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Abstract

:

In this work, the ZnAl-NO2 LDH (layered double hydroxide) is investigated as a possible additive for mitigating the chloride-induced corrosion of steel in reinforced concrete. The investigation focused on the stability and chloride binding capacity of this LDH in the pH range typical of cementitious materials. Until pH = 12.5 the material was stable and effective in capturing chloride ions from the surrounding aqueous environment. For higher pH, precisely that of hydrated cement, the LDH was partially dissolved and OH− preferentially entrapped instead of Cl−. These results suggested that ZnAl-NO2 has excellent chloride entrapping capability at neutral pH, but this is reduced with increasing pH. However, when the LDH was incorporated into mortars, the chloride ingress was delayed, signifying that the dissolution of LDH leads to a secondary mechanism responsible for chloride capture.
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1. Introduction


The corrosion of steel in reinforced concrete affects infrastructures worldwide [1,2,3]. The cost of early repair and the reconstruction of these structures can lead to severe economic losses [4]. Concrete is a porous material [5], and aggressive species like chloride ions can pass through the concrete cover, until reaching the steel reinforcement, where they disrupt the steel native passive layer and initiate corrosion [6,7]. Innovative techniques are required to slow down the chloride ingress in concrete, delay the corrosion process and extend the service life of reinforced concrete infrastructures. Layered double hydroxides (LDHs) are a new class of concrete additives which can entrap aggressive anions from the environment and release selected anions (e.g., corrosion inhibitor) from their galleries. Potential applications include sequestration of chloride and carbonate ions in aggressive environments, which in turn can potentially prolong the service life of structures susceptible to corrosion. LDHs have gained attention in the recent years, due to their ion exchange properties, not only in concrete technology [8] but also in various branches of science and engineering [9], as a de-icing additive for asphalt roads [10], catalysis, [11], pharmaceutical applications [12], photochemistry [13], electrochemistry [14,15], biochemistry [16] and more.



Layered double hydroxides (LDHs), also known as “hydrotalcite-like” materials [9,17], can be synthesized by co-precipitation [18] of metal salts in alkaline medium, resulting in an ionic arrangement of positively charged brucite-like layers, together with anions between the layers, to balance the charge. LDHs can be represented by the following generalized formula: [M(II)1–x M(III)x (OH)2 ]x+ (An−)x/n mH2O, with M(II) as divalent, M(III) as trivalent metallic cations and An− as the interlayer anion [17,19]. LDHs have the potential of intercalating external anions by exchanging them with the anions originally present in their galleries, as represented in Figure 1. This process is called the ion exchange process and is usually dominated by the order of ions in the selectivity series for LDH.



Based on theoretical calculations, Costa et al. [20] concluded that Zn-Al-based LDHs have higher affinity to OH− than Cl−. They reported the anion selectivity order as CO32− > OH– > F– > Cl– > Br– > NO3−. The ions towards the left of the series are preferable towards ion sequestration by LDH, as compared to the ions on the right of the selectivity series. Hibino [21] pointed out that such selectivity series for a particular LDH can change under certain conditions. Apart from the ion preference in the selectivity series, other factors, such as anion size, anion concentration and temperature, can influence the ion exchange process [8]. In cementitious materials, like cement paste, mortars or concrete, the ionic-exchange mechanism can be exploited to entrap chloride ions, thereby retarding their ingress, and simultaneously release anions with corrosion-inhibition properties, e.g., NO2− [8,22]. If effective, this leads to a “self-protection” capability of concrete against corrosion of steel in concrete.



Earlier works on the use of LDH in cementitious environments include the controlled release of organic admixtures [23] and the acceleration of the hardening process with CaAl-Cl LDH [24]. Zhonge et al. analyzed the chloride-binding capacity of MgAl LDH intercalated with CO32− and NO3− and found higher capacity for the NO3− LDH type [25]. The effect of MgAl LDH on the microstructure and carbonation resistance of sulfoaluminate cement concrete was studied by Duan et al. [26]. In a separate study by the present authors [27], in situ XRD analysis revealed that MgAl LDH can possibly lead to the formation of higher amounts of AFm and thereby increase the chloride-binding capacity of concrete. Chen et al. [28] investigated the use of CaAl-NO3 LDH for the removal of chloride ions from concrete pore solutions and from cement paste. The sequestration of Cl− ions was explained by an ionic exchange mechanism following a Langmuir isotherm in cement matrix. Similar Langmuir-type binding isotherms were also reported by Yoon et al. for the capture of chloride ions by on calcined MgAl-based LDH in cement paste [29]. A review of LDH as smart additives of reinforced concrete for anticorrosion applications was provided by Yang et al. [30]. Most of the LDHs tested so far in concrete belong to one of the following systems: MgAl or CaAl. Only a few papers exist with ZnAl LDH studied for the chloride capture and nitrite release in saturated Ca(OH)2, i.e., simulated concrete pore solution [31]. Additionally, a comprehensive review on the various types and applications of LDH in cementitious materials has recently been published by the authors [8].



As mentioned previously, the use of Zn-Al LDH in cementitious systems has not been extensively studied so far. Therefore, in this work, the authors studied the behavior and stability of ZnAl-NO2 in depth. Additionally, this paper reflects on the results obtained in European Union’s LORCENIS project [32], which focused on the ZnAl-NO2 as a potential chloride-entrapping/corrosion-inhibiting additive for concrete. Due to these reasons, ZnAl-NO2 system has been used in this paper.



In the present work, the authors focused on characterizing the working mechanism of ZnAl-NO2 in high-alkaline environments typical to that of concrete and cement pastes. The broader goal of this study was to quantitatively and qualitatively assess the ion exchange process related to chloride ion capture by ZnAl-NO2 in alkaline environments. The assessment is reported for aqueous salt solutions, as well as for pore solutions. A step-wise approach was followed in this study. At first, the LDH was exposed only to an environment containing OH− anions, in order to verify its anion-capture capability, as well as its stability in alkaline environments. This was followed by exposing LDH to a multi-anionic environment, containing both Cl− and OH− ions. Moreover, the sequestration of each anion was evaluated, and the results are discussed in detail. Chloride-binding isotherms as a function of pH of the environment are also presented. Then the compatibility of the LDH with cement was analyzed by observing the effect of the LDH addition to cement paste in terms of the curing time. Furthermore, the chloride transport was monitored in mortars with LDH, by employing cast-in Cl− sensitive sensors. Finally, the corrosion properties of steel embedded in mortars containing LDH are presented, in order to highlight the role of NO2− release from LDH (due to ion exchange or partial dissolution of LDH).




2. Materials and Methods


2.1. Material Synthesis


The Zn-Al-NO2 LDH studied in this work was produced by Smallmatek, Lda, Aveiro, Portugal. It was prepared in a stainless-steel reactor, by co-precipitation of hydroxides from salts of divalent and trivalent cations, in a solution with an excess of sodium nitrite, and the pH adjusted to 10.0 ± 0.5 with sodium hydroxide. More details can be found in Reference [33]. The resulting slurry was washed with deionized water, filtered and dried with an industrial spray dryer, to guarantee uniform and fine powder.




2.2. Materials Characterization


The LDH particle size was measured with a Coulter LS230 Particle Size Analyzer (Coulter Corporation, Miami, FL, USA). XRD diffractograms were obtained with a diffractometer PANalytical X’Pert MPD PRO (Almelo, The Netherlands) with Bragg–Brentano geometry, Ni-filtered CuKα radiation, PIXcel1D detector, and step 0.026. The exposition was 2 s per step, in the angular range between 3° and 65°.




2.3. Stability of ZnAl-NO2 in the High pH Range


The chemical stability of the LDH was analyzed at neutral pH and in the pH range from 11 to 13.5, which encompasses the pH of aged and fresh concrete. One gram of LDH was immersed in 50 mL of aqueous solutions with different pH values, prepared with distilled water and KOH. After 30 days in a closed container, the remaining powders were washed, weighted by a lab scale and analyzed by XRD. The solution pH was measured by the potentiometric method with an Inlab Expert Pro pH combined electrode and a SevenMulti meter, both from Mettler Toledo (Columbus, OH, USA). The amount of NO2− in solution was measured with a UV-3100 UV–Vis–NIR spectrophotometer from Shimadzu (Kyoto, Japan), with the detection peak of interest occurring at 354 nm. Prior to the experimentation, the spectrophotometer was repeatedly calibrated by relating the intensity against various concentrations of NO2− in the calibration solutions.




2.4. Chloride Binding Capacity


The chloride-binding capacity of ZnAl-NO2 was studied with NaCl solutions ranging from 0.01 to 0.5 M at neutral pH, and then with pH from 11 to 13, following the test matrix shown in Figure 2. The tests were extended to leached pore solution extracts, in order to replicate a multi-ion competition scenario. Leached pore solution 1 (PS1) was made by mixing 3.5 g of ordinary Portland cement and 1.5 g of fly ash in 1 L of water, stirring for 24 h and allowed to rest for 3 days. The resulting pH was around 12.0. Leached pore solution 2 (PS2) was prepared by adding 50 g of cement to 1 L of water, stirring for 24 h and allowing to rest for 3 days prior to testing. The resulting pH was around 12.5. For each solution, 50 mL was added to a beaker, and the chloride concentration measured with a DX235-Cl ion-selective electrode (Mettler Toledo) connected with a mercury/mercurous sulfate reference electrode to a SevenMulti meter (Mettler Toledo). After a few minutes of stable reading, 1 g of LDH was added to solution, under stirring, while the Cl− concentration was monitored and pH measurements were carried out just before and after 5 min of LDH addition. The ion-selective electrode was calibrated against standard chloride solutions (0.001 M to 0.5 M), every time, prior to conducting measurements. The experimental setup is pictorially depicted in Figure 3. In some cases, the solid was recovered after 5 min of exposure and characterized by XRD. To verify the effect of time on the binding capacity, the Cl− and pH measurements were repeated after 15 days of the LDH addition.




2.5. Compatibility of LDH with Cement Paste


Cement pastes with 0.5 water-to-cement (w/c) ratio were prepared without (reference) and with 2 wt% LDH. Specimens with 30 × 30 × 10 mm3 were cast and cured in a humidity chamber.




2.6. Chloride Sensors Embedded in Mortars


The effect of LDH on the chloride ingress in mortars was assessed with embedded chloride sensors. The sensors consisted of 1 mm diameter silver wire, coated with silver chloride on the polished surface and encased in epoxy. The silver chloride coat was produced galvanostatically, with a constant current density of 2 mA/cm2, for 30 min, in 0.1 M HCl. Three of these Cl− sensitive sensors were placed at 0.5, 1 and 1.5 mm from the surface of the mortar samples (Figure 4a). Prior to embedment in mortars, the sensors were calibrated by recording potential readings for various concentrations of Cl− in KOH = 0.1 M (pH~13). The response of the sensors to chloride ions in high-pH media is presented in Figure 4b. The chloride concentration in the mortars was then obtained by using the obtained calibration curve. These calibrations were repeated periodically, with sensors permanently immersed in KOH = 0.1 M (pH~13), to certify that the response did not change with the continuous exposure to the alkaline environment of mortar.



The mortars samples were cast in 5 × 5 × 5 cm3 samples, with a composition of 14.5 wt% CEM II/B-L 32.5 N cement, 13% water and 72.5% of 0–2 mm size siliceous sand. The water/cement ratio was equal to 0.9 and was chosen for fast permeation and, consequently, to accelerate the chloride ingress. LDH was added in an amount corresponding to 2 wt% of cement (0.3 wt% of total mass of mortar). The mortar samples were cured for 28 days, in a humidity chamber, and then the samples were immersed in 3.5% NaCl aqueous solution. The potential of the sensors was measured against a saturated calomel electrode (SCE) placed in the external solution, using a CompactStat potentiostat connected to a peripheral differential amplifier (Ivium Technologies, Eindhoven, The Netherlands), for simultaneous measurement of several channels.




2.7. Corrosion Testing


Mortar samples with the composition presented in Section 2.6 and 7 × 4 × 4 cm3 size were produced, with a non-corrugated steel bar of 8 mm diameter placed in the middle. The steel bars were cleaned with 50% vol. HCl solution and abraded down to 1200 grade SiC paper, just before the embedment in the mortars. After 24 h, the samples were demolded and were left curing for 8 days, immersed in water. The samples were finally transferred to 3.5% NaCl solution, and the open-circuit potential and polarization resistance were measured periodically with a Autolab PGSTAT 204 potentiostat with a platinum counter electrode and a SCE electrode as reference. The polarization resistance was measured from −10 to +10 mV, with respect to the open-circuit potential, with a scan rate of 0.1 mV s−1.





3. Results and Discussion


3.1. Characterization of the ZnAl-NO2


The particle size distribution of the LDH powder is presented in Figure 5a. It ranged between 40 nm and 150 μm, with a mean particle size of 22 μm. Almost 10% of the particles exhibited a particle size of less than 5 μm. The XRD pattern prior to exposure is depicted in Figure 5b and shows the reflections 003, 006, 110 and 113 at 11.6°, 23°, 60.2° and 61.5°. These reflections coincide with reflections reported in the literature for ZnAl-NO2 [31] and also with other LDHs with NO2− in the interlayer space [22,34].




3.2. Stability in High-Alkaline Environment


The effect of pH in the range between 11 and 13.5 has been studied. The LDH and solution were analyzed 30 days after 1 g of powder was added to the 50 mL solution. After 30 days, the powders were extracted from the solutions and weighed. LDH powder was present in all samples. However, the amount of powder left at a high pH was less, indicating that a partial dissolution of LDH could have taken place. In a parallel experiment, it was verified that about 95% of solid remained undissolved at pH 12, decreasing to 60% at pH 13 and only 20% at pH 14. The pH of the solution just before and 30 days after the addition of LDH is presented in Figure 6a). The pH of the solutions inside the closed containers decreased noticeably. This was attributed to the capture of OH− in solution by the LDH powder. A drop of three units in the pH scale was observed, showing a remarkable efficiency of this LDH to capture OH−. For a higher pH, the amount of captured OH− decreased (almost no pH drop), because most of the LDH was dissolved. The region of partial dissolution is marked in the figure.



3.2.1. Release of NO2− Ions


Considering that the capture of OH− occurs by an ionic exchange mechanism, as expected for a LDH [9,15,17,22,23,30,31,33,34], the intercalated NO2− ions must leave the LDH interlayer and pass to solution, to allow the entrance of the incoming OH− ions. Indeed, after 30 days of immersion, NO2- was detected in all the solutions. It was observed that the concentration of NO2- increased with an increase of pH, as shown in Figure 6b.




3.2.2. XRD Analysis of LDH Exposed to Alkaline Solutions


After the 30-day immersion period, the remaining powders were filtered, washed and dried in a vacuum oven, at 40 °C, for 24 h. Figure 7 shows the XRD patterns of the LDH before (base) and after immersion in the different solutions. The reflections 006 and 003 are related to basal planes while the peaks 110 and 113 correspond to non-basal planes. The magnification of the plot around the peak 003 (2θ between 10°and 12°) shows a shift towards a higher angle as the pH increases, signifying a contraction of the interlayer.



Bragg’s law [35] was used to calculate the interlayer spacings d003 and d110 from the 2θ peak locations, using λα = 1.540598 Å. The spacing d003 gives the thickness of a single brucite-like layer and one interlayer, while d110 is the distance between two-metallic cations in the brucite-like layer. A shift of d003 on the 2θ axis corresponds to a change in the interlayer distance, as observed in Figure 7b. In Figure 8, the calculated d003 and d110 values are plotted for each pH. A clear d003 shift to the right on the 2θ axis occurs as the pH increases, which is indicative of a smaller interlayer distance, signifying anion exchange with a smaller radius ion. The OH− ion has a smaller size than the NO2− ion; the anionic exchange reduces the interlayer spacing, leading to higher 2-theta reflections. This has also been previously reported by Tedim et al. [15]. However, the 003 peaks in mild pH could also show an overlap of LDH-NO2− and LDH-OH−, due to the possible parallel placement of NO2− in the interlayer. The NO2− ion placed inclined to the cationic layers will tend to show more layer contraction upon ion exchange with OH− (Figure 7b). The parameter for cationic spacing (d110) in the brucite-like layer stays constant as the pH increases, signifying that only anionic exchange has occurred as external concentration of OH− increased, and the cationic layer has stayed intact and unchanged.



These XRD peaks are also indicative of the structural stability in the high alkaline range. The partial dissolution of LDH starts around pH 12.5. The powders until this pH show characteristic peaks of the LDH, despite the shift in the intercalated anion, but from pH 12.5 onwardsup, new peaks are detected and attributed to ZnO, Zn(OH)2, Al2O3, etc. Finally, the XRD pattern of the small amount of solid that did not dissolve at pH 13.48 shows no peaks of the LDH (the LDH structure is lost) and is dominated by the peaks of oxides and hydroxides of Zn and Al, which were already visible in pH 12.45 and 12.82.





3.3. Chloride Entrapment and the Effect of pH


For the application of ZnAl-NO2 as chloride-entrapping additive in cementitious environments, it is highly relevant to verify the Cl− binding capacity of this LDH in the presence of a high concentration of OH− ions. Therefore, the binding capacity of the LDH as a function of chloride concentration and pH was investigated. Representative results are presented in Figure 9, for starting NaCl solutions of 10, 100 and 500 mM with different pH values. The concentrations are plotted normalized, i.e., they appear divided by the starting concentration, for a better comparison of the changes in the different cases. These plots show the drop in chloride concentration after LDH was added to solution. The pH before and after the addition of LDH is also shown.



Figure 9a,b refer to the tests conducted with a starting chloride concentration of 10 mM at different pH. The highest chloride capture occurred at the lowest pH (6.94), where the concentration dropped to ~30 percent of the initial value. The process is very fast, taking less than 1 min to attain equilibrium. The Cl− capture at this pH (6.94) took place with a slight increase in the pH. This pH increase could be due to the release of OH− bound to the surface of the LDH or to a small dissolution of the LDH itself. In fact, the addition of 1 g of LDH to distilled water increased the pH and the conductivity of the solution, confirming that ions have passed from the LDH to solution. At pH 10.59, almost the same amount of chloride ions was captured, and it was accompanied by a decrease of pH from 10.59 to 7.5. This signifies that both Cl− and OH− were captured by the LDH. As the pH rises, so rises the amount of OH− that is captured, while the entrapment of chloride significantly decreases. Above pH 12, the amount of Cl− captured becomes very small.



A similar description applies for the other NaCl concentrations. The higher capture occurs in near-neutral solution, decreasing with the increase in pH, until it becomes almost negligible at a very high pH. However, it is noticeable that, for the same pH, the amount of OH− captured is smaller as the concentration of Cl− increases. The tendencies are better perceived in Figure 10. The ZnAl-NO2 has higher selectivity to OH− than Cl−, and for a higher pH, it is captured preferentially with almost no Cl− captured. However, the capture of OH− is not so effective for a higher concentration of chloride. These results show that, in spite of the higher importance of selectivity, the concentration also counts. It is also evident that LDH leads to a decrease of pH of the surrounding solution, which can bring serious risks to the stability of the passive film on the rebar surface.



3.3.1. Effect of Time on the Chloride Entrapment


The entrapment tests described in the last section were conducted for just 300 s and did not continue, because the ionic exchange was quite fast after the addition of LDH, happening in less than 1 min, with the subsequent readings being stable. In any case, the samples were sealed for 15 days and then analyzed again, to look for any changes in Cl− concentration and pH. As confirmed in Figure 11, with two representative examples, no significant changes were detected in both parameters measured after 300 s and 15 days. This confirms that the process is very fast, without further evolution.



The XRD analysis of two powders after 15-day exposure to alkaline solution, with and without NaCl, is presented in Figure 12. A clear shift of the 003 peak is seen for both the powders, as compared to the base material. The peaks of the powders exposed to just OH− or to OH− and Cl− are quite close to each other and are not clearly distinguishable.




3.3.2. Chloride Binding Capacity


The chloride-binding capacity can be defined as the amount of chloride ion that is bound by a given mass of LDH. It can be expressed as the amount of Cl− ion bound to LDH per unit mass of LDH at the onset of equilibrium. As such, the chloride-binding capacity represents a heterogeneous equilibrium between the Cl− bound to LDH and the free Cl− available in the solution. However, this equilibrium is sensitive to the pH of the environment and is explained later. The chloride-binding capacity can be determined by using the following formula [22,28]:


   B c  =      V  s o l      (   C 0  −  C e   )     M  C l      m  L D H      



(1)




where Bc is the binding capacity (in mg/g), Vsol is the volume of solution (L), mLDH is the mass of LDH added to the solution (g), C0 and Ce are the initial and equilibrium chloride concentrations (mM) and MCl is the molar mass of chloride. The binding (or loading) capacity of ZnAl-NO2 for Cl− was calculated from the results of the chloride entrapment studies, using Equation (1), and is presented in Figure 13. The binding capacity increased with the Cl− concentration, up to a value where it then remained constant. The highest chloride loading was ~45 mg/g (1.28 mmol/g) and occurred at near neutral pH for the initial chloride concentration of 250 mM. The binding capacity is strongly dependent of the pH. At pH 12, it was half of the value in near-neutral pH, and above pH = 12.5, no substantial chloride was captured. The data for these equilibrium isotherms were obtained at room temperature (23 ± 1 °C). It is known that the loading capacity of Zn-Al-based LDH increases with temperature [36].





3.4. Compatibility with Cement


The experiments described so far were done in aqueous solution, with most of them at a high pH, to reflect the conditions inside cementitious materials. Naturally, the best approach is to test the LDH directly incorporated in these materials. It was decided to perform tests with mortars with 2% LDH with respect to cement. Before that, the compatibility of the ZnAl-NO2 with cement was investigated (Figure 14). It was observed that addition of LDH had a retarding effect on the cement curing. The sample with LDH displayed a slow curing, as compared to the reference samples. Cement paste (w/c = 0.5) with 2 wt% LDH took a very long time to harden, that is, around 17 days, compared to one day of the reference sample (without LDH). It is well-known that zinc ions can retard the hydration process. Trezza [37] used IR, XPS and calorimetry to investigate the effect of Zn2+ on the hydration processes and observed the delay of the cement hydration and attributed this to the formation of a new phase, Ca(Zn(OH3)2).2H2O. Citing Asavapisit et al. [38], Trezza concluded that the formation of Ca-Zn complexes decreased the concentration of Ca2+ ions required to form the CSH phase. The higher the concentration of Zn2+, the greater the quantity of the Ca-Zn phase and the longer the hydration time. Stephan et al. [39] also concluded that formation of the Ca-Zn phase significantly retards the hydration process by reducing the concentration of OH− and Ca2+ ions.



To confirm that it was the Zn2+ from LDH dissolution that interfered with the curing, cement pastes were cast with Zn(NO3)2. Similar to specimens with LDH, the samples showed a clay-like behavior and took a long time to harden. To rule out the effect of NO3− on the hydration process, samples were cast with NaNO3 with the same amount of NO3− as the samples with Zn(NO3)2 as shown in Figure 14. NO3− ions are traditionally used as setting accelerators in concrete, usually in the form of Ca(NO3)2 [40,41].



It is also important to note that the LDH particle size is a very important factor that should be taken into consideration. In a separate study from the authors [42], it was observed that a curing time similar to the reference samples was obtained when LDH particles of mean size ~125 μm were used, instead of the ~25 μm used in the present study. Therefore, the authors acknowledge that particle size plays a crucial role as bigger LDH agglomerates can have a reduced exposed surface area, leading to a lower dissolution at high pH. The effect of the particle size of LDH on the properties on concrete, especially chloride ingress, has been documented in the studies by Qu et al. [43]. The results reported in this work are confined to only one particular particle size, i.e., ~25 μm. For different particle sizes, reproducibility can be affected. Further studies are being planned to better characterize the effect of LDH and its particle sizes in cement paste hydration, and such studies will be reported in the future.




3.5. Embedded Sensors and Chloride Ingress in Mortar


To directly assess the effect of LDH on the transport of Cl− inside cementitious materials, chloride sensors were cast in mortar samples, as described in Section 2.6. The mortars were immersed in 3.5% NaCl, and the potential of the sensors was measured, over time, against a reference electrode placed in the solution. From the chloride concentrations in the different positions of the mortar and at the different times, it was possible to plot the chloride profile inside the reference mortar and inside the mortar with ZnAl-NO2, presented in Figure 15a,b respectively. In these plots, 0 cm corresponds to the surface of the mortar in contact with the solution, while the other values are the position of the sensors inside the mortar.



The chloride penetration was detected first by the sensors closer to the surface. Interestingly, with time, the peak chloride concentration was found not at the surface but 1 cm inside the mortar. This is a common observation [44,45,46] that has been attributed to a skin effect, i.e., to a different composition of the surface layers, compared to the bulk, due to contact with the casting mold [44,45]. Other authors attributed this effect to the gradient of moisture in the first few layers of the sample [44], as well as to surface reactions of the surface with the exposure environment [46]. The fact that the sensors were able to capture the concentration peak is an indication of their good functioning. The most important observation in Figure 15 is the slower ingress of chloride in the mortar with LDH.




3.6. Corrosion of Steel Bar in Mortar with and without ZnAl-NO2


In a final set of tests, steel rebars were placed in mortars without and with LDH (2 wt%, with respect to cement, or 0.3 wt% with respect to the total mass of mortar). The samples were exposed to 3.5% NaCl, and the corrosion potential (Ecorr) and polarization resistance (Rp) were monitored over time. The results are presented in Figure 16. The less negative Ecorr and the higher Rp of the steel in mortars with LDH point to lower corrosion, compared to the reference samples. The presence of LDH in the mortar seems to play a positive role, which can be even more pronounced if a higher amount of LDH was present.



The experiments with the LDH in mortars showed positive effects (lower ingress of chloride in mortar and higher corrosion resistance of steel), despite the low amount of LDH added (0.3 wt%) and the high porosity of the mortar. It is possible that the dissolution of LDH releases aluminum ions, which will promote the formation of more AFm phases (family of hydrated calcium aluminates) during cement hydration. This has been previously demonstrated by the authors, in a separate study, where the formation of AFm was recently confirmed by using in situ XRD on hydrating cement pastes with 2% Mg-based LDH. The reader is directed to Mir et al. [27], for detailed information on this effect. The dissolution of LDH leads to the formation of extra quantities of AFm which can chemically bind chloride ions. The extra amount of AFm phases can thus lead to additional chemical binding of chloride ions by forming Friedel’s salt and Kuzel’s salt and is also reported in the studies by Chen et al. [47]. Additionally, the filler effect of remaining undissolved LDH particles can play a positive role in chloride ingress by making the microstructure more tortuous, without decreasing the total porosity [43]. The higher corrosion resistance of steel in the mortar that contains LDH can be simply due to the release of NO2− to the pore solution, as a result of the LDH dissolution and ion exchange with OH− on the remaining powder. This contrast between the results with LDH in solution and in mortar needs more investigation, and additional studies are planned for the future.



These results with mortars are still preliminary because the experiments were performed with a limited number of replicate specimens (three of each type), in porous mortar (to accelerate the ion transport process), and the amount of LDH was only 0.3 wt% to the total mass of the mortar. Work is being performed with a higher number of samples, with better quality mortar, higher amounts of LDH and longer testing times in the mortar, in order to better understand the behavior of the LDH inside mortars, and will be reported in the future.





4. Conclusions


Based on the discussion presented in this work, the following conclusions can be drawn.



	
The Zn-Al LDH presents very good chloride-capture capability in near-neutral pH. Our investigations reported a peak binding capacity of about ~45 mg of Cl per gram of LDH. However, as the pH increases, the chloride-capture capability of Zn-Al LDH is reduced.



	
The LDH is stable in alkaline medium, until pH ~12.5. Partial dissolution occurs at a higher pH, with the release of the constituent anions (Zn2+, Al3+, NO2−) to the environment.



	
The ZnAl-NO2 delays the hardening of cement paste and mortars. This has been attributed to the zinc ions released by the partial LDH dissolution which interfere with the cement hydration reaction.



	
The partial dissolution and preferential capture of OH− at the pH values typical of cementitious material suggest the inadequacy of ZnAl-NO2 for the chloride capture inside concrete, where a pH higher than 13 is possible.



	
Mortars with the LDH presented a slower penetration of Cl− ions and led to higher corrosion resistance of the embedded steel rebar, even with a small amount (0.3% of total mass of mortar). Earlier studies pointed out that LDH dissolution can possibly lead to higher amounts of AFm being generated. However, additional experiments are needed to clarify this effect for ZnAl LDH. As a future scope to this work, more work will be performed to investigate the dissolution and working mechanism of LDH in concrete and will be reported in future.
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Figure 1. Schematic structure of layered double hydroxide (LDH) in original and exposed state and mechanism of ionic exchange. 
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Figure 2. Test matrix for chloride-binding tests. 
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Figure 3. Experimental sequence for measuring Cl− in the binding tests. 
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Figure 4. Studies conducted in mortars. (a) Scheme of mortar with sensors and (b) calibration curves for chloride sensors. 
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Figure 5. Characteristics of LDH particles. (a) Particle size distribution and (b) XRD pattern of ZnAl-NO2 prior to exposure. 
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Figure 6. Stability and ion exchange property on LDH. (a) OH− capture by LDH and in terms of pH drop and percent capture. (b) Corresponding NO2− release by LDH. 






Figure 6. Stability and ion exchange property on LDH. (a) OH− capture by LDH and in terms of pH drop and percent capture. (b) Corresponding NO2− release by LDH.



[image: Cmd 02 00005 g006]







[image: Cmd 02 00005 g007 550] 





Figure 7. XRD analysis of ZnAl-NO2 after 30 days of immersion in alkaline solutions—(a) Full XRD spectra (b) XRD spectra displaying d003 peaks. 
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Figure 8. Shift of d003 and d110 as a function of pH. 
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Figure 9. Results of the chloride-entrapment tests with the effect of pH. Plots on the left depict the change of chloride concentration (divided by the initial NaCl concentration) after LDH was added to solution. The graphs on the right show the solution pH before and after the addition of LDH. (a,b) Chloride ion and pH measurement in solutions at an initial chloride concentration of 10 mM, respectively. (c,d) Chloride ion and pH measurement in solutions at an initial chloride concentration of 100 mM, respectively. (e,f) Chloride ion and pH measurement in solutions, at an initial chloride concentration of 500 mM, respectively. 
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Figure 10. Comparison of the moles of Cl− and OH− captured, compared to the existing moles before the addition of LDH. 






Figure 10. Comparison of the moles of Cl− and OH− captured, compared to the existing moles before the addition of LDH.



[image: Cmd 02 00005 g010]







[image: Cmd 02 00005 g011 550] 





Figure 11. Long-term evaluation of chloride entrapment. (a) Cl− concentration and (b) pH of a 12 mM NaCl solution with initial pH = 12.08 measured before (t = 0 s) and after (300 s and 15 days) the addition of LDH. (c,d) Similar measurements of a solution initially with 100 mM NaCl and pH 12.95. 
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Figure 12. XRD plot detail of the 003 reflection of the LDH before tests (base) and the powder after 15 days of immersion in a solution with pH = 11.91, with and without 250 mM NaCl. 






Figure 12. XRD plot detail of the 003 reflection of the LDH before tests (base) and the powder after 15 days of immersion in a solution with pH = 11.91, with and without 250 mM NaCl.



[image: Cmd 02 00005 g012]







[image: Cmd 02 00005 g013 550] 





Figure 13. Chloride binding capacity of ZnAl-NO2 in the alkaline pH range. 
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Figure 14. Compatibility of ZnAl-NO2 with cement. Reference and cement + NaNO3 samples harden in one day. Cement + ZnAlNO2 or Zn(NO3)2 took about 20 days to harden. (w/c = 0.5). 
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Figure 15. Studies conducted in mortars. (a) Chloride profile inside reference mortar and (b) chloride profile inside mortar with ZnAl-NO2. 
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Figure 16. Corrosion potential and polarization resistance of steel rebar in mortars without and with 2 wt% (to cement fraction) ZnAl-NO2 immersed in 3.5% NaCl. 
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