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A B S T R A C T   

Layered double hydroxides (LDHs) have gained attention in the concrete research field, appearing 
as prospective additives for controlling chloride attack, and as micro or nano deliverers of 
corrosion inhibitors. This work reports the effect of ZnAl-NO2 LDH on the evolution of chloride 
concentration in the pore solution and on the corrosion resistance of iron in mortar samples 
exposed to 3.5 % NaCl solution. To this end, Ag/AgCl sensors were used to monitor the ingress of 
chloride ions into mortar, while the electrochemical state of the iron was evaluated by electro-
chemical impedance spectroscopy. Furthermore, the mortars were analyzed by XRD and TGA, and 
the total amount of chloride was measured with a commercial sensor. Mortars with LDH showed a 
slower increase of chloride ions in the pore solution and the preservation of the passive state of 
the Fe. The presence of LDHs did not cause a significant structural change in the mortars, which 
was evidenced by the similar distribution of the high frequency resistance as a function of depth 
in the samples with and without the additive. Finally, the amount of bound chloride in the 
cementitious material was higher in the LDH-containing mortars. In conclusion, ZnAl-NO2 LDH 
exhibited a positive effect on the protection of reinforcement embedded in mortar samples when 
subjected to chloride ingress.   

1. Introduction 

Exposure to marine conditions represents a major problem in the durability of reinforced concrete structures [1]. The presence of a 
certain amount of chloride ions in the interfacial pore solution to the surface of the steel reinforcement leads to a localized breakdown 
of its protective film, which is spontaneously formed due to the alkaline nature of cementitious materials [1]. The chloride content 
necessary to initiate the localized attack on the passive layer of steel is known as the critical chloride content or chloride threshold 
value. The service life of concrete structures exposed to marine environment can be divided in two different stages, as proposed by 
Tuuti’s corrosion model [2]. The initiation stage is related to the increase in the chloride content at the reinforcement level until the 
critical value is reached. The propagation phase is related to the evolution of the corrosion stage and the consequent degradation of the 
concrete cover. The variation of the chloride content in the pore solution depends on the ease of penetration of chloride ions through 
the concrete cover and the ability of concrete to bind chlorides. The penetration of chlorides into the concrete matrix occurs by 
diffusion, capillary suction, and permeation, and, therefore, chloride ingress is mainly affected by the pore structure of concrete and 
exposure conditions. The main factors that affect concrete porosity are water/cement ratio, concrete composition and curing 
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conditions (temperature and aging/degree of hydration). The chloride content in the pore solution is also affected by the ability of 
concrete to partly immobilize chlorides. The hydration products of cement can react with chlorides leading to the formation of calcium 
chloroaluminates, like Friedel’s salt for example [3]. However, a decrease in the pH of the pore solution can lead to the dissolution of 
the chloroaluminates and consequent release of bound chlorides into solution [4]. 

The protection of reinforced concrete structures can be carried out by acting specifically on the different elements that make up 
these structures (cementitious layer and reinforcing steel bar). In the case of the reinforcement, it can be coated by a zinc film 
(galvanization) or an epoxy layer, cathodically protected, or substituted by a less active material, such as stainless steel. In the case of 
the cementitious material, the layer of concrete between the environment and the rebar can be thicker, less porous, coated with paint, 
and mixed with corrosion inhibitors or additives with the ability to capture chlorides. The addition of a corrosion inhibitor has some 
advantages, namely the lower cost and simplicity. 

Layered double hydroxides (LDHs) have been recently studied as additives in concrete composition for corrosion inhibitor release 
and aggressive anions capture [5–7]. LDHs are layered compounds having the following chemical formula: 
[
M2+

1− xM3+

x (OH)2
]
An−

x/n.yH2O, where M2+ and M3+ are divalent and trivalent metal cations, respectively, An- is an interlayer anion, and x 
is the M3+/(M2++M3+) molar ratio. The interlayer anions can be easily exchanged with other anions of higher affinity. For many LDH, 
the order of exchange affinity has been found to be: NO−

3 < NO−
2 < Cl− < OH− < SO2−

4 < CO2−

3 [8]. 
The effect of LDH on chloride entrapment and corrosion inhibitor release in cementitious environment has been investigated. 

Several LDHs demonstrated the ability to capture chlorides. Mg-Al LDH were tested in simulated concrete pore solution and promoted 
a corrosion inhibition effect on a steel electrode due to chlorides uptake by anionic exchange, and to inhibitor release (NO3

− ) [9,10]. 
The addition of Ca-Al LDHs to mortar samples led to the decrease of chloride migration coefficient due to the increase of mortar 
tortuosity and chloride capture ability [11]. However, only a few studies were performed in hardened samples [11–14] and none used 
embedded sensors for chloride detection. Despite being one of the least studied LDHs [7,15], Zn-Al LDH has already demonstrated the 
ability to capture chlorides and consequently improve corrosion resistance of a substrate when applied in coatings [16–18]. In 
cementitious environmment it was only tested in simulated pore solution [5,6]. Zn-Al LDH exhibited higher chloride binding capacity 
comparing to Mg-Al LDH and Ca-Al LDH due to its greater basal spacing [5]. Although this LDH has great potential for application in 
cementitious structures, no study with this additive in hardened samples has yet been reported. As such, this work fills a gap in sci-
entific knowledge regarding the action of this specific type of LDH on chloride entrapment in hardened mortar samples. 

The evaluation of the effect of LDHs on chloride capture in cementitious samples can be carried out by several methods, which can 
be divided into destructive and non-destructive. The most used destructive methods are the leaching technique and pore solution 
expression method, which require the extraction of a representative sample from the structure under study. However, the heteroge-
neity of concrete and the sample preparation procedure leads to significant measurement errors [19,20]. The non-destructive methods 
are mainly divided in embedded sensors [21], and electromagnetic techniques, which allow external contactless measurement [19, 
22]. These electromagnetic techniques require heavy and expensive equipment, and therefore, they are sometimes used in a 
destructive approach through the analysis in laboratory of a sample taken from the in-service structure. 

The monitoring of chlorides using embedded sensors, is non-destructive and permits a more reliable in-situ assessment since it is 
only sensitive to the chloride ions present in the pore solution. Commercial potentiometric sensors exist in the market for chemical 
analysis of chloride. However, they are not suitable for embedding in mortar because they are fragile. They are also too large to be 
useful for the characterization planed in this work. For this purpose, a thin wire presents a more adequate geometry for an accurate 
measurement without being invasive to the cementitious structures [23,24]. 

For chloride sensing, among several materials that have been studied (such as some doped conducting polymers [25,26]), sil-
ver/silver chloride sensors are the most reliable due to their higher sensitivity and response time compared to other materials [27]. The 
high reversibility of the Ag/Ag+ couple in chloride environments provides a useful application of these electrodes. The equilibrium 
that is established at the Ag/AgCl interface can be written as [28]: 

Ag+Cl− ↔ AgCl + e− (1)  

and the equilibrium potential is given by the Nernst equation: 

E=E0 − 2.3
RT
nF

log aCl− (2)  

where E0 is the standard equilibrium potential, R is the universal constant of ideal gas, T is the temperature, n is the number of 
electrons involved in the reaction, F is the Faraday constant and aCl- is the activity of the chloride ion (often replaced by concentration 
in the calibration step). Since the equilibrium is established at the silver/silver chloride interface it is important that the silver chloride 
coat be porous and thin enough to allow a faster penetration (diffusion) of chloride ions into the interface and to improve the response 
time, respectively [29,30]. 

The synthesis of Ag/AgCl electrodes can be done by different electrochemical or thermal methods: anodization of a silver substrate 
[31]; cathodic electrodeposition of silver on a conducting substrate (stainless steel, glassy carbon, etc.) followed by anodic deposition 
of silver chloride [32]; thermal decomposition in a furnace of a paste of silver oxide, silver chlorate, and water to form the couple 
Ag/AgCl [33]; and thermal reduction of silver oxide paste followed by electrolytic formation of the silver chloride [32]. 

The main objective of this work was to characterize in situ the effect of LDH-NO2 on the entrapment of chlorides and on the 
corrosion of iron electrodes embedded in mortar samples. For that, combs (Fig. 1) with 8 chloride sensors made of electrochemically 
synthetized Ag/AgCl were embedded in mortar samples, with and without LDH, to monitor the evolution of chloride content in the 
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pore solution as a function of depth. Combs with Fe electrodes were prepared and exposed in a similar way to monitor the corrosion as 
a function of depth and the effect of the LDH-NO3 and LDH-NO2 as additives to the mortar. The experiments were complemented by X- 
ray diffraction (XRD) and thermogravimetric analysis (TGA) performed on samples taken from different depths of mortars immersed 
for different periods. 

2. Experimental procedure 

2.1. Materials 

For preparing the chloride sensors, 1.5 cm segments of 0.8 mm diameter silver wire (99.99 % pure, Goodfellow, UK) were con-
nected to an electrical cable with colloidal silver suspension (Ted Pella Inc, USA), and the connection reinforced and isolated with 
epoxy resin (Araldite) – Fig. 1 a). The electrodes were polished before connection with SiC paper up to grit 4000 and cleaned with 
acetone and Millipore water to remove contaminations. The synthesis and characterization of the sensors is described in section 3.1. 
For corrosion testing, 1.5 cm segments of 1 mm diameter iron wire (99.90 % pure, Goodfellow, UK) were prepared in the same way as 
detailed above. All Ag or Fe electrodes were isolated with Lacomit varnish (Agar Scientific, UK) to a final active surface length of about 
5 mm – Fig. 1 a). The ZnAl-NO3 and ZnAl-NO2 LDHs used in this work were produced by Smallmateck (Aveiro, Portugal) using the co- 
precipitation method. The synthesis was made by slow addition of 0.5 M Zn(NO3)2⋅6H2O and 0.25 M Al(NO3)3⋅9H2O to 1.5 M NaNO3 
(for ZnAl-NO3) or NaNO2 (for ZnAl-NO2), while keeping the pH = 10 by the addition of 2 M NaOH. More details about the synthesis 
and characterization of the LDH can be found in Refs. [6,34]. 

2.2. Electrodes assembly 

The chloride sensors and the iron wires were grouped in 8-electrode combs with a spacing of 5 mm between each wire – Fig. 1 b). 
The assembly of the chloride sensors was carried out after silver anodizing and potentiometric characterization of each modified 
electrode. Afterwards, the combs were embedded perpendicular to the surface in the centre of mortar samples with 5 × 5 cm2 base area 
and 6.5 cm height. The top sensor was positioned 5 mm below the mortar top surface. For this purpose, maritime plywood moulds were 
used for the hardening of the mortar samples allowing the passage of the electrical cables and keeping the combs perpendicular to the 
top face at the desired distance. The mortar composition is presented in Table 1. It was chosen for obtaining a sufficiently porous 
cementitious matrix to accelerate the penetration of the aggressive agents. Reference mortars (without LDH) and mortars with LDH- 
NO3 and LDH-NO2 were prepared with either chloride sensors or with iron electrodes for corrosion measurements. Samples for XRD 
and TGA analysis were produced without electrodes. The mortars hardened inside the moulds for 1 week after which they cured for 2 
weeks immersed in distilled water. Finally, all the faces of the mortar samples were isolated with Araldite epoxy resin with exception of 
the top face (perpendicular to the set of sensors), as shown in Fig. 1 c). 

2.3. Chloride monitoring 

The chloride content inside the mortars was determined by measuring the open circuit potential of each sensor versus a saturated 
calomel electrode (SCE), as shown in Figs. 1 c) and Fig. 2. The potential difference was converted to chloride concentration by applying 
calibration curves obtained for each individual sensor prior to the embedment. The mortars were immersed in aqueous 3.5 % NaCl 

Fig. 1. a) Silver electrode before anodizing, b) comb with assembly of 8 electrodes, c) mortar samples with embedded electrodes immersed in aqueous 3.5 % NaCl.  
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solution to simulate the sea conditions and the measurements started immediately after immersion. The measuring equipment was a 
CompactStat potentiostat coupled to a peripheral differential amplifier (PDA) (input impedance of 1012 Ω) both from Ivium Tech-
nologies (The Netherlands). 

2.4. Corrosion testing 

The corrosion of Fe wires embedded at different depths in the mortars was monitored by open circuit potential (OCP) and by 
electrochemical impedance spectroscopy (EIS). The OCP was measured as described in section 2.3. The EIS measurements were 
performed using the CompactStat potentiostat in a three-electrode arrangement, with the embedded iron wires as working electrodes, 
a SCE as reference, and a platinum counter electrode, immersed in the 3.5 % NaCl solution. The spectra were acquired at OCP with a 
sine wave perturbation of 10 mV rms in the frequency range from 100 kHz to 1 mHz with 10 points per decade with logarithmic 
distribution. 

2.5. Mortar characterization 

After different immersion times, the central cores of reference mortars and LDH-containing mortars were dry cut and transversely 
sliced into 5 mm pieces. Each fragment was ground with an agate mortar and pestle. The powders were analyzed by x-ray diffraction 
(XRD) with a Panalytical X’Pert PRO3 diffractometer (Almelo, Netherlands), between 2θ Bragg angles of 5◦ and 25◦ using a step size of 
0.02◦. Thermogravimetric analysis (TGA) was performed with a Hitachi STA7200 using about 10 mg of powder in an alumina crucible. 
The weight loss of the samples was determined in a heating temperature range from 30 to 800 ◦C at a rate of 10 ◦C/min and purging 

Table 1 
Mortar composition.  

Mortar composition Mass % 

Cement I 42.5N 20.83 
LDH (<125 μm) 0 or 2 
Sand 0–2 mm 62.50 
Water 16.67 
Water/Cement ratio 0.8 
Sand/Cement ratio 3  

Fig. 2. Illustration of the overall experiment.  
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with 200 mL/min of nitrogen. The chloride content was determined using a commercial chloride ion-selective sensor (Mettler Toledo). 
For this, 0.4 g of each powder was added to 16 mL of Millipore water and ultrasonicated for 2 min. The surface of the modified 
electrodes was observed by scanning electron microscopy using a Hitachi SU-70 microscope. 

3. Results and discussion 

3.1. Synthesis and characterization of sensors 

The synthesis of Ag/AgCl films was performed galvanostatically with a pulse of 2 mA cm− 2 for 30 min in a 0.1 M HCl solution. The 

Fig. 3. E-t transient of Ag/AgCl synthesis at 2 mA cm− 2 for 30 min in 0.1 M HCl aqueous solution (a), SEM image of the surface of the Ag/AgCl electrode (b), evolution 
of the calibration curve of Ag/AgCl sensor immersed in saturated Ca(OH)2 solution for 74 days (c), variation of curve calibration slope after immersion in saturated Ca 
(OH)2 solution (d), potentiometric response of Ag/AgCl electrode for different NaCl concentrations, after 2 days of immersion in saturated Ca(OH)2 solution (e), and 
respective calibration curve (f). 
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E-t transient is presented in Fig. 3 a). As expected, the AgCl film growth began with the formation of rounded nuclei until the first layer 
was completed. In the initial growth stage, the ionic transport between the dissolving silver electrode and the electrolyte took place 
through the spaces between AgCl particles. As the film grew and the spaces between the first nuclei became covered, micro-channels 
(as shown in Fig. 3 b) were formed through AgCl to allow ionic transport. 

The potentiometric response of the Ag/AgCl sensors was measured in saturated Ca(OH)2 solution to mimic the mortar environment. 
A potential problem of Ag/AgCl electrodes embedded in cementitious materials is the dissolution and exfoliation of the AgCl film due 
to the contact with hydroxide ions for long periods [35], which decreases the available interfacial area for the electrochemical 
equilibrium leading to the failure of the sensors. So, the test was extended for 74 days to confirm the maintenance of the potentiometric 
response in these high pH conditions over time. The calibration curves and the variation of slope (m) with time of immersion are 
presented in Fig. 3 c) and 3 d), respectively. After a small shift in the first day of immersion, the calibration curves presented a 
quasi-Nernstian response, practically identical from the first to the last day of the test. Consequently, all the Ag/AgCl electrodes were 
characterized after 2 days of immersion in the simulated pore solution for different NaCl concentrations. Fig. 3 e) and 3 f) show typical 
results. The sensor response was almost immediate (few seconds) and stable over time. The calibration curve presented a limit of 
detection near 10− 5 M and a sub-Nernstian slope of 53.2 mV pH− 1. This is possibly related to the limited ionic transport until the 
interfacial region between silver and silver chloride due to the film thickness and the small size of the micro-channels. 

3.2. Chloride ingress in mortars 

The chloride concentration inside the reference mortar (without LDH) and in a mortar with 2 wt% LDH-NO2 is presented in Fig. 4. 
The recorded potential values were converted to chloride concentration via previously obtained calibration curves. The first obser-
vation from the results is the faster ingress of chloride ions in the reference mortar. The mortar with LDH was able to delay the ingress 
of chloride ions. After 20 days of immersion, only the sensor at 5 mm detected chloride, while in the reference mortar, chloride was 
already being detected at a depth of 20 mm. 

Explanations that have been advanced for the slower progression of chloride ions in samples with LDH include the decrease of 
porosity induced by the presence of LDH particles [36] and the Cl− capture by the LDH via an ionic exchange mechanism [10]. The 
same ZnAl-NO2 LDH has been investigated before and showed a preference for capturing OH− over Cl− and, furthermore, it partially 
dissolved at high pH [6,37]. This makes the above mechanisms unlikely to occur. Since the chloride ingress was slower in the mortar 
with LDH, an alternative mechanism to Cl− entrapment must be operating. It was postulated that the LDH dissolution could release 
aluminium ions which would react with the chloride ions from the pore solution, forming a new chemical compound, removing the 
chloride ions from solution and sequestering them in the cementitious phase [6,37]. 

3.3. Analysis of mortar 

In parallel with the chloride sensing, mortar samples were removed from solution after 0, 6, 16 and 65 days of immersion. The cores 
were extracted through dry cut, sliced into 5 mm sections, ground, and mixed with distilled water. The chloride content present in each 
solution was measured potentiometrically with a commercial chloride ion-selective electrode. Fig. 5 presents the evolution of chloride 
content per kg of mortar, as a function of depth, of samples with and without LDH-NO2. 

After 65 days of immersion, the samples with LDH-NO2 presented 3.8, 2.7 and 0.7 g of chloride per kg of mortar, at depths of 2.5, 
7.5 and 12.5 mm, respectively. The reference samples only contained 2.1, 1.4 and 0.4 g of chloride per kg of mortar, for the same 
depths. The sample with LDH presented higher chloride content compared to the reference mortar. These results indicate that the 
removal of chloride ions from solution leads to an increase in the bound chloride content, which in turn will lead to an increase in the 
total amount of chloride (free and bound chloride). The capture of chlorides from the pore solution maintains the concentration 
gradient between pore solution and external electrolyte constant and, consequently, promotes the entry of a greater amount of 
chlorides. Interestingly, the samples with and without LDH-NO2 have a similar maximum penetration depth — about 15 mm — after 

Fig. 4. Potentiometric response of embedded Ag/AgCl sensors, at different depths (5, 10, 15, 20, 25, 30 and 35 mmm), in mortar samples without (a) and with LDH (b) 
immersed in 3.5 % NaCl. 
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65 days of immersion, which suggests a similar progression of electrolyte through the pore network in both samples. 
The indirect capture of chlorides through the formation of Friedel’s salts is a process described in the literature [38]. As such, it was 

necessary to analyze the different phases present in the mortar samples after immersion in the chloride solution to understand the 
possible influence of the formation of these salts on the slower evolution of the chloride concentration. The mortar powders were 
analyzed by XRD to identify the different phases present. Fig. 6 a) and 6 b) show, respectively, the diffractograms of the mortar samples 
without and with LDH-NO2 taken at different days of immersion (0, 6, 16 and 65 days) from the layer close to the NaCl solution (0–5 

Fig. 5. Depth profile evolution of chloride content in mortar samples without (a) and with LDH (b), for 65 days of immersion, obtained by destructive analysis.  

Fig. 6. Diffractograms of ground mortar samples without (a) and with (b) LDH-NO2, at 0–5 mm of depth, for different time of immersion (0,6, 16 and 65 days), and 
diffractograms of reference (c) and with LDH (d) samples after 65 days of immersion, for different depths (0–5, 5–10, 10–15 and 15–20 mm). The identified phases 
were ettringite (E), Friedel’s salts (FS), portlandite (P), and monocarbonate (Mc). 
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mm of depth). Fig. 6 c) and 6 d) show, respectively, the diffraction patterns of mortar without and with LDH, after 65 days of im-
mersion, at different depths (0–5, 5–10, 10–15 and 15–20 mm). The diffractograms depict the reflections of ettringite (E, Ca6Al2(-
SO4)3(OH)12⋅26H2O) at 9.3◦ and 16◦, Friedel’s salt (FS, Ca4Al2(OH)12Cl2.4H2O) at 11.25◦, monocarbonate (or monocarboaluminate, 
Mc, Ca4Al2(CO3)(OH)12⋅5H2O) at 11.9◦, and portlandite (P, Ca(OH)2) at 18.22◦ [39,40]. At the beginning of immersion (t = 0) the 
phases E, Mc and P are present but not FS. With time, as the chloride ions enter the mortar, Mc is replaced by FS. The mono-
carboaluminate reacts with chloride ions and forms Friedel’s salt [41]. 

In another set of experiments, ground material from regions at depths of 0–5 mm and 5–10 mm of mortars immersed in 3.5 % NaCl 
for 65 days were analyzed by TGA. The results are presented in Fig. 7 a) and b). The corresponding differential plots (DTG) are 
presented in Fig. 7 c) and d). Three major weight losses were observed, one at 80–90 ◦C attributed to ettringite (E), another at 
420–430 ◦C assigned to portlandite (P), and a third at 660–680 ◦C due to calcium carbonate (CC) [41]. A small weight loss at 
280–380 ◦C was attributed to Friedel’s salt (FS) – see inset of Fig. 7 c) – due to the decomposition of the FS main layer water. The 
quantity of FS was estimated according to Ref. [41]: 

mFS =
MFS

6MW
mW (3)  

where mFS is the mass ratio of FS in the mortar, MFS is the molar mass of FS (561.3 g mol− 1), mW is the integrated area of the FS weight 
loss peak (inset of Fig. 7 c), and MW is the water molar mass (18.02 g mol− 1). The quantity of FS at the 0–5 mm level on the mortars 
with LDH was 0.34 wt% and 0.30 wt% on the mortar without LDH. The higher amount of FS on the mortar with LDH can be explained 
by the additional contribution of the partial LDH dissolution to the formation of FS. However, the difference between mortars is too 
small to explain the much higher capture of chlorides by the mortar with LDH compared to the reference mortar. The low contribution 
of Friedel’s salt formation to the measured total chloride content was observed before [26]. These results corroborate the positive 
effect of LDH. The capture of chlorides is possibly due to ionic exchange or surface adsorption with the undissolved ZnAl-NO2 LDH. 

3.4. Corrosion of iron wires 

Experiments were performed with iron electrodes embedded in the mortar samples to simulate the steel reinforcement. Three types 

Fig. 7. TG and DTG curves of ground mortar samples without (a and c) and with LDH-NO2 (b and d), exposed to chlorides for 65 days, for different depths (0–5 and 
5–10 mm). The identified phases were ettringite (E), Friedel’s salts (FS), portlandite (P), and calcium carbonate (CC). 
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of mortar were tested: mortar without LDH (reference), mortar with LDH-NO3 (with the ability to bind chloride ions), and mortar with 
LDH-NO2 (chloride binding ability plus the release of corrosion inhibiting nitrite ions). The evolution of the open circuit potential 
(corrosion potential) of the iron electrodes with the immersion time is shown in Fig. 8. The results of the electrodes at 5 mm were 
discarded due to the large heterogeneity of the outer surface which led to very scattered data. The OCP of all others was initially around 
− 0.1 V vs. SCE, which is typical of passive steel inside mortar [1,[42]]. Then, the potential of the electrodes at 10 and 15 mm in the 
reference mortar dropped until reaching the values of the active corrosion of iron (close to − 0.6 VSCE) after, respectively, 5 and 10 
days. The potential of the iron electrodes in the LDH-containing mortars remained in the passive region through the 30 days testing 
period. These results agree with the chloride distribution found in section 3.2., which showed that during the first month of immersion 
chloride progressed 15 mm in the reference sample, but only 5 mm in the sample with LDH-NO2. The high OCP in the two systems with 
LDH is indicative of lower chloride content in the pore solution and a proof of the positive effect of the LDH addition. 

The electrochemical state of the iron wires was also accessed by EIS. Fig. 9 presents Bode diagrams of the impedance of the iron 
electrodes at 10, 15, 20 and 25 mm measured on the 28th day of immersion. In the reference mortar, the wires at 10 and 15 mm showed 
very low impedance indicating an advanced state of corrosion. The electrodes at greater depth seemed to be still in a passive state, but 
already showing a resistive response at lower frequencies. 

The time constant (relaxation process) centered around 1–10 Hz can be related to a surface film (either a passive film or a layer of 
corrosion products) and the time constant at lower frequencies can be ascribed to the corrosion process, with the double layer 
capacitance, CDL, and the charge transfer resistance, RCT. In the case of mortars with LDH, after 1 month of immersion, the electrodes 
presented high impedance, with just slight differences in depth. The response of the wires in the mortar with LDH-NO3 was dominated 
by a single time constant while the impedance in mortars with LDH-NO2 showed two time constants. 

To help assigning the time constants to the proper physico-chemical processes, the impedance spectra were numerically fitted. For 
this purpose, the ZView program (Scribner Associates, USA) was used considering the equivalent electric circuit shown in Fig. 10, 
where RHF is the resistance at high frequency, related to the resistance of the solution in the pores of the mortar, RPL and CPL are, 
respectively, the resistance and capacitance of the passive film formed on the iron surface, and CDL and RCT are the parameters 
associated with the corrosion at the metal surface, already identified above. 

This circuit omits the solution resistance, i.e., the resistance of the solution between the reference electrode and the mortar surface 

Fig. 8. OCP evolution of iron electrodes embedded in mortar samples without additive (a), with LDH-NO2 (b) and with LDH-NO3 (c), at different depths (10, 15, 20 
and 25 mm), for 30 days of immersion in 3.5 % NaCl solution. 
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because it was not measured (higher frequencies would be needed). The capacitance of the mortar layer (CHF) is also not included in 
the circuit because it is only detected in some spectra and even then, with poor definition. As a result, the fittings were performed in the 
region of the spectra below 1 kHz. In addition, owing to their non-ideal behaviour, the capacitances were replaced by constant phase 
elements (CPE) in the fitting procedure [43]. The impedance of a CPE is given by, 

ZCPE =
1

Y0 (j ω)n (4)  

where Y0 is the frequency independent admittance, n is the power of the CPE, j = √ − 1 and ω is the angular frequency (in radians). 
After the fitting, the CPE values were converted to capacitances using the Brug equation [44], 

Fig. 9. Bode diagrams of iron electrodes embedded at different depths (10, 15, 20 and 25 mm) in mortars without LDH (a and b), with LDH-NO3 (c and d) and LDH- 
NO2 (e and f), at different distances from the surface (10, 15, 20 and 25 mm) after 28 days of immersion. 
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Fig. 10. Equivalent electrical circuit used to fit the impedance spectra.  

Fig. 11. Evolution of the resistance at high frequencies of mortar samples at different depths (10, 15, 20 and 25 mm) without additive (a), with LDH-NO2 (b), and with 
LDH-NO3 (c). 
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where R1 and R2 are the resistances in series and in parallel with the CPE, respectively. 
While Fig. 9 shows the impedance after 28 days of immersion in 3.5 % NaCl, Figs. 11–13 present the evolution of the impedance 

parameters during the total immersion period. Fig. 11 exhibits the evolution of the resistance at high frequencies (RHF) as a function of 
immersion time, at different distances from the surface (10, 15, 20 and 25 mm), for the three mortar samples. RHF corresponds to the 
resistance of the solution inside the complex pore network of mortar [45]. It is influenced by the entrance of electrolyte ions (Cl− and 
Na+) and pore clogging. A considerable decrease in RHF was observed in the first hours of immersion due to the ingress of solution into 
the pore network. It continued decreasing in the reference sample, as the chloride ions diffused through the pore network. In the 
samples with LDH, RHF gradually increased after the 7th day of immersion, which can be explained by chloride ions entrapment and the 
continuing curing of the immersed mortar, leading to a decrease in the pores size and clogging. This is a sign of the action of LDH inside 
the mortar. RHF is higher for the electrodes at greater depth due to the longer path from the solution to the electrode surface. 

The other parameters of the reference sample are presented in Fig. 12. COX and ROX appear instead of CPL and RPL to denote the 
existence of a layer of corrosion products (oxide layer) and not a passive film. This applies at least for the electrodes at 10 and 15 mm. 
CDL and RCT are related to the corrosion of the metal surface. RCT increases with depth and decreases with time. The lower RCT of the Fe 
wires close to the surface reflects their higher corrosion rate. This is a consequence of the local higher chloride content which destroys 
the passive film. In the cases where RCT is low the corresponding CDL has values much higher than that of a typical double layer (20–50 
μF cm− 2). The high capacitance values are attributed to the formation of porous and conductive corrosion products which increase the 
electroactive surface area and to the adsorption of chemical species at that surface [46]. Alternatively, the impedance of this region of 
the spectrum for the wires with higher corrosion rate (low RCT), like the ones at 10 and 15 mm in Fig. 9 a) and b), can be explained by a 
diffusional control of the corrosion process. 

The impedance parameters of the samples with LDH are presented in Fig. 13. The impedance values of the wires in the mortar with 
LDH-NO3 do not vary significantly, which means that the iron electrodes are still in a passive state in all places of the sample, with CPL 
values around 30 μF cm− 2 and RPL values between 105 and 106 Ω cm2. Given that the capacitance values are more typical of a double 
layer, it is possible to alternatively consider the capacitance to be CDL and in such case the resistance in parallel would be RCT. In either 
case the high impedance at low frequencies suggests a high corrosion resistance. This can be explained by the high pH of the pore 
solution and the lower chloride content due to the LDH. 

Fig. 12. Evolution of EIS parameters of the iron electrodes at different depths (10, 15, 20, and 25 mm) in the reference mortar: capacitance of a surface oxide layer (a), 
resistance of the surface oxide layer (b), double layer capacitance (c) and charge transfer resistance (d). 
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The impedance of the wires in the mortar with LDH-NO2 presents 2 time constants, one at middle frequencies attributed to the 
response of the surface film (CPF and RPF) and the one at lower frequencies assigned to the corrosion (CDL and RCT). RCT was so high that 
it was not actually measured in the tested frequency range. 

Nitrite is an anodic inhibitor that reacts with the ferrous ions and forms a film of ferric oxide, Fe2O3 [46–49], according to,  

2Fe2+ (aq) + 2OH‾ (aq) + 2NO2‾ (aq) → 2NO (g) + Fe2O3 (s) + H2O (l)                                                                         (6) 

In the presence of chloride ions another iron oxide form is more stable, γ-FeOOH, and the reaction can be written as [48,49],  

Fe2+ (aq) + OH‾ (aq) + NO2‾ (aq) → NO (g) + γ-FeOOH (s)                                                                                           (7) 

Fig. 13. Evolution of EIS parameters of iron electrodes at different depths (10, 15, 20 and 25 mm) in mortars containing LDH-NO3 (a–b) and LDH-NO2. (c–e). RPL and 
CPL are the resistance and capacitance of passive layer, respectively, and CDL is the capacitance of double layer. 
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In any case a protective film is formed that passivates the iron surface, significantly lowering its corrosion rate. A drawback of the use 
of anodic inhibitors is the necessity of a minimum quantity to achieve full corrosion protection. An insufficient quantity leads to 
localised corrosion (e.g. pitting) which can be severe in the presence of aggressive species like chloride ions. For nitrite many studies 
report a critical molar concentration ratio [NO2

− ]/[Cl− ] of 0.6 to guarantee corrosion protection (even though the interval spans from 
0.5 to 1.5) [46,50]. The amount of LDH used in this work (2 % of total mortar mass) did not provide enough nitrite ions for a full 
protection and the impedance data displays the response of both the passive film and the localised corrosion. 

3.5. Discussion 

Initially, the effect of LDHs was tested by measuring the concentration of chlorides in the pore solution at different distances from 
the surface of mortar samples with and without LDH. On day 30th, the concentration of chlorides in the reference sample at distances of 
5, 10, 15 and 20 mm was 83.82, 26.26, 5.95, and 0.61 mM, respectively, whereas in the sample with LDH, at the same distances, the 
concentration was 60, 0.6, 0.3 and 0.3 mM. The lower amount of chloride ions in the pore solution of the sample with LDH may be due 
to a structural variation of the cementitious matrix, namely an increase in its tortuosity [11] or a decrease in its porosity, and to the 
capture of chlorides, which can occur through the formation of Friedel salts or by anion exchange with LDHs. In order to validate the 
influence of LDHs on chloride entrapment, the evolution of the total amount of chlorides (bound and in the pore solution) was also 
studied, with a commercial sensor, in samples with and without LDH, and subjected to different immersion times. The analysis of the 
ground samples showed a greater content of chlorides in the sample with LDH. The reference sample after immersion for 65 days 
showed 2.14 and 1.36 g of chlorides per kg of mortar from 0 to 5 mm and 5–10 mm deep, respectively, while the sample with LDH, with 
the same immersion time, showed 3.80 and 2.69 g of chlorides per kg of mortar, at the same depths. This result refutes the hypothesis of 
a structural improvement, because it would lead to a decrease in the total amount of chlorides, contrary to what was obtained. In fact, 
an increase in the amount of LDH in mortar samples can lead to an increase in its porosity [13] and to higher chloride binding capacity 
in mortar. However, if the amount of LDH is lower than 2 vol%, the effect of LDH on mortar porosity is minimized [11]. 

Furthermore, the same samples used for the determination of total chloride content were analyzed by XRD and TGA to determine 
the hypothetical effect of chloride capture through the formation of Friedel salts (FS). FS (Ca2Al(OH)6Cl.2H2O) are formed by the free 
chlorides binding with AFm (Aluminate Ferrite mono) hydrates [38,40,51,52]. The presence of FS was detected in both samples with 
and without LDH. However, the content of FS estimated from the TGA analysis was very similar for both samples (0.34 wt% and 0.30 
wt% in the mortar with and without LDH, respectively, at 5–10 mm). The small increase of FS in the mortar sample with LDH can be 
explained by the contribution of chemical fixation of chlorides by LDH [36]. This result refutes the hypothesis that the capture of 
chlorides through the formation of FS is the phenomenon responsible for the lower concentration of chlorides in the pore solution of 
the mortar sample with LDH, measured by the sensors. 

Finally, the effect of Zn-Al LDHs on corrosion protection of iron electrodes positioned at the same distances as the sensors was 
studied. At the beginning of the test, all electrodes presented an open circuit potential (-100 mVSCE) characteristic of a passive state. 
After 10 days of immersion, the electrodes at 10 and 15 mm depth in the sample without LDH already showed signs of active corrosion, 
presenting an OCP close to − 600 mVSCE. In the case of the electrodes embedded in the mortar sample with LDH, they remained in a 
passive state even after 30 days of immersion. Impedance analysis showed that the presence of LDHs maintained the electrodes with a 
high charge transfer resistance (between 105 and 106 Ω cm2). Furthermore, the evolution of solution resistance at different depths in 
samples with and without LDH was very similar, which shows that the presence of this additive does not significantly alter the 
microstructure of the mortar. 

The effect of other LDHs, such as Mg-Al and Ca-Al LDHs on the corrosion protection of steel electrodes was studied by several 
authors [9,36,53,54]. The LDHs promoted an increase in the corrosion potential and charge transfer resistance of the electrodes in the 
presence of chlorides. 

This work clearly demonstrates the positive effect of Zn-Al LDH on the capture of chloride ions in hardened mortar samples. The 
presence of LDH promoted a slower increase of chloride content in the pore solution of the samples, as shown by Ag/AgCl sensors, and 
maintained the iron reinforcements in a passive state, contrarily to the reference samples. The LDH loaded with nitrite protected the 
steel rebar from corrosion by the chloride capture and the inhibition effect. This is evident from the maintenance of a less negative 
corrosion potential and the presence of a time constant due to a surface film. However, the total chloride content was higher in the 
LDH-containing mortars, being most of it bound to the cementitious material. This poses a risk in the long run. In the case of structures 
subjected to carbon dioxide penetration, the consequent decrease in the pH of pore solution due to carbonation will lead to the release 
of the bound chlorides to the pore solution [55], and promote localized attack of the steel reinforcement. This is not a problem for 
submerged structures. 

4. Conclusions 

This work studied the effect of ZnAl-LDH on the chloride entrapment in mortar through in-situ monitoring of chloride concen-
tration in the pore solution and chemical analysis of ground mortars. It also investigated the effect of ZnAl-LDH on the corrosion of 
embedded iron electrodes at different depths. 

The mortars with LDH presented a much lower chloride concentration in the pore solution but a higher amount of chloride in the 
cementitious phase compared to the reference mortar. This is explained by the removal of chloride ions from the pore solution and its 
entrapment in the solid phase by the action of the ZnAl-LDH. 

XRD and TGA analysis of ground mortars showed the presence of Friedel’s salt in the mortars, with slightly higher amount in the 
mortars containing LDH. Higher corrosion was observed in the samples without LDH and at depths closer to the surface. The corrosion 
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at different depths is consistent with the distribution of chloride in the pore solution. 
The capture of chlorides by LDH leads to an increase in the content of bound chlorides. The decrease in the pH of the pore solution 

over time, particularly due to the effect of carbonation, can lead to the dissolution of the solid phase and, consequently, increase the 
concentration of chlorides in the pore solution. 
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