422
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despite the results presented, further studies are needed to better understand the behavior of the NS in 

cementitious media. 
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