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Abstract

:

Reinforced concrete structures are prevalent in infrastructure and are of significant economic and social importance to humanity. However, they are prone to decay from cement paste carbonation. pH sensors have been developed to monitor cement paste carbonation, but their adoption by the industry remains limited. This work introduces two new methods for monitoring cement paste carbonation in real time that have been validated through the accelerated carbonation of cement paste samples. Both configurations depart from traditional pH monitoring. In the first configuration, the carbonation depth of a cement paste sample is measured using two CO2 optical fiber sensors. One sensor is positioned on the surface of the sample, while the other is embedded in the middle. As the carbonation depth progresses and reaches the embedded CO2 sensor, the combined response of the sensors changes. In the second configuration, a multimode fiber is embedded within the paste, and its carbonation is monitored by observing the increase in reflected light intensity (1.6–18%) resulting from the formation of CaCO3. Its applicability in naturally occurring carbonation is tested at concentrations of 3.2% CO2, and the influence of water is positively evaluated; thus, this setup is suitable for real-world testing and applications.
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1. Introduction


Concrete is crucial to modern society, and its usage is closely tied to economic prosperity [1,2,3]. Over the last century, its wide-range application in housing and infrastructure has led to a rise in cement production, which has in the past decade leveled off at around four billion tons annually [4,5], as shown in Figure 1a.



The prolific use of concrete has made the cement industry the second largest industrial emitter, accounting for 7% of global emissions [6]. The fossil fuels and electricity required for cement production [7], combined with the CO2 release from the thermal decomposition of calcite (CaCO3) [8], account for most of its environmental impact. The Paris Agreement aims for a 16% reduction in emissions from cement production by 2030 [9], yet cement usage is projected to increase by 12–23% by 2050 due to population and economic growth in developing countries. This could lead to a rise in emissions from 2.9 to 3.5 Gt of CO2 [6,10]. A further increase in demand for cement production is expected due to repairs and the rebuilding of aging infrastructure, whose service life ranges from 50 to 100 years [11]. A lower and upper boundary for this demand is estimated, integrating cement paste that is 40–60 and 80–120 years old, as shown in Figure 1b.



Cement paste carbonation is the reaction of dissolved CO2 with the calcium (Ca) present in concrete cement paste, resulting in the formation of calcium carbonate (CaCO3). This process is a major cause of concrete decay and afflicts two of the main components of cement paste: portlandite (Ca(OH)2) and calcium silicate hydrates (C-S-H) [12]. Portlandite maintains the pH of the cement paste around 12.5–13.8 [13], which protects steel from corrosion. The carbonation of portlandite reduces the pH of cement paste, leaving the rebars exposed to oxidation once the pH drops below 9.0–9.5 [11,13], causing concrete spalling and further exposing the structure to the elements. Calcium silicate hydrates constitute 50–60% of cement paste and are responsible for cement paste’s binding properties and compressive strength [14]. Over time, the reaction of cement paste with CO2 reduces C-S-H’s Ca/Si ratio, increases its porosity, and leads to the formation of cracks. Ultimately, the C-S-H undergoes a complete transformation as it reacts with CO2, leading to the formation of calcium carbonate and amorphous silica hydrate [12].



Monitoring cement paste will be key in extending the service life of existing infrastructure and reducing the need for cement production, a task for which sensors will be indispensable. Cement paste carbonation is currently controlled through the measurement of cement paste’s pH [13,15] and, despite the higher cost, this monitoring remains dependent on periodic visual inspections and destructive, time-consuming sample collection [16]. These samples are analyzed through chemical indicators, such as phenolphthalein [11,17], through leaching methods [18,19], or through concrete pore solution extraction under pressure [20,21]. Despite their low adoption by the industry [16], sensors for the monitoring of cement paste’s pH have been developed and are proven to obtain valuable information. While conventional glass electrodes are unsuited for embedment in reinforced concrete structures due to their frailty and their susceptibility to alkaline error [22], electrochemical sensors using iridium oxide electrodes [23] can be implemented for this purpose. Their long-term stability in solution [23,24] has been translated into reliable measurements in concrete [25,26]. Still, electrochemical methods remain susceptible to electromagnetic interference and to the poor stability of reference electrodes [27]. As an alternative, optical fiber sensors have been researched for the monitoring of cement paste’s pH. Much of this research has been devoted to the development and testing of pH-sensitive membranes (optical modulators) in solution [28,29,30,31,32]. The embedment of sensitive membranes has also been investigated [33,34,35,36], but only a few reports have shown the sensors working while embedded in cementitious materials: the monitoring of the early age of low-pH cement paste [37], the curing of cement paste [38], and the carbonation of mortar [39] and concrete [40]. These sensors use an optical fiber to guide light into a modulator whose absorption spectrum or fluorescence are sensitive to changes in pH. Despite their low cost, these sensors could be susceptible to photobleaching, the instability of the light source, and the leaching out of the indicator [36]. Their susceptibility to the dynamic environment of concrete, such as its varying relative humidity (RH), adsorbed water, vibrations, and crack formation, remains largely untested for both optical fiber and electrochemical sensors.



In this work, optical fiber sensors are employed for the monitoring of cement paste carbonation through two distinct setups. The carbonation depth-monitoring setup exploits the difference in CO2 concentrations between the inside and the outside of a cement paste sample to achieve its carbonation depth. It employs for this purpose two optical fiber sensors functionalized in transmission with a CO2-sensitive colorimetric membrane [41]. The total carbonation-monitoring setup measures the reflectivity changes in the cement paste as the carbonation occurs. This measurement is taken through an embedded multimode fiber without using a modulator, relying solely on the cement paste to change the measured light intensity. In Section 2, both setups are presented along with the underlying carbonation mechanics that they exploit. The cement paste samples used and their curing processes are demonstrated, as well as the carbonation regime they underwent. In Section 3, the results of the accelerated carbonation for both setups are shown and discussed.




2. Materials and Methods


2.1. Carbonation Depth-Monitoring


The carbonatation depth study was performed in a small setup comprising a cured cement paste sample with an inside gap to allow the placement of a CO2 [41] and a temperature sensor, as shown in Figure 2. The sample was produced using Portland limestone cement (CEM II/B-L, 32.5 N) with a water-to-cement ratio (w/c) of 0.5. The sample’s cure was sealed from the outside environment with parafilm to prevent the evaporation of water and left to cure for 7 days, allowing it to achieve 80% of its 28-day cure compressive strength [42,43,44].



Once cured, the cement paste was removed from the cast and placed in a sealed container (carbonation chamber) as shown in Figure 3, along with two CO2 optical fiber sensors already developed and reported in [41]. One CO2 sensor is embedded in the sample, and the other is adjacent to its outer surface. Each is connected to a spectrometer (Hamamatsu C12880MA, Shizuoka, Japan), as shown by Spec 1 and Spec 2 in Figure 3. Carbon dioxide was introduced at different concentrations into the container. Injections were either pure CO2 (100% CO2) or mixtures of CO2 and N2 when lower concentrations were used. These mixtures were formed in a separate container (the mixing chamber), where the concentration of each gas was controlled through a pressure gauge, and the pressure in the container was always raised to 4 bars before transfer into the carbonation chamber. As explained in [41], the CO2 optical sensors are based on a colorimetric membrane which has a strong absorbance band at 430 nm. Two light-emitting diodes (LEDs), one blue and one red, are used to interrogate the membrane, with their spectral intensity being measured in transmission with a spectrometer, as shown in Figure 4.



Intensity ratio (    I   B l u e   /   I   R e d    ) of the two LEDs’ wavelengths is a measure of CO2 concentration. The inner CO2 probe (CO2 sensor 2) has a thermistor embedded in it, and a second thermistor is placed on the outside surface of the cement paste sample.



The upper surface of the sample was covered with hot-melt adhesive to prevent the intrusion of CO2 directly to the cavity where the second CO2 sensor is placed. The two optical fiber sensors respond to changes in CO2 concentration at both points and are used to qualitatively infer the carbonation depth of the sample. The combined response of both sensors changes when the carbonation depth reaches the inner sensor. Injections of CO2 used in the carbonation depth-monitoring setup are divided into three different sets, as shown in Table 1:




	
Set C1 injections are used to access combined responses from the inner and outer CO2 optical fiber sensors when the carbonation depth has not reached the inner cavity. The pressure in the mixing container is always raised to 4 bars, regardless of the concentration of CO2, and its contents are slowly vacated over a couple of minutes into the carbonation container.



	
Set C2 consists of long-lasting injections of 100% CO2, with the goal of increasing the carbonation rate, ensuring that the carbonation depth reaches the inner cavity. Injection duration varies between 22 and 52 min.



	
Set C3 is made of 100% CO2 injections, aimed at accessing the combined response of the sensors once the carbonation depth reaches the inner cavity.









2.2. Total Carbonation-Monitoring


The polished tip from a silica multimode fiber with a core diameter of 600 µm is embedded in cement paste with the aim of monitoring its color change due to carbonation. An optical fiber bundle in bifurcated (Y) cable of two 200 µm multimode fibers (Ocean Optics EOS-26488, Orlando, FL, USA) is used to transport light from a light-emitting diode (LED) (Roithner Lasertechnik, w54l5111p & b5b-433-b525, Vienna, Austria) into the embedded fiber and carry the light reflected at the cement paste to a spectrometer (Hamamatsu C12880MA, Shizuoka, Japan), as shown in Figure 5a.



The total carbonation-monitoring setup exploits the change in cement paste color induced by its carbonation. Cement paste’s gray color is due to iron ore (black) used in cement production which taints cement’s color to be gray. The formation of CaCO3 (white) due to carbonation changes the cement paste’s color to a lighter tone of gray, and hence, it also changes its reflectivity. Thus, as the carbonation front travels through the fiber tip, the cement paste color changes to a lighter tone, increasing the amount of light being reflected to the fiber tip.



Cement paste samples of 0.5 w/c were produced using Portland limestone cement (CEM II/B-L, 32.5 N) with varying sizes, as shown in Figure 5b. The smallest-size samples, ST1, were produced by dipping the multimode fiber in cement after its mixing and placing it in a 100% RH chamber for 7 days. ST2 and ST3 samples were cured in casts with an embedded polished multimode fiber, sealed from the outside environment for 7 days.



Carbonation of cement paste is a slow phenomenon that takes years to occur in natural concentrations of CO2 (~400 ppm). In this study, the carbonation rate of ST3 samples was increased based on established protocols [12,45] using high concentrations of CO2 (100% CO2) and cycling between CO2-rich and -poor atmospheres. This oscillation of CO2 concentrations allows for the exhaust of water produced during the carbonation of cement paste. This water tends to accumulate in the capillary pores and obstruct subsequent carbonation [46]. ST1 and ST2 samples were optimized in terms of carbonation by setting the relative humidity in the carbonation chamber at 60% RH using a saturated salt solution of NaBr [47]. At a 100% CO2 concentration, the carbonation products differ from the naturally occurring ones [12]. For this reason, our sample is carbonated at the lower concentration of 3.2% of CO2, since the carbonation products at this CO2 concentration are found to be like those produced at ambient concentrations of CO2 (400 ppm), while still being fast to produce [48].



Table 2 displays the cement paste samples produced with an embedded multimode fiber, their name, type, concentration of CO2 (%CO2), and volume flow under which they were carbonated, as well as some observations, such as RH and whether the upper surface was sealed or not. The sealing of the upper surface of ST2 and ST3 samples is important, given the porous nature of cement paste that surrounds the optical fiber interstitial transition zone. Not sealing this surface creates a pathway for CO2 to carbonate the paste surrounding the fiber tip prematurely. Samples A–D are carbonated at 100% concentration of CO2 at a volume flow of 300 mL/min. Sample E is carbonated at 3.2% concentration of CO2 at a volume flow of 310 mL/min (300 mL/min of N2 and 10 mL/min of CO2). Moreover, sample F is carbonated at 100% concentration of CO2 at a volume flow of 10 mL/min.





3. Results


3.1. Carbonation Depth-Monitoring


The inner and outer CO2 sensors’ response to the C1 injections, with concentrations of CO2 between 7 and 100%, is presented in Figure 6a. CO2 sensor 1 (the outer sensor)’s data are in blue, and CO2 sensor 2 (the inner sensor)’s data are in orange. The outer sensor is sensitive to the injections of CO2 and to CO2 consumption by the cement paste as it is carbonated. This consumption is shown in Figure 6b for a 20% CO2 injection made with the cement paste and a 25% CO2 injection without the cement paste sample. In contrast, the inner sensor exhibits no sensitivity to the CO2 atmospheres in the carbonation chamber. Instead, it displays a continuous signal increase even when no CO2 is being injected, as shown in the truncated sections of Figure 6a. CO2 sensor 2 (the inner sensor)’s intensity ratio keeps rising until the start of the 75% CO2 injections. The inner sensor remains stable for injections between CO2 concentrations of 75 and 100%, apart from the signal drops that the injections themselves cause. These signal losses are caused by the rise in temperature, as shown in Figure 6c, and the relative humidity due to the cement paste carbonation. These drops start at 50% CO2 and increase in magnitude with an increase in the CO2 concentration.



In the C2 injections, a more aggressive carbonation regime occurred, with a long period of injections at a 100% concentration of CO2. The response of both sensors during injection 6 is displayed in Figure 7a. The light intensity from the two LEDs in each of the sensors is displayed in Figure 7b,c. The temperature recorded inside and outside of the sample is shown in Figure 7d. The inner sensor has a pronounced loss of signal during the 27 min injection of 100% CO2, as shown in Figure 7c. This is the same phenomenon as the one shown in Figure 6a. The decreases in the intensity ratio are caused by a loss in signal at both wavelengths and are hence attributed to changes in the optical path of light caused by the buildup of water in the CO2 sensor and to the increase in temperature which also affects the sensors’ response. The buildup of temperature was higher on the inside by 6 °C, as shown in Figure 7d, which was something that had not previously occurred, as shown in Figure 6c. The outside was first to rise in temperature, denoting that the carbonation predominantly happened closer to the outer surface of the sample than its inner cavity.



In C3, the injections of CO2 occur after the carbonation depth has reached the inner cavity. Both sensors respond to injections of CO2, as shown in Figure 8a,b, and there is a 90 s delay of the inner sensor relative to that of the outer sensor, as shown in Figure 8b. The signals denote that the carbonation occurs predominantly on the inside of the samples, with the inner sensor recording a larger consumption of CO2 than the outer one. Moreover, the CO2 consumption at a 100% CO2 concentration on the outside is significantly slower than that in C1, as shown in Figure 8c. This is due to the larger distance between the exterior wall and the carbonation front than between the inner cavity wall and the carbonation front, resulting in the increased availability of the material to be carbonated on the inside. This is confirmed through a phenolphthalein test of a fractured wall of the sample, as shown in Figure 8d.



In Figure 8a,b, sharp dips can be seen in the outer sensor’s data, which are caused by the forced removal of the gases in the carbonation chamber through a vacuum pump. This purge did not affect the concentration of CO2 in the sample’s cavity, as seen in Figure 8b, indicating that no large cracks connect the inner cavity with the outside.



The stability of the setup was evaluated with injections of CO2 into the carbonation chamber, without the cement paste, at concentrations of 25, 50, and 100%. Both CO2 sensors responded to the injections, displaying four different levels of intensity ratios, one for ambient CO2 and one for each of the CO2 concentrations used, as shown in Figure 9a,b. The signal increase found in CO2 sensor 2 (the inner sensor) during set C1 of the injections was found to also occur for the third CO2 sensor embedded in cement paste at atmospheric CO2 concentrations, as shown in Figure 9d, but not for the outer CO2 sensor, as shown in Figure 9c. Thus, these CO2 sensors display a signal drift when they are embedded in cement paste while devoid of CO2; this is likely due to the cement paste shedding material onto the membrane, causing its signal to drift toward saturation, as shown in Figure 9d. This drift stops once high concentrations of CO2 reach the membrane, at which point it responds as expected, as shown in Figure 8a,b.



The signal drifts when embedded in cement paste, even at ambient concentrations of CO2, and the signal loss occurring under the adverse environment that forms inside the cement paste as a result of extended periods of forced carbonation at a 100% concentration of CO2 indicate that these are not the optimal scenarios for this setup. Still, the sensors used were robust enough to endure the high temperatures and %RH values that formed in the carbonation chamber, validating the working principle of the proposed setup: a setup wherein at least two separate CO2 sensors can be used in conjunction to monitor the moment the carbonation front reaches a given depth in the cement paste.




3.2. Total Carbonation-Monitoring


The carbonation of samples A (ST1—100% CO2 at 300 mL/min), E (ST1—3.2% CO2 at 310 mL/min), and F (ST1—100% CO2 at 10 mL/min) is presented in Figure 10. These results denote an increase in signal caused by the cement paste’s discoloration due to its carbonation, which increases the reflectance at the tip. After this increase, the obtained signal remains stable in the presence of CO2, indicating full carbonation has occurred for the cement paste in the vicinity of the fiber tip. The signal stability before the CO2 injection was monitored in sample A, while the carbonation of samples E and F took place four and seven minutes after the start of their monitoring, respectively. Sample A denotes a dip in signal that coincides with the start of the carbonation. This dip is caused by the accumulation of water at the fiber tip, which increases the refractive index in its vicinity, decreasing its reflectance, as shown in Figure 10a. This buildup of water occurs due to the high carbonation rate with 100% CO2 at a volume flow of 300 mL/min. By reducing the volume flow, but maintaining the concentration of CO2, the dip in intensity caused by the water released is mitigated in sample F, as shown in Figure 10a. The decrease in the volume flow to 10 mL/min is sufficient to allow the cement paste sample to exhaust the water outwards during its carbonation. Sample E, carbonated with 3.2% CO2 at a volume flow of 310 mL/min (10 mL/min of CO2 and 300 mL/min of N2), maintains the absence of the signal dip from water buildup, but has a slower rate of carbonation when compared with sample F, as shown in Figure 10b. This is due to the lower concentration of CO2 that reaches the sample. Ultimately, water slows down the carbonation of sample A, which takes longer than samples E and F despite its higher concentration of CO2 and volume flow, as shown in Figure 10. The signal increase at 3.2% CO2 is indicative that this setup could be used for the monitoring of the naturally occurring carbonation of cement paste.



An increase in sample size is met with a longer dip from water buildup, as seen in Figure 11, for the 100% CO2 carbonation of samples A (ST1), B (ST2), and D (ST3) at a volume flow of 300 mL/min CO2. The water accumulation at the tip for the smaller samples, A and B, coincides with the start of their carbonation, while for sample D, several hours are required for it to start to occur. The larger size of sample D delays the water released from the carbonation occurring close to the sample’s surface from accumulating at the tip; the full process takes 60 h to occur.



The larger-size samples also take longer for the signal increase to stabilize (at the end of the carbonation). Sample A was fully carbonated at the 10 h mark and sample B at the 30 h mark. Sample D took more than 750 h for its carbonation to occur.



The total carbonation-monitoring setup was previously employed to measure the durability of cement paste from water ingress [49]. Sample C was produced to study the cross-sensitivity between carbonation and water ingress/egress in terms of the reflection light intensity. Figure 12 denotes how carbonation influences the wet/dry light intensities of sample C. This measurement begins with the sample being saturated with water followed by its drying (as shown by the orange line of Figure 12). After drying, the reliability of the setup is displayed by the long-lasting stable signal during which the outside environment remains unchanged. This is followed by the forced carbonation of sample C, which induces a loss in intensity (water accumulation) followed by an intensity increase (cement paste carbonation).



The difference in the carbonation rate of both ST3 cement pastes (C and D) is caused by the sealing of sample D’s top surface and the exposed top surface of sample C. The interstitial transition zone between the optical fiber and the cement paste is a gateway for carbonation around the fiber tip, hence the importance of sealing the upper surface of the cement paste. After carbonation has occurred, the sample is submerged in water, causing a signal drop (as indicated by the green line in Figure 12). A new, higher-intensity value for wet cement is found. The carbonation is responsible for a drift in the wet/dry intensities, which does not impair the estimation of the cement paste’s durability via the capillary coefficient [49]. In this estimation, the maximum and minimum intensities are converted into distances across the diameter of the fiber tip core, discarding the need for calibrated fixed values of intensity. In the monitoring of carbonation, the emphasis is on finding the moment the signal starts to go above the dry signal intensity (the maximum value of intensity before the carbonation) and when it reaches a plateau (the end of carbonation). For high concentrations of CO2, a dip in signal, due to water accumulation, could also be monitored to denote the start of carbonation. The sensor can perform both tasks: the monitoring of cement paste durability from water ingress and the monitoring of cement paste carbonation.



Table 3 displays the signal increase in the cement paste’s reflection caused by the paste’s carbonation as well as the signal-to-noise ratio (SNR) of the data. The increase in signal is estimated relative to the reflection light intensity before the CO2 is injected into the chamber. The signal increase varies between 1.6 (sample A) and 18% (sample C) and the SNR between 55 (sample C) and 9 (sample B).



The phenolphthalein tests, as shown in Figure 13, on samples A, B, D, and E demonstrate that these are fully carbonated. Samples A, B, and E have pieces of cement paste produced from leftovers which are not carbonated; hence, all produce a strong dark pink color in the cement paste. Sample C is the only partially carbonated sample of cement paste, and there are several areas with a lighter tone of pink, namely around the place previously occupied by the optical fiber. This indicates that CO2 traveled inwards through the interstitial transition zone that exists between the optical fiber and the cement paste, causing the cement paste sample to carbonate prematurely.





4. Conclusions


A setup with two CO2 sensors was used to monitor the carbonation depth of cement paste. An embedded sensor remained unresponsive to the CO2 injections until the carbonation front reached the cavity into which it was placed. Once it was reached, the inner sensor began to respond to the CO2, indicating the time a given carbonation depth was reached. An exterior sensor monitored both the CO2 injections and CO2 consumption of the carbonation. The sensors showed resilience towards the increase in temperature and relative humidity from extended periods of forced carbonation, having continued to work after these periods, albeit gathering partial data. The inner sensors displayed a drift in signal while idle. This drift disappeared once high concentrations of CO2 were reached.



An embedded multimode fiber was successfully used to monitor the formation of CaCO3 during accelerated cement paste carbonation. The formation of CaCO3 discolored the cement paste, increasing the amount of signal that was being reflected back to the embedded fiber. The sensitivity of this sensor towards refractive index changes complemented the monitoring of the accelerated carbonation via observations of the water buildup in the capillary pores resulting from this process. The cross sensitivity with the water ingress and egress was positively evaluated, and the carbonation at a 3.2% CO2 concentration suggests it can monitor naturally occurring carbonation. Thus, a simple and inexpensive setup could be used for monitoring the water ingress as well as carbonation of cement paste.
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Figure 1. (a) Cement production throughout the past century [4,5]. (b) Aging prediction of cement paste by integrating cement paste that is 40–60 and 80–120 years old. 
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Figure 2. Fabrication of the cement paste sample via a 3D-printed cast that left a cavity for the placement of a colorimetric optical CO2 sensor after a 7-day sealed cure. 
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Figure 3. Carbonation depth-monitoring setup, composed of a carbonation chamber and a mixing chamber. N2 and CO2 are combined in the mixing chamber and released into the adjacent carbonation chamber once the pressure reaches 4 bars. In the carbonation chamber, a cement paste sample is placed with two CO2 optical fiber sensors working in transmission [41], one outside (CO2 sensor 1) and one inside (CO2 sensor 2) of the sample. Likewise, two thermistors are also used in the same configuration. 
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Figure 4. Sensing (blue) and reference (red) wavelengths used to interrogate the colorimetric CO2-sensitive membrane. 
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Figure 5. (a) Total carbonation-monitoring setup. (b) Different types of cement paste samples used and their diameters. (c) Image of an ST1 sample, the smallest cement paste sample used in this work. 
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Figure 6. (a) Inner and outer CO2 sensors’ response to two injections of 7% concentration of CO2, three injections of 20% CO2, three injections of 50% CO2, two injections of 75% CO2, and two injections of 100% CO2. (b) Influence of cement paste on the CO2 inside the container for an injection with a concentration of 20% CO2, measured with the outer sensor (CO2 sensor 1), compared with an injection with a concentration of 25% CO2 without cement paste. (c) Temperature variations during each of the CO2 injections with concentrations of 75 and 100%. 
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Figure 7. (a) Inner and outer CO2 sensors’ response to 27 min of 100% CO2 concentration, injection 6, Table 1. (b) CO2 sensor 1’s (outer) red and blue LED intensities during injection 6. (c) CO2 sensor 2’s (inner) red and blue LED intensities. (d) Temperature increases inside and outside the cement paste sample for injection 6. 
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Figure 8. (a) Inner and outer CO2 sensors’ response to 100% CO2 concentration after forced carbonation occurred; and (b) a close-up of these responses starting at 3 h. (c) Outer sensor’s response to 100% CO2 injections before and after carbonation. (d) Cross-section of the carbonated cement paste and the pathway of CO2 into the inner sensor cavity. 
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Figure 9. Response of the CO2 sensors in a container into which different concentrations of CO2 were injected: (a) data from the inner sensor, and (b) data from the outer sensor. (c) Inner and outer sensors’ response in the following days after C1 injections of CO2. The inner sensor displays a signal increase, while the outer remains at a lower level, indicating that CO2 in the chamber has been consumed through cement paste carbonation. (d) CO2 sensor’s response inside of a cement paste sample at atmospheric CO2 concentration. 
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Figure 10. (a) Carbonation of ST1 cement pastes samples at 100% CO2 with a volume flow of 300 mL/min (sample A) and at 100% CO2 with a volume flow of 10 mL/min (sample F). (b) Carbonation of ST1 samples at 100% CO2 with a volume flow of 10 mL/min (sample F) and at 3.2% CO2 with 300 mL/min of N2 and 10 mL/min of CO2 (sample E). 
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Figure 11. Carbonation of cement paste samples at 100% CO2 for samples A (ST1), B (ST2), and D (ST3). The diameters in the labels include the multimode fiber at the center which has ⌀ 1 mm. 






Figure 11. Carbonation of cement paste samples at 100% CO2 for samples A (ST1), B (ST2), and D (ST3). The diameters in the labels include the multimode fiber at the center which has ⌀ 1 mm.



[image: Chemosensors 11 00449 g011]







[image: Chemosensors 11 00449 g012 550] 





Figure 12. Influence of carbonation in the wet/dry signal of sample C previously used to monitor cement paste durability [49]. 
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Figure 13. (a,b) represent, respectively, a phenolphthalein test of samples A and B along with pieces of cement paste produced from the same batch. These extra cement paste samples were not carbonated. (c) Phenolphthalein test of sample C indicates the sample is partially carbonated, especially around the fiber where a lighter tone of pink is found. (d) Phenolphthalein test indicates sample D is fully carbonated. (e) Sample E and cement paste sample produced with leftover cement under phenolphthalein test. 
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Table 1. CO2 injections into the carbonation chamber for the monitoring of the carbonation depth of a cement paste sample.






Table 1. CO2 injections into the carbonation chamber for the monitoring of the carbonation depth of a cement paste sample.





	
Sets

	
Run Number

	
CO2 Concentration

(%)

	
Injection Duration

(min)

	
Time Since Last

Injection (hours:min)

	
Repetition






	
C1

	
1

	
7

	
2

	

	
2




	
2

	
20

	
17:43

	
3




	
3

	
50

	
2:32

	
3




	
4

	
75

	
15:39

	
2




	
5

	
100

	
1:30

	
2




	
C2

	
6

	
100

	
27

	
64:07

	
1




	
7

	
45

	
169:40




	
8

	
22

	
21:07




	
9

	
52

	
2:42




	
C3

	
10

	
100

	
5

	
16:52

	
3
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Table 2. Cement paste samples whose carbonation was monitored through cement paste reflectance in the total carbonation-monitoring setup and the parameters under which it occurred.
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	Sample Name
	Sample Type
	CO2 Concentration

(%)
	Volume Flow mL/min
	Observation





	A
	ST1
	100
	300
	60% RH



	B
	ST2
	100
	300
	60% RH, sealed surface



	C
	ST3
	100
	300
	Unsealed surface



	D
	ST3
	100
	300
	Sealed Surface



	E
	ST1
	3.2
	310
	60% RH



	F
	ST1
	100
	10
	60% RH
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Table 3. Cement paste samples’ reflection light intensity increase due to the formation of CaCO3 and the SNR recorded with the total carbonation-monitoring setup.
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	Samples Reference
	Carbonation Induced

Signal Rise %
	SNR





	A
	1.6
	19



	B
	4.4
	9



	C
	18
	55



	D
	3.8
	22



	E
	12
	39



	F
	5.6
	13
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