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Abstract

:

Environmental pollution is one of the most serious and global problems for humans. Photocatalysis is a promising technology to control environmental pollution via the utilization of semiconductor materials as a photocatalyst. In this study, iron-doped TiO2 nanotubes (Fe/TiNTs) with an increased photocatalytic effect at longer wavelengths compared to undoped TiNTs were used, and the effect on the early hydration and mechanical properties of the main clinker phase tricalcium silicate (C3S) was investigated for the first time. Prior to the incorporation of nanotubes into C3S, it was treated with a supersaturated Ca(OH)2 solution. The addition of 1 and 2 wt.% of Fe/TiNTs into the C3S system significantly accelerated the course of hydration. The degree of hydration for the hydration products after 8 h, 1 d and 7 d have improved. The enhancement of compressive strength after 7 d, 14 d and 28 d were observed compared to normal TiO2 nanotubes (TiNTs). Treating Fe/TiNTs with a supersaturated Ca(OH)2 solution revealed a stronger interaction between Ca2+-ions and nanotubes. Fe/TNTs were synthesized via a modified hydrothermal process. The study shows that Fe/TiNTs can be used as a nanomaterial in cement-based building materials due to their enhanced interaction with the system.
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1. Introduction


Cement-based binding materials like concrete are the most used material in the world. The main constituent of Portland cement is tricalcium silicate (C3S) [1]. It is the most important and abundant clinker phase of Ordinary Portland Cement (OPC), and its reactivity dominates the setting and hardening of cement.



“Tricalcium silicate reacts quickly with water to give calcium hydroxide (CH) and calcium silicate hydrate (C-S-H) which is the most important phase for strength development” [2].


C3S + (3 + x − y) H → Cy-S-Hx + (3 − y) CH



(1)







C-S-H is the main product of the reaction of C3S with water. It is an amorphous material which primarily contributes to the strength and volume stability of cement-based materials. A significant number of studies have been aimed at understanding the mechanism and different steps of C3S hydration. Conduction calorimetry, thermogravimetric analysis, quantitative X-ray diffraction, determining the composition of the solution phase and nuclear magnetic resonance spectroscopy are the main utilized methods for these studies. It is well known that when C3S comes into contact with water, a significant amount of heat is released due to the dissolution of species, such as Ca2+ and OH− ions in the aqueous phase. This stage is called the pre-induction period. Soon after this stage, the induction period follows during the next few hours and the degree of hydration is very low. The next period is the acceleration period in which the degree of hydration increases rapidly. The heat of hydration declines after about ten hours, which is called the deceleration period. Over the past decades, extensive investigations on C3S hydration have led to a large collection of data and diverse hypotheses for the mechanisms responsible for these stages that can be used to describe the hydration of C3S systems [3,4]. In the concept of reactivity and the mechanism of hydration of cement phases, numerous works have been previously conducted [5,6,7,8,9,10,11,12,13]. The physical properties of C3S have an important impact on a structure’s serviceability, strength and the durability of cement and concrete. C3S has a strong impact on durability because it is the main phase of cement with a higher amount and has a strong impact on C-S-H phases; as a consequence of that, it has the biggest effect in the overall microstructure of concrete. Additionally, the permeability of concrete is influenced by factors like porosity and interconnectivity of pores in the cement paste and micro-cracks in the concrete [14].



The hydration kinetics of C3S can be changed through the addition of various chemicals. The deserved effects depend on the type and amount of these admixtures and additives. For instance, calcium chloride accelerates the hydration process, shortening the induction period and generating more heat at a higher rate during the acceleratory stage [3,15,16]. Fine minerals like calcium carbonate may act as nucleation sites for the formation and growth of the C-S-H, fundamentally promoting the hydration of C3S [16,17,18]. The surface area of the fine-added particles often effects the extent of nucleation and acceleration [3,17,18]. The acceleration of alite hydration in the presence of Ca(NO3)2 has recently been reported [19]. Liu et al. reported that seashell powder enhanced the hydration of cement through its physical and chemical interactions with both cement clinker phases and hydration products [20]. Additionally, polypropylene fiber can modify the pore structure distribution of concrete and reduce the porosity, as reported by Wang et al. [21].



Nanoparticles are used in different fields of chemistry due to their small particle size and high specific surface area, which can create a larger amount of reaction sites. Generally, the particle size in nanoparticles is in the range of 1 to 100 nm, and the distinctive properties of nanoparticles are extensively different from the bulk materials. One of the recent key topics in the field of cement and concrete is the application of nanotechnology, and as a result, nanoparticle technology has started to play a significant role as well [22].



Numerous attempts have been conducted in order to improve the properties of concrete by using nano-sized particles [23]. The application of multi-walled carbon nanotubes (MWCNTs) in cement increases the amount of stiffness of C-S-H gel resulting in stronger material [24,25]. Adding a small amount of carbon nanotube (1%) by weight increases both compressive and flexural strength, as has been reported in the literature [26]. Torsten et al. investigated the interaction of CNTs with normal concretes, high and ultra-high performance concretes, as well as in model systems. The results show that MWCNTs influence the hydration, the microstructure and are leading to improved mechanical properties of the composite [27].



The majority of studies on the application of nanoparticles in cement and concrete have been conducted on nano-oxides, particularly SiO2 and Fe2O3. It has been found that nanosilica increases the strength, workability and durability of concrete [10,13,22,28,29].



Another nanoparticle of interest to construction materials is TiO2. There are reports of the influence on the acceleration rate and an increase of the degree of hydration of both C3S pastes and Portland cement pastes in the presence of TiO2 nanoparticles [22,30,31]. Numerous researchers reported improvement in the mechanical properties of C3S, cement and concrete in the presence of TiO2 nanoparticles [32,33,34,35,36,37,38].



Trettin et al. was the first in the world to utilize TiO2 nanotubes for enhancing cementitious systems [39]. The synergistic effect of hybrid carbon nanotubes (CNT)/TiO2 on mechanical properties and early age hydration of Portland cement was investigated by Liu et al. They found 29% and 40% improvement on compressive and splitting tensile strength [40]. Additionally, they reported an earlier initiation of the acceleration period.



However, to the best of the authors’ knowledge, there have been no reports on the use of Fe-doped TiNTs (Fe/TiNTs) in cementitious systems. Although previous studies have examined the use of pure and doped TiO2 nanoparticles, doped nanotubes have not yet been explored in cementitious systems. Therefore, in this study, it is applied to the main clinker phase of Portland cement, which is C3S, as a model system for the first time to investigate its influence on the hydration for specified aging periods. The reason for this incorporation was due to an observed shift from UV to visible light by Fe/TiNTs [41]. The current study aimed to open a new window of research on generating concrete with photocatalytic, self-cleaning and reinforcement properties for an indoor environment. Preliminary works just started and further investigations of Fe/TiNTs on cement and concrete will be completed in future works. Fe/TiNTs show photocatalytic activity and self-cleaning property in visible light, while the normal TiO2 nanoparticles/nanotubes show the aforementioned properties only in the UV range of light. Normal TiO2, titania, appears as the most widely active compound utilized in cementitious systems. However, practical application of TiO2 as a photocatalyst is limited due to its wide band gap (3.2 eV), and it is only applicable in the range of UV light. To overcome these drawbacks and to enhance its activity under UV and visible light, a new sub-energy level must be generated and this will be obtained via doping TiO2 nanoparticles and nanotubes with foreign ions [41].



In this study, before the incorporation of Fe/TiNTs into the C3S system, treatment of Fe/TiNTs with supersaturated Ca(OH)2 solution was conducted and then incorporated into the C3S system.




2. Experimental Procedure


2.1. Materials and Methods


Titanium (IV) oxide (anatase, 99.6% metal basis (Alfa Aesar, Haverhill, MA, USA)) and NaOH (Geyer Th. GmbH & Co. KG, Berlin, Germany) were used as precursors. HCl ((37%), Fluka AG) and Fe(NO3)3·9H2O (Fluka AG) were used for washing and doping purposes, respectively. Calcium carbonate (BASF) and silicic acid (Merck KGaA) were used for the synthesis of C3S, and its free lime content was checked by XRD and Franke method (free lime content less than 0.5%) for the purity purpose.



Pure triclinic tricalcium silicate (C3S) was prepared from a stoichiometric mixture of silicic acid and calcium carbonate powder by the following solid-state reaction:


CaCO3 (s) → CaO (s) + CO2 (g)



(2)






SiO2· x H2O (s) → SiO2 (s) + x H2O (g)



(3)






3 CaO (s) + SiO2 (s) → Ca3SiO5 (s)



(4)







Prior to the synthesis, the loss of ignition of silicic acid and calcium carbonate were conducted, and then the educts were homogenized by using a Turbula T 50 A mixing machine (Willy A. Bachofen AG Maschinenfabrik) for 2 h. Afterward, it was put into a platinum vessel and heated slowly from room temperature up to 900 °C and left at 900 °C for 4 h; then, it was directly transferred to a high-temperature oven at 1450 °C for 4 h and then it was cooled rapidly and ground for 30 s with a vibratory disc mill TS 250 (Siebtechnik GmbH). The process of heating, rapidly cooling and grinding for the synthesis of C3S was repeated several times until a free lime content <0.5 wt.% was detected by quantitative X-ray diffraction and the Franke method. The obtained product was finally ground with a planetary ball mill (Fritsch Pulverisette5). The phase composition was identified by powder XRD with an X’Pert PRO diffractometer from PANalytical B.V. using CuKα radiation (λ = 1.5418 Å). The particle size was measured by dispersing C3S in isopropanol at 2000 rpm with a laser granulometer Mastersizer 2000 from Malvern.



Both TiNTs and Fe/TiNTs were synthesized by a modified hydrothermal process using anatase powder with 10 M NaOH aqueous solution in a 250 mL PTFE (Polytetrafluoroethylene) flask in the presence and absence of Fe(NO3)3·9H2O. The initial iron concentrations with respect to anatase powder were 2.00 wt.%. Prior to synthesis, anatase powder with NaOH solution was stirred for 30 min, followed by 20 min of sonication for the purpose of homogenization and better dispersion of anatase in NaOH solution. Fe(NO3)3·9H2O was dissolved in a 10 mL deionized water and added to the dispersed solution in the PTFE flask which was placed in an oil bath and continuously stirred during 24 h synthesis. The temperature was maintained at 130 ± 5 °C. After 24 h of fabrication, the products were first washed and filtered with deionized water till pH reached about 7. Afterward, the products were washed with 0.1 M HCl solution and followed with deionized water until pH reached 7; then, it was dried at 80 °C for 8 h. Finally, the samples were calcinated at 400 °C for 1 h to facilitate the doping process.




2.2. Methods and Sample Preparation


Prior to the addition of synthesized TiNTs and Fe/TiNTs into the C3S system, the nanotubes were incorporated into a supersaturated calcium hydroxide, Ca(OH)2, solution in order to check the possible interaction between nanotubes and this solution. This model was created based on the fact that the hydration products of cement are formed in a saturated condition of Ca(OH)2 due to the dissolution of the main clinker phase of cement.



2.2.1. Preparation of Saturated Ca(OH)2 Solution


Saturated Ca(OH)2 solution was prepared by igniting CaCO3 at 950 °C in an oven for 2 h, and the resulting CaO was cooled to room temperature. Afterward, 2 g of CaO was transferred into a PVC lab bottle and 1 L of degassed water was added and shacked. To avoid carbonation, the bottle was treated with argon gas and closed tightly, wrapped with parafilm and kept at 4 °C in a fridge overnight. A portion of the prepared saturated Ca(OH)2 solution was filtered with a 0.45 µm nylon filter, and the filtered solution was used for further investigations.




2.2.2. Interaction of TiNTs and Fe/TiNTs with Supersaturated Ca(OH)2 Solution


To study the interaction of the TiNTs and Fe/TiNTs with the solution phase of the C3S, they were placed in a saturated Ca(OH)2 solution. Three samples of the prepared solution with a volume of 100 mL each were used. One of them was used as a reference; in the second one, 1.0 g TiNTs was added and 1.0 g Fe/TiNTs was added into the third one, respectively. The pH measurement was carried out immediately, and it ran for 6 h. The METTLER TOLEDO Seven Multi pH meter was utilized for the pH measurement. After the measurement, the second and third samples were filtered, the solid parts were dried at 35 °C in an oven overnight and after that, they were kept for further analysis, such as gas adsorption and thermal analysis. The gas adsorption measurement was conducted with Micromeritics ASAP2020 (Micromeritics GmbH) to evaluate BET specific surface area and porosity. Thermal analysis measurement was performed by simultaneous thermal analysis (STA) from 50 to 1000 °C at 10 K/min to quantify the amount of Ca (OH)2. On the basis of CaOH)2, the possible adsorbed Ca2+ by nanotubes was calculated. As the second method for the determination of adsorbed Ca2+ by nanotubes, the solution part was titrated with EDTA.



For the conductivity measurement, a similar procedure of the sample preparation to pH measurement was repeated, and it was conducted by the METTLER TOLEDO Seven Multi Conductivity.




2.2.3. Effect of TiNTs and Fe/TiNTs on the Hydration of C3S


To compare the effect of Fe/TiNTs on the hydration of C3S with TiNTs and pure C3S, an isothermal calorimetry analysis device (DCA ToniCalHexa, Technik Baustoffprüfsysteme GmbH) was used at 25 °C. Sample preparation was conducted by the addition of 1.0 and 2.0 wt.% of both Fe-doped and undoped TiNTs in C3S samples. Pure C3S was used as a reference and the water-to-binder ratio (w/b) was set to 0.5.



Furthermore, to better understand the effect of Fe/TiNTs on the hydration of C3S, an extra TiNTs sample was prepared with iron ion solution (Fe(NO3)3·9H2O) and used as a third reference. The third reference was used to check if there was no impact from the dissolved educt (Fe(NO3)3·9H2O) on the hydration of C3S and that the only effect was due to doping. The hydration process was monitored during a 30 h measurement, and an acceleration in the hydration of C3S was expected



To investigate phase composition, the degree of hydration and mechanical properties of hydrated C3S, samples with different ages of hydration were prepared with and without the addition of 2.0 wt.% of TiNTs and Fe/TiNTs, respectively. The w/b ratio of 0.5 was chosen for all samples. Prior to the addition of nanotubes to C3S samples, they were dispersed via sonication within deionized water by using a UP 200S Ultrasonic processor (Dr Hielscher GmbH) using S3 sonotrode for 10 min.



For the early hydration of C3S, samples were prepared and stored in a climate cabinet at 20 °C and a relative humidity of 100% for 8 h, 1 d and 7 d. The hydration for these samples was stopped after a specified time by drying the samples via a cooling trap under a vacuum using liquid N2 as a cooling source. During the drying, weight loss was recorded, and drying continued until the samples reached a constant weight. After that, the samples were kept in a desiccator under the vacuum until measurement day to identify the quantitative phase composition of hydrated C3S for 8 h, 1 d and 7 d. XRD Rietveld Analysis and STA measurement were carried out. To overcome the limitations of XRD in measuring X-ray amorphous hydration products, such as C-S-H and, to some extent, CH, STA was employed for identifying these amorphous hydration products. The data revealed from XRD Rietveld Analysis and STA measurement determined the degree of hydration of hydrated C3S. X-Pert High score plus software was used to analyze XRD patterns of the samples.



To investigate the mechanical properties of C3S hydrated produced for the longer period (7 d, 14 d and 28 d), prisms with the dimensions of 15 × 15 × 60 mm3 were made. The dispersed nanotubes were mixed with the binder in a concrete planetary mixer (Hobart GmbH) for three minutes. The compressive strength of the samples with different aging periods was measured by using “TONI TECHNIK [TONI COMP III]” equipment.






3. Results and Discussion


3.1. Characterization of Educts


The mineralogical phase composition of the synthesized C3S was determined by XRD, particle size distribution by static light scattering method (SLS) and free lime content obtained by the Franke method. The data are summarized in Table 1.



As shown in Table 1, C3S with 99.8% purity was obtained with a main particle size (d50) of 10.5 µm.




3.2. Incorporation of Synthesized TiNTs and Fe/TiNTs in a Cementitious System


3.2.1. Interaction of TiNTs and Fe/TiNTs with Supersaturated Ca(OH)2 Solution via pH, Conductivity and BET Specific Surface Area Measurement


Figure 1 shows the effect of TiNTs and Fe/TiNTs on the supersaturated Ca(OH)2, monitored for 6 h. It is observed that both TiNTs and Fe/TiNTs lower the pH value of supersaturated Ca(OH)2 solution during the time measured. The effect of Fe/TiNTs is larger compared to TiNTs.



The conductivity measurement of saturated Ca(OH)2 solution in the presence and absence of both TiNTs and Fe/TiNT is shown in Figure 2. It was observed that both TiNTs and Fe/TiNT altered the ion concentration of supersaturated Ca(OH)2 solution. They lowered the concentration of free ions in the solution during the time measured.



Note: The obtained different results from pH and conductivity for both TiNTs and Fe/TiNTs in supersaturated Ca(OH)2 can be explained. In the conductivity measurement, other ions are used for the mobility of conductivity; therefore, the difference in the pH is relatively small and not observable in comparison to the whole free ions. Therefore, the curves appear nearly identical. In the case of the pH measurement, the difference in pH is much more observable because it only deals with free OH− ions; thus, the influence of both TiNTs and Fe/TiNTs with supersaturated Ca(OH)2 solution is more noticeable. During the pH measurement, some carbonation possibly occurred. Therefore, curves are slightly lowered with time, as observed in Figure 1.



In both pH and conductivity measurement, the sorption of Ca2+-ions by TiNTs and Fe/TiNT resulted in those changes, and the amount of sorbed Ca2+-ions need to be determined [41,42]. Two methods were utilized to measure the amount of sorbed Ca2+-ions by nanotubes. Titration of the liquid part with EDTA and thermal analysis via STA measurement of the solid part, which was mentioned at the beginning of this section, and the respective results for both methods are shown in Figure 3. The revealed results from both the STA and titration analysis for the sorption of Ca2+-ions by nanotubes are nearly the same. As is seen, the amount of Ca2+-ions sorbed by Fe/TiNTs is higher in comparison to pure TiNTs.



The BET specific surface area of both TiNTs and Fe/TiNTs before and after treatment with supersaturated Ca(OH)2 solution was measured by gas adsorption analysis, and the respective results are shown in Figure 4. As observed, the BET specific surface area of nanotubes was decreased after treatment with supersaturated Ca(OH)2 solution, and the effect was seen more in the presence of Fe/TiNTs. Figure 4 not only shows the BET specific surface area of nanotubes before and after Ca(OH)2 treatment, but it also shows models of two possible assumptions. According to the first assumption, it is assumed that the Ca2+-ions have not closed the nanotubes when they were treated with Ca(OH)2 solution, and the tubes remain open. In this case, it can be said that no sorption by nanotubes occurred. In the second assumption, it is assumed that Ca2+-ions closed the nanotubes during the Ca(OH)2 treatment; therefore, their BET specific surface area would be half of the value which they had before the Ca(OH)2 treatment. Thus, with gas adsorption, it is not possible to measure the surface of the blocked part.



It is clearly observed that BET specific surface area of TiNTs and Fe/TiNTs after treating with saturated Ca(OH)2 solution significantly deviates from both assumptions. It can be interpreted that some Ca2+-ions were trapped in the inner and outer layers of nanotubes and most of them were probably trapped by the inner part of nanotubes. The sorption of Ca2+- ions by nanotubes is more logical and comprehensive than both assumptions. For that reason, the specific surface area of nanotubes after and before Ca(OH)2 treatment is neither the same nor half of the initial one. Their values were altered due to the sorption of Ca2+-ions by the inner and outer layers of nanotubes. It should be noted that the value of BET specific surface area of the first assumption looks lower compared to before Ca(OH)2 treatment. In principle, this is true because, before Ca(OH)2 treatment, the nanotubes were pure and should have higher BET values because the measurement is carried out per one gram. In the case of the first assumption, the BET value is not coming from nanotubes only—there is some contribution from Ca(OH)2 too; therefore, the value is moderately lower.



The BJH pore size distribution of TiNTs and Fe/TiNTs after and before treatment with supersaturated Ca(OH)2 solution are presented in Figure 5. As is observed, the pore volume was decreased after treatment with Ca(OH)2 solution. It means that sorption of some Ca2+-ions occurred by the nanotubes; they could be trapped in the inner and outer walls of the nanotubes as the decrease occurred in all ranges of diameter.




3.2.2. Influence of TiNTs and Fe/TiNTs on the Hydration of C3S


	
Course of hydration reaction






The heat evolution of C3S hydration was investigated via isothermal calorimetry. The heat evolution [dQ/dt(J/gh] and cumulative heat (J/g) during 30 h hydration of C3S in the presence and absence of both TiNTs and Fe/TiNTs with 1.00 and 2.00 wt.% in the binder are shown and displayed in Figure 6. The induction period of hydrated C3S was shortened in the presence of both Fe/TiNTs and TiNTs in comparison to the pure C3S (reference). The rate of heat evolution for the sample with 2.0% Fe/TiNTs still stayed higher after 30 h hydration, as is observed from Figure 6 (upper part). Additionally, the cumulative heat of hydration of C3S was increased for both samples, with respect to the reference. The increase in the cumulative heat evolution and a higher rate of heat evolution indicates that a higher amount of C3S reacted with water in the presence of TiNTs and Fe/TiNTs.



It has been observed that increasing the percentage of nanotubes, especially in the presence of Fe/TiNTs, leads to greater efficiency in shortening the induction period and increasing cumulative heat development compared to the references.



The end of the induction period, the duration of acceleration and the main peak of hydration are illustrated in Table 2. According to these data, a shortening in the induction period was observed for both TiNTs and Fe/TiNTs samples compared to the pure C3S (reference). However, there is no significant change in the duration of acceleration and the duration of the main peak, which is an indication of no observable change in the hydration process, as seen in Table 2.



On the basis of these results, it can be inferred that acceleration occurred in the presence of nanotubes during the 30 h hydration of C3S, and this acceleration is in agreement with what has been found by previous researchers adding pure TiO2 nanoparticles and tubes into the C3S or Portland cement [30,39,40,41,42,43]. The reason for this acceleration could be due to the high specific surface area of TiO2 nanoparticles and tubes which in turn generate more nucleation sites for the hydration reaction. As mentioned earlier, the impact of improvement on hydration has been significant in the presence of Fe/TiNTs, and this could be due to the generation of active sites by iron, which exists in the crystal lattice of the TiO2 nanotubes. As the titanium is replaced by iron in the crystal lattice of the TiO2 nanotubes, the dopant iron alters the spatial environment of TiNTs and increases the charge difference within the surface of nanotubes, leading to more nucleation sites for calcium hydroxide (CH) formation. In addition to that, the nanotubes could facilitate the formation of calcium silicate hydrate (C-S-H) phases. These results are in good agreement with the literature, which applied Fe/TiO2 nanoparticles in Portland cement [43].



There is another explanation for the faster hydration process, which is the impact on the permeability of the surface layer on the C3S during the induction period. According to Trettin et al. [12,44,45], a reduction in the calcium ion concentration leads to the formation of calcium-poor C-S-H phases, which have a higher porosity and thus accelerate further hydration. An additional way to explain the acceleration may be due to the filler effect between C3S and TiO2 nanoparticle/nanotubes during the hydration process, as reported by Cook et al. [32]. On the other hand, some authors [43,46] assume that the TiO2 nanoparticles are present in the microstructure as unreactive constituents and do not exhibit pozzolanic activity but only contribute to the densification of the microstructure.



To understand whether the shortening of the induction period of Fe/TiNTs is due to doping or possible dissolved iron ions from the structure of Fe/TiNTs, iron ions solution was additionally added to the pure TiNTs sample and the hydration process of C3S was monitored. It is observed from Figure 7 that the shortening on the induction period of Fe/TiNTs was due to doping, not possible dissolved iron ions from the structure of Fe/TiNTs. Therefore, Fe/TiNTs accelerated the hydration process.




	2.

	
Study on the hydrated paste of C3S




	
Characterization of C3S hydration products














In this section, at the first step, the hydration products of C3S paste in the presence and absence of TiNTs and Fe/TiNTs after 8 h, 1 d and 7 d were characterized for the purpose of determining the degree of hydration. At the second step, the characterization process was continued on the hydrated prism of C3S in the presence and absence of nanotubes after 7 d, 14 d and 28 d for the purpose of mechanical properties and microstructure.



	
Phase composition and determination of the degree of hydration after 8 h, 1 d and 7 d






The phase composition of hydrated C3S was analyzed via XRD using the Rietveld method in combination with simultaneous thermal analysis (STA). XRD can detect the crystalline part of hydration products but cannot detect the X-ray amorphous part of hydration products, such as C-S-H phases and some fine crystalline CH phases. XRD analysis reveals the presence of both crystalline and amorphous phases. The predominant components of the amorphous content are C-S-H phases, which were quantified with the use of an external. The summary of normalized data obtained by XRD is shown in Table 3.



With the help of STA measurements, XRD amorphous CH phase can be obtained. The total amount of CH phases (crystalline and amorphous) in the samples can be determined via STA using the decomposition temperature of CH (400–550 °C) and the corresponding weight loss of the sample in that temperature range. So, to detect all the products, including the fine crystalline part, STA was utilized along with XRD. The summary of thermal composition of the hydrated specimen revealed by STA is presented in Table 4.



On the basis of XRD results in combination with STA, the phase composition of hydrated C3S was determined and it is shown in Figure 8. As observed from Figure 8, the percentages of C3S residue for all hydrated samples containing TiNTs and Fe/TiNTs decreased compared to the pure C3S sample within the specified time. It should be noted that the amorphous phase here shows only C-S-H phases, and subtraction of CH content was already made from that with the help of revealed data from STA. The subtracted value was added to the crystalline value of CH, which had been determined by XRD. In terms of hydration, more hydration products (CH and C-S-H) were formed in the presence of nanotubes and it is in good agreement with the literature [47].



So far, the phase composition of hydrated C3S in the presence and absence of TiNTs and Fe/TiNTs with specified ages was determined via XRD in combination with STA. On the basis of these data, the degree of hydration of the hydrated product can be obtained by using the following equation:


α = {[(C3S)i − (C3S)f]/(C3S)i} × 100



(5)




where α is the degree of hydration (%), (C3S)i is the initial content of C3S before the hydration (%) and (C3S)f is the final content of C3S after the hydration (%).



By using Equation (5), the degree of hydration for the hydrated samples was calculated and the corresponding results are presented in Figure 9.



As is observed (Figure 9), the degree of hydration for all samples containing nanotubes was increased compared to the pure hydrated C3S sample. Apart from the 8 h samples, 1 d hydrated samples were showing a similar effect, as revealed by DCA (Figure 6). It is difficult to observe a significant difference in the effects of TiNTs and Fe/TiNTs on the degree of hydration of 7 day samples.



	
Determination of BET specific surface area of hydration products






In order to determine BET specific surface area of hydration products, it is necessary to measure the BET specific surface area of the samples before and after hydration, and the XRD mineralogical composition analysis of hydrated samples is also needed. By using the composition of data from XRD and BET specific surface area from gas adsorption and applying the following equation, the BET specific surface area of hydration products can be measured.


(BETpure C3S) × (XRDhyd.C3S) + X (XRDtot hp) = BEThyd. sample



(6)




where X is BET specific surface area of hydration products, BETpure C3S is BET specific surface area of pure C3S before hydration, XRDhyd.C3S is the composition of hydrated C3S obtained by XRD, XRDtot hp is the composition of total hydration products (CH. Cc & amorphous) obtained by XRD and BEThyd. sample is BET specific surface area of the total hydrated sample.



The calculation process was carried out for all samples and the respective BET specific surface area of hydration products has been calculated; the results are shown in Figure 10. Based on Figure 10, it can be observed that the BET specific surface area increased during the initial aging period of 8 h. This could potentially be attributed to the nucleation process and the formation of hydration products that resulted in gel formation. After 1 d, the BET specific surface area decreased significantly. The reason for this decrease could be due to the growth of hydration products, particularly the growth of portlandite. At a later age (7 d), the BET specific surface area increased once again, and this may be due to the growth and formation of more C-S-H phases. Both TiNTs and Fe/TiNTs influence the BET specific surface area of hydration products. The samples containing nanotubes show higher BET surface area compared to the pure ones, probably because they improve the nucleation and in turn, more hydration products are formed. Possibly, more C-S-H phases are formed, and the influence is seen as dominant in the presence of Fe/TiNTs.



Hydrated C3S paste has a high specific surface area due to the formation of hydration products (C-S-H and CH phases). The C-S-H phase contains a network of very fine pores called gel pores, giving it an extremely high specific surface area. The surface area of C3S hydration products is closely related to many crucial properties, including strength and permeability, and therefore, this is a useful predictive measurement. Furthermore, it is also a useful parameter for studying the nature of the calcium-silicate-hydrate gel itself. The surface area in the disordered porous microstructures, such as hydrated C3S or cement paste, can indicate some properties, such as the fineness of the microstructure and the tortuosity of the pore phase and permeability.



It should be noted that the nature of the C-S-H gel affects surface area measurements in other ways. The surface area of hydrated C3S or cement paste increases with hydration time as more of the C3S and C2S react to form C-S-H. On the other hand, the surface area of a given cement paste is not necessarily proportional to the amount of C-S-H it contains. The surface area per gram of C-S-H in a hydrated C3S or cement paste can vary extensively. It depends on many processing conditions, including the cement composition, the reaction temperature and the water-to-cement ratio (w/c). For instance, the surface area of the C-S-H phase with higher w/c is larger.



The obtained results from this part suggest an improvement in strength, permeability and formation of more C-S-H phases due to an increase on the surface area of the hydration product. The increase in the surface area of hydration products, particularly at the later ages, is due to the formation of fine pores in the microstructure of the hydrated C3S paste. Overall, these results are in agreement with previous results revealed by DCA, STA and XRD, and somehow improve the degree of hydration.



In a second step, the characterization process was continued on the hydrated prism of C3S in the presence and absence of nanotubes after 7 d, 14 d and 28 d for the purpose of mechanical property studies on the hydrated paste of C3S.



	
Mechanical study of hydrated C3S prism






The compressive strength of the samples with different ages is presented in Figure 11. As is observed, the compressive strength of hydrated samples with Fe/TiNTs is higher, with respect to the hydrated samples, with TiNTs and pure C3S with different ages. We found a 36% increase in compressive strength for samples with Fe/TiNTs, while this was 26% in the case of samples with TiNTs for 7 d hydrated samples. Similarly, 16% and 14% increases on the compressive strength of Fe/TiNTs and TiNTs were found for 14 d hydrated samples, respectively. The compressive strength of 28 d hydrated samples also increased by 9% for Fe/TiNTs and 2% for TiNTs samples. The strength of hydrated C3S paste is mainly attributed to the formation of C-S-H phases [48]. The formation of hydration products increased gradually at the early ages, while this was increased at a relatively slower rate after 14 d.






4. Conclusions


For this work, we synthesized Fe/TiNTs and TiNTs using a modified hydrothermal method. We then introduced them into two model systems: a supersaturated Ca(OH)2 solution and hydrating C3S. The following results were obtained:




	
Treatment with supersaturated Ca(OH)2 solution.



	
A strong interaction between Ca2+-ions and both TiNTs and Fe/TiNTs was observed as a result of treatment with super saturated Ca(OH)2 solution. The results were proved by pH, conductivity and gas adsorption measurements.



	
The pH and conductivity measurements showed a decrease as a result of Ca2+ ions being sorbed by the nanotubes.



	
The amount of sorbed Ca2+-ions by nanotubes were quantitatively determined via EDTA titration and thermal analysis using STA.



	
The gas adsorption measurement showed lower BET specific surface area and porosity for both type of nanotubes after treatment with super saturated Ca(OH)2 solution, indicating sorption of Ca2+-ions by nanotubes.



	
The effect of Fe/TiNTs on the sorption of Ca2+-ions in supersaturated were superior compared to TiNTs.



	
Incorporation of Fe/TiNTs and TiNTs with C3S.



	
In terms of hydration course, a shortening of the induction period and earlier acceleration period was observed for the samples containing nanotubes. However, the effect of Fe/TiNTs was found to be superior compared to the control sample (pure C3S) and the sample with TiNTs.



	
Concerning the studies on hydration products, more hydration products were formed in the presence of Fe/TiNTs and TiNTs, particularly for the samples with Fe/TiNTs content.



	
The degree of hydration increased, especially in the presence of Fe/TiNTs. The BET specific surface area of hydration products was quantitatively determined via combing XRD and gas adsorption data.



	
A 36%, 16% and 9% increase in compressive strength of Fe/TiNTs samples for 7 d, 14 d and 28 d hydrated C3S paste was obtained.



	
On the basis of above obtained results, the following conclusions were achieved:



	
Iron-doped TiNTs (Fe/TiNTs) can serve as a promising reinforcement nanomaterial for cement-based construction materials.



	
Lowering the values of pH and conductivity, decreasing the concentration of Ca2+-ions in supersaturated Ca(OH)2 solution and decreasing the specific surface area of nanotubes after the treatment with supersaturated Ca(OH)2 are indications of improvement in hydration reactions.



	
The main hydration products of cement, such as C-S-H and CH phases, are formed in the media of saturated Ca(OH)2 solution. Finding a strong interaction between Fe/TiNTs and Ca2+-ions from the Ca(OH)2 solution treatment is an indication of improvement of C3S hydration, resulting in a higher amount of hydration products.



	
One of the remarkable features of Fe/TiNTs is their enhanced photocatalytic activity at higher wavelengths. This makes them a viable option for the production of self-cleaning concrete in indoor environments where the intensity of UV radiation is low.



	
The fabricated nanotube can directly incorporate into concrete when there is a need for this material in a particular case, such as the surface of concrete, but not within the bulk of concrete. The fabricated Fe/TiNTs have high specific surface area of Fe/TiNTs; even fewer percentages (1–2% or even less) of the nanotube is sufficient to use in the construction industry compared to other additives, which can stabilize the cost-benefit. If we take this into consideration, we only need less material and only the top layer of concrete should be modified; then, the overall cost will be not that high.
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Figure 1. Changes in pH values of supersaturated Ca(OH)2 solution in the presence and absence of TiNTs and Fe/TiNTs. 
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Figure 2. Conductivity measurement of supersaturated Ca(OH)2 solution in the presence and absence of TiNTs and Fe/TiNTs. 
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Figure 3. Comparison of sorption of Ca2+-ions by TiNTs and Fe/TiNTs by STA and titration methods. 
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Figure 4. BET specific surface area of TiNTs and Fe/TiNTs before and after treating with saturated Ca(OH)2 solution and two model conditions: Ca(OH)2 sorbing with and without blocking of the nanotubes. 






Figure 4. BET specific surface area of TiNTs and Fe/TiNTs before and after treating with saturated Ca(OH)2 solution and two model conditions: Ca(OH)2 sorbing with and without blocking of the nanotubes.



[image: Constrmater 03 00017 g004]







[image: Constrmater 03 00017 g005 550] 





Figure 5. Pore size distribution of TiNTs (a) and Fe/TiNTs (b) before and after treating with saturated Ca(OH)2 solution. 
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Figure 6. Heat evolution (a) and cumulative heat (b) curves of hydrated C3S during 30 h hydration with different percentages of TiNTs and Fe/TiNTs. 
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Figure 7. Heat evolution (a) and cumulative heat (b) curves of hydrated C3S during 30 h hydration in the presence of TiNTs + free iron ions, TiNTs, Fe/TiNTs and their absence. 
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Figure 8. XRD phase composition of hydrated C3S paste in the presence and absence of TiNTs and Fe/TiNTs Here (a) is C3S, (b) is CH and (c) is amorphous part of hydrated past. 
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Figure 9. C3S degree of hydration in the presence and absence of TiNTs and Fe/TiNTs. 






Figure 9. C3S degree of hydration in the presence and absence of TiNTs and Fe/TiNTs.



[image: Constrmater 03 00017 g009]







[image: Constrmater 03 00017 g010 550] 





Figure 10. BET specific surface area of hydrated C3S in the presence and absence of TiNTs and Fe/TiNTs. 
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Figure 11. Compressive strength of pure hydrated C3S, hydrated C3S with TiNTs and hydrated C3S with Fe/TiNTs after different hydration times. 
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Table 1. Properties of synthesized C3S.
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Free Lime

Franke Method

(wt.%)

	
Mineralogical Composition, XRD

(wt.%)

	
Mean Particle Size. LG

(µm)






	
C

	
C

	
C3S

	
C2S

	
d50




	
0.2

	
0.0

	
100

	
0

	
10.5
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Table 2. Summary of isothermal calorimetry analysis.
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	Sample
	End of Induction Period (h)
	Duration of Acceleration Period (h)
	Duration of Main Peak (h)





	C3S
	4.5
	6.8
	15.3



	C3S + 1.0% TiNTs
	3.5
	6.7
	15.1



	C3S + 1.0% Fe/TiNTs
	3.0
	6.8
	15.4



	C3S + 2.0% TiNTs
	2.3
	6.8
	15.2



	C3S + 2.0% Fe/TiNTs
	2.1
	7.0
	15.9
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Table 3. Normalized XRD results for the composition of hydrated C3S with specified aging periods.
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Age

	
Sample

	
C3S 4331-ICSD (%)

	
CH 61185-ICSD (%)

	
Cc 40107-ICSD (%)

	
Amorphous

(tot. (%))

	
Tot. Phy. Water (%)






	
8 h

	
C3S

	
63.47

	
0.75

	
0.50

	
11.30

	
23.97




	
C3S + 2.0 wt.% TiNTs

	
51.38

	
1.94

	
0.00

	
23.49

	
23.18




	
C3S + 2.0 wt.% Fe/TiNTs

	
57.93

	
2.37

	
0.42

	
16.15

	
23.12




	
1 d

	
C3S

	
34.81

	
3.74

	
0.52

	
39.94

	
20.98




	
C3S + 2.0 wt.% TiNTs

	
32.87

	
6.80

	
0.48

	
39.75

	
20.10




	
C3S + 2.0 wt.% Fe/TiNTs

	
31.85

	
6.82

	
0.61

	
40.25

	
20.46




	
7 d

	
C3S

	
22.90

	
12.67

	
1.38

	
44.18

	
18.86




	
C3S + 2.0 wt.% TiNTs

	
19.18

	
11.39

	
1.97

	
49.33

	
18.13




	
C3S + 2.0 wt.% Fe/TiNTs

	
20.24

	
13.74

	
1.22

	
46.08

	
18.72
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Table 4. Thermal decomposition (wt.%) of hydrated C3S with specified ages revealed by STA.
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Age

	
Sample

	
Weight Loss

<105 °C

	
Chemically Bound Water

(105–550 °C)

	
Tot. C3S

	
Excess Water

	
Ca(OH)2

(400–550 °C)

	
CaCO3

(550–700 °C)






	
8 h

	
C3S

	
0.44

	
2.27

	
66.67

	
31.53

	
3.37

	
0.84




	
C3S + 2.0 wt.% TiNTs

	
0.86

	
3.89

	
66.67

	
30.17

	
6.45

	
0.86




	
C3S + 2.0 wt.% Fe/TiNTs

	
0.69

	
4.19

	
66.67

	
30.07

	
7.40

	
0.00




	
1 d

	
C3S

	
1.30

	
8.88

	
66.67

	
26.55

	
16.20

	
1.95




	
C3S + 2.0 wt.% TiNTs

	
1.21

	
10.25

	
66.67

	
25.69

	
16.86

	
0.95




	
C3S + 2.0 wt.% Fe/TiNTs

	
1.34

	
10.07

	
66.67

	
25.73

	
17.51

	
0.00




	
7 d

	
C3S

	
1.08

	
14.03

	
66.67

	
23.26

	
24.87

	
3.45




	
C3S + 2.0 wt.% TiNTs

	
2.69

	
14.12

	
66.67

	
22.13

	
21.87

	
4.68




	
C3S + 2.0 wt.% Fe/TiNTs

	
1.13

	
14.31

	
66.67

	
23.03

	
24.58

	
3.43
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