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Abstract

:

The urgent need for sustainable construction that corresponds to the three pillars of sustainable development is obvious and continuously requires innovative solutions. Cementitious composites with TiO2 nanoparticles (NT) addition show potential due to their improved durability, physico–mechanical characteristics, and self-cleaning capacity. This study aimed to evaluate the influence of NT on cementitious composites by comparing those with 2%–5% nanoparticles with a similar control sample without nanoparticles, as well as an analysis of cost growth. The experimental results showed an increase in bulk density of the material (4.7%–7.4%), reduction in large pore sizes by min. 12.5%, together with an increase in cumulative volume and cumulative specific surface area of small pore sizes, indicating densification of the material, also supported by SEM, EDS, and XRD analyses indicating acceleration of cement hydration processes with formation of specific products. The changes at microstructural level support the experimental results obtained at macrostructural level, i.e., modest but existent increases in flexural strength (0.6%–7.9%) and compressive strength (0.2%–2.6%) or more significant improvements in abrasion resistance (8.2%–58%) and reduction in water absorption coefficient (37.5%–81.3%). Following the cost–benefit analysis, it was concluded that, for the example case considered of a pedestrian pavement with a surface area of 100 m2, using 100 mm thick slabs, if these slabs were to be made with two layers, the lower layer made of cementitious composite as a reference and the upper layer with a thickness of 10 mm made of cementitious composite with 3% NT or 4% NT, the increase in cost would be acceptable, representing less than 15% compared to the cost for the exclusive use of cementitious composite without NT.






Keywords:


cementitious materials; nano-TiO2; microstructure; cost analysis; mechanical properties












1. Introduction


There is a compelling global demand to build environmentally sustainable structures, underlining the importance of continued research to find innovative solutions to improve the performance of construction materials. A key area of focus in this context is cementitious composites. These materials are designed not only to enable the recycling and reuse of waste and industrial by-products [1,2,3,4,5] but also to offer superior performance characteristics. Although research into the incorporation of recycled aggregates into cementitious composites has progressed, the introduction of micro- and macro-structural changes using nanomaterials remains challenging and is characterised by several controversies and uncertainties. Various factors such as microbial contaminants, chemicals, allergens, or any mass or energy stressor have the potential to affect indoor air quality in any building and cause health problems [6,7,8]. Due to the demonstrated potential of photocatalytic oxidation as a highly promising technology for pollution control, interest in semiconductor photocatalysts has increased dramatically over the past decade [9,10,11]. Titanium dioxide, as a basic material, has demonstrated its effectiveness as a photocatalyst for environmental purification, with countries such as Japan testing its potential in paving materials to utilise the photocatalytic reaction to convert harmful air pollutants, such as NOx and VOCs in the presence of UV light, into less toxic forms (e.g., CO2 to NO) [8,9,12,13].



The prevailing research debate points to the deposition of external substances, both organic or inorganic pollutants, on surfaces as a widespread and influential factor leading to structural degradation [1,2,3,4,5]. Enhancing the performance of cementitious composites in such scenarios involves the introduction of TiO2 nanoparticles (NT) into the cementitious matrix [14,15,16,17]. When exposed to UV radiation, these nanoparticles induce superhydrophilicity, resulting in self-cleaning and self-sanitising properties on the surface [14,18]. Research suggests several approaches to exploit the benefits of NT in building materials, including surface application by spray drying/impregnation or incorporation into the mix during the preparation phase as a cement additive [14,19]. Nevertheless, more sustainable benefits are achieved by incorporating NT into the cementitious matrix during the preparation phase, leading to improved durability [20,21]. In this context, investigations show that the incorporation of NT into the cementitious matrix induces several changes at both macrostructural and microstructural levels. Despite its chemical inertness in contact with cement, studies suggest that the incorporation of NT into the cementitious composite matrix can, among other things, accelerate cement hydration and, potentially, increase the compressive strength of TiO2-modified mortar cubes [14,22,23,24]. These effects can be further explained by the role of NT as a nucleating agent, particularly in the early stages of the cement hydration process [14,25]. This promotes the formation of crystalline compounds, particularly calcium silicate hydrate (C-S-H), as demonstrated by analyses such as scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) [26].



Figure 1 schematically shows the main specific characteristics and their interrelationship pursued in the construction field for cementitious composites and the benefits induced by the introduction of NT into these matrices. In this context it is necessary to make the observation that the amount of NT present on the surface, being photoactivated by UV radiation, will develop some specific characteristics of the surface (superhydrophilicity [1,13,14], self-cleaning [1,13,14,27,28,29] and antimicrobial [13,28] properties, and even the possibility of neutralizing some pollutants [1,13,27]) in the time that, NT trapped in the cement mass in the lower layers, to which UV radiation is not accessible, have initially, during the preparation of the composite and during its curing (the period of completion of the cement hydration reactions) [19,22,23,30], an impact at the rheological properties [31,32], microstructural compositional level [15,20,26] with consequences on the mechanical strength [19,33,34,35,36] and durability characteristics [21,24,37] and also remain as a ‘reservoir’ of NT available for photoactivation if the upper surface layer is removed due to the stresses of the material exposed under use. At first assessment, given that UV rays do not penetrate the cementitious material and, thus, function in terms of inducing superhydrophilicity [19,38], antimicrobial [38,39,40] and self-cleaning [16,36] characteristics would only belong to the NTs on the surface of the composites; research has shown that NTs included in the composite matrix, those not activated by UV incidence, also play their role in inducing improvements in physico–mechanical and durability properties. Furthermore, we should consider that these cementitious composites, by their intended use, are in some cases subject to erosion stresses. Whether it is, for example, erosion as a result of the action of environmental agents or erosion as a result of pedestrian traffic, etc., there is a loss of material from the surface of the construction product made of cementitious composite and dust containing both cementitious material and photoactivated NT. Therefore, if NT are included in the mass of the composites, even in the case of surface erosion, they will not lose their superhydrophilicity and self-healing and self-cleaning characteristics because the newly exposed surface, also containing NT, will have the capacity to develop these properties by photoactivation of this newly available NT deposition.



Incorporation of NT, even in moderate amounts (3%–10% by mass), from the initial composite stage, particularly in the anatase phase of TiO2, improves the cement hydration processes. This improvement involves a reduction in pore size, a reduction in the dimensions of unhydrated cement islands, a refinement of porosity uniformity, and a more uniform distribution of crystalline phases in the cementitious binder paste. At the same time, the formation of the C-S-H phase and ettringite crystalline phases is increased [15,37]. Studies have shown that the incorporation of as little as 3% NT (by mass) into the cementitious matrix results in remarkable differences compared to situations without NT. Facilitation takes place at the interface where the cement particles meet the water and where needle-shaped ettringite crystals (together with C-S-H crystals) are formed—a critical process for the bonding of the cement paste to the aggregates. This causes their morphology to change from thin and elongated needles to shorter and thicker rods [14,18,25,35,37,41]. Furthermore, the presence of NT creates additional regions conducive to the initiation and growth of crystalline phases in the C-S-H phase [30,31,32,33,34,35], while reducing the formation of calcium hydroxide hydrates (CH), leading to a significant reduction in their size. This occurrence contributes to the consolidation and reduction in the porous structure of the cementitious matrix, promoting an increase in the strength and resilience of cementitious composites. Research also suggests that the presence of NT leads to the formation of a compact C-S-H phase, characterised by the presence of small gel pores (nanometre size) and a reduced number of mesopores [14,20,41,42]. In addition, it is emphasised that this compaction of the cementitious composite matrix leads to improved durability through reduced water absorption, reduced permeability to CO2, etc. [14,18]. As a result, several examples of research indicate that the presence of NT improves the mechanical strength of cementitious composites. However, the reported results still show considerable variability, ranging from cases reporting marginal increases in compressive and flexural strength to significant increases of 75% in compressive strength and 40% in flexural strength under certain conditions [14,40]. Simultaneously with these accounts, ensuring a uniform dispersion of NT in the composite matrix and determining the optimum amount for each type of raw material are recognised as critical factors in improving composite performance [40]. However, underlining the complexity of integrating nanomaterials into cementitious composites, challenges remain in achieving a uniform dispersion of nanoparticles and determining the optimum amount for different raw materials [14].



Although similar research results have been reported in the literature to date, there is still some controversy. It is known that the performance of a cementitious composite is strongly influenced by the main raw material—cement (the characteristics of which vary mainly in terms of its properties) but also by the water–cement ratio, the nature and specific characteristics of the aggregates used, or the additives used. This research, thus, makes its contribution by providing new information that complements what already exists, thus making it possible to extend the possibilities of analysis and comparison with a view to developing future research.



The aim of this study was, therefore, to evaluate how the incorporation of TiO2 nanoparticles affects the physico–mechanical properties of cementitious composites produced using natural aggregates and conventional raw materials of Romanian local sources. The investigation aimed to understand the physico–mechanical and microstructural changes resulting from this incorporation and emphasised the importance of understanding how different percentages of added mass relative to the amount of cement affects the structural and physico–mechanical aspects of cementitious materials. Last, but not least, due to the fact that NT are still considered an expensive material, the study also addressed the issue of a cost analysis for an illustrative situation.




2. Materials and Methods


2.1. Raw Materials


The following raw materials were selected for the production of the cementitious composites: Portland cement CEM I 52.5 R (HOLCIM Romania, Aleșd, Bihor County, Romania), natural aggregates (NA) with granular class 0/4 mm and 4/8 mm, superplasticizer additive MasterEase 5009 (BASF, Ludwigshafen, Germany), and water. The characteristics of the raw materials were as follows:




	-

	
CEM I 52.5 R Portland cement characterized by a content of min. 95% Portland clinker and a compressive strength at 28 days of minimum 52.5 N/mm2 and maximum 62.5 N/mm2;




	-

	
MasterEase 5009 superplasticizer (BASF, Ludwigshafen, Germany)/strong water-reducing additive;




	-

	
natural aggregates: characterized by tests regarding particle size distribution curve according to EN 933-1 [43], bulk density and intergranular porosity according to EN 1097-3 [44], and real mass and water absorption coefficient according to EN 1097-6 [45], as shown in Figure 2 and Table 1;




	-

	
AEROXIDE® TiO2 P25 Degussa nanoparticles (Evonik Industries AG, Hanau, Germany), which, according to the manufacturer’s data sheet, are characterized by an average particle size of 21 nm, with a specific surface area of 35–65 m2/g and a purity of 99.5%, containing more than 70% anatase.










2.2. Fabrication of Cementitious Composites


The control sample (R1) was designed and prepared as a Portland cement-based mortar with a water/cement ratio = 0.6. Subsequently, formulations containing 2%, 3%, 4%, or 5% NT as an additive (mass percentages relative to the amount of cement) were designed and coded according to the amount of NT contained (R1-2NT, R1-3NT, R1-4NT, and R1-5NT, respectively), as shown in Table 2. Therefore, the parameter that changes is the NT content, resulting in a slight increase in the water content (from a water/cement ratio of 0.6 to a maximum water/cement ratio of 0.626) to maintain a constant workability. Throughout all the formulations, the cement quantity remained consistent and the superplasticizer dosage was set at 0.5%, expressed as mass percentages relative to the cement amount, in accordance with the relevant literature [6,7,8,9,10,11,12,42,46,47].



Relevant studies in the literature [19,48,49] show that NT present a higher water consumption aspect. To avoid compromising cement hydration–hydrolysis reactions due to water insufficiency resulting from NT absorption, adjustments were made to the water quantity. This was performed in such a way that the consistency parameter of the composite (EN 1015-3 [50]) remained constant and similar to that of the control sample. Specifically, the spreading diameter on the spreading table was within the range of 175 ± 10 mm (EN 1015-2 [51]). Under these conditions, for each percentage of NT added to the mix, an additional 1 g of water per 100 g of cement was required. This resulted in a change in the water/cement ratio from 0.6 in the control mix to 0.625 in the mix with the maximum NT content (R1-5NT). This has been performed to ensure that the workability remains constant, even when incorporating NT. In addition to the challenge of adjusting the optimal amount of water for preparation, another difficulty at this stage of the research was to ensure the homogeneous dispersion of the NTs in the cementitious matrix [14,18], given their known tendency to cluster and form deposits/islands. In addition to reducing the efficiency of the benefits induced by photoactivation, this clustering can potentially have a negative effect on the physico–mechanical characteristics of the composite, representing points of failure [7,8,9,17]. In this case, based on literature references [6,7,8,9,10,11,18,20,23,30,31,32,42], the chosen solution for incorporating NT was to pre-blend the raw materials in the dry phase, followed by mixing with water and the superplasticizer additive. Raw material dosing was carried out using a KERN FKB 36K 0.1 scale, with 0.1 g accuracy (KERN & SOHN GmbH, Ziegelei, 1, 72336 Balingen, Germany). Preparation of the cementitious composites involved mixing the dry raw materials with water and the superplasticizer additive MasterEase 5009 using an ELE paddle mixer (ELE International Ltd., Kiln Farm, Milton Keynes, MK11 3ER, UK).



For each mixture, a batch of samples was obtained by pouring the fresh composite into metal moulds measuring 40 × 40 × 160 mm and 70 × 70 × 70 mm, each consisting of three identical series of samples. After casting, the specimens were kept in the moulds for 24 h in a humid air chamber at a constant temperature of (20 ± 1) °C and a minimum relative humidity of 90%. They were then removed from the moulds and immersed in water at a temperature of (20 ± 2) °C until they reached maturity, 28 days after casting. The dimensions of the cured specimens were determined by direct measurement using an electronic calliper gauge with an accuracy of 0.01 mm and their mass was measured by weighing, using the same KERN FKB 36K 0.1 balance with an accuracy of 0.1 g.




2.3. Analysis of the Physico–Mechanical Properties of Cementitious Composites


The specimens were tested at the age of 28 days. For each type of cementitious composite, the following properties were determined and analysed: density in the hardened state, according to the standardized method of EN 1015-10 [52]; compressive and flexural strength, according to the standardized method described in EN 1015-11 [53], using an ADR Auto 250/25 compression and flexure testing machine with an accuracy of 0.01 kN (ELE International Ltd., Kiln Farm, Milton Keynes, MK11 3ER, UK); abrasion resistance (Bohme method), according to the standardized method described in EN 1338 [54]; and capillary water absorption, according to the standardized method described in EN 1015-18 [55].



The tests were carried out under laboratory conditions at 23 °C and 60% relative humidity, with the results for each indicator monitored and each composite expressed as the arithmetic mean of the individual values. For each test, samples were prepared according to the standards of the respective test method.




2.4. Analysis of the Microstructural and Chemical Characteristics of Cementitious Composites


In view of the specifications given in the relevant literature [20,22,37,41], where it is indicated that even small amounts of NT (3%–10% by mass) affect various features such as crystalline phase distribution and the formation of C-S-H and ettringite crystals (hydrous calcium aluminium sulfate mineral with formula Ca6Al2(SO4)3(OH)12·26H2O, which crystallizes in the trigonal system, forming prismatic, striated, acicular-growing crystals), the analysis in this research was carried out by means of SEM microscopy and EDS and XRD diffractions for the lowest possible value, that is, within the reported range, 3%. This is in line with the range documented in the literature, with a particular focus on confirming these effects at a crystalline phase level. It should be noted that the research methodology adopted in this case was to select the 3%NT sample for analysis because most often in the literature [36,56] this amount of NT is indicated as a variant that gives both good results in terms of the influences it has on the material characteristics and in terms of maintaining a reasonable cost.



The macrostructural analysis of the cementitious composites was first carried out without optical magnification equipment, visually examining the uniformity of the aggregate distribution in the cementitious binder matrix. Microscopic analysis was then carried out using a LEICA SAPO optical microscope (Leica Microsystems, GmbH, Wetzlar, Germany) to examine the distribution at the macroporosity level. Open porosity was analysed using a PASCAL 140 mercury porosimeter (Thermo Fisher Scientific S.pA. Milan, Italy).



A JEOL/JSM 5600—LV scanning electron microscope (JEOL Ltd., Tokyo, Japan) was used in secondary electron imaging (SEI) mode at 15 kV acceleration voltage to take SEM and EDS images. To improve the electrical conductivity for electron microscopy analysis, the samples were coated with gold by plasma sputtering as part of the preparation procedure.



The identification of phases in the samples was accomplished using X-ray diffraction (XRD) in the angular range of 2θ = 30–110°. An INEL Equinox 3000 diffractometer (Thermo Fisher Scientific S.pA. Milan, Italy) using Co Kα radiation (λ = 1.7903 Å) was used.




2.5. Theoretical Calculation of the Impact of Nanoparticles on Production Costs


For the theoretical analysis of the cost increase induced by the addition of NT in the composite matrix, the price of covering a pedestrian area with paving slabs was calculated, considering the following hypotheses:




	-

	
Surface area covered by the slabs: 1 m2;




	-

	
Dimensions of the slabs: 250 × 250 × 100 mm;




	-

	
The prices of the raw materials used were considered as average prices in Romania, as of January 2024;




	-

	
Labour costs and indirect costs were assumed to be constant for all production variations;




	-

	
Material losses were assumed to be constant and negligible for all production variations;




	-

	
The price per paving slab was derived from the cost of producing 1 m3 of composite;




	-

	
5 variants of paving slabs were evaluated;




	-

	
Variant I—manufactured entirely from the same cementitious composite mixture (Figure 3a), respectively, either totally made from the composition without NT (R1) or totally realized from the cementitious compositions with NT (R1-2NT-R1-5NT);




	-

	
Variant II—manufactured from ¼ (25 mm) control mixture (R1) and ¾ (75 mm) from the composite with NT (R2-R5) (Figure 3b);




	-

	
Variant III—manufactured from ½ (50 mm) control mixture (R1) and ½ (50 mm) from the composite with NT (R2-R5) (Figure 3c);




	-

	
Variant IV—manufactured from ¾ (75 mm) control mixture (R1) and ¼ (25 mm) from the composite with NT (R2-R5) (Figure 3d);




	-

	
Variant V—manufactured from 90 mm control mixture (R1) and 10 mm abrasion layer from the composite with NT (R2-R5) (Figure 3e).









Based on these working hypotheses, the percentage increase in the cost of paving 1 m2 of pedestrian area caused by the introduction of NT into the cementitious composition to improve the physico–mechanical and durability performance has been calculated as described by Equation (1):


  Δ =    P  N T  V  −  P C     P C    × 100    ( % )   



(1)




where    P C    represents the cost of covering 1 m2 of pedestrian surface with slabs made of R1 (control sample) and    P  N T  V    represents the cost of covering 1 m2 of pedestrian surface with slabs with bilayer structure; the bottom layer made of R1 reference composition and the top layer of NT composites (R1-2NT … 5NT) in the considered variants (I–V).





3. Results and Discussions


3.1. Structural Analysis of Cementitious Composites


Without the use of optical magnification, the visual inspection revealed a consistent dispersion of aggregates within the binder mass, as shown in Figure 4a. The microscopic examination, illustrated in Figure 4b, showcased the existence of pores in the control sample within the range of 0.40 to 0.90, with occasional pores larger than 0.90 mm in diameter. The binder consistently encapsulated the aggregate granules as shown in Figure 4b. Following the addition of NT nanoparticles, there was an observable reduction in pore size, averaging between 0.30 and 0.55 mm for the 2% NT samples, between 0.25 and 0.30 mm for the 3% NT samples, and between 0.35 and 0.60 mm for the 4% NT and 5% NT samples, as shown in Figure 5a–d.




3.2. Analysis of the Physico–Mechanical Characteristics of Cementitious Composites


Regarding the apparent density of the composites in the cured state at 28 days after casting, as shown in Figure 6a, it can be observed that it increases with the addition of NT, indicating a densification of the mass, in agreement with similar reports in the scientific literature [36,37,57]. The increase in this parameter is significant, reaching 7.4% for 2% NT and 6.7% for 3% NT compared to the NT-free sample. For higher NT concentrations (4% and 5%), although there is an increase in density compared to the control sample, this increase is more moderate and remains below 5% compared to the control sample’s density. A possible explanation could be the challenge of distributing NT within the binder matrix, a problem that has been reported in the literature [13,14,31,32] to become more significant with increasing amounts of NT.



The compressive strength of the composites, shown in Figure 6b, exhibits a slight increase with the incorporation of NT, with the most notable improvement seen in the composite with 3% NT (2.6% compared to the control). Although recognized as an increasing trend in the literature [40,56,57,58,59,60], this behaviour is below that reported in other comparable studies. Similarly, flexural strength, shown in Figure 6c, is positively affected and the magnitude of the improvement increases with increasing amount of NT in the composite. For similar 3% NT (wt.%) content, other studies have reported flexural strength values of 2.7 N/mm2 [37], 3.62 N/mm2 [57], 2.8 N/mm2 [59], and 5.76 N/mm2 [60] for samples aged 28 days.



On the other hand, there is a marked improvement in abrasion resistance, as shown in Figure 6d. The reduction in mass loss due to abrasion is considerable and exceeds 40% compared to the control sample for the compositions containing 3%, 4%, and 5% NT. Similarly, in terms of water absorption by capillarity, as illustrated in Figure 6e, the cementitious composite shows improved properties with the introduction of NT. The quantification indicator, i.e., the capillary water absorption coefficient, shows a significant decrease ranging from 37% to 81% compared to the capillary water absorption coefficient of the control sample. This observed trend is consistent with other literature references [33,36,37,41,57] and suggests a correlation with the evolution of the apparent density, indicating a densification of the material.



In terms of open porosity, the outcomes suggest an impact on this parameter following the inclusion of NT. In general, the diameter of the open pores, both for the control sample (Figure 7b) and for the samples with NT, falls within the range of 4.12 μm to 65 μm. With the addition of 3% NT, a significant increase in the cumulative volume is observed, as shown in Figure 7a, specifically for pores of small dimensions (with a maximum diameter of 49 μm), with a simultaneous decrease in the cumulative volume of porosity for larger pores (with diameters ranging from 49 μm to 65 μm). Analysis of the cumulative pore specific surface area supports the finding that the addition of 3% NT results in an increase in the number of small pores. The graph shows a peak for the pore size range below 20 µm. It can also be seen that with the introduction of 3% NT (mass percentage relative to the amount of cement), the average pore diameter is reduced to about one third compared to the control sample (without NT) (from 31.19 μm to 10.70 μm). Meanwhile, the total volume of open porosity almost doubles and the specific surface area proportionally doubles.




3.3. Microstructural and Chemical Analysis of Cementitious Composites


Microscopic images of the control sample and the sample with 3% TiO2 NT addition after 28 days of maturation are shown in Figure 8. Both samples show characteristic hydration products such as plate-like structures (portlandite) and sheet-like structures (C-S-H). Figure 8b shows a structure that is more continuous and densely packed, indicating the presence of highly hydrated products that include CH crystals and C-S-H gels. The acceleration of the hydration process and the modification of the pozzolanic properties due to the incorporation of 3% TiO2 nanoparticles resulted in the presence of more hydration products in the microstructure of this sample (Figure 8c,d). As a result, these images show a microstructure that is more 337 compact and tightly bonded (the addition of TiO2 NT refines the microstructure, with the 338 nanoparticles acting as a filler within the matrix) and the ettringites irregularly distributed over the analysed area. Both samples underwent image analysis using MountainsSEM® Expert software (version: 10.1) and ImageJ Free software (Open-source software, version 1.8.0_172). The area analysed was 12,214.5 mm2, corresponding to the dimensions of the SEM images. In the case of the control sample (Figure 8e), the results show that 27% of the analysed area is covered by the sheet-like structure of C-S-H, 66% is represented by Portlandite, and the remaining 7% is composed of CH crystals. In contrast, for the 3% TiO2 NT sample (Figure 8f), the image analysis revealed a 46% coverage of C-S-H, 49% portlandite, 1% of the surface corresponding to ettringites, and only 4% CH crystals. Consequently, based on the image analysis, a significant decrease of 3% in CH crystals is observed for the 3% TiO2 NT samples.



The comprehensive EDS elemental distribution maps (Figure 9b,d) show extensive and uniform dispersion of Al, Si, and Ca over the analysed area. In addition, the EDS mapping of the sample containing 3% TiO2 NT indicates areas of high dispersion of Ti throughout the analysed region, confirming the existence of regions of well-distributed TiO2 NT.



Figure 10 presents the XRD patterns of the control sample (Figure 10a), the sample containing 3% TiO2 NT (Figure 10b), and TiO2 (Figure 10c). The results of both samples showed the presence of the primary peaks characteristic of ordinary Portland cement: Portlandite Ca(OH)2 (at 2θ = 21.05 and 40.11°), calcite (CaCO3) (at 2θ = 24.4°, 33.2°, and 34.1°), and aluminoferrite (Ca6Al4Fe2O15) (at 2θ = 28.7°, 37.8°, and 55.8°). Similarly, Figure 10c presents the anatase and rutile peaks of TiO2. For the anatase form, peaks were identified at 2θ = 29.7°, 43.3°, 45.6°, 56.8°, 63.7°, and 75°, while for the rutile, the identified peaks had values of 2θ = 32.2°, 42.8°, 49°, 64.5°, and 76.6°. It is worth noting that although the intensity of these peaks is relatively low, they are visible in the XRD patterns of the 3% TiO2 NT sample. This emphasises that there is no chemical interaction between the particles and the cement matrix, although the nanoparticles play a role in accelerating cement hydration.




3.4. Theoretical Calculation of the Impact of Nanoparticles on Production Costs


Figure 11 shows the effect that the use of nanoparticles would have on the cost of paving a 1 m2 area with 250 × 250 × 100 mm slabs in five variants, as described in Section 2.5. As seen in this figure, the apparent production of nanoparticle paving slabs for a 1 m2 area would be discouraged in terms of cost if these slabs were made 100% from the nanoparticle composite (Variant I). By changing the structure of the paving slab, namely, by making it from two intimately superimposed layers, the lower layer of cement composite without nanoparticles and the upper layer of composite with nanoparticles, this cost decreases. The cost reduction is significant as the cost of the nanoparticles used, even in small quantities, is 100 times higher than that of the cement [61,62,63,64,65,66]. However, this conclusion is the result of an analysis that could be considered insufficient. If the cost analysis also considers the improvement in the performance of the product, both in terms of mechanical strength and durability characteristics, the rationale for using nanoparticles is supported by the following:



	-

	
The increase in mechanical strength, namely, the compressive strength and the flexural strength of the material, was not spectacular but there was an improvement. For example, the compressive strength was improved by a maximum of 2.6% and the flexural strength by a maximum of 7.9% compared to the reference sample R1 (cementitious composite without NT);




	-

	
In terms of abrasion resistance, a top layer produced using composites with NT would give an increase of between 8.2% and 58% compared to the reference sample R1 (cementitious composite without NT);




	-

	
The water absorption coefficient would also improve from 37.5% to 81.3% compared to the reference sample R1 (cementitious composite without NT).







As seen from Figure 11, for the cases of paving slabs designed according to Figure 3, the increase in production cost, compared to the cost when using material without NT (R1), for the required cover of 1 m2 pedestrian pavement would be very high if the entire paving slab were made of material with NT, respectively, 68.3% (2% NT) and 175.9% (5% NT), Figure 3a. Therefore, this pavement product model is considered unfeasible in terms of cost–benefit balance. However, when evaluating the paving slab variants proposed in Figure 3b–e, in which the lower layer is made of cementitious composite without NT and only an upper layer is made of 2%–5% NT-composites, as expected, it can be seen that, as the thickness of the lower layer increases and that of the upper layer decreases, the cost decreases and, therefore, the cost increase compared to the case of using material without NT (R1) is also significantly reduced. These cost variations are strongly influenced by the amount of NT used. The main reason for this change is the cost price of NT, the most expensive of all raw materials used (100 times more expensive than cement). With all these cost increases, looking at the cost–benefit balance, one can arrive at a paving slab model designed so that ¾ of the height (Figure 3d) or with a 10 mm thick surface course (Figure 3e) is feasible from the point of view of price increase if it is related to the increase in durability obtained as a result of increased physico–mechanical strengths, in particular, wear resistance, increased resistance to the action of environmental factors as a result of densification, compaction of the material, and reduced water absorption. Taking all this information into account, considering that the product is improving and becoming more expensive, it can be said that paving slabs made with a 90 mm thick bottom layer of composite without NT and a 10 mm thick top layer of composite with 3% NT or 4% NT would be the best options. This selection is based on the following: the increase in cost would be less than 15% (10.3% and 13.9%) compared to the cost of using the material without NT; the increase in wear resistance, expressed as mass loss, would be more than 40% (44.7% and 53.8%); durability through increased resistance to environmental agents, in particular water, expressed as water absorption coefficient would be over 40% (43.8% and 75%), the material would become denser by 6.7% and 4.9%, respectively, and a top layer thickness of 10 mm would be sufficient to provide the required top layer with enhanced properties throughout the lifetime of the product. At this stage of the analysis, it should be noted that this cost analysis is only an example of a cost–benefit assessment. Depending on the intended field of use, the degree of exploitation (e.g., paving slabs for use in heavy-, medium-, or low-traffic areas, exposed to climate conditions with frequent rain, strong winds, repeated and intense freeze–thaw cycles, etc.), the thickness of this top layer made of cementitious composite with NT can be reduced or increased so as to ensure its existence and functionality throughout the lifetime of the product. The cost, therefore, increases or decreases but the performance-enhancing benefits are retained. Therefore, on a case-by-case basis, in practice, the thickness of the top layer should be assessed to achieve the best cost–benefit ratio.



Therefore, the benefits obtained by improving these material properties should significantly extend the life of the product. Considering also the environmental benefits mentioned in the literature [19,66,67,68,69,70], it can be concluded that the cost increases are motivated and supported.





4. Conclusions


The aim of this study was to investigate how the incorporation of TiO2 nanoparticles affects the physico–mechanical properties of a cement composite made from natural aggregates and conventional raw materials and to examine the resulting microstructural changes. The results of the experimental research showed:




	-

	
Visual inspection and microscopic analysis revealed a consistent aggregate dispersion and reduction in pore size with the addition of NT nanoparticles, indicating improved microstructural properties;




	-

	
SEM analysis reveals distinct hydration products, showing a denser microstructure in the TiO2 NT sample. XRD patterns confirm the presence of ordinary Portland cement peaks in both samples, affirming the role of TiO2 NT in accelerating hydration without chemical interaction with the cement matrix. Elemental distribution maps of Ti in the sample with an addition of 3% TiO2 NT indicate good dispersion of NT in the composite matrix, with no nanoparticle agglomeration zone inducing low strength points of the material;




	-

	
Increase in bulk density of the hardened material by (4.7%–7.4%) but this increase is not in a direct relationship with the NT content, the maximum being recorded for the 2% NT sample;




	-

	
Slight increases in compressive strength (maximum of 2.6% compared to the control for the 3% NT sample) and flexural strength (maximum of 7.9% compared to the control for the 5% NT sample), without, however, identifying a direct mathematical relationship between improved properties and NT content;




	-

	
Significant increases in abrasion resistance, indicated by reduction in mass loss even by more than 40% compared to the control, for the 3%, 4%, and 5% NT samples;




	-

	
Significant reductions in capillary water absorbtion, even by more than 40% compared to the control, for the 3%, 4%, and 5% NT samples.









From a cost point of view, the illustrative calculation for covering a surface with 100 mm thick slabs showed that the durability benefits of using cementitious composites with NT can be maintained with a cost increase of less than 15%, if the slabs are manufactured in two layers: the lower layer of cementitious composite without NT and the upper layer of cementitious composite with 3% or 4% NT (mass percentage, relative to cement). The thickness of 10 mm designed for the upper layer is considered to be sufficient for the example analysed, for the whole lifetime of the product, but it is noted that, depending on the area and intensity of the exploitation.



On the other hand, it is considered that this research can open a new research direction in terms of assessing the research possibilities in relation to the increased need for implementing the concept of circular economy. Thus, although NT incorporated in the cementitious matrix cannot be recovered and recycled at the end of the product’s life, it is identified as an interesting research direction to evaluate the characteristics of an aggregate resulting from the crushing of initial products made of cementitious composites with NT, the influences that the use of this aggregate would induce on the characteristics of newly prepared cementitious composites, and the preservation, partial preservation, or total loss of self-cleaning and self-cleaning capacity of these new cementitious composites which will contain, to a certain extent, NT from recycled aggregate.
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Figure 1. Schematic representation of the main specific characteristics, pursued in the field of construction, of cementitious composites and the benefits that the introduction of NT into these matrices could induce. 
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Figure 2. Graphical representation of the natural aggregate granulometric distribution. 
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Figure 3. Graphical representation of the five slab composition options considered in the theoretical calculation of the addition of NT to the total production cost. 
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Figure 4. Control sample analysis: (a) Macroscopical view; (b) Optical microscopy image (2× magnification). 
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Figure 5. Optical microscopy images of the cement composites with (a) 2% NT, (b) 3% NT, (c) 4% NT, and (d) 5% NT. 
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Figure 6. Graphic representation of changes in various parameters reflecting the physico–mechanical characteristics of cementitious composites: (a) bulk density, (b) compressive strength, (c) flexural strength, (d) abrasion resistance, and (e) water absorption by capillarity coefficient. 
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Figure 7. Typical pore size distribution of the analysed samples: (a) cementitious composite with 3% NT (R1-3NT) and (b) control sample (R1). 
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Figure 8. SEM images of the control sample at magnifications of ×1000 (a) and ×2000 (b) and the sample containing 3% TiO2 NT at magnifications of ×1000 (c) and ×2000 (d) and image analysis using MountainsSEM® Expert software (version: 10.1) and ImageJ Free software (Open-source software, version 1.8.0_172) of the control sample (e) and the sample containing 3% TiO2 NT (f). 
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Figure 9. (a) SEM image of the control sample; (b) the elemental distribution maps of Al, Ca, Si, and Fe in the control sample; (c) SEM image of the sample containing 3% TiO2 NT; and (d) the elemental distribution maps of Al, Ca, Si, Fe, O, and Ti in the sample with a 3% addition of TiO2 NT. 
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Figure 10. XRD patterns of the (a) control sample, (b) the sample containing 3% TiO2 NT, and (c) TiO2. 
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Figure 11. Price increase compared to a slab made of 100% R1. 
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Table 1. Characterisation of the natural aggregates that were used.
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	Natural

Aggregate
	Specific Volume Mass (kg/m3)
	Bulk Volume Mass (kg/m3)
	Intergranular Porosity (%)
	Absorption Rate (%)





	NA. 0/4 mm
	2510
	1637
	35.02
	2.44



	NA. 4/8 mm
	2450
	1471
	39.88
	1.60










 





Table 2. Characterisation of cementitious composites with and without NT, in terms of raw materials used in preparation.
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Mixture Code

	
Water/Cement Ratio

	
Cement (kg/m3)

	
Natural Aggregates, Cumulative (kg/m3)

	
Natural Aggregates, Sort 0/4 mm

(% of Total Aggregates)

	
Natural Aggregate Sort 4/8 mm

(% of Total Aggregates)

	
Nanoparticule de TiO2

	
MasterEase 5009 Superplasticizer Additive

(% Mass Ratio

to Cement

Quantity)




	
(kg/m3)

	
(%, Masic, în Raport cu Cantitatea de Ciment)






	
R1

	
0.600

	
366

	
1577

	
70

	
30

	
0

	
0

	
0.5




	
R1-2NT

	
0.611

	
7.32

	
2




	
R1-3NT

	
0.616

	
10.98

	
3




	
R1-4NT

	
0.621

	
14.64

	
4




	
R1-5NT

	
0.626

	
18.30

	
5
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