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ABSTRACT
This paper reviews the effects of titanium dioxide (TiO2) as a photocatalytic additive on the physical and mechanical properties of various types of concrete and cement mortars. It emphasizes changes in strength, durability, workability, and structural integrity under both standard conditions and adverse environments, including temperature variations, exposure to CO2, gamma radiation, and electromagnetic waves. The findings indicate that TiO2 in cementitious composites acts as a filler due to its fine particle size and promotes hydration. It aids in the formation of C-S-H gel through its catalytic effects, which help fill voids, increase density, improve both strength and durability, and reduce workability. Furthermore, it enhances electrical resistivity and bolsters resistance to acid and chloride attacks, while also increasing the material's capacity to absorb gamma rays and electromagnetic waves. The amount of TiO2 used as a cement substitute should be kept to a minimum. The optimal range typically falls below 10%, specifically between 0.5% and 5%, because higher concentrations can reduce strength and durability. This paper offers valuable insights for civil engineers on the optimal proportions of TiO2 and its effective use in conjunction with other additives. Moreover, researchers can use this study to explore potential future research directions.

Keywords: TiO2, Concrete, Cement Mortar, Strength, Durability, C-S-H


1. Introduction

[bookmark: _Hlk197505475]     In recent years, the incorporation of titanium dioxide (TiO2) into cement-based materials has garnered significant attention in academic and industrial circles. Titanium dioxide, a naturally occurring metal oxide, is widely recognized as a white pigment in various industries, including paints, coatings, plastics, and paper [1]. Beyond its aesthetic applications, TiO2 serves as a UV filter in sunscreens and is used as a food additive, showcasing its versatility. Titanium dioxide exists in three distinct molecular structures: Rutile, Anatase, and Brookite, each with unique properties. Among these, anatase and rutile crystallize in the tetragonal system, with anatase being metastable across all temperatures and pressures, while rutile is the equilibrium polymorph. Although anatase is less stable than rutile, it often forms first in many processes due to its lower surface energy, appearing as small, isolated, sharply developed crystals [2]. Conversely, although less common, brookite also demonstrates photocatalytic activity comparable to that of its counterparts [3].
     The photocatalytic properties of TiO2 enable innovative uses in air purification and self-cleaning technologies [4]. When applied to concrete or asphalt, TiO2 oxidizes nitric oxide (NO) into nitrogen dioxide (NO2) and eventually nitrate (NO3-) under UV light and humid conditions [5]. Nitrates precipitate can be washed away by rain or sprinklers. This process reduces air pollution and helps maintain the aesthetic quality of cement-based materials [6]. Pilot projects in European cities have shown that TiO2-enhanced cement effectively lowers pollution levels [7]. Using white cement with TiO2 for building facades keeps structures visually appealing by preventing dirt accumulation [8,9]. Additionally, large-scale applications, such as coating pavement blocks and highway barriers, have proven effective in reducing NO and ozone (O3) pollution [10,11].
[bookmark: _Hlk198449282]     This paper focuses on enhancing the physical and mechanical properties of concrete, cement mortar, and cement paste by TiO2 incorporation. It analyzes changes in strength, durability, workability, and structural integrity at different curing ages under various conditions, using clear figures for better understanding. Figure 1 illustrates the properties of cementitious composites discussed in this article, influenced by TiO2. The second part of the paper examines the mechanism by which TiO2 influences cementitious composites, both independently and in conjunction with pozzolans. In contrast to earlier literature reviews, this article focuses on the effects of TiO2 on different types of concrete and cement mortar individually, as outlined in chapters 2 and 3, respectively. The review utilized Google Scholar and Scopus, targeting keywords like photocatalyst, TiO2, concrete, cement mortar, and admixture. 


[bookmark: Figure1][bookmark: Figure2][bookmark: _Hlk198402164]Fig. 1. Influence of TiO2 on the Physical and Mechanical Properties of Cementitious Composites.
  
[bookmark: _Hlk80176179]2. Concrete
     Table 1 presents details about the ordinary concretes studied, including the types of TiO₂ used, the optimal percentages, water-to-binder (w/b) ratios, and the maximum enhancements observed in their properties. Tables 3 and 4 summarize the different concretes and detail the same parameters. The data indicate that when small percentages of cement are replaced with TiO2, there is a notable increase in strength.

2.1. Ordinary Concrete
[bookmark: _Hlk101003006][bookmark: _Hlk197331861][bookmark: _Hlk100479581][bookmark: _Hlk191234852][bookmark: FigSEMOPCNT3][bookmark: _Hlk200645377]     Recent studies demonstrate the significant impact of TiO2 as a partial replacement for ordinary Portland cement (OPC) in concrete mixes. Sadawy and Elsharkawy [12] replaced different percentages (0.5%-2.5%) of OPC type I 42.5N with TiO2 (30 nm) in concrete mixes. To conduct corrosion and bond strength tests, 13 mm diameter high tensile ribbed steel bars were cut into 15 cm and 50 cm lengths, respectively. The results showed that 1.5% nano-TiO2 (NT) improved compressive strength (~95%) and bond strength (~70%), as well as corrosion resistance, at 28 days of curing. However, using more than 1.5% nano-TiO2 decreased the improved properties. This phenomenon is due to the agglomeration of TiO2 particles, which creates additional voids in the concrete and reduces the content of C3S. Nazari et al. [13] substituted various percentages (0.5% to 2.0%) of OPC with nano-TiO2. They observed that the addition of TiO2 (15 nm, Purity > 99.9%) up to 1% by weight improved the split tensile (66.67%) and flexural (25%) strengths of concrete at 28 days of curing (w/b = 0.40 for all samples). On the other hand, incorporating nano-TiO2 at levels up to 2% accelerated the hydration process compared to cement alone. This enhancement is due to the distinct surface characteristics, reduced particle sizes, and increased surface energy of nano-TiO2, resulting in shorter initial (~60%) and final (~40%) setting times for the concrete. Ren et al. [14] replaced 1%, 3%, and 5% of cement with nano-TiO2 (10 nm, Purity > 99%) and showed that adding 3% TiO2 and polycarboxylate superplasticizer to water resulted in a reduction in compressive strength at early ages. However, an increase in strength (9%) was noted after 28 days of curing (w/b = 0.40). The small particle size of TiO2 enabled it to fill the pores in the C-S-H gel, thereby enhancing the density of the cement paste. Additionally, nano-TiO2 could diminish the size of Ca(OH)2 crystals at the paste-aggregate interface, thereby improving its structure. The SEM results demonstrated that the morphology of the 3% nano-TiO2 sample was denser than that of the control sample without TiO2. Sorathiya et al. [15] investigated the impact of incorporating 0.5%-1.5% TiO2 (15 nm, Anatase) into M20 grade concrete (w/c = 0.50 for all samples). They found that the compressive strength of the concrete improved with the addition of 1% of TiO2, with the highest increase occurring after both 7 (83.52%) and 28 (85%) days. However, when the TiO2 content exceeded 1%, there was a decline in compressive strength and workability. This reduction is attributed to decreased crystalline Ca(OH)2 content necessary for C-S-H gel formation and the inadequate dispersion of nanoparticles within the concrete matrix. SB and Prakash [16] replaced 0.5%-2.0% of ordinary cement with TiO2 (30-40 nm, Purity: 99.9%) in concrete and found that a 1% replacement enhanced the compressive (2.05%), flexural (16.36%), and shear (12.97%) strengths, while negatively impacting split tensile strength (14.67%) and impact strength (22.88%) of the concrete (w/c =  0.45). Strengths began to decline after the 1% replacement. The 1% replacement also resulted in the lowest reduction in water absorption (32.75%) and sorptivity (25.44%) values. Adding 2% of TiO2 significantly decreased the workability of the cement matrix and reduced the initial (33.33%) and final (31.71%) setting times. Naganna et al. [17] substituted 2%-10% of 43-grade OPC with ultrafine TiO2 (2 ± 1 nm) and found that an 8% substitution improved compressive (27.64%) and bond strengths (18.47%). However, at a 10% replacement level, the strengths declined due to the higher fine content in the concrete matrix. Additionally, incorporating 10% TiO2 increased the heat of hydration but reduced workability, water absorption, sorptivity, and water permeability, as well as both initial and final setting times (w/b = 0.45). Suneel et al. [18] partially substituted cement with 0.5% to 2.0% TiO₂ (1-100 nm) and used superplasticizer in M40 grade concrete (w/c = 0.35). The findings showed that the concrete with 1% nano-TiO₂ demonstrated the most significant enhancements in compressive strength (6%), split tensile strength (12%), and flexural strength (5%) after 28 days of curing. Increasing the nano-TiO₂ content beyond 1% resulted in a reduction in both strength and workability. Notably, 2% TiO₂ resulted in the largest decreases in slump (51%) and compaction factor (4.84%). Nazari and Riahi [19] combined 1%-5% TiO2 (15 nm) and polycarboxylate (PH: 5.2–5.3) with ground granulated blast-furnace slag (GGBS) in concrete. The combination of 3% nano-TiO2, along with GGBS at up to 45%, reduced the porosity (30.85%) after 90 days and improved the flexural strength 30%, 64.28%, and 51.79% at 7, 28, 90 days respectively by facilitating the formation of C-S-H gel (50.1%) compared to the control sample without GGBS and TiO2 (w/b = 0.40). However, the flexural strength declined when the TiO2 content exceeded 3%. Additionally, the specimens experienced increased weight loss (22.22%) when TiO2 was partially incorporated into the cement paste up to 3%. The XRD analysis indicated that the accelerated formation of hydrated products in TiO2 might account for the increased weight loss. Pathak and Vesmawala [20] used 20% class F fly ash and 1%-5% nano-TiO2 (50–60 nm, White, Purity: 98.90%) in concrete (w/c = 0.40). This investigation demonstrated that the compressive strength increased in all curing ages; however, flexural and split tensile strengths decreased. The compressive strength of samples containing 4% nano-TiO2 and 20% fly ash showed an improvement of 3.82% at both 28 days and 90 days compared to the control specimen. The SEM analysis revealed a superior microstructure in the nano-TiO2 concrete compared to conventional concrete. Behfarnia et al. [21] utilized 1%-5% nano-TiO2 (20 nm, Rutile, Purity ≥ 99%) and 1.8% polycarboxylate (PH:6.5) in concrete and found that, after 28 days of curing, the addition of TiO2 nanoparticles reduced the compressive strength across all percentages (16% with 3% TiO2). Nonetheless, the permeability of the concrete was decreased (~81%) at a w/b of 0.55 and 4% nano-TiO2. Salemi et al. [22] studied the effects of incorporating 2% nano-TiO2 (15 nm, Purity: 99.8%) into concrete. The superplasticizer admixture was used at a rate of up to 0.5% by weight of the cementitious materials to facilitate the dispersion of nanoparticles in the concrete and ensure good workability. Their findings revealed a 50% reduction in workability when using TiO2, while the compressive strength increased by 12%, 22.71%, and 27% after 7, 28, and 120 days, respectively. Additionally, water absorption decreased with a water-to-binder ratio of 0.48. After enduring 300 freeze-thaw cycles, the control sample experienced a complete loss of strength and a 117.18% increase in water absorption. In contrast, the concrete containing TiO2 showed only an 11.5% reduction in strength and a 20.13% increase in water absorption. Rawat et al. [23] examined the effects of partially replacing Portland pozzolana cement with 0.5%-3.0% nano-TiO2 (10-20 nm, Rutile, Purity > 99.9%) in C20/25 concrete (w/b ~0.5). The dispersing agent sodium tripolyphosphate (STPP), which also functions as a high-range water-reducing admixture (HRWRA), was mixed with half the amount of water to disperse the nanoparticles. The study found a significant slump reduction with increasing nano-TiO2, reaching 54% at 3%. Nano-TiO2 enhanced concrete homogeneity and integrity and reduced chloride penetration. At a 1.5% replacement rate, TiO₂ nanoparticles facilitated the formation of C-S-H gel by enhancing the concentration of crystalline Ca(OH)₂ during the early ages of hydration. This resulted in improvements of approximately 10%, 11%, and 15% in compressive, flexural, and splitting tensile strengths at 28 days, respectively. However, exceeding a 1.5% replacement rate caused a reduction in strengths due to an inadequate amount of Ca(OH)₂ for C-S-H gel formation. Titanium dioxide also reduced water absorption and apparent porosity, enhancing water permeability resistance. Ultrasonic pulse velocity (UPV) tests indicated that TiO2 reduced pore numbers, improving concrete density and pore structure, while also decreasing chloride penetration due to a denser microstructure and increased paste volume. Baikerikar et al. [24] replaced 10% of OPC with waste glass powder (WGP) and added 0.5%, 1%, and 1.5% nano-TiO2 (<60 nm, Purity: 99.9%) to the concrete mix. The study found that higher TiO2 levels accelerated setting time, offsetting WGP's delaying effect, while workability decreased due to TiO2's water absorption. Strength improved at all curing periods (7, 28, and 90 days) with increased TiO2, attributed to WGP's pozzolanic activity and the pore-filling effect of TiO2. At 28 days, the highest compressive (8.92%) and flexural (8.03%) strength enhancements were with WGP+1.5% TiO2. After 90 days, sorptivity decreased by 18.08%. The strength of normal concrete dropped by 22.91% in acid, while WGP+1.5% TiO2 showed an 18.89% reduction. In sulfate attacks, the strength of normal concrete decreased by 10.1%, while that of WGP+1.5% TiO2 decreased by 6.34%. In a chloride solution, the strength of normal concrete was reduced by 13.57%, and that of WGP+1.5% TiO2 by 8.95%. At 150°C, strength reductions were similar for both control and WGP+TiO2 samples, but at 300°C and 500°C, WGP and TiO2 reduced degradation, with WGP+1.5% TiO2 showing the least compressive strength reduction. The observed improvements in strength and durability can be attributed to the following mechanism: WGP, which is abundant in amorphous silica, reacts with calcium hydroxide to form calcium silicate hydrate, thereby enhancing both strength and thermal stability. The inclusion of glass further enhances thermal stability and pozzolanic properties, leading to increased compressive strength and density at higher temperatures. Additionally, nano-TiO2 helps reduce porosity and promotes the densification of concrete, improving its resistance to high temperatures. This optimized formulation is suitable for use in structures like skyscrapers and bridges.









[bookmark: Table1]Table 1. The Type, Used, and Optimal Amount of TiO2, w/b Ratios, and Property Improvements at 28 Days in Ordinary Concrete.
	Type of TiO2
	TiO2 (%)
	 w/b
	Enhancement (%)
	Author

	
	Used
	Optimal
	
	Compressive
	Flexural
	

	 30 nm
	0.5-2.5
	1.5
	-
	95
	-
	Sadawy [12]

	15nm, Purity>99.9%
	0.5-2.0
	1
	0.40
	-
	25
	Nazari [13]

	10nm, Purity>99%
	1,3,5
	3
	0.40
	9
	-
	Ren [14]

	15nm, Anatase
	 0.5-1.5
	1
	0.50
	85
	-
	Sorathiya [15]

	30-40nm, Purity: 99.9%
	0.5-2.0
	1
	0.45
	2.05
	16.36
	SB [16]

	Ultrafine, 2±1 nm
	2-10
	8
	0.45
	27.64
	-
	Naganna [17]

	1-100 nm
	0.5-2.0
	1
	0.35
	6
	5
	Suneel [18]

	15nm, Purity>99.9%
	1-5
	3
	0.40
	-
	64.28
	Nazari [19]

	50–60 nm, White, Purity: 98.90%
	1-5
	4
	0.40
	3.82
	-
	Pathak [20]

	20 nm, Rutile, Purity ≥99%
	1-5
	4
	0.55
	81 (Permeability)
	Behfarnia [21] 

	15 nm, Purity: 99.8%) 
	2
	2
	0.48
	22.71
	-
	Salemi [22] 

	10-20 nm, Rutile, Purity>99.9%) 
	0.5-3
	1.5
	0.5
	10
	11
	Rawat [23]

	<60 nm, Purity:99.9%
	0.5,1,1.5
	1.5
	0.42
	8.92
	8.03
	Baikerikar [24]



2.2. Self-Compacting Concrete (SCC)
     Self-compacting concrete is a specialized type of concrete that does not require mechanical consolidation to fill formwork, making it ideal for construction projects with tight spaces, intricate geometries, or a need for improved construction efficiency. Nazari and Riahi [25] explored the use of 1%-5% TiO2 (15 nm, Purity > 99.9%) and polycarboxylate (PH: 5.2–5.3) in SCC. They found that incorporating nanofillers at levels up to 4% significantly improved the pore structure of the specimens and enhanced their compressive (58.54%), split tensile (81.25%), and flexural (50%) strengths and reduced the porosity (13.25%) and water absorption (71.21%) after 28 days of curing (w/b = 0.40). Joshaghani et al. [26] replaced cement with TiO2 (18 nm, Purity > 99.9%) at two different weight percentages (3% and 5%), using two w/b ratios (0.32 and 0.40) in SCC samples at 7, 28, and 91 days. A high-range water-reducing admixture (HRWRA) formulated with polycarboxylic ether and a specific gravity of 1.09 was utilized in self-compacting concrete (SCC) mixes to attain a target initial slump flow of 650 ± 25 mm, ensuring the desired workability. They discovered that a w/b ratio of 0.32 with a 5% TiO2 substitution led to improved compressive strength at late ages (~26% at 28 days and ~25% at 90 days), as well as enhanced durability in terms of water penetration depth (51%), chloride penetration, and electrical resistivity. Also, Variations in the L-box and V-funnel results showed that a 3% nanoparticle inclusion improved workability, while a 5% inclusion decreased it. Chinthakunta et al. [27] examined the effects of incorporating 1%, 2%, and 3% nano-TiO2, along with 10% silica fume and 20% class F fly ash, in SCC at 7, 28, and 90 days. Additionally, a superplasticizer was employed to attain the necessary fluidity while preventing segregation or bleeding. They discovered that the control sample had the highest compressive strength at both 7 and 28 days. However, at 90 days, the compressive strength of the concrete with 3% Nano-TiO2 increased by 18.9%, 19.2%, and 10.4% for the mixtures of 20% fly ash + 3% TiO2, 10% silica fume + 3% TiO2, and 20% fly ash + 10% silica fume + 3% TiO2, respectively (w/c = 0.42). Moreover, at 28 days, the mixture containing 20% fly ash and 2% TiO2 showed the greatest enhancement in split tensile strength, reaching 36.54%. The addition of TiO2 also improved durability, with the combination of 20% fly ash, 10% silica fume, and 3% TiO2 exhibiting the best electrical resistivity values of 82.50 kΩ.cm, 104.7 kΩ.cm, and 142.20 kΩ.cm at 7, 28, and 90 days, respectively. Furthermore, water absorption decreased by 16.49% after 30 minutes and by 37% after 72 hours, while the rapid chloride permeability test (RCPT) indicated an 88% reduction. Although adding TiO2 to the mixes increased flowability, raising the TiO2 content to 3% significantly reduced flowability, with the lowest slump observed in the mixture of 10% silica fume + 3% TiO2. 

[bookmark: _Hlk80196543]2.3. Plain Cement Concrete (PCC) and Fiber-Reinforced Concrete (FRC)
     Plain Cement Concrete is commonly used in applications where strength and durability are important, but reinforcement is not required. It is often used as a base layer for reinforced concrete structures, such as foundations, walls, and pavements. Karthikeyan and Dhinakaran [28] examined PCC and FRC with silica fume (SF) at three different percentages (4.5%, 9.5%, and 14.5%) and 0.5% ultra-fine TiO2 (UFTiO2) as mineral admixtures, with a particle size of 794.5 nm. Also, crimped steel fibers (12.5 mm length and 0.45 mm diameter) with an aspect ratio of 27.78 were added into FRC (w/c = 0.32 for all samples). The findings indicated that the incorporation of TiO2 enhanced the strength and durability of the samples compared with the control sample without TiO2 or SF. Additionally, the combination of 9.5% SF and 0.5% UFTiO2 in FRC yielded higher enhancement of compressive (21.25%), tensile (36.84%), and flexural (80%) strengths. This combination also exhibited a lower absorption coefficient and improved resistance to water penetration, sulfuric acid (H2SO4), and sodium chloride (NaCl) compared to other mixtures. In terms of the durability effects on PCC, control concrete exhibited a greater degree of deterioration, with reductions of 58.23% in an aggressive H₂SO₄ acid and 39.39% in a NaCl-based environment. Yu et al. [29] discovered that incorporating different percentages (2%, 4%, and 6%) of micro-TiO2 (ranging from 500 to 1000 nm) enhanced compressive strength under extreme temperatures (-40°C to 155°C). In this study, sodium tripolyphosphate was employed as a chemical dispersant to create the specimens, effectively dispersing the TiO2 nanoparticles and fulfilling the experimental requirements. A suitable amount of Na5P3O10 and TiO2 nanoparticles was added to water and mixed directly, after which the resulting aqueous solution was used to prepare the TiO2 nanoparticle-reinforced concrete. After 28 days, the findings indicated that the 2% micro-TiO2 sample achieved the highest compressive strength, exceeding the control sample by 7% when a direct mixing method was utilized with a water-to-cement (w/c) ratio of 0.40. Treatment at low temperatures improved strength as the temperatures dropped, with longer treatment durations yielding better results. In contrast, high-temperature treatment (155°C) initially boosted strength but subsequently led to a decline due to crack formation, even though some hydration advantages were observed. Compressive strength tests indicated that cryogenic treatment resulted in increased brittleness, leading to sudden failures, while treatments at high and room temperatures caused slower, more distributed damage patterns.
2.4. Road and Pavement Concrete 
     Staub de Melo [30] replaced 3%, 6%, and 10% of Portland cement composed of pozzolan – CP II-Z-32 (76%–94% clinker + gypsum, 0%–10% calcareous material, and 6%–14% pozzolan) in road concrete with three types of TiO2 (Anatase I: 10–30 nm, Anatase II: 50–80 nm, and Rutile:10-40 nm). 10% anatase II increased the compressive strength by 17.3% at 28 days, and with 10% rutile, the corresponding increase was 10.5%. The study also found that the nanoparticles acted as a lubricant between the particles, facilitating compaction and reducing the need for more water. The addition of TiO2 in the form of 10% anatase II or 10% rutile reduced the total pore volume, pore refinement, and better distribution of pore diameters, resulting in better binding between aggregates and cement paste, lower retraction, and fluency. The calorimetry tests showed a larger peak for the maximum heat released and the amount of accumulated heat of hydration in concretes with 10% anatase II or 10% rutile. The best ratio of water to dry materials for producing concrete was 8.7%. The addition of anatase I resulted in the weakest mechanical performance due to poor dispersion of the nanometric particles in the cement matrix, which reduced the positive effects of nanoparticles on the concrete microstructure and hindered stress distribution. Patel and Mishra [31] substituted three dosages of OPC (0.5%, 1.0%, 1.5%) with TiO2 (15–30 nm) in pavement concrete. They also used a superplasticizer (0.8% by volume) in the concrete mix. The results revealed the highest compressive and flexural strengths (~8% improvement) at 28 days when 1% nano-TiO2 was used (w/c ~0.34). However, increasing the amount of nano-TiO2 decreased the strength. 

2.5. Pavement Reinforced Concrete
[bookmark: _Hlk176554970][bookmark: _Hlk200103264]     Li et al. [32,33], Zhang and Li [34] substituted 1%-5% of OPC (42.5)  with TiO2 (15 nm, Anatase, Purity: 99.7%) by weight in plain concrete and reinforced with polypropylene fibers (15 ± 1 mm in length and 84–92 μm in diameter) and used a water-reducing agent in combination. They found that TiO2 improved the microstructure of the pores, resulting in enhanced strength and durability of the concrete (w/b = 0.42) at 28 days. The finer the pore structure of concrete, the higher the resistance to chloride penetration of concrete. The samples with 1% TiO2 exhibited the most significant improvements in compressive strength (18.03%) and flexural strength (10.28%). Additionally, there was a reduction in porosity (16.89%) and chloride permeability (31%), along with enhancements in the surface (180.7%) and side (173.3%) indices of abrasion resistance. However, increasing the TiO2 content led to a decline in these properties and a reduction in slump. 

2.6. High-Performance Concrete (HPC)
[bookmark: _Hlk146093408]     High-performance concrete is typically made with a lower w/c ratio, which results in a denser, stronger, and more durable material. Martins et al. [35] examined the replacement of OPC (Ultra Tech Cement brand with 53-grade cement) with 1%-3% TiO2 (21 nm), 30% class C fly ash, and a mixture of 1% TiO2 with 30% class C fly ash in HPC (w/b ~ 0.35). The mixtures containing only 1% TiO2 achieved the highest compressive strength (~1.3% improvement at 28 days) and the greatest resistance to acid attack. Additionally, a 30% fly ash and 1% TiO2 combination showed significant chloride penetration resistance, electric resistivity, a low corrosion risk, and reduced water absorption after 28 days of curing. The results presented in Table 2 revealed that adding only 1% of nanoparticles substantially raised the cost of concrete. This suggests that the economic feasibility of concrete using nano-TiO2 depends on a future decline in the price of nanoparticles.

[bookmark: Tablecost]Table 2. Cost of Materials (euro/kg) [35].
	Portland Cement
	Fly ash
	Nano-TiO2
	Sand
	Coarse aggregates
	Water
	Superplasticizer

	0.1
	0.03
	25.6
	0.008
	0.007
	0.1
	0.82



Amor et al. [36] investigated the effects of incorporating 1%, 2%, and 3% TiO2 (Anatase, Purity: 99%) along with silica fume into HPC mixtures. They found that 1% TiO2 enhanced the compressive strength by 4.19%, while 1% and 2% TiO2 increased the flexural strength by 11.72%. However, higher percentages resulted in a reduction in strength compared to the control sample (w/b = 0.25). 

2.7. Ultra-High-Performance Concrete (UHPC) 
     Ultra-high-performance concrete is recognized for its outstanding compressive and flexural strengths, as well as its toughness, making it suitable for a wide range of applications in civil engineering construction. Its durability and resistance to environmental factors such as freeze-thaw cycles, abrasion, and chemical attack make it an ideal choice for structures that withstand harsh conditions. Chunping et al. [37] substituted 0.5%, 1%, 2%, 3%, and 5% of ordinary Portland cement (P·II 52.5R) with 20 nm anatase TiO2 while incorporating fly ash and silica fume into the concrete, along with 2% steel fibers (w/b = 0.16). Additionally, 3.5% polycarboxylic superplasticizer was utilized to improve the workability of the UHPC. The mercury intrusion porosimetry (MIP) results indicated that the addition of nano-TiO2 refined the pore structure of the UHPC (Fig. 2), which improved the mechanical properties and durability of the UHPC. After 90 days of curing, the addition of 1% nano-TiO2 resulted in improvements in compressive (~2% at 28 days) and flexural (~3% at 28 days) strengths, as well as reductions in mass loss and dry shrinkage, compared to samples without TiO2. Additionally, the inclusion of 1% nano-TiO2 enhanced the freeze-thaw resistance of the UHPC over 800 cycles and reduced chloride penetration after 90 days of immersion in a 10% NaCl solution. However, increasing the nano-TiO2 content beyond 1% resulted in a decrease in strength. After 180 days of exposure to 60% CO2, no carbonation was detected in the UHPC samples.
[image: ]
[bookmark: FigNanoCore]Fig. 2. Nano-core Effect of Nano-TiO2 Particles in the UHPC [37].

Choi et al. [38] investigated the bond behavior of straight steel fibers in UHPC by substituting silica fume with 25%, 50%, 75%, and 100% TiO2 (NP-600). To achieve the self-compacting characteristics of the fresh mixture, a polycarboxylate superplasticizer was used as a water-reducing admixture, with a consistent content maintained across all instances. The results indicated that TiO2 significantly improved bond performance, with the 50% replacement achieving the highest bond strength (50.73%) and pullout energy (93.48%). Although the benefits declined beyond 50%, the 100% ratio still exceeded that of the control sample without TiO2. Titanium dioxide also reduced steel fiber pullout, as shown by severe surface scratches on the fibers (w/b = 0.2).

2.8. Fly Ash-based Geopolymer Concrete (FAGPC)
[bookmark: _Hlk200959521][bookmark: _Hlk200959446]     Geopolymer concrete offers several advantageous properties, such as rapid strength development, reduced shrinkage, and enhanced resistance to sulfate and chloride attacks. It is primarily made up of aluminosilicate materials combined with an alkaline solution. Sastry et al. [39] found that replacing 1%-5% of fly ash with TiO2 (10-20 µm) in geopolymer concrete with a 0.55 mass ratio of alkaline liquid to fly ash, enhanced its physical and mechanical properties, with the best results at 5% TiO2: 52.3% increase in compressive strength, 22.2% in split tensile strength, and 32.6% in flexural strength at 28 days. However, higher TiO2 amounts reduced workability. Additionally, 5% TiO2 improved chloride and sulfate resistance while lowering water absorption (15.38%) and sorptivity (34%). The XRD and SEM analyses revealed that TiO2 enhanced the density of the concrete structure by generating additional reactive products. Jumaa et al. [40] studied geopolymer concrete using fly ash and a mix of nano-clay and 0.25%-1.5% nano-TiO2 (Rutile, 49 nm, Purity: 99%). The mixtures had a constant water-to-fly ash ratio of 12% and varying alkaline (Na2SiO3/NaOH) contents (40%, 45%, and 50%). Samples containing 50% alkaline content exhibited a significant enhancement in compressive strength. The greatest improvement in compressive strength (24%) was observed at 28 days with the ternary samples (1.25% TiO2 + fly ash + nano clay). In comparison, the binary sample (1.25% TiO2 + fly ash) demonstrated a 9% improvement in compressive strength. Additionally, the results showed that nanomaterials substantially enhanced the density of the microstructure, leading to a reduction in porosity. Salazar et al. [41] investigated the potential of TiO2 waste (Purity: 52.92%) as a source material for geopolymers with good fire resistance properties. Samples were created by substituting fly ash with TiO2 waste in proportions of 0%, 20%, 30%, 40%, and 100% by weight, utilizing an activating solution with a Na2O/SiO2 molar ratio of 0.98. The thermal behavior under high temperatures (fire resistance, compressive strength at elevated temperatures, and absorbed energy) was also assessed for potential fire insulation applications. Replacing fly ash with TiO2 waste increased bulk density due to its higher specific bulk density. The highest compressive strength (~23% enhancement at 28 days) was observed with a TiO2 waste content of between 30% and 40% w/w. Compressive strength decreased at high temperatures, particularly with an increase in TiO2 waste. Increased TiO2 waste content also elevated the evaporation plateau, thereby improving fire resistance. Geopolymers containing fly ash and TiO2 waste showed no radiological issues, although radiological activity increased with higher TiO2 waste content.

[bookmark: _Hlk189768528]2.9. Self-Compacting Geopolymer Concrete (SCGPC)
      Self-compacting geopolymer concrete is created by blending a combination of fly ash, GGBS, and alkaline activators like sodium hydroxide and sodium silicate. Hemalatha and Ramujee [42] examined the effects of incorporating 2%, 4%, and 6% TiO2 into SCGPC and found that TiO2 influences its strength properties in both positive and negative ways. Alkaline liquids, specifically sodium hydroxide and sodium silicate, were utilized to enhance the binding characteristics of the concrete, maintaining a constant alkaline liquid ratio (Na2SiO3/NaOH) of 2.5 and a molarity of 8. Incorporating 4% TiO2 into mixtures with fly ash and GGBS enhanced compressive strength by 8% and split tensile strength by 18% after 28 days of air curing. Conversely, incorporating TiO2 into mixes with wollastonite led to decreased strengths. In terms of workability, the addition of TiO2 alone did not significantly affect the flow properties, while the inclusion of wollastonite enhanced them. The combination of 4% TiO2 and 10% wollastonite improved the fresh properties of the concrete; however, further increases in TiO2 content resulted in reduced workability.














[bookmark: TableSCC][bookmark: _Hlk145343178]Table 3. The Type, Used, and Optimal Amount of TiO2, w/b Ratios, and Property Improvements at 28 Days in Various Concrete Mixes.
	        Type of Concrete
	Type of TiO2
	 TiO2 (%)
	w/b
	Enhancement (%)
	Author

	
	
	Used
	Optimal
	
	Compressive
	Flexural
	

	[bookmark: _Hlk201857089]SCC
	15nm, Purity>99.9%
	1-5
	4
	0.40
	58.54
	50
	Nazari [25]

	
	18 nm, Purity>99.9%
	3,5
	5
	0.32
	26
	-
	Joshaghani [26]

	
	Nano-TiO2
	1,2,3
	3
	0.42
	19.2
	-
	Chinthakunta [27]

	PCC
	794.5 nm
	0.5
	0.5
	0.32
	Durability
	Karthikeyan [28]

	FRC
	
	
	
	
	21.25
	80
	

	PC (-40oC-155oC)
	500-1000 nm
	2,4,6
	2
	0.40
	7
	-
	Yu [29]

	Road and Pavement
	Anatase, 10-30 nm
	3,6,10
	3
	8.7*
	-
	Staub de Melo [30]

	
	Anatase, 50-80 nm
	
	10
	
	17.3
	-
	

	
	Rutile, 10-40 nm
	
	10
	
	10.5
	-
	

	
	15–30 nm
	0.5-1.5
	1
	0.34
	8
	8
	Patel [31]

	Pavement Reinforced
	Anatase, 15 nm, Purity: 99.7%
	1-5
	1
	0.42
	18.03
	10.28
	Li [32, 33] & Zhang [34]

	HPC
	21nm
	1-3
	1
	0.35
	1.3
	-
	Martins [35]

	
	Anatase, Purity: 99%
	1,2,3
	1
	0.25
	4.19
	12.5
	Amor [36]

	UHPC
	Anatase, 20 nm
	0.5,1,2,3,5
	1
	0.16
	2
	3
	Chunping [37]

	
	NP-600
	25,50,75,100
	50
	0.2
	50.73 (Bond)
	Choi [38]

	FAGPC
	10-20 μm
	1-5
	5
	0.55
	52.3
	32.6
	Sastry [39]

	
	Rutile, 49 nm, Purity: 99%
	0.25-1.5
	1.2
	50a
	 24
	-
	Jumaa [40]

	
	Waste, Purity: 52.92%
	
	
	0.98b
	23
	-
	Salazar [41]

	SCGPC
	TiO2
	2,4,6
	4
	2.5**
	8
	-
	Hemalatha [42]


[bookmark: _Hlk202379550]      * Water/Dry materials       ** Liquid/Binder        a Na2SiO3/ NaOH       b Na2O/SiO2 molar ratio   
     
[bookmark: _Hlk80221749][bookmark: _Hlk80196783]2.10. Rice Husk Ash (RHA) Concrete
     Praveenkumar et al. [43,44] substituted 1% to 5% of ordinary Portland cement (OPC) with TiO₂ nanoparticles in concrete that contained 10% rice husk ash (RHA) and used a superplasticizer in combination. They observed a slight reduction of about 11.7% in compressive strength at 7 days. However, at 28 and 90 days of wet curing, the strength of the blended cement with 10% RHA increased by about 8%. The combination of 10% RHA and 3% TiO2 created a synergistic effect, enhancing the compressive (~10%), flexural (~15%), and splitting tensile strengths of the concrete after 90 days of curing (w/c = 0.41). Additionally, the blended cement concrete mixes with 10% RHA and varying TiO2 contents demonstrated improved resistance to deterioration in acidic environments. The inclusion of 3% TiO2 resulted in the lowest chloride penetration as well as weight loss when the concrete was exposed to hydrochloric acid.
     The thermal conductivity of a building is mainly affected by the porosity of concrete; higher porosity leads to increased thermal conductivity. In this study, the incorporation of RHA led to a decrease in both the density and thermal conductivity of the concrete. Cone calorimetry and cold plate tests demonstrated that samples containing 10% RHA and 3% TiO2 nanoparticles, with a w/c ratio of 0.46, exhibited low thermal conductivity and high thermal resistance after 28 days of curing. This improvement is attributed to enhanced particle spacing. Specifically, RHA concrete had a 10% lower thermal conductivity than the control mix, while TiO2 nanoparticles contributed to a 25% reduction. These samples also demonstrated a 40% decrease in porosity compared to conventional concrete. Beyond a 3% TiO2 replacement, no significant improvements in thermal conductivity were noted, indicating that 3% was the optimal level for replacement.

2.11. Pervious (Porous) Concrete 
[bookmark: _Hlk200788753]     Pervious concrete is designed to allow water to pass through it, making it an appropriate material for situations where drainage plays a crucial role. Kumaar et al. [45] substituted 0%-2% of cement with TiO2 (ranging from 3 nm to 8 µm) in an M35 grade pervious concrete mix (w/c = 0.30). They found that the characteristic compressive strength of TiO2 blended pervious concrete with aggregate ratios of 80:20 and 90:10 increased by 15% and 8%, respectively, compared to ordinary pervious concrete. Additionally, reducing the aggregate ratio from 90:10 to 80:20 boosted compressive strength by around 21%. The split tensile strength improved by approximately 30% and 13% for the 80:20 and 90:10 ratios, respectively. Furthermore, the permeability of pervious concrete increased by 10% and 15% for the 80:20 and 90:10 ratios, respectively, when 2% of the cement content was replaced with TiO2 particles. Wu et al. [46] investigated the effects of different nano-TiO2 (21 nm) contents in pervious concrete, using proportions of 1%, 2%, 5%, and 8%. They observed decreased compressive strength with increasing nano-TiO2 content, while porosity and adsorption values rose at 3, 7, and 28 days (w/b = 0.30). The optimal strength was attained with 2% nano-TiO2. Kabadi [47] incorporated various percentages of TiO2 (ranging from 0.5% to 2%, White, Density: 3.82 g/cc) into permeable concrete. After 28 days of curing, the 1.5% replacement of TiO2 demonstrated significant improvements in compressive (38.79%), split tensile (36.42%), and flexural (25.32%) strengths compared to conventional concrete with water-to-cement ratios of 0.30. 

2.12. Recycled Aggregate Concrete (RAC)
     In RAC, the aggregates are obtained from demolished buildings, construction waste, or industrial by-products and processed to meet the required specifications for use in concrete. Recycling reduces the demand for natural resources and minimizes the environmental impact of traditional concrete production. Ying et al. [48] studied the replacement of 1%-3% of OPC by weight with TiO2 (25 nm, Anatase) in recycled aggregate concrete. Additionally, a polycarboxylate superplasticizer was employed to achieve the desired slump of 100 to 140 mm. They found that substituting 2% of the nanoparticles improved compressive strength (17%), porosity (26.78%), and resistance to chloride penetration (33%) at a w/b ratio of 0.30. However, when the nanoparticle content exceeded 2%, compressive strength and resistance to chloride diffusion decreased, and porosity increased. The researchers also observed that an increase in the w/c ratio resulted in higher capillary porosity in the mortar of the concrete. Zhong et al. [49] investigated recycled coarse aggregate concrete containing 25%, 50%, and 75% recycled aggregate with nano-TiO2 contents of 0.4%, 0.8%, and 1.2% (25 nm, Anatase, Purity: 99.9%). Results in 24-hour showed that capillary water absorption increased with higher recycled coarse aggregate substitution rates but decreased with increased nano-TiO2 content (w/c = 0.40). After 150 freeze-thaw cycles, the cumulative water absorption and porosity of the sample with 25% recycled coarse aggregate and 1.2% nano-TiO2 decreased by 25.52% and 14.57%, respectively, compared to the control without nanomaterials. Scanning electron microscopy showed a notable formation of C–S–H gel in the nano-TiO2 concrete, which improved internal bonding and resulted in a denser structure.

2.13. Marine Concrete 
     Marine environments have high concentrations of chlorides and sulfates, making it essential to manage these ions for improved concrete durability. Marine concrete is used in construction projects that are exposed to seawater, tidal zones, or other aquatic environments. Li et al. [50] found that incorporating 1% TiO2 (15 nm, Purity: 99.7%) by weight of Portland cement (P.O 32.5) improved the microstructure and pore structure, resulting in a 36% increase in compressive strength and a 26% reduction in chloride invasion compared to the control sample (w/c = 0.42). In this study, an FDN water-reducing agent, which is a type of β-naphthalene sulfonic acid and formaldehyde condensate, was utilized. The sample with 1% TiO2 showed improved scouring resistance, with enhancements of 25.9% in water and 17.6% in chloride solution. Therefore, nano-TiO2 is suitable for marine structures as it helps protect reinforcing bars from corrosion. Li et al. [51] added two types of nano-TiO2 (3% and 5%)—anatase phase (5 nm) and silica surface-treated rutile phase (20 nm)— and superplasticizer to concrete, which was then exposed to a marine environment for 21 months, with a water-to-cement ratio of 0.24. In terms of the chemical effects of seawater, nano-TiO₂ raised the internal pH of concrete by 0.81, promoted the polymerization of C–S–H gel, and strengthened the interfacial transition zone between the cement paste and aggregate. Silica surface-treated rutile phase nano-TiO2 proved to be more effective than anatase phase nano-TiO2 in enhancing the deterioration resistance of concrete in marine environments. This concrete can improve durability, extend the lifespan, and decrease the life cycle costs of harbors, offshore airports, reef structures, offshore platforms, sea bridges, subsea tunnels, and the foundations of industrial and civil buildings, as well as other structures exposed to marine environmental degradation. Braganca et al. [52] incorporated 1% TiO2 (25-100 nm) into concrete and noted a 20% reduction in slump, about a 23% decrease in water absorption, a 9.24% reduction in water permeability, and a 2% increase in split tensile strength after 28 days (w/c = 0.57). Additionally, the concrete exhibited a lower void ratio (around 20%) and superior electrochemical stability, even after 500 days of exposure to environments with chloride and sulfate ions.
     
[bookmark: _Hlk92144269][bookmark: _Hlk92144195][bookmark: _Hlk92144238]2.14. Gamma-Ray Shielding 
[bookmark: FigA6NT]     Concrete designed for gamma-ray shielding is commonly employed in environments that require radiation protection, including nuclear power plants, medical facilities, and research laboratories. Additionally, it can be utilized for the transportation and storage of radioactive materials. Nikbin et al. [53] studied heavy-weight concrete (HC) by replacing OPC type II with 2%-8% nano-TiO2 (20 nm, Purity ≥ 99.9%). They also incorporated a superplasticizer into the concrete mix. The addition of TiO2 reduced internal pores, with 6% TiO2 showing the greatest improvements in compressive strength (40%) and impact resistance (35%). Specimens with 6% and 8% TiO2 fell into the "excellent" range for ultrasonic pulse velocity (UPV), while others were rated "good" (w/c = 0.40). UPV increased by 15% with 6% TiO2. Furthermore, HC with TiO2 provided enhanced protection against gamma rays from Cs137 and Co60 sources, with the 8% TiO2 specimen showing the highest protective characteristics, increasing linear attenuation coefficients by 9%, 5%, and 4.9% at energy levels of 1332, 1170, and 662 MeV, respectively. The SEM results illustrated that the microstructure of concrete with nano-TiO2 was significantly denser due to improved particle-packing density and pore structure. In a similar study, Dezhampanah et al. [54] replaced different percentages of OPC (2%-8%) type II with TiO2 and 0.6% polypropylene fibers (PPF) with 12 mm length and 0.016 mm diameter in fiber-reinforced concrete along with superplasticizer (w/c = 0.40). The results showed that increasing the amount of nano-TiO2 (Purity ≥ 99.9%) to 6% increased the compressive strength (15.5%), UPV (8.96%), and impact resistance. By increasing nano-TiO2 up to 8%, gamma-ray attenuation parameters such as the half-value layer (HVL), the tenth-value layer (TVL), and the mean free path (MFP) were reduced by 8.14% at 662 keV.
[bookmark: _Hlk200186359]
[bookmark: _Hlk144802272]2.15. Electromagnetic Wave Absorbing (EMWA)
     Electromagnetic waves are a form of energy that includes radio waves, microwaves, infrared radiation, visible light, ultraviolet radiation, X-rays, and gamma rays. The EMWA concrete is commonly used in applications where electromagnetic interference (EMI) or electromagnetic compatibility (EMC) is a concern, such as in electronic equipment, communication facilities, and military installations. Lu et al. [55] incorporated EMWA functional aggregate into concrete by dispersing a mixture of 30% TiO2 (80% Anatase and 20% Rutile) powder and clay, followed by calcination (w/c = 0.40). The concrete with this aggregate significantly improved electromagnetic wave absorption compared to gravel or ordinary haydite aggregate concrete. Adding manganese zinc ferrite powder to the cement mortar further enhanced the absorption ability. In the tested range of 8-18 GHz, an absorption bandwidth exceeding 8 GHz was noted at levels below -10 dB.  Furthermore, the compressive strength of the concrete made with the functional aggregate exceeded 28 MPa after 28 days, which makes it suitable for use as a structural component in construction.

2.16. Dry–Wet Sulfate Environment
     Xu et al. [56] incorporated 3% nano-TiO2 (25 nm, white) into concrete to study its impact on the concrete's resistance to sulfuric acid. Their investigation focused on the mass loss rate, ultrasonic wave velocity, and compressive strength, with a water-to-binder ratio of approximately 0.43. In this research, a polycarboxylic ether was employed as the water-reducing agent. Results indicated that as dry–wet cycles increased, concrete damage rose, but nano-TiO2 enhanced sulfate resistance. After 50 cycles, the mass loss rate of ordinary concrete was 3.744%, whereas the concrete containing nano-TiO₂ exhibited a mass loss rate of 1.363%. The average maximum compressive strength of concrete containing nanoparticles increased by 20.17%.

[bookmark: _Hlk201052822]2.17. Sewage Environment
     Tan and Zhang [57] studied the modification of coral concrete with 2%, 4%, and 6% nano-TiO2 (20 nm) to enhance sewage erosion resistance. Concrete specimens were cured in freshwater, seawater, and oxalic acid. After 180 days of sewage exposure, nano-TiO2 significantly improved mechanical properties, with the optimal 4% dosage resulting in a 22.2% increase in compressive strength and 33.2% in flexural strength. Compressive strengths in oxalic acid and seawater were 97.8% and 93.9% of those in freshwater, while flexural strengths were 97.8 % and 94.4 %, respectively. The addition of 4% nano-TiO2 reduced strength and mass losses, achieving reductions of up to 10% in freshwater, 9% in oxalic acid, and 8% in seawater. Additionally, the mass loss rates decreased by 0.317%, 0.325%, and 0.319% compared to unmodified concrete. Nano-TiO2 enhanced properties through improved hydration and dense structure formation, but excessive amounts could lead to agglomeration, reducing performance. Water environments significantly affected concrete, with MgCl2 in seawater increasing porosity and oxalic acid slowing hydration, impairing strength and erosion resistance, particularly in seawater. Araújo et al. [58] conducted a study using 3%, 6%, and 10% TiO₂ (P25, Purity: 99.95%) to assess the mechanical, hydraulic, and microstructural properties of permeable concrete. They found that increasing the TiO₂ concentration up to 6% resulted in greater improvement in compressive strength (22.81%), specific mass (8.82%), tensile strength in flexion (20.39%), along with a decrease in porosity (18.76%) and permeability (10.43%). This improvement was attributed to the increased bonding area between the cement paste and the coarse aggregate. However, the samples containing 10% TiO₂ exhibited poor workability, resulting in decreased compressive and flexural strengths, a reduction in specific mass, and an increase in porosity (with water-to-cement ratios of 0.25, 0.30, and 0.35).

2.18. High Temperature
     Wu et al. [59] conducted experiments using 3% nano-TiO2 (25 nm, white) in concrete, testing specimens at temperatures of 20, 200, 400, 600, and 800 °C with a w/c ratio of approximately 0.43. No significant volume expansion was observed for both ordinary concrete and specimens with 3% TiO2 between 200 °C and 600 °C, although the surface color changed from gray to brown. At 800 °C, black spots appeared, and volumetric expansion occurred. As the temperature increased, the average peak compressive strength of ordinary concrete decreased, reaching 23.120 MPa at 800 °C, a reduction of 44.32%. The secant modulus decreased to 13.072 GPa. Likewise, the compressive strength of the 3% TiO2 specimens also declined after high-temperature exposure, with an average peak strength of 24.61 MPa at 800 °C, representing a 50.69% decrease in strength. The addition of nano-TiO2 improved high-temperature resistance below 600 °C; however, above this temperature, the mechanical properties of both materials were similar. At 20 °C, 200 °C, 400 °C, and 800 °C, the observed increases in compressive strength were 20.18%, 28.43%, 16.31%, and 9.74%, respectively. 
[bookmark: TABLERest]Table 4. The Type, Used, and Optimal Amount of TiO2, w/b Ratios, and Property Improvements at 28 and 90 Days in Different Concrete Mixes.
	Type of Concrete
	Type of TiO2
	 TiO2 (%)
	w/b
	Enhancement (%)
	Author

	
	
	Used
	Optimal
	
	Compressive
	Flexural
	

	RHA
	TiO2
	1-5
	3
	0.41
	10 90 days
	15 90 days
	Praveenkumar [43]

	
	
	
	
	0.46
	Thermal Conductivity Resistance
	Praveenkumar [44]

	Pervious
	3nm-8µm
	0-2
	2
	0.30
	15
	-
	Kumaar [45]

	
	21nm
	1,2,5,8
	2
	0.30
	-
	Wu [46]

	
	White, Density:3.82 g/cc
	0.5-2
	1.5
	0.30
	37.89
	42.44
	Kabadi [47]

	RAC
	Anatase,25nm
	1-3
	2
	0.30
	17
	-
	Ying [48]

	
	25 nm, Anatase, Purity:99.9%
	0.4,0.8,1.2
	0.4
	0.40
	Durability
	Zhong [49]

	Marine
	15nm, Purity: 99.7%
	1
	1
	0.42
	36
	-
	Li [50]

	
	Anatase 5 nm, & Rutile 20 nm
	3,5
	3 (Rutile)
	0.24
	Durability
	Li [51]

	
	25-100 nm
	1
	1
	0.57
	2 Split: 91 days
	Braganca [52]

	Gamma Ray Shielding
	20nm, Purity≥99.9%
	2-8
	6; 8 (Protection)
	0.40
	40
	-
	Nikbin [53]

	
	NT, Purity≥99.9%
	
	
	
	15.5
	-
	Dezhampanah [54]

	EMWA
	500-1000 nm
	 30% + Clay
	30% + Clay 
	0.40
	> 28 MPa
	-
	Lu [55]

	Dry–Wet Sulfate Environment
	25 nm
	3
	3
	0.43
	20.17
	-
	Xu [56] 

	Sewage Environment
	20 nm
	2,4,6 
	4
	0.25
	22.2
	33.2
	Tan [57]

	
	P25, Purity:99.95%
	3,6,10
	6
	0.35
	22.81
	-
	Araújo
[58] 

	[bookmark: _Hlk202524755]20 oC
	25 nm, White
	3
	3
	0.43
	20.18
	-
	Wu [59] 

	200 oC
	
	
	
	
	28.43
	-
	

	400 oC
	
	
	
	
	16.31
	-
	

	800 oC
	
	
	
	
	9.74
	-
	


3. Cement Mortar and Cement Paste

     Table 5 provides a summary of the actual and optimal dosages of TiO2 and water-to-binder (w/b) ratios, along with the greatest enhancements in the properties of ordinary cement mortars. Meanwhile, Tables 6 and 7 present the findings from studies conducted under specific conditions and with various additives, respectively.

3.1. Ordinary Cement Mortar and Cement Paste
[bookmark: _Hlk200645546][bookmark: _Hlk199324748]    Chen et al. [60] studied two types of TiO₂ powders in cement mortar: P25 (21 nm, 75% Anatase + 25% Rutile) and anatase (350 nm, 99% Anatase) at 3, 7, and 28 days, incorporating them at 5% and 10% of the total cement weight with a w/c ratio of 0.485. The samples with 10% P25 showed the highest compressive strength enhancement of approximately 25% at all curing ages. Titanium dioxide acted as a catalyst, increasing the hydration rate in the early stages, which led to shorter initial and final setting times; however, additional water was required to maintain consistency. Additionally, TiO₂ reduced the overall porosity and altered pore size distribution, with the best reduction achieved by 10% anatase (21.65%). The incorporation of TiO₂ also led to significant reductions in setting times, with the greatest reduction for 10% P25 being 60 minutes for initial and 95 minutes for final setting times. Meng et al. [61] studied the impact of replacing 5% and 10% of cement with TiO2 (P25 Degussa) in cement mortar (w/b = 0.50). Additionally, a naphthalene-based superplasticizer with a water reduction ratio of 25% was used in combination with it. They found that 5% nano-TiO2 improved compressive and bending strengths at early ages (1, 3, and 7 days), though strengths decreased at 28 days. Increasing TiO2 to 10% lowered strengths at all ages, but a combination of 5% nano-TiO2, 0.5% superplasticizer, and 10% slag resulted in a ~18% strength increase after 28 days. The XRD and SEM analyses indicated that adjusting the nucleation function orientation index was key to strength enhancement. 5% NT decreased the early calcium hydroxide (CH) orientation growth index by 61%, indicating that early hydration enhancement is influenced by changes in crystal lattice structure as well as increased hydration products. Additionally, substituting 5% and 10% of cement with TiO2 reduced mortar fluidity by 20% and 40%, respectively, while superplasticizer and slag improved fluidity. Zhang et al. [62] discovered that increasing the nano-TiO2 content (25 nm) from 1% to 5% enhanced the compressive strength of cementitious materials, achieving approximately a 20% improvement at 28 days at a w/c ratio of 0.40. In this study, a polycarboxylate water reducer with a solid content of 40% and a water-reducing ratio of 30% was utilized to create a flowable mortar when nanoparticles were added. The incorporation of nano-TiO2 accelerated the hydration process, improved the pore structure, and minimized drying shrinkage. This resulted in a 2-hour reduction in hydration time and a reduction in pore size of 19.4%, 48.5%, and 54.4% for 1%, 3%, and 5% TiO2, respectively. They observed a reduction in both the induction period and the position of the main exothermic peak by two hours and 35%, respectively. The total exothermic heat generated after 5, 10, and 24 hours was 340%, 148%, and 66% greater than that of a sample without nano-TiO2. Over the hydration period (3–28 days), the levels of tricalcium silicate (C3S) and dicalcium silicate (C2S) decreased by 8.7% and 17.7%, respectively, while the strength of the CH diffraction peak increased by 50.1%. Furthermore, the incorporation of nano-TiO2 significantly reduced initial setting times by 37.9%, 63.4%, and 76.5% for 1%, 3%, and 5% concentrations at a w/c ratio of 0.40, and final setting times by 15.7%, 37.4%, and 46.2%. Additionally, they found that increasing the nano-TiO2 content led to a decrease in slump by 2.8%, 19.8%, and 20.8% for 1%, 3%, and 5% nano-TiO2 at a w/c ratio of 0.6. Significant reductions in the most probable pore diameter were also noted, decreasing from 103 nm to 84 nm at 1% nano-TiO2, to 53 nm at 3% nano-TiO2, and to 47 nm at 5% nano-TiO2, along with a reduction in cumulative pore volume and critical pore sizes. Akono [63] incorporated 1% and 5% TiO2 (5 nm, Purity: 99.9%) into cement paste and found that the addition of 5% nano-TiO2 enhanced the growth of Ca(OH)2 by 251% and C-S-H by 12% (w/c = 0.44). This modification improved the mortar's stiffness (83%), hardness (40%), and fracture toughness (11%) while reducing the crack width (30%). Ma et al. [64] substituted 1% to 5% of cement with TiO₂ (specific surface area of 50 m²/g) and added a superplasticizer to the cement paste, maintaining a water-to-cement ratio of 0.58. At 28 days, mortars with 3% TiO2 showed significant increases in tensile (65.6%) and flexural (61.9%) strengths, AFt content (61.6%), and harmless pores (37.7%) compared to those without TiO2. Total pore volume and harmful pores decreased by 48.2% and 34.6%, respectively, indicating that TiO2 refined pores into harmless ones. Moreover, the water absorption ratio decreased by 40–65%, the absorption coefficient fell by over 40%, and vapor permeability decreased by 43.9%. Figure 3 illustrates the pore structure using varying percentages of nano-TiO2. In the sample without nano-TiO2 (a), the microstructure shows prominent acicular crystals, the main hydration products of AFt, AFm, and CH. Increasing nano-TiO2 to 3% (b) leads to thick, short columnar crystals that are evenly distributed and interweave into a net-like structure. At 4% and 5%, the hydration crystal morphologies resemble incomplete polyhedra (c) and complete, independent polyhedra (d), respectively, indicating that the improvements in toughness and compactness of cement-based materials are attributed to TiO2's nucleation effect, enhanced crystallization orientation of CH, controlled grain size, and microaggregate filling during hydration.
[image: ]
[bookmark: FigNT28days]Fig. 3. SEM Images of Mortars with NT at 28 Days [64].

Feng et al. [65] added 0.1%, 0.5%, 1.0%, and 1.5% TiO2 (20–50 nm, Purity >99.5%) to modified Portland cement paste and found that the addition of 1.0% nano-TiO2 yielded the highest enhancement of flexural strength (8.26%) at 28 days with a w/c ratio of 0.40. The SEM analysis indicated that using TiO2 significantly decreased the internal microcracks in the cement paste. Salman et al. [66] incorporated 0.25%, 0.75%, 1.25%, and 1.75% TiO2 (15 nm, Purity >99.9%) into cement mortar. They found that adding up to 0.75% by weight of cement enhanced compressive (19.33%) and flexural (15.1%) strengths at 28 days with a w/b ratio of 0.50. The SEM analysis showed that TiO2 acts as a filler, occupying pores and reducing the size of Ca(OH)2 crystals, which leads to denser and more compact hydration products. Kadhim et al. [67] examined the effects of adding 0.5%, 1.0%, 1.5%, and 3% TiO2 (10-30 nm, Purity: 99.5%) in cement mortar at 3-91 days (w/c = 0.45). They found that incorporating 1.5% significantly enhanced compressive (~30%) and splitting (40%) strengths and decreased water absorption (20%) at 28 days. However, at a 3% replacement level, agglomeration and weak zones were noted. Shafaei et al. [68] investigated the effects of 2.5%, 3.5%, 5%, and 10% TiO2 (21 nm, Anatase) in cement mortar. Incorporating 2.5-3.5% nano-TiO2 refined the pores and decreased permeability. However, levels above 3.5% increased pore volume and resulted in agglomeration (w/c = 0.55). Figure 4 displays SEM images of cement mortars after 28 days, revealing distinct morphologies. The control sample (a) has moderately small pores and medium-sized C-S-H structures, with fewer needle-like and short columnar crystals, likely from ettringite or other AFt phases. Increasing nano-TiO2 to 2.5% (b) yields a more homogeneous microstructure, larger C-S-H gel, and smaller air voids than the control sample. Adding nano-TiO2 up to 2.5% eliminates needle-shaped structures, forming a uniform C-S-H compound and introducing conglobate materials, likely agglomerated nano-TiO2 particles. The C-S-H gel remains homogeneous at 5% nano-TiO2 (c) but features larger air voids and more agglomerated nano-TiO2 particles. In the sample with 10% nano-TiO2 (d), some needle-shaped AFt phases are still visible, but the microstructure becomes isolated and defective, with smaller C-S-H gels and increased voids. 

[image: ]
[bookmark: FigSEMDifferentpercentages]Fig. 4. SEM Images of Samples with Percentages of NT (a) 0%; (b) 2.5%; (c) 5%; (d) 10% [68].

[bookmark: _Hlk199544234]Shaaban et al. [69] examined the impact of incorporating 3%, 6%, and 9% micro-TiO2 (0.2912-0.6746 µm, Purity: 98%) into cement mortars (w/b = 0.50). They discovered that the addition of TiO2 decreased the flow of the mortar mixes. Although the compressive strength of the mortars was reduced with the inclusion of TiO2, this reduction was less pronounced at later ages. The greatest compressive strength, showing an enhancement of approximately 8%, was attained after 90 days with the addition of 6% micro-TiO2. All samples stored in laboratory air demonstrated similar shrinkage, though the shrinkage of the TiO2 mortars was slightly greater than that of the control mortar. When samples were kept in a specially designed CO2 chamber for up to 90 days, those containing TiO2 exhibited little to no carbonation depth, while carbonation was observed in the control samples. Mortars containing higher levels of TiO2 outperformed the control samples that did not include TiO2. Additionally, none of the samples showed signs of cracking or significant mass loss due to sulfate exposure. Sun et al. [70] studied the effects of 0.5%, 1.0%, 1.5%, and 2% of two types of TiO2 (5 nm and 25 nm) with three w/c ratios (0.30, 0.40, 0.50) in cement mortar and the results showed that the addition of 5 nm TiO2 significantly enhanced compressive strength compared to the 25 nm particles. The highest enhancement (32%) was achieved with 0.5% of 5 nm TiO2 after 28 days (w/c = 0.30). The nano-TiO2 particles accelerated cement hydration, refined the crystalline size of Ca(OH)2, and improved the degree of hydration. However, agglomeration was observed, especially at higher dosages. Additionally, compressive strength decreased with increasing w/c ratios, higher dosages, and larger sizes of TiO2 particles. Casagrande et al. [71] studied two types of cementitious mortars, industrialized and non-industrialized, using three commercial TiO2 powders: P25 (Degussa), anatase (Crenox), and anatase (Nanostructured Amorphous Materials Inc). The TiO2 was added in varying proportions (3%, 5%, 7%, and 10% by weight of cement). The w/c ratio was 0.84 for industrialized and 0.75 for non-industrialized mortars. For industrial mortars, an air-entraining admixture was utilized, while a superplasticizer admixture was employed for non-industrialized mortars. The superplasticizer was used because the air-entraining agent was not effective in achieving a spread on the table comparable to that of the industrial mortars. Incorporating TiO2 in combination reduced the flowability of the mortars. Industrialized mortars exhibited a smoother surface, while non-industrialized mortars had a rougher surface. The highest flexural strength was achieved in non-industrialized mortars with 10% Crenox, while industrialized mortars using 3% P25 nano-TiO2 showed the best flexural strength. Moro et al. [72] investigated the various percentages of nano-TiO2 (from 0% to 3% in increments of 0.001%) with a particle size of 21 nm (85% Anatase + 15% Rutile, Purity > 99.5%) and different w/b ratios (ranging from 0.38 to 0.42 in intervals of 0.01) in cement mortar. They discovered that TiO₂ has a dual beneficial effect on compressive strength by reducing porosity and enhancing hydration products, particularly under conditions of a high water-to-binder (w/b) ratio. However, at low w/b ratios, TiO2 may decrease the hydration products, resulting in reduced compressive strength. The optimal percentage of TiO2 was influenced by the w/b ratio and age, with the best performance observed at 1% TiO2 when the w/b ratio was 0.38 (~12% compressive strength improvement). Jiang et al. [73] investigated the effects of 0.1%, 0.5%, and 1% nano-TiO2 (10 nm, Purity ≥ 99%) in cementitious composites with a w/c ratio of 0.20. The water reducer was a polycarboxylate superplasticizer with a solid content of 45%, capable of reducing water content by up to 30%. The findings indicated that the 0.5% concentration yielded the greatest enhancement in compressive strength, achieving an increase of 20.8%. Additionally, the inclusion of TiO2 resulted in a reduction in electric resistivity, with decreases of 32.8%, 27.6%, and 42.6% observed for the 0.1%, 0.5%, and 1% concentrations, respectively.

[bookmark: Table2OrdinaryCement]Table 5. The Used and Optimal Dosage of TiO2, w/b Ratios, and Property Improvements at 7, 28, and 90 Days in Ordinary Cement Mortars and Pastes.
	[bookmark: _Hlk144997674][bookmark: OLE_LINK1] Type of TiO2
	  TiO2 (%)
	  w/b
	Enhancement (%)
	Author

	
	Used
	Optimal
	Used
	Optimal
	Compressive
	Flexural
	

	P25, 21nm (75% Anatase + 25% Rutile) & Anatase (350nm, Purity: 99%)
	5,10
	10
	0.485
	0.485
	25
	-
	Chen [60]

	P25 Degussa
	5,10
	5
	0.50
	0.50
	18
	-
	Meng [61]

	25nm
	1,3,5
	5
	0.4,0.6
	0.40
	20
	-
	Zhang [62] 

	5nm, Purity:99.9%
	1,5
	5
	0.44
	0.44
	CH (251); C-S-H (12)
	Akono [63]

	Surface Area: 50 m²/g
	1-5
	3
	0.58
	0.58
	-
	61.9
	Ma [64] 

	20−50 nm, Purity>99.5% 
	0.1, 0.5, 1.0,1.5
	1
	0.40
	0.40
	-
	8.26
	Feng [65] 

	15nm, Purity>99.9% 
	0.25,0.75,1.25,1.75
	0.75
	0.50
	0.50
	19.33
	15.1
	Salman [66] 

	10-30 nm, Purity:99.5%
	0.5,1.0,1.5,3.0
	1.5
	0.45
	0.45
	30
	-
	Kadhim [67] 

	21nm, Anatase
	[bookmark: _Hlk176993209]2.5,3.5,5,10
	2.5
	0.55
	0.55
	32.1 (Permeability)
	Shafaei [68] 

	0.2912-0.6746 µm, Purity:98%
	3,6,9
	6
	0.50
	0.50
	8 90 days
	-
	Shaaban [69] 

	5nm
	0.5-2.0
	0.5
	0.3,0.4,0.6
	0.30
	32
	-
	Sun [70] 

	25nm
	
	1
	
	
	7.67
	-
	

	P25 (Degussa, 80% Anatase + 20% Rutile), Crenox (Anatase), Nanostructured Amorphous Materials Inc (Anatase)
	3,5,7,10
	3 (P25*)
	0.84*, 0.75** 
	0.84*, 0.75** 
	-
	100
	Casagrande [71] 

	
	
	10 (Crenox**)
	
	
	-
	47
	

	21nm (85% Anatase +15% Rutile), Purity>99.5%
	0-3
	1
	0.38-0.42
	0.38
	12 7 days
	-
	Moro [72] 

	10 nm, Purity≥99%
	0.1,0.5,1
	0.5
	0.2
	0.2
	20.8
	-
	Jiang [73]


     * Industrialized
  ** Non-Industrialized


3.2. Specific Conditions

3.2.1. Harsh Environments
     Daniyal et al. [74] studied the impact of 1%, 3%, and 5% TiO2 (30 nm) on cementitious composites under various exposure conditions. During the experiment, they utilized tap water (pH: 7.11), saline water (3.5% NaCl, pH: 7.27), and an acidic solution (1% H₂SO₄, pH: 1.12). The water was stirred for 10 minutes to ensure the proper dispersion of TiO2 (w/b = 0.45). The SEM images in Fig. 5, with different magnifications, revealed that incorporating 5% TiO2 had a positive effect on the C-S-H gel content, decreased the calcium hydroxide (C–H) and calcium aluminate sulfate hydrate (C–A–S–H) values, modified the microstructure, enhanced the particle-packing density, and reduced the porosity. The compressive strength of mortar with 5% TiO2 after 28 and 360 days exhibited higher resistance than the control sample. The greatest improvement was observed in potable water curing, with an increase of 11.7% at 28 days. In comparison, enhancements were 16.2% in tap water, 26.14% in saline water, and 25.80% in acidic solution after 360 days. The XRD analysis in Fig. 6 indicates that incorporating nano-TiO2 increases the C–S–H gel content, which may improve the microstructural and durability characteristics of cementitious composites.

[image: ]
[bookmark: FigControl5NT]Fig. 5. SEM Images of (a) Control and (b) 5% NT Mortar [74].
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[bookmark: FigXRDControl5NT]Fig. 6. XRD Patterns of (a) Control and (b) 5% NT Mortar [74].

Moro et al. [75] examined how different percentages of TiO2 (85% Anatase + 15% Rutile, Purity > 99.5%) ranging from 0% to 2% and varying w/c ratios (0.45, 0.50, 0.55) affect calcium hydroxide, porosity, and CO2 absorption in cement paste subjected to a CO2 environment for 24 hours at 14 and 28 days. The temperature and relative humidity during the CO2 exposure were 21 ± 0.5 °C and 25 ± 2%, respectively. The results indicated that adding TiO2 up to a specific limit enhanced the CH content and reduced porosity, leading to contrasting effects on CO2 uptake. At both 14 and 28 days, CO2 uptake was higher with an increased water-to-cement ratio. With a high w/c ratio of 0.55, the addition of 1% nano-TiO2 resulted in a 12% decrease in porosity for unexposed samples compared to those without nanoparticles. After CO2 exposure, the same 1% nano-TiO2 led to a 14% reduction in porosity compared to exposed samples without nanoparticles. Regarding the effect of exposure, samples containing nanoparticles exhibited a greater reduction in porosity than the reference specimens. In samples with 1% nano-TiO2 and a w/c ratio of 0.55, CO2 exposure caused a 7% reduction in porosity. In contrast, samples without nanoparticles showed only a 5% decrease in porosity. Qudoos et al. [76] investigated the effects of 3%, 6%, 9%, and 12% nano-TiO2 (10~60 nm, Anatase, Purity: 99%) on the sulfate attack resistance of OPC and slag-blended mortars (w/b = 0.40) when subjected to a 10% Na2SO4 solution at temperatures of 25°C and 5°C. A polycarboxylate ether-based water-reducing admixture (0%–1.2% of the binder weight) was added to modify the fluidity of the mortars. The findings revealed that the addition of nano-TiO2 resulted in increased expansion, mass variation, loss of surface microhardness, and widening of cracks in both types of mortars. Notably, slag-blended mortars containing nano-TiO2 demonstrated superior resistance to sulfate attacks compared to OPC mortars, as the nanoparticles contributed to a reduction in coarse pore size, which enhanced crystallization pressure and led to greater damage. Furthermore, mortars exposed to higher temperatures (25°C) were found to be more vulnerable to sulfate attack, exhibiting increased expansion and cracking compared to those tested at 5°C. At 28 days, the samples containing 6% TiO2 + GGBS exhibited the greatest enhancement in compressive strength, achieving approximately an 18% increase. At the same time, the samples containing 3% TiO2 and GGBS demonstrated the most notable enhancement in flexural strength, attaining a 7% increase compared to both the samples with only GGBS and those that did not include TiO2.

[bookmark: _Hlk201056911]3.2.2. Elevated Temperatures
     Farzadnia et al. [77] substituted 1% (NT1), 2%(NT2), and 3%(NT3) of cement with nano-TiO2 (21 nm, Aeroxide P25) in mortars containing 5% silica fume and subjected them to temperatures up to 1000°C (w/b = 0.35). A 2% naphthalene sulfonate-based superplasticizer was employed and maintained at a constant level throughout the study. The addition of nano-TiO2 increased the compressive strength by up to 14%, peaking at 2%, while 1% nano-TiO2 had a better effect on the relative modulus of elasticity. The residual compressive strength decreased more gradually with nano-TiO2 compared to the control samples up to 400°C. Energy absorption improved by all percentages of nano-TiO2, but declined above 300°C. All nano-TiO2 levels increased brittleness, with NT2 showing more stability than NT1 and NT3. Mass loss occurred in three stages, with nano-TiO2 reducing mass loss up to 300°C but increasing it thereafter. The XRD results showed a reduction in CH peak intensity with the addition of 2% nano-TiO2, while SEM images revealed hairline cracks and increased porosity at higher temperatures. The gas permeability coefficient showed a minor decrease of 4% when 2% nano-TiO2 was added at room temperature. In contrast, at 600°C, the control samples displayed lower permeability.

3.2.3. Curing at Different Temperatures
[bookmark: _Hlk200645774][bookmark: _Hlk200530813]     Pimenta Teixeira et al. [78] investigated the effects of using 0.8%, 2.5%, and 5% TiO2 (PC105, Anatase, 1 µ) in cement mortar. They found that higher curing temperatures improved early hydration and compressive strength at 3 and 14 days, but reduced the strength at 28 days (w/b = 0.50). The ideal TiO2 content for maximum compressive strength varied with temperature: 2.5% at room temperature (approximately 10% improvement), and 0.8% at both 40°C and 60°C (also around 10% enhancement). At 60°C, the control sample without TiO2 showed better compressive strength and electrical resistivity than all TiO2-modified samples at all ages. However, the sample with 0.8% TiO2 exhibited the lowest porosity after 28 days of curing. According to Wang et al. [79], replacing 1-5% of cement with TiO2 (10–25 nm, Purity: 99.8%) in cement mortar and curing at different temperatures (0°C, 5°C, 10°C, and 20°C) at 3, 7, 28, and 56 days had varied effects on strength and durability (w/b =  0.50). In this study, a polycarboxylic-type water-reducing agent was utilized to maintain optimal workability. Low temperatures negatively affected the setting time of cement pastes. However, the addition of TiO2 significantly reduced the setting time, with shorter times observed at higher concentrations (Fig. 7). The degree of hydration improved with increased curing time and temperature, and TiO2 accelerated this process. An optimal dosage of 2% TiO2 was found to enhance strength development (~6% compressive and ~57% flexural at 28 days and 20°C), while higher amounts led to a decrease in strength. Mercury intrusion porosimetry (MIP) results showed that 2% TiO2 reduced pore volume and size, indicating a denser microstructure (Fig. 8). Although TiO2 nanoparticles were inert, they promote hydration, leading to more hydration products, as confirmed by XRD tests at 28 days (Fig. 9). No new hydrates were generated; however, the diffraction peaks of hydration products were more pronounced in pastes containing TiO2. The SEM analysis revealed that the paste with 2% TiO2 exhibited a denser microstructure with closely bonded C-S-H gels and ettringite compared to ordinary cement paste, especially under varying curing temperatures.

[image: ]
[bookmark: FigInitialbFinalsettingtime]Fig. 7. (a) Initial; (b) Final Setting Time of Cement Pastes [79].
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[bookmark: FigIntegralcurves]Fig. 8. (a)Integral Curves of Pore Size Distribution of Specimens; (b)Differential Curves of Pore Size Distribution of Specimens [79].
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[bookmark: FigXRDpatterns]Fig. 9. (a) XRD Patterns of Ordinary Cement Pastes at Various Temperatures; (b) XRD Patterns of Cement Pastes with 2% TiO2 Nanoparticles at Various Temperatures [79].

[bookmark: _Hlk200645794]Francioso et al. [80] showed that the addition of nano-TiO2 (IV, 21 nm) in cement mortar with varying percentages of TiO2 (0.25%, 0.5%, and 1%) had different effects on strength and durability based on curing temperature (5°C, 20°C, and 45°C) after 7 days (w/b =  0.50). The addition of TiO2 enhanced compressive strength across all curing temperatures, with a 1% replacement yielding the highest improvement (114%) at 5°C. For higher temperatures (20°C and 45°C), a 0.5% substitution was optimal. Flexural strength improved significantly at lower temperatures, achieving a 65% increase at 20°C with 0.5% TiO2. In addition, TiO2 promoted calcium hydroxide formation and modified pore structure, reducing total porosity at 20°C but increasing air voids in most cases. Figure 10 illustrates the 3D pore structure of both the reference mortar (MC-R) and the mortar containing 0.5% TiO2 (MC-Ti0.5).
[image: ]
[bookmark: _Hlk80224762][bookmark: FigPorestructureofmortarsamplescure]Fig. 10. Pore Structure of Mortar Samples Cured at Three Temperatures [80].

3.2.4 Curing with Industrial Wastewater 
[bookmark: _Hlk202637519]     Gopalakrishnan et al. [81] incorporated 2–10 % nano-TiO₂ (15 nm, Purity > 99%) into cement mortar, curing it with industrial wastewater at 3, 7, and 28 days. They found that a 10% TiO₂ addition resulted in the highest compressive strength enhancement of 30.64% at 28 days, along with an electric resistance of 45 kΩ·cm compared to the control sample's 10 kΩ·cm. Additionally, there was a reduction in porosity (~75%), a decrease in the coefficient of water absorption (~50%), and a lower sorptivity. The initial and final setting times were also shortened by 20 and 15 minutes, respectively. Overall, the use of wastewater-cured nano-TiO₂ significantly improved early hydration kinetics and durability properties. This enhancement in durability is mainly attributed to the reduction and modification of the orientation index and nucleation sites of the TiO₂. Important dissolved solids in the solution phase (Ca²⁺, K⁺, Na⁺, SO₄²⁻, and OH⁻) significantly influenced the hydration properties during the initial curing stage.

3.2.5. Neutron Shielding
[bookmark: _Hlk200546052]     Park et al. [82] used the Monte Carlo n-particle transport (MCNP) code to study the neutron shielding performance of cement paste walls with different thicknesses (0, 5, 10, 20, 30, and 50 cm) containing 5%, 10%, and 15% TiO2 (IV, Anatase < 25 nm). A polycarboxylate superplasticizer was used to disperse the nano-TiO2 powder, ensuring the paste maintained adequate workability. The research revealed that TiO2 enhanced the shielding against thermal, slow, and intermediate neutrons by reducing nanosized pores (w/c = 0.30). The 10% nano-TiO2-incorporated cement paste exhibited higher improvement in compressive strength (10% at 28 days) and density compared to the OPC paste, attributed to the filling effect of nano-TiO2, as confirmed by porosity measurements. The XRD and thermogravimetric analysis - differential thermal analysis (TG-DTA) analyses revealed minimal changes in C-S-H gel production, with slight reductions in portlandite and ettringite using nano-TiO2. The MCNP simulation results indicated improved neutron shielding performance in the thermal, slow, and intermediate neutron energy regions with increased nano-TiO2 content; however, no significant enhancement was observed in the fast neutron energy region due to similar neutron reaction cross sections of Ti, Ca, and Si. The study suggests that a cement paste with nano-TiO2 can be suitable for nuclear facilities and laboratories that require neutron shielding for energies below those of fast neutrons. While incorporating nano-TiO2 enhances durability and neutron-shielding safety, it also raises the total cost of heavyweight concrete by approximately 3% due to the optimal dosage of 10% commercial nano-TiO2 (about 1% in normal heavyweight concrete). 

[bookmark: _Hlk201655451]3.2.6. Marine Environment 
     Joshaghani et al. [83] investigated the durability of mortar mixtures in a simulated marine environment by partially replacing limestone cement with 3% and 5% TiO2 (22 nm, Purity > 99.9%). After over 350 days of immersion, the reference cement mortar showed significant mass loss due to sulfate erosion, while the TiO2 mixtures remained largely unaffected, with 3% TiO2 providing optimal protection (w/c = 0.37). The incorporation of TiO2 enhanced the mortar's pore structure and durability, while reducing deterioration compared to control specimens. Early immersion tests indicated greater chloride penetration with increased sulfate content; however, low levels of TiO2 helped alleviate the effects of sulfate attack. In sodium sulfate solutions devoid of chlorides, the samples exhibited minimal changes for up to 350 days, after which they started to crack and swell due to sulfate interactions with aluminates and the formation of ettringite. Notably, the control mortar experienced more mass loss than the samples containing 3% TiO2 and 5% TiO2. In NaCl solutions, mass gain was linked to hydration and microstructural changes, while higher sulfate content led to less degradation, with 3% TiO2 performing best. The S5 solution {NaCl (165 g/L) + Na2SO4 (27.5 g/ L) + MgSO4 (27.5 g/L)}, rich in dissolved salts, caused all samples to swell due to ettringite formation. In the rapid chloride permeability test (RCPT), 3% TiO2 mixtures showed a more significant reduction in charge passed, improving permeability from moderate to low, but S4 {NaCl (165 g/L) + Na2SO4 (55 g/L)} had lower chloride ion permeability than others, and S5 performed poorly. In the half-cell potential test, the control mixture showed the lowest resistance to wet-dry cycles, reaching −350 mV in 119 days, whereas the mixtures with 3% TiO2 and 5% TiO2 reached this level in 135 days. A significant reduction in half-cell potential signaled active corrosion in the combined solutions, with TiO2 slowing down chloride penetration. However, higher concentrations of Na2SO4 lessened the effects of chlorides. All mixtures entered the high corrosion probability zone sooner in NaCl, Na2SO4, and MgSO4 solutions, showing lower resistance compared to others.
     
[bookmark: Table2]Table 6. The Used and Optimal Dosage of TiO2, w/b Ratios, and Property Improvements at 28 and 360 Days in Cement Mortars and Pastes Under Specific Conditions.
	[bookmark: _Hlk158457807]Condition
	Type of TiO2
	TiO2 (%)
	w/b
	Enhancement (%)
	Author

	
	
	Used
	Optimal
	
	Compressive
	Flexural
	

	Tap Water
	30 nm
	1,3,5
	5
	0.45
	11.7; 16.21360 days
	-
	Daniyal [74]

	Saline Water
	
	
	
	
	26.14 360 days
	-
	

	Acidic Solution
	
	
	
	
	25.80 360 days
	-
	

	CO2 Exposure
	21 nm (85% Anatase + 15% Rutile, Purity>99.5%)
	0.5,1,2
	1
	0.45
	CH, Durability
	Moro [75]

	Sulfate Attack
	10~60 nm, Anatase, Purity> 99%
	3,6,9,12
	6
	0.40
	18
	-
	Qudoos [76]

	
	
	
	3
	
	-
	7
	

	Elevated Temperatures
	Aeroxide P25, 21nm
	1,2,3
	1*,2
	0.35
	14 (Residual)
	Farzadnia [77]

	Curing at Room temperature
	PC105, 1µ, Anatase
	[bookmark: _Hlk177078084]0.8, 2.5,5
	2.5
	0.50
	10
	-
	Pimenta Teixeira [78]

	Curing at 40°C
	
	
	0.8
	
	10
	-
	

	Curing at 60°C
	
	
	
	
	-
	-
	

	Curing at 0-20 °C
	10–25 nm, Purity: 99.8%
	1-5
	2
	0.50
	6 (20 oC)
	57 (20 oC)
	Wang [79]

	Curing at 20–45 °C
	NT IV, 21nm
	0.25,0.5,1
	0.5
	0.50
	-
	65
	Francioso [80]

	[bookmark: _Hlk204467991]Curing at 5°C
	
	
	1
	
	114
	-
	

	Curing with Industrial Wastewater
	15 nm, Purity> 99%

	2-10
	10
	-
	30.64
	-
	Gopalakrishnan [81]

	Neutron Shielding
	< 25 nm, Anatase)
	5,10,15
	10
	0.30
	10
	-
	Park [82]

	Marine Environment
	22 nm, Purity>99.9%
	3,5
	3
	0.37
	Durability
	Joshaghani [83]


  * Modulus of elasticity & Brittleness index.


3.3. Specific Additives

3.3.1. Dyes
     Ez-Zaki et al. [84] discovered that adding TiO2 (100% Anatase) powder to colored Portland cement mortars increased compressive strength and durability (w/c = 0.50). Composite mixtures were made using 5% of dyes: yellow iron oxy-hydroxide (FeO(OH)), blue manganese tellurate (MnTe2O5), and red iron oxide (Fe2O3). The best strength was achieved with 1% TiO2 and yellow dye. The improvement in strength (30%) was due to the faster hydration kinetics of silicate minerals. Replacing silica with TiO2 also enhanced the durability of the mortar. The inclusion of 1% nano-TiO2 in colored cement mortars had a negligible effect on workability or setting time. In general, nano-TiO2 improved pore structure refinement and resistance to penetration, with the least penetration observed in samples dyed blue and yellow at a 1% nano-TiO2 concentration, and in samples dyed red at a 3% nano-TiO2 concentration.

[bookmark: _Hlk92147619]3.3.2. Fly Ash (FA)
[bookmark: _Hlk206433647][bookmark: _Hlk204468418]      Ma et al. [85] investigated the substitution of cement with 1%-3% TiO2 (21 nm) and fly ash (FA) at levels of 10%, 20%, and 30% in cement systems with a water-to-binder ratio of 0.50. The three primary functions of nano-TiO2 in FA-cement-based materials include accelerating early hydration, improving the pozzolanic reaction of FA, and facilitating the formation of calcium silicate hydrate (C-S-H) with a long chain and a high aluminum-to-silicon (Al:Si) ratio. The study revealed that adding TiO2 improved early compressive strength, with higher amounts yielding greater benefits, though excessive TiO2 reduced later strength. In contrast, fly ash (FA) enhanced strength over time. The optimal mix for maximum strength at 90 days was 3% TiO2 and 20% FA, resulting in an 8.06% increase (7% at 28 days). Titanium dioxide promoted early hydration of cement, improved the pozzolanic reaction of fly ash (FA), and helped the formation of calcium silicate hydrate (C-S-H) with a high aluminum-to-silicon (Al:Si) ratio. Incorporating nano-TiO2 (NT) into cement pastes increased the hydration exothermic rate, indicating that NT promotes early hydration and accelerates the formation of hydration products. Although TiO2 decreased fluidity and setting time, this impact diminished as the fly ash (FA) content increased. Huang et al. [86] investigated the effects of 0.5%, 1%, and 2% nano-TiO2(18 nm, Purity: 99.9%) combined with fly ash (FA/OPC = 0.313) in cementitious systems (pastes and mortars) cured at standard (23°C) and low (4°C) temperatures (w/b = 0.45). A high-range water-reducing admixture (HRWR) was incorporated during mixing to guarantee sufficient workability and facilitate the dispersion of nano-TiO2. A consistent amount of HRWR, equal to 0.25% of the total weight of the cementitious materials, was utilized in all mixtures. The inclusion of nano-TiO2 accelerated hydration in both OPC + TiO2 and fly ash + TiO2 pastes, with a more significant acceleration observed at higher dosages and in systems cured for shorter periods, especially at low temperatures. Notably, nano-TiO2 hastened the emergence of key hydration peaks, particularly in fly ash pastes, with acceleration rates at low temperatures being 3 to 7 times higher than those at room temperature. For fly ash pastes, the increase in hydration products due to nano-TiO2 was more pronounced at early ages (3 and 7 days) compared to 28 days, with enhanced effectiveness noted at lower curing temperatures. Thermal indicators from isothermal calorimetry suggested that nano-TiO2 shortened the setting time for both OPC + TiO2 and fly ash + TiO2 mixtures, particularly in cooler conditions. The incorporation of 0.5% nano-TiO2 resulted in an estimated 10% improvement in compressive strength at 28 days for the OPC + TiO2 blend at 23 °C. Moreover, the mixture of 0.5% nano-TiO2 and fly ash demonstrated approximately a 32% increase in compressive strength at 28 days and 23 °C when compared to reference samples without nano-TiO2. 

3.3.3. Fly Ash-based Geopolymer
[bookmark: _Hlk80487259][bookmark: _Hlk200645879]     Duan et al. [87] explored the impact of 1%, 3%, 5% nano-TiO2 (P25, 75% Anatase + 25% Rutile) with particle sizes ranging from 1 nm to 30 nm on the properties of fluidized bed fly ash-based geopolymer, focusing on compressive strength, drying shrinkage, carbonation, and microstructure at different curing ages. Specimens were created through alkali activation with sodium silicate and sodium hydroxide, followed by microwave and heat curing. The liquid/solid (L/S) mass ratio was constant at 0.50. Results indicated that TiO2 addition enhanced compressive strength, especially with 5% nano-TiO2 at 28 days (5.4%). The shrinkage-reducing effect was evident after 5 days for 1% nano-TiO2 and 2 days for 3% and 5%. Carbonation resistance improved significantly after 28 days. Scanning electron microscopy, mercury intrusion porosimetry (MIP), and microstructure simulations demonstrated that nano-TiO2 improves microstructure and carbonation resistance while decreasing drying shrinkage, which correlates positively with mechanical properties and durability. Furthermore, the observed flow diameters showed an inverse correlation between the percentage of TiO2 and workability, where higher TiO2 content resulted in reduced workability.

3.3.4. Alkali-Activated Slag Paste (AASP)
     According to Yang et al. [88], incorporating 0.5% TiO2 (20-100 nm) into AASP enhanced compressive and flexural strengths at 3, 7, 28, and 90 days (w/b = 0.40). This study utilized S95 slag with a specific surface area of 436 m²/kg and a 2.90 g/cm³ density. Both the reference group and the TiO2 group were cured under two different conditions: one at 20 ± 3°C with 90 ± 5% relative humidity (RH), and the other at 20 ± 3 °C with 55 ± 5% RH. The addition of nano-TiO2 to the AASP improved both compressive strength (by 9%) and flexural strength (by 38%) after 28 days. It also decreased the shrinkage of the paste cured at 20 ± 3°C with 90 ± 5% or 55 ± 5% relative humidity (RH), with shrinkage curves stabilizing after 28 days at 90 ± 5% RH, while continuing to increase until 90 days at 55 ± 5% RH. Despite these improvements, the shrinkage strain remained excessively high, indicating a need for additional solutions. Fourier transform infrared spectroscopy (FTIR) and SEM analyses demonstrated that nano-TiO2 sped up the hydration process of AASP, resulting in a greater amount of hydration products and a denser structure. The MIP results showed that nano-TiO2 reduced the overall porosity of AASP and modified the pore structure, significantly decreasing the porosity of 1.25-25 nm mesopores, which have been associated with high shrinkage in AASP.

3.3.5. Self-Compacting Mortar (SCM)
     Mohseni et al. [89] investigated the effects of adding 1%, 3%, and 5% nano-TiO2 (15 nm) along with 25% fly ash to SCM with a water-to-binder ratio of 0.40. The incorporation of TiO2 enhanced the physical and mechanical properties of the mortars, with greater dosages leading to further improvements. The rheological properties of samples with various nanoparticle combinations showed slight enhancements compared to the control, with the 5% NT samples exhibiting the most significant improvement (30%). The addition of TiO2 increased compressive strength at all curing ages, with the 5% TiO2 showing the highest enhancement (~15%) at 90 days. Electric resistivity rose from 7.2 kΩ.cm for the control sample to 25 kΩ.cm. Results from the rapid chloride permeability test (RCPT) and water absorption (approximately 11%) indicated improvements as well. Rao et al. [90] investigated the incorporation of 0.5%, 0.75%, and 1% nano-TiO2 (20 nm) in self-compacting mortars, utilizing binder:sand ratios of 1:1 and 1:2, while substituting 30% of the cement with fly ash (w/c = 0.43). All mortars met reference values for fresh-state properties from mini-cone and mini-V-funnel tests. Nevertheless, the incorporation of nanomaterials decreased the growth rate of compressive and flexural strengths, especially with 1.0% TiO2 in the 1:2 mix. This decline in mechanical strength was linked to difficulties in nanoparticle dispersion, with compressive strength losses reaching around 18% at 91 days for the 1% nano-TiO2 mix. By incorporating 0.5% TiO2, the greatest improvements in compressive and flexural strengths were observed at 91 days, with increases of 1.7% and 5% respectively, for 1:1 mixes, and 2.5% and 1.5% for 1:2 mixes. Water absorption (open porosity) increased with nano-TiO2, though 1:2 mixes showed slightly lower porosity than 1:1 mixes. The 1:1 mixes, 1:2 reference mix, and 0.5% TiO2 mix exhibited greater compactness, creating a barrier to CO2 propagation. 

3.3.6. Black Rice Husk Ash (BRHA)
     Black rice husk ash is a by-product of the rice milling industry, produced by incinerating rice husks. Noorvand et al. [91] studied the effects of untreated BRHA (10%, 20%, and 30%) and TiO2 (0.5%, 1.0%, and 1.5%) on cement mortar with a w/b ratio of 0.35, using superplasticizer concentrations of 1.4%, 1.6%, 2.2%, and 3.5%. The addition of BRHA reduced compressive strength by 5%, 17%, and 27% at 7 days for 10%, 20%, and 30% replacements, respectively, though strength improved from 7 to 28 days with increasing BRHA. Titanium dioxide enhanced compressive strength at all levels, with 1.5% yielding increases of 10%, 18%, and 17% at 7, 28, and 90 days for 10% BRHA samples. However, 20% and 30% BRHA with 1.5% TiO2 showed lower strengths than the control, despite better strength development than 10% BRHA. Workability declined with the replacement of BRHA, especially at higher percentages, and TiO2 further diminished flowability, although this effect was less pronounced at elevated BRHA levels. The XRD results indicated an increase in calcium hydroxide (CH) content at 7 days with higher BRHA; however, this trend reversed from 7 to 28 days, with 10% BRHA showing increased CH and 30% exhibiting greater CH consumption. Differential scanning calorimetry (DSC) indicated a transformation of CH crystals, and SEM images showed increased CH consumption and matrix densification with TiO2. Figure 11 illustrates the microstructure modification with nano-TiO2 compared to the control sample.
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[bookmark: FigBRHA]Fig. 11. SEM Images of BRHA Mortars without NT (a) and with 1.5% NT (b) at 28 Days [91].

3.3.7. Recycled Expanded Glass Aggregate (REGA)
[bookmark: _Hlk177815610]     Recycled expanded glass aggregate is produced by heating recycled glass, creating a lightweight, porous material that is easier to handle than traditional aggregates. Its porous structure provides excellent thermal insulation and resistance to rot, leaching, and fire. It is used as a lightweight fill in construction applications such as backfill for retaining walls, sub-slab insulation, green roofs, and soil aeration. Using REGA helps reduce landfill waste and the demand for natural aggregates. (see https://www.aeroaggna.com/). Yousefi et al. [92] investigated cement mortar incorporating 1% TiO2 (30 nm, Purity: 99.98%) and varying percentages of REGA (0%, 50%, 100%) and superplasticizer with a w/c ratio of 0.40. The results indicated that using REGA significantly lowered density and compressive strength due to its porous characteristics. As the proportion of REGA increased, workability and water absorption also rose, which was linked to REGA's higher porosity than natural aggregates. Importantly, REGA reduced the heat transfer rate of the cement composite, indicating possible energy savings for buildings. The addition of nano-TiO2 partially offsets the increases in water absorption and reductions in compressive strength. However, incorporating nano-TiO2 also raised the heat transfer rate and insulation properties, as it functioned as a nanofiller that modified the pore structure. In summary, replacing natural aggregates with REGA enhanced the thermal insulation properties of cement mortar by decreasing heat transfer rates.

3.3.8. Recycled Aggregate (RA)
[bookmark: _Hlk200576897]     Moro et al. [93] incorporated 0.5%, 1.0%, and 2.0% TiO2 IV (21 nm, 85% Anatase + 15% Rutile, Purity > 99.5%) into cement mortar made with 100% recycled aggregate at room and elevated temperatures (20°C, 250°C, and 500°C). Using 100% recycled aggregate instead of natural aggregate negatively impacted high-temperature resistance, affecting compressive and flexural strengths (w/c = 0.55). At 20°C, the compressive and flexural strengths increased by 0.5% and 1% TiO2, respectively; however, TiO2 adversely affected high-temperature resistance. This may be due to differing thermal properties of materials (e.g., old cement paste, new cement paste with nano-TiO2, and recycled aggregate), leading to internal stresses at elevated temperatures. These stresses can cause failure at lower strengths because of a weaker interfacial transition zone (ITZ) between the new and old cement pastes. The SEM and differential scanning calorimetry (DSC) results suggest that the strength loss associated with 1% TiO2 after 500 °C exposure is not linked to increased CH decomposition; rather, nano-TiO2 may enhance the high-temperature resistance of CH. Moreover, ductility before failure was enhanced in recycled aggregate mortars after exposure to 500 °C, whereas mortars with natural aggregate exhibited lower ductility under the same conditions. Florean et al. [94] investigated the effects of 2%, 3%, 4%, and 5% TiO2 nanoparticles (AEROXIDE P25) on the physical and mechanical properties of cementitious composites that partially replaced natural aggregates (NAs) with recycled materials, including glass (RGA), brick (RGB), blast-furnace slag (GBA), and recycled textolite waste (RTA) with waste electrical and electronic equipment (WEEE), utilizing a water-to-cement ratio of 0.60-0.65 and using superplasticizer in combination. After 28 days, the results showed that substituting NAs with recycled aggregates led to a decrease in density, particularly with RGB and RTA. However, the addition of TiO2 nanoparticles resulted in a slight increase in density, ranging from 0.2% for RTA to 7.4% for NAs. The compressive strength improved by 18%, while flexural strength increased by 26% with the addition of 4% TiO2 across all composites at w/c = 0.64. Abrasion loss ranged from 2.4% to 5.71%, and water absorption coefficients were between 0.03 and 0.37 kg/m²min0.5, influenced by the type of aggregate and the quantity of nanoparticles. Scanning electron microscopy and energy-dispersive X-ray spectroscopy (EDS) confirmed the uniform distribution of TiO2 nanoparticles, which serve as nucleating agents during the early stages of hydration.





















[bookmark: Table3]Table 7. The Used and Optimal Dosage of TiO2, w/b Ratios, and Property Improvements at 28 and 90 Days in Cement Mortars and Pastes with Specific Additives.
	Additive
	Type of TiO2
	 TiO2 (%)
	w/b
	Enhancement (%)
	Author

	
	
	Used
	Optimal
	
	Compressive 
	Flexural
	

	Yellow Dye
	Anatase, Purity:100%
	1,3
	1
	0.50
	30
	-
	Ez-Zaki [84]

	Blue Dye
	
	
	1
	
	Permeability
	

	Red Dye
	
	
	1
	
	24
	-
	

	FA
	21 nm
	1-3
	3
	0.50
	7; 8 90days
	-
	Ma [85]

	
	18 nm
	0.5,1,2
	0.5
	0.45
	10 (23 oC)
	-
	Huang [86] 

	
	
	
	
	
	32 (4 oC)
	
	

	FA-based Geopolymer
	P25,1-30 nm (75% Anatase + 25% Rutile)
	1,3,5
	5
	0.50*
	22
	-
	Duan [87]

	AASP
	20-100 nm
	0.5
	0.5
	0.40
	9
	38
	Yang [88]

	SCM
	15 nm
	1,3,5
	5
	0.40
	15 90 days
	-
	Mohseni [89]

	[bookmark: _Hlk202361545]
	20 nm
	0.5,0.75,1
	1
	0.43
	1.7 (1:1)90 days
	 5 (1:1;90 days)
	Rao [90]

	
	
	
	
	
	2.5 (1:2)90 days
	1.5 (1:2;90 days)
	

	BRHA
	15nm
	0.5,1.0,1.5
	1.5
	0.35
	18
	-
	Noorvand [91]

	REGA
	30nm, Purity:99.98%
	1
	1
	0.40
	-
	Yousefi [92]

	RA
	21nm (85% Anatase + 15% Rutile, Purity>99.5%)
	0.5,1,2
	0.5 (Compressive); 1 (Flexural)
	0.55
	-
	Moro [93]

	
	AEROXIDE P25
	2,3,4,5
	4
	0.64
	18
	26
	Florean [94]


        * Liquid/Solid


4. Discussion

     Cement mortar and concrete are foundational materials in civil engineering, valued for their binding properties and strength. The performance of these materials is primarily evaluated based on strength, durability, and workability. Achieving an optimal balance among these properties is crucial, as factors such as the water-to-cement ratio can significantly influence the outcome. Incorporating TiO2 and various pozzolans in cementitious composites presents significant opportunities for improving performance. Enhancing the hydration and microstructure of cementitious composites is essential for improving their physical and mechanical properties [95]. Figure 12 presents the SEM image of a typical TiO2 sample (Anatase, 305 µm, Purity > 97.7%) from the authors' research. The TiO2 particles exhibit a spherical, nanoscale morphology with a relatively uniform size distribution. The characteristics of this TiO2 are summarised in Table 8 and analysed by the Urmia cement factory laboratory using X-ray fluorescence (XRF). The fine nature of the TiO2 particles contributes to homogeneity, leading to improved compaction, reduced porosity, and minimised microcracks. Additionally, TiO2 acts as a catalyst in hydration reactions, promoting the formation of extra calcium silicate hydrate (C-S-H) and positively influencing early and hardened properties [96]. This process helps to fill voids, enhance density and strength, and decrease permeability [97]. 
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[bookmark: fig4]Fig. 12. SEM Images of TiO2 Particles.


[bookmark: Janczarek][bookmark: Table1TiO2][bookmark: TAB1][bookmark: _Hlk140683736]Table 8. Chemical and Physical Characteristics of TiO2.
	Component
	SiO2
 (%)
	Al2O3
(%)
	Fe2O3
 (%)
	CaO
 (%)
	MgO
 (%)
	SO3
(%)
	Na2O
 (%)
	K2O
(%)
	LOI
(%)
	TiO2
(%)
	Density
(g/cm3)
	Blaine
 (cm2/g)

	Value
	1.19
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
	0.22
	0.5
	97.7
	3.82
	 3050



     Utilising low concentrations of TiO2 in cementitious composites resulted in a significant enhancement in both strength and durability. The most substantial improvement in compressive strength for ordinary concrete at 28 days was obtained by Sadawy and Elsharkawy [12] with 1.5% TiO2, achieving a 95% increase, as depicted in Fig. 13. For ordinary cement mortar, the maximum increase reached 32% with the addition of 0.5% TiO2 by Sun et al. [70], illustrated in Fig. 14.


[bookmark: _Hlk204877739][bookmark: ImprovementCompressiveOrdinaryConcrete]Fig. 13. Improvement of Compressive Strength by TiO2 in Ordinary Concrete.



[bookmark: ImprovementCompressiveOrdinaryCement]Fig. 14. Improvement of Compressive Strength by TiO2 in Ordinary Mortar.

[bookmark: _Hlk198474274]     Moreover, the research results indicated that TiO2 can be blended with pozzolans in cementitious composites; however, careful selection is essential to maintain photocatalytic activity. Key pozzolans, including fly ash, GGBS, and silica fume, react with Ca(OH)₂ in the presence of water to produce an extra C-S-H gel. This gel fills the gaps between cement particles, forming a compact matrix that enhances the strength of the cement [98-100]. Additionally, the fine particles of pozzolans enhance the microstructure, contributing to denser and less permeable concrete. An appropriate amount of pozzolans and TiO₂ particles results in a denser microstructure, reducing both porosity and permeability. This improvement stems from the synergistic effects of the pozzolanic reaction of pozzolan and TiO2's photocatalytic properties. However, poorer mechanical properties may arise from the agglomeration of nanoparticles, which can create weaker areas within the hydrated binder matrix, possibly due to the ineffective dispersion of the nanoparticles [101-104]. On the other hand, using pozzolans and TiO2 together can increase the overall volume of the mix without achieving equivalent cementitious properties. This dilution reduces the effective cement content, lowering the concrete's overall strength. Inadequate particle packing may lead to voids within the concrete matrix, which can reduce its strength [105]. 
     The incorporation of small amounts of TiO2 in various types of concrete, cement mortars, and pastes—regardless of the presence of pozzolans—has demonstrated improvements in strength and durability, albeit with a reduction in workability. At 28 days, as shown in Fig. 15, the most significant improvement in compressive strength across various concrete types was achieved by Nazari and Riahi [25] with the addition of 4% TiO2, resulting in a 58.54% increase in self-compacting concrete (SCC). Additionally, mortars showed the greatest improvement of 114% by Francioso et al. [80] with 1% TiO2 when cured at 5°C (Fig. 16). Mortar mixed with fly ash at 23°C achieved a 32% increase with the addition of 0.5% TiO2 by Huang et al. [86] (Fig. 17).


[bookmark: _Hlk204422311][bookmark: CompressivevariousConcrete]Fig. 15. Improvement of Compressive Strength by TiO2 in Different Types of Concrete.

[bookmark: _Hlk204468190][bookmark: CompressivevariouscementCondition][bookmark: _Hlk204877883]Fig. 16. Improvement of Mortar Compressive Strength by TiO2 Under Specific Conditions.


[bookmark: Compressivevariouscementadditives]Fig. 17. Improvement of Mortar Compressive Strength by TiO2 in Specific Conditions.


5. Conclusions 

     This review examined the effects of titanium dioxide (TiO₂) on the physical and mechanical properties of cementitious composites, highlighting its function as a photocatalytic additive. The incorporation of TiO₂ into concretes and cement mortars notably improves mechanical properties, durability, and overall performance. Optimal dosages of TiO₂, ranging from 0.5% to 5%, can enhance the compressive strength of concrete by up to 95% and the flexural strength by more than 80% when nano-TiO₂ is used. For mortars and pastes, the greatest recorded improvements are a 40% increase in compressive strength and a 100% increase in flexural strength when TiO₂ is added at levels below 10%.
[bookmark: _Hlk202710752]     Titanium dioxide enhances the durability of concrete in harsh conditions, improving resistance to chloride penetration, sulfate attack, and water absorption, thereby prolonging service life. It accelerates the hydration process of cement, leading to a refined pore structure and reduced sizes of detrimental crystals, which contribute to the density and integrity of the concrete. The nano-sized TiO₂ particles effectively fill voids, improving interfacial bonding.
     Moreover, TiO₂ significantly enhances the workability of concrete mixtures. Its small particle size improves slump and flowability by reducing inter-aggregate friction, facilitating easier mixing and placement. Titanium dioxide can adjust the viscosity of the concrete, making it more manageable during application. It also helps regulate setting times, promoting a more consistent curing process. By addressing challenges such as water loss and surface cracking, TiO₂ improves the overall performance of the concrete. Thus, its inclusion not only enhances handling characteristics but also elevates the quality of the final product.
     However, excessive use of TiO₂ may result in particle agglomeration, highlighting the need for further research into optimal dosages and combinations with other additives. Future research could focus on comparing micro- and nano-TiO₂, examining different forms of TiO₂, and investigating its use with pozzolans and various cement types.
     Although nano-TiO₂ may incur a higher initial cost, its long-term benefits, including reduced maintenance costs and improved sustainability, make it an attractive option. In conclusion, the incorporation of TiO₂ into concrete represents a significant advancement in construction materials, improving mechanical properties and promoting sustainable practices.
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