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A B S T R A C T

Incorporating waste materials into cementitious composites is a promising practice for enhancing the sustain
ability of the construction industry. However, previous papers have not explored the combination of nano
fibrillated cellulose (NFC) with basic oxygen furnace slag (BOFS) for producing eco-efficient mortars, nor have 
they examined the optimization of NFC dispersion within these matrices. To narrow these research gaps, this 
paper presents an experimental program for the design of innovative mortars containing both NFC and BOFS, 
based on the optimization of ultrasonication procedures for improvement of eco-efficiency indicators. Ultra
violet–visible (UV–vis) spectroscopy, zeta potential analysis, and scanning electron microscopy (SEM) were used 
to evaluate the dispersion and stability of NFC solutions prepared with different sonication times (0.00, 0.04, 
0.08, 0.16, and 0.32 min/ml). Mortars containing BOFS and these different types of NFC solutions were subjected 
to tests for determination of workability, compressive strength, flexural strength, eco-efficiency indicators, X-ray 
diffraction (XRD) and SEM analyses. Results indicated improved NFC dispersion and stability through sonication, 
leading to enhanced mechanical performance and eco-efficiency indicators. The most favorable results were 
observed in mortars with NFC sonication times of 0.04 and 0.16 min/ml, showcasing performance gains of 17.9 
% and 13.4 % compared to the reference specimen, respectively. In conclusion, optimizing ultrasonication 
methods can be a highly effective strategy for enhancing the eco-efficiency performance of novel mortars con
taining BOFS and NFC.

1. Introduction

Recently, there has been an increasing focus on seeking sustainable 
alternatives for diverse services and products. This trend has notably 
impacted industries that place significant pressure on the environment. 
In particular, the construction industry stands out as a major consumer 

of natural resources such as rocks, metals, wood, and water. It is also a 
substantial energy consumer, a significant waste producer, and a major 
contributor to greenhouse gas emissions [1,2].

To mitigate environmental impacts and decrease the extraction of 
natural resources, natural aggregates of cementitious composites can be 
replaced with waste materials. Numerous studies have demonstrated the 
viability of utilizing construction and demolition waste [3–5], mining 
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residues [6–8], agricultural waste [9–11], and metallurgy wastes 
[12–14] for this purpose. For example, basic oxygen furnace slag 
(BOFS), which originates from steel production utilizing the 
Linz-Donawitz process, deserves particular attention. Produced on a 
large scale by the steel industry [15,16], BOFS primarily consists of four 
oxides: lime (CaO), periclase (MgO), silica (SiO2), and wustite (FeO) 
[17]. Utilizing BOFS as aggregates for concrete production offers the 
advantage of diminishing the extraction of rocks and sand from natural 
sources while offering a suitable disposal solution for industrial residues. 
Furthermore, the mechanical strength of BOFS aggregates is comparable 
to or even higher than that of conventional aggregates [18]. BOFS also 
presents enhanced rugosity, maximizing interaction with the cementi
tious matrix [19]. In this context, previous studies demonstrated that the 
use of BOFS as fine aggregate [20,21], coarse aggregate [22], or both 
[23,24] increases the mechanical performance of cementitious materials 
when compared to traditional materials.

Improvements in strength and durability of cementitious matrices 
can reduce cement consumption and minimize the need for in
terventions and repairs. In recent years, the use of nanomaterials to 
improve the performance of cementitious materials has gained signifi
cant attention [25,26]. Numerous studies have investigated cementi
tious matrices containing carbon black nanoparticles [27,28], carbon 
nanotubes [29,30], nano-TiO2 [31,32], and other types of nano
materials. A particularly noteworthy nanoparticle is nanofibrillated 
cellulose (NFC), an organic and renewable material that can substan
tially increase the mechanical strength and durability of cement pastes, 
mortars, and concretes [33]. These improvements are attributed to 
several mechanisms. NFCs can serve as nucleation points for hydrated 
crystals during the early stages of cement hydration [34]. The hydroxyl 
groups on the fiber surface also interact with hydrated cement products, 
enhancing the matrix interaction [35]. Notably, the interaction between 
NFCs and cement grains is stronger than that between cement particles 
themselves, which, in turn, is greater than the interaction between fi
bers. [36]. Cao et al. [37] proposed a short-circuit diffusion (SCD) 
mechanism, where fibers surround the cement particles, forming chan
nels that facilitate water entry and enhance hydration reactions. Lastly, 
NFCs connect cracks in the matrix through a bridging effect, which 
prevents crack propagation, enhances matrix strength, and prevents 
brittle ruptures [38]. Given these mechanisms, different studies have 
observed the effectiveness of using NFC in cementitious materials to 
increase mechanical properties [39–44].

For fibers to effectively enhance the performance of cementitious 
materials, achieving proper dispersion is essential [33,45]. For example, 
Kong et al. [46] stated that the dispersion of nanofillers is an important 
factor that affects the mechanical properties for nanocomposites. 
However, Tian et al. [47] argue that the dispersion of NFC may be 

challenging due to its agglomeration tendency. According to Zhang et al. 
[48], the molecular structure of NFC contains a large number of hy
droxyl groups, which leads to aggregation and can reduce the rein
forcement effects. The dispersion of NFCs can be improved by using 
surfactants or stabilizing agents, pre-treating fibers (e.g., TEMPO 
Mediated Oxidation Pretreatment), employing magnetic or mechanical 
stirring, and utilizing sonication procedures [49]. Sonication, in 
particular, relies on the principle of cavitation. Ultrasonic waves 
generated by sonicators induce the formation of bubbles in low-pressure 
wave regions. The collapse of these bubbles generates a substantial shear 
force that facilitates the dispersion of fibers [50]. For example, the 
generated shear stress can reach 100 MPa in typical low viscosity sol
vents [51]. In this sense, sonication has proven successful in dispersing 
NFC in several studies [34,45,52,53].

However, previous studies have not explored the production of 
cementitious composites combining slag aggregates with NFC. Likewise, 
the optimization of NFC dispersion in eco-efficient cementitious 
matrices incorporating BOFS has not been investigated. Determining the 
optimal sonication energy is particularly challenging, mainly because 
previous research on this topic is scattered and concentrated on con
ventional cementitious matrices (without incorporation of waste mate
rials). Consequently, potential synergistic effects between BOFS and 
NFCs in enhancing dispersion mechanisms within cementitious matrices 
remain unknown.

Motivated by the promising technical benefits provided by BOFS and 
NFC, this work aimed to clarify the points raised and contribute to the 
existing literature. To address these knowledge gaps, the present study 
brings the following contributions: (i) first evaluation of microstruc
tural, rheological, and mechanical properties of mortars containing both 
BOFS and NFC; (ii) investigation of the relationship between sonication 
time of NFCs and engineering properties of cementitious composites 
incorporating BOFS; (iii) combination of different techniques for char
acterization of the nanosuspensions, including Ultraviolet–visible 
(UV–vis) spectroscopy, zeta potential analysis, and scanning electron 
microscopy (SEM); and (iv) combination of different techniques for 
characterization of the cementitious composites, including tests for 
determination of workability, compressive strength, flexural strength, 
eco-efficiency indicators, X-ray diffraction (XRD) and SEM analyses. 
Consequently, the present work reports the feasibility of producing eco- 
efficient mortars containing nanomaterials and industrial wastes, 
providing a more sustainable alternative to traditional materials used in 
the construction industry.

2. Material and methods

2.1. Material

The conventional binder used to produce the specimens investigated 
in this research was CPV-ARI cement, corresponding to ASTM type III. 
This type of cement has a low content of mineral admixtures [54], 
minimizing interactions between other admixtures and the residues and 
nanomaterials under investigation. The density of the cement was 
measured at 3.05 g/cm3 according to the ABNT NBR 16605 standard 
[55].

The fine aggregates were BOFS provided by the Arcelormittal com
pany and previously stored for five years in the Laboratory of Civil 
Construction Materials patio at the Federal University of Ouro Preto 
(UFOP), State of Minas Gerais, Brazil. Throughout this storage period, 
the residue underwent a weathering process to stabilize the expansive 
oxides. Although there are accelerated methods for slag stabilization, 
such as steam aging and pressurized steam aging, accelerated carbon
ation, surface treatment, and chemical modification [56–58], weath
ering is the method that requires the least intervention. The BOFS had a 
gray color, particle size ranging between 6.35 and 12.5 mm, and a 
density of 3.57 g/cm3, as characterized by Martins et al. [59].

A polycarboxylate-based superplasticizer (MC-PowerFlow 4001) was 

Abbreviations and symbols:

BOFS basic oxygen furnace slag
CNC cellulose nanocrystals
CNT carbon nanotube
DLS Dynamic Light Scattering
NFC nanofibrillated cellulose
SCD short-circuit diffusion
SP superplasticizer
UV–vis Ultraviolet visible
CIc - cement intensity for compressive strength
CIf - cement intensity for flexural strength
N number of samples
c - total cement consumption
pc - composite performance in compression
pf - composite performance in bending
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employed as an admixture to enhance the workability of the composite 
and decrease the water/cement ratio.

Unbleached NFC from Pinus, obtained through a delamination pro
cess, was utilized in this study. This material was produced and provided 
by Embrapa Florestas, situated in Colombo, State of Paraná, Brazil.

2.2. Methods

Fig. 1 presents a flowchart of the methodology adopted in this work, 
covering the preparation of BOFS aggregates, the evaluation of the im
pacts of sonication time on the quality of dispersion of NFC solutions, 
and the production of eco-efficient composites containing BOFS and 
NFC. The following sections provide a detailed description of each 
methodology step.

2.2.1. Production of NFCs
Initially, a suspension of non-bleached kraft pulp of loblolly pine (2 

% w/v) was prepared using distillate water. Then, it was fragmented 
using a 450 W blender for 10 min. Subsequently, it was subjected to 
further grinding using a supermasscolloider Masuko Sangyo Micro
fluidizer (Masuko Sangyo Ltd., Kawaguchi, Japan). The equipment 
operated at 1500 rpm, with a distance between discs of 0.1 mm. The 
cellulose pulp was reloaded 30 times through the friction between the 
silicon carbide ceramic disks, with the abrasive forces inducing cellulose 
defibrillation. During this process, the fibers were reduced to nano
metric sizes (0.1 and 100 nm). This procedure resulted in a nano
suspension formulation with gel-like characteristics.

Fig. 2 shows a transmission electron microscopy (TEM) image of the 
material produced by Embrapa Florestas, obtained by Viana et al. [60]. 
Fibers with diameters smaller than 100 nm can be seen, highlighting the 
production process’s efficiency.

2.2.2. Characterization of NFCs
The solids content of the NFC gel (Fig. 3) was determined by 

measuring the mass difference between the samples in their natural state 
and those dried at 100–105 ◦C for 24 h. The density of the gel was 
assessed using a 10 ml volumetric flask. Utilizing the values of density 
and solids content of the gel, as well as the density of water, the density 
of the nanofibers was calculated. Table 1 presents the main results.

Fourier-transform infrared spectroscopy (FTIR) was also performed 
using a Nicolet iS50 FTIR Spectrometer (Thermo Scientific) to identify 
NFC’s functional groups and bonds. The analyses were conducted on 
NFC films at room temperature, with a wavelength ranging from 400 to 
4000 cm− 1 and 128 scans at a resolution of 4 cm− 1. The film was 

Fig. 1. Flowchart of research methodology.

Fig. 2. NFC image obtained by TEM [60].
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produced from unbleached defibrillated pulp with 1 % solids content. 
The consistency was adjusted to 0.002 g/ml and homogenized with a 
magnetic stirrer. The suspension was then poured into a Petri dish and 
dried in an oven for 24 h at 100 ◦C.

2.2.3. UV–vis spectroscopy analyses
The Ultraviolet–visible (UV–vis) spectroscopy technique was 

employed to examine how the sonication time affects the dispersion of 
NFCs in aqueous solutions. For this purpose, 12.5 ml samples were 
produced with a concentration of 0.02 % NFC relative to the mass of 
water. The samples were subjected to different sonication times: 0.00, 
0.04, 0.08, 0.16, and 0.32 min/ml of solution. A concentration of 0.02 % 
NFC was chosen because the spectrophotometer requires more dilute 
solutions.

Following preparation and sonication, UV–vis analyses were carried 
out using the FluoroMax Plus fluorometer. The UV–vis lamp was set to a 
selected wavelength of 300 nm, and absorption measurements were 
taken within the range of wavelengths from 200 to 800 nm, according to 
recommendations of Parveen et al. [61,68].

2.2.4. Zeta potential analyses
The zeta potential values of NFC solutions were measured by a Zeta 

Sizer NanoSeries equipment. Samples were prepared as described in 
section 2.2.3. Three readings were taken for each sample, and the 

average value was determined.

2.2.5. Preparation of BOFS aggregates
To obtain the fine aggregates used to produce the cementitious 

composites, the BOFS (Fig. 4a) was initially dried in an oven for 24 h. 
Subsequently, the residue was ground in a “Los Angeles” machine 
(equipment standardized by ABNT NBR 16974 [62]) for 40 min. The 
particle size distribution curve of the processed material is presented in 
Fig. 5.

The resulting material was sieved, and the fraction with a diameter 
smaller than or equal to 2.36 mm was used as BOFS fine aggregates 
(Fig. 4b).

2.2.6. Packing factor evaluation and production of mortars
The modified Andreassen particle size distribution method [63] was 

employed to ensure a tightly-packed reference mixture with reliable 
mechanical properties. The curve was determined with Eq. (1), in which 
CPFT (cumulative percent finer than D) represents the cumulative vol
ume of particles with a size smaller than a diameter D, DL is the diameter 
of the largest particle, DS is the diameter of the smallest particle, and q is 
the distribution coefficient. 

CPFT(%)= 100
Dq − Dq

S

Dq
L − Dq

S
(1) 

Distribution coefficient q, as reported in the literature, ranges from 
0.21 to 0.37, with values between 0.25 and 0.30 being applied for high- 
performance and conventional concrete [64]. In this study, a q value of 
0.25 was chosen. Additionally, a DL of 2.36 mm (representing the largest 
diameter of the fine slag aggregate produced) and a DS of 0.0001 mm 
were used in this research. The modified Andreassen curve determined 
that the optimal mixture consisted of 20 % cement and 80 % BOFS sand, 
following a 1:4 vol ratio. Fig. 6 shows the curve corresponding to the 

Fig. 3. NFC gel provided by Embrapa Forestry.

Table 1 
Properties of the NFC used in the research.

Property Result

Gel concentration (%) 1.08
Gel density (g/cm3) ≅ 1
NFC density (g/cm3) 1.08

Fig. 4. BOFS: (a) before grinding; (b) after grinding and sieving.

Fig. 5. Particle size curve of the BOFS aggregate produced with 40 min 
of grinding.
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reference mixture.

2.2.7. Preparation of the cementitious composites
To assess the impact of fiber dispersion, cementitious composites 

were produced with a cement-to-aggregate ratio of 1:4 (by volume) and 
an NFC content of 0.1 % (by weight of cement). The fiber concentration 
adopted was based on the work of Kamasamudram et al. [65], which 
used unbleached NFC and verified an increase in flexural strength. 
Superplasticizer (SP) was used to enhance the workability of the mix
tures, with a content of 2.80 % (by weight of cement). The ratio between 
the volume of dry material and the final volume of the mixture was 0.72, 
resulting in a water-to-cement ratio of approximately 0.63.

The procedures used to produce the specimens are represented in 
Fig. 7. In the initial phase, an aqueous NFC solution was prepared. The 
specified amounts of water and NFC were subjected to different soni
cation durations: 0, 0.04, 0.16, and 0.32 min/ml of solution, using a 50 

W, 20 kHz probe sonicator. The sonication times were chosen for 
practical reasons, with 0.32 min/ml (approximately 30 min of sonicat
ion for full volume) as the maximum to avoid slowing down specimen 
production. The intermediate sonication times were selected to cover 
different sonication levels used in previous literature [45,66,67]. Dry 
BOFS sand and cement were mixed. Subsequently, the superplasticizer 
and the sand-cement blend were added to the NFC solution and me
chanically mixed for 10 min, followed by an additional 5 min of stirring 
to complete the mixture. The resulting mixture was poured into acrylic 
molds measuring 2 cm × 2 cm × 8 cm, in two layers. Each layer was 
compacted on a vibrating table for 15 s. After molding, the specimens 
were cured inside a moist room (23 ± 2 ◦C and 95 % humidity). Addi
tionally, cylindrical specimens measuring 3 cm in diameter and 6 cm in 
height were molded for microstructural evaluation.

2.2.8. Workability tests
Before molding the specimens, the mixture’s workability was 

assessed using a mini-cone-slump test. A Kantro cone mold, with di
mensions of 57 mm in height, 19 mm at the top diameter, and 38 mm at 
the bottom diameter [68], was used for the test. Three layers of the 
mixture were added to the Kantro cone mold, with the first layer com
pacted with 15 strokes, the second layer with ten strokes, and the third 
layer with five strokes, aimed at removing air bubbles. Subsequently, the 
Kantro cone mold was lifted carefully, and ten drops from the flow table 
were applied. Finally, three values of spreading diameters were 
measured, and the average was calculated as the spreading diameter.

2.2.9. Microstructural analyses
After a curing period of 28 days, small slices of the intermediate 

portion of the cylindrical specimens were extracted for microstructural 
analyses. The hydration process was then interrupted with isopropyl 
alcohol, according to the methodology described by Scrivener et al. 
[69]. This material was subsequently utilized in various microstructural 
studies.

X-ray diffraction (XRD) analysis was conducted using a D8Discover 

Fig. 6. Particle size distribution of the mixture 1:4 and modified Andreassen 
curve for DL = 2360 μm, DS = 0.1 μm and q = 0.25.

Fig. 7. Preparation of the cementitious composites.
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diffractometer in the Department of Physics at the Federal University of 
Viçosa (UFV). The radiation source employed was CuKα, with a wave
length (λ) of 1.5418 Å, scanning range (2θ) from 10◦ to 80◦, 0.05◦ step- 
size and an accumulated time per step of 1 s.

Scanning electron microscopy (SEM) images of NFC solutions with 
sonication times of 0, 0.04, 0.08, 0.016, and 0.32 min/ml were captured 
using a JEOL JSM-6010LA microscope at 15 kV, located in the Depart
ment of Physics (UFV). SEM images of cementitious composites were 
captured at the Center for Microscopy and Microanalysis (UFV), utiliz
ing a Leo 1430 VP Scanning Electron Microscope operating at 15 kV.

2.2.10. Mechanical and eco-efficiency properties
The cementitious composites were subjected to compression and 

flexural tests after a curing period of 28 days [70–72]. Additionally, the 
eco-efficiency of the mixtures was determined following the methodol
ogy of Damineli et al. [73,74]. Eco-efficiency was defined by two pa
rameters: cement intensity for compressive strength - CIc (Eq. (2)), and 
cement intensity for flexural strength - CIf (Eq. (3)). In these equations, b 
is the amount of binder (Portland cement), pc is the performance ach
ieved (compressive strength) and pf is the flexural strength. 

CIc =
b
pc

(2) 

CIf =
b
pf

(3) 

Lower values of CIc and CIf indicate higher eco-efficiency. Specifically, 
these parameters represent the amount of cement required to reach 1 
MPa of compressive and flexural strength after a curing time of 28 days, 
respectively.

3. Results and discussion

3.1. FTIR

Fig. 8 illustrates the FTIR spectrum of the NFC film. The spectrum 
reveals the typical peaks of cellulose, such as bands at 895 cm− 1 

(β-glycosidic bonds between glucose units), 1027 cm− 1 (C–O–C bonding 
of asymmetric 1,4-glycosidic bonds of D-glucose), 1160 cm− 1 (angular 
deformation of C–O bonds of alcohols), 1428 cm− 1 (asymmetric defor
mation of CH and CH2 groups), 1636 cm− 1 (carboxylic acid bonds), 
2890 cm− 1 (C–H bonds) and 3328 cm− 1 (stretching and vibration of the 
O–H bond on the surface of the fibers) [75].

The presence of O–H groups on the NFC surface is advantageous 
since they bind through hydrogen bonds to C–S–H and calcium hy
droxide in the cement matrix, in addition to intensifying the hydration 
process of the cement particles [35,42,44,76]. Thus, the fibers 
contribute to a better mechanical performance of the composites.

3.2. UV–vis

UV–vis spectroscopy analyses provide the absorption of light by 
samples as a function of wavelength. As light passes through the sample, 
it interacts with the material, causing electronic transitions. This inter
action is described by the Beer-Lambert law, which relates the incident 
light intensity (I0) and the light intensity measured after interaction with 
the material (I) [77]. A higher concentration of particles in solution 
leads to greater light interaction, making UV–vis a suitable technique for 
measuring nanocellulose dispersion.

Fig. 9 illustrates absorbance curves for various sonication times of 
aqueous NFC solutions. The unsonicated sample displayed the lowest 
absorbance values, while increased sonication time correlated with 
higher absorbance values up to 0.16 min/ml. However, longer sonicat
ion times resulted in a absorbance decrease. These results align with 
those obtained by Parveen et al. [61,68] for microcrystalline cellulose 
solutions prepared under different sonication times. For a short soni
cation time, these authors observed that larger cellulose agglomerates 
tended to sediment, causing lower absorbance values. Up to 30 min of 
dispersion, sonication efficiently reduced the size of the agglomerates, 
with a consequent decrease in sedimentation and higher absorbance 
values. However, longer times promoted reagglomeration of the cellu
lose, reducing the absorbance of the samples. Therefore, the unbleached 
NFC evaluated in this work appears to behave similarly to the material 
evaluated by Parveen et al. [61,68]. Carbon nanotubes (CNT), nano
materials that also have a high length/area ratio, exhibited the same 
behavior under increasing sonication duration, with improved disper
sion up to intermediate sonication times and reagglomeration at longer 
times due to increases in energy and temperature [78].

SEM images also helped to explain the results obtained in this work. 
In samples that were not sonicated, a specific agglomeration of fibers 
were observed in some regions (Fig. 10a). This suggests inadequate 
distribution of NFCs, potentially hindering the enhancement of me
chanical properties in the cementitious composites. When not dispersed, 
the fibers sediment, creating regions with a higher material concentra
tion. According to Mejdoub et al. [34] and Sun et al. [44], in higher 
concentrations, NFCs agglomerate, forming fiber networks. After the 

Fig. 8. FTIR spectra of the NFC film.
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curing process, these NFC agglomerates create pores within the cement 
matrix, i.e., weak zones where stresses are concentrated. This concen
tration of stresses induces the formation and propagation of cracks, 
which can culminate in the failure of the cementitious composite. 
Moreover, Fig. 10b highlights one fiber that is not fully fibrillated, 
indicating a potential area for optimization in the NFCs production 
process.

In Fig. 11, longer fibers with improved individualization are clearly 
evident, indicating more efficient dispersion resulting from sonication 
processes. The high shear stresses generated by sonication procedures 
can dismount the fiber networks, separate them, and improve disper
sion. In this way, weak zones and points of stress accumulation are 
reduced, preventing the formation of cracks. In addition, an improve
ment in the distribution of NFCs maximizes the interaction of the fibers 
with the matrix, allowing them to act through a bridging effect and 
preventing the proliferation of cracks during the loading of the cemen
titious composite.

3.3. Zeta potential

The colloidal stability of cellulose nanomaterials is typically main
tained through the electrostatic repulsion of charged groups on their 
surface. The zeta potential technique, which measures the surface 
charge density of suspended particles, is commonly employed to assess 
the stability of suspensions [79].

Fig. 12 displays the zeta potential values for samples subjected to 
different sonication times. In the absence of sonication, the samples 
exhibited the least negative charge (− 28.3 mV) with a broad dispersion 
of values. Upon sonication, the charge becomes progressively more 
negative, reaching − 39.1 mV at 0.08 min/ml and stabilizing around 
− 37 mV. Higher zeta potential values indicate improved stability of the 
nanofibers, with suspensions between ±10 and ± 30 mV being consid
ered slightly unstable and between ±30 and ± 40 mV being moderately 
stable [66]. Therefore, sonication emerges as an effective method for 
enhancing the suspension stability of unbleached NFC, in agreement 
with what was observed in the SEM images. In association with soni
cation, other dispersion techniques (e.g., use of surfactants, stabilizing 
agents, fiber pretreatment methods like TEMPO-mediated oxidation 
[49], etc.) could be explored to further enhance the stability and per
formance of NFC suspensions.

3.4. Workability

The spreading diameters of the different mortars produced in this 
research are shown in Fig. 13. The sample without sonicated NFCs 
exhibited the largest spreading diameters. In contrast, the other treat
ments resulted in smaller spreading diameters. This difference can be 
attributed to the hydrophilic nature of the nanofibers [45]. Improved 
fiber dispersion increases the surface area of NFCs, enhancing water 
retention and consequently reducing water availability in the system. As 

Fig. 9. Absorbance of solutions with different sonication times. (a) Overall UV–vis spectra; (b) detailed view of the initial portion of the UV–vis spectra.

Fig. 10. NFC samples without sonication: (a) 4000x magnification, (b) 8000× magnification.

R.F. Santos et al.                                                                                                                                                                                                                                Journal of Materials Research and Technology 36 (2025) 7261–7273 

7267 



a result, the workability of the samples decreases. These findings align 
with the UV–vis results and SEM images, indicating that sonication 
promotes more effective fiber dispersion.

To achieve higher amounts of added NFCs or improved fiber 
dispersion, it is advisable to adjust the superplasticizer dosage carefully. 
This adjustment would prevent adverse effects on the compaction and 

molding processes of the test specimens [33].

3.5. Mechanical performance

The results presented in Fig. 14 and Table 2 indicated that the 
distinct sonication treatments did not affected significantly the 

Fig. 11. NFC samples with time sonication of (a) 0.04 min/ml, (b) 0.08 min/ml, (c) 0.16 min/ml and (d) 0.32 min/ml, at a 8000x magnification.

Fig. 12. Variation of zeta potential values as a function of sonication duration.
Fig. 13. Spreading diameters of samples as a function of sonication time.
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compressive strength of the specimens. In other words, longer sonication 
times do not necessarily lead to greater compressive strength. However, 
the results indicated that longer sonication times can contribute to sig
nificant improvements in flexural strength. There is an increase of 17.9 
% and 13.4 % for sonication times of 0.04 min/ml and 0.16 min/ml, 
respectively (Fig. 14 and Table 3). These results align with those ob
tained from the UV–vis, potential zeta, and SEM techniques, in which 
fiber dispersion and stability are less effective without sonication. With a 
sonication time of 0.32 min/ml, the strength gain compared to the 
reference is lower (8.1 %). Although the flexural strengths are statisti
cally equal between the sonicated samples, a tendency towards optimum 
strength is observed for intermediate sonication times.

The UV–vis technique was able to effectively differentiate the non- 
sonicated sample from the sonicated ones. Among the sonicated sam
ples, the one treated for 0.16 min/ml exhibits higher absorbance than 
the others, suggesting superior dispersion relative to the rest. In the 
other techniques used in the present research, this sonication time did 
not provide the best dispersion results. Therefore, a more in-depth 
investigation into the application of this technique in evaluating the 
dispersion of NFCs is recommended to enhance its reliability in corre
lating sonication time, fiber dispersion, and absorbance results.

Within the cementitious matrix, NFCs contribute to mechanical 
strength through various mechanisms: acting as nucleation points, 
supplying water to cement particles, and contributing to a bridging ef
fect that prevents crack propagation. [37,80]. In the specimens evalu
ated in this work, the most influential mechanism was the bridging 
effect, leading to notable improvements in flexural strength. This 
conclusion is supported by XRD results, where curves for different 
sonication times exhibit similarity (Fig. 15), suggesting no significant 
variations in mineralogical composition that justify increased strength 

with improved sonication.
Furthermore, the SEM images presented in Fig. 16 reinforce these 

findings. Samples without sonication exhibit suboptimal fiber distribu
tion (Fig. 16a) with noticeable agglomeration points (Fig. 16b). In 
contrast, samples with higher flexural strength display improved fiber 
distribution (Fig. 17a) and the presence of fibers contributing to the 
bridging effect (Fig. 17b). Therefore, it can be inferred that sonication 
enhances the distribution of fibers into the matrix, optimizing the 
bridging effect.

Fig. 15 shows the XRD spectra of the samples. The black letters 
indicate compounds originating from cement and the red letters com
pounds associated with the presence of slag. XRD signatures of por
tlandite [Ca(OH)2] were identified, derived from the hydration of alite 
(C3S) and belite (C2S) of cement particles. The presence of C3S and C2S 
signatures in the samples indicates that the hydration of Portland 
cement grains was incomplete. The hydration of C2S and C3S compounds 
of slag is much slower than that of cement, with a fraction of these 
minerals being found unhydrated after 90 days of curing [81]. Since the 
slag aggregates were ground for the preparation of the XRD samples of 
this study, the C2S inside BOFS aggregates were identified in the dif
fractograms. This result agrees with the findings of Franco de Carvalho 
et al. [82], who discussed the XRD patterns of the same BOFS used in this 
work.

Some portlandite crystals and structures of calcite (CaCO3) can be 
also attributed to the weathering and aging process that the residue has 
undergone. During this process, lime (CaO) stabilizes and transforms 
into portlandite and calcite [83]. CaO was identified in the XDR spectra, 
which indicates that even an extended weathering period was insuffi
cient to eliminate the existing lime. The minerals brownmilerite (C4AF) 
and wuestite observed in the XDR patterns also come from the slag used 
in this study [59,82].

3.6. Eco-efficiency of composites

Table 4 shows the eco-efficiency indices obtained for the different 
mixtures. The results indicated that the sonication time has a minimal 
impact on the cement intensity for compressive strength (CIc). In this 
case, the obtained values range between 10.8 and 11.8 (kg/m3)/MPa, 
falling into the category of conventional concrete, where mixtures 
typically exhibit a cement intensity greater than 10 (kg/m3)/MPa [84].

In contrast, the application of sonication procedures effectively re
duces the cement intensity for flexural strength (CIf ). Compared to the 
reference specimen, the sonication time of 0.04 min/ml decreases the 
CIf by 15.2 %, and the sonication time of 0.16 min/ml decreases the CIf 
by 11.8 %. This implies that with sonication, achieving each additional 
1 MPa in flexural strength demands less cement, thereby enhancing the 
eco-efficiency of the composites. Therefore, ensuring the proper 

Fig. 14. Compressive and flexural strength of specimens subjected to different sonication times.

Table 2 
Tukey test (α = 5 %) for the compressive strength of mixtures at 28 days.

Sonication time (min/ml) N Mean (MPa) Grouping

0.04 8 41.42 A
0 7 40.616 A
0.32 8 40.00 A
0.16 8 37.22 A

Table 3 
Tukey test (α = 5 %) for the flexural strength of mixtures at 28 days.

Sonication time (min/ml) N Mean (MPa) Grouping

0.04 4 9.115 A ​
0.16 4 8.766 A ​
0.32 4 8.355 A B
0 3 7.729 ​ B
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dispersion of cellulose fibers improves the flexural properties of the 
composites and their eco-efficiency, allowing for reduced cement con
sumption to achieve a targeted performance.

The cement consumption of the composites was 438.4 kg/m3. By 
using BOFS as a replacement for natural aggregates, a waste consump
tion of 1997.6 kg/m3 of concrete was achieved. In terms of dry material 
volume, 80 % of the cementitious composite is waste, demonstrating 
that the mortar designed in this research presents a high rate of waste 
incorporation. Expanding cement products with a high volume of BOFS 
incorporation can increase the demand for this residue, leading to its 

valorization and consequently reducing its inappropriate disposal in 
landfills. In addition, it would reduce the demand for extraction of 
natural aggregates, mitigating related environmental impacts.

Evaluating all the UV–vis, SEM, zeta potential, and eco-efficiency 
results, it is noted that sonication times of 0.04 min/ml and 0.016 
min/ml yield the most effective dispersions of nanomaterials and, 
consequently, mortars with higher mechanical strength. Considering the 
association of sonication time with sample volume, a recommendation 
for large-scale production of these cementitious materials would be a 
sonication time of 0.04 min/ml. This choice would significantly reduce 

Fig. 15. Results of XRD analysis of cementitious composites with different sonication times.

Fig. 16. SEM images of the cement matrix with NFC without sonication: (a) 2000x magnification, (b) 4000× magnification.
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both the time required for composite production and energy 
consumption.

4. Conclusions and future perspectives

This study reported the impact of sonication time on NFC dispersion 
and the eco-efficiency of nanomodified cementitious composites with 
steel slag aggregate, yielding key conclusions on the optimal dispersion 
process and the resulting improvements in the material’s performance, 
as follows. 

1. The UV–vis results revealed that sonication promotes more homo
geneous solutions with smaller aggregates, which sediment less. 
Therefore, it can be inferred that sonication effectively enhanced the 
dispersion of NFCs.

2. The sonication of NFC solutions also increased their zeta potential. 
Sonicated samples exhibited zeta potentials ranging from − 33.0 to 
− 39.1 mV, indicating moderate stability.

3. For fresh cementitious, sonication of NFCs decreases the workability, 
i.e., improved fiber dispersion results in a larger surface area, leading 
to increased water retention.

4. Sonication time had a positive impact on the flexural strength of the 
specimens. Mortars subjected to sonication times of 0.04 and 0.16 
min/ml showcased strength gains of 17.9 % and 13.4 % compared to 
the reference specimen. These results, in association with SEM im
ages, suggest that improved fiber dispersion favors the bridging ef
fect in cementitious composites containing BOFS and NFCs.

5. Additionally, the enhanced dispersion of fibers through sonication 
procedures contributes to a reduction in the cement intensity index 
CIf and, consequently, increases the eco-efficiency of the cementi
tious materials. Therefore, sonication was efficient in producing 

composites containing NFC and BOFS, a result not demonstrated in 
previous works.

6. Finally, UV–vis, SEM, zeta potential, and eco-efficiency results reveal 
that the sonication time of 0.04 min/ml is promising for large-scale 
production of the cementitious composites evaluated in this work. 
This choice represents less time and energy for production combined 
with good mechanical performance and eco-efficiency of the 
composites.

To optimize the fibers-dispersion level and enhance the eco- 
efficiency of cementitious composites containing BOFS and NFC, the 
following suggestions are proposed. 

1. Extending the investigation into the influence of sonication proced
ures on the dispersion of different fiber contents. It is advisable to 
explore how the NFC concentration in the solution might affect the 
sonication time to achieve improved dispersion and to use a Scan
ning Electron Microscope with Field Emission Gun (SEM-FEG) and 
TEM to reinforce the morphological analysis of the dispersions.

2. Assessing the effectiveness of incorporating different types of sur
factants and stabilizers into NFC suspensions and examine their 
impact on the eco-efficiency and mechanical strength of the resulting 
cement-based materials.

3. Investigating the simultaneous application of sonication, surfactants, 
and/or stabilizers to ascertain potential synergistic effects between 
them. This exploration can provide insights into the most suitable 
methodology for achieving optimal NFC dispersion.
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