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Abstract

:

Three pretreatment methods including calcination, carbonization, and a carbonization-calcination combined pretreatment were studied to understand the pretreatment mechanisms for cement-based recycled powder (CRP). The mineral and microstructure of the CRP sample were investigated through X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), thermal gravity (TG) analysis, and scanning electron microscopy (SEM) after exposure to different thermal temperatures (400 °C, 600 °C, and 800 °C), carbonization times (6 h, 1 d, and 3 d), and pre-carbonization for 1 d followed by heating at 800 °C. The results showed that the optimal thermal pretreatment temperature was approximately 720–800 °C. Through the process of calcination, the C-S-H, Ca(OH)2, and CaCO3 minerals in the CRP sample underwent decomposition to produce CaO or C2S. During carbonation, the pretreatment not only results in the increased production of CaCO3 owing to the reaction of the C-S-H gel and Ca(OH)2 with CO2, but also enhances its properties and the strength of chemical bond between CaCO3 and the post-hydration products. Both CaCO3 and CaO were present after the combined pretreatment, which indicates that the CaCO3 mineral formed superior stability after it had been pre-carbonated. Due to fewer impurities in CRP, the positive effect of the pretreatment on CRP was significantly better than that on recycled powder derived from construction and demolition waste.






Keywords:


cement-based recycled powder (CRP); calcination pretreatment; carbonization pretreatment; carbonization–calcination combined pretreatment












1. Introduction


The carbon peak and carbon neutrality (dual-carbon) strategies necessitate the green and low-carbon development of the building materials industry and have become common sustainability goals worldwide [1,2,3]. With accelerated urbanization and industrialization, large amounts of construction and demolition waste (CDW) are generated [4,5,6,7], which results in significant adverse effects on the environment and prevents the achievement of the dual-carbon target [8,9,10]. Therefore, reusing CDWs to mitigate environment pollution is necessary [11,12,13].



Currently, recycling CDW to produce coarse or fine aggregates for concrete is a completely effective way to preserve natural resources and reduce the amount of land occupied [14,15,16]. In addition, the by-product of recycled powder (RP) accounts for more than 20%–30% of CDW by weight during reclamation. Thus, to increase the use of CDW, previous studies have investigated the RP [17,18,19,20]. Zhang [21] found that the RP can help promote pozzolanic activity, similar to that of fly ash, owning to its rich content of SiO2 and Al2O3. However, the RP still cannot be used as a supplementary cementitious material in concrete production and is frequently used as an inert filler in constructional engineering due to its relatively low reactivity level [18,22,23]. Xiao [24] used the RP as a partial replacement for OPC to produce recycled powder concrete (RPC) and found that RP has a negative effect on the mechanical properties of RPC. Thus, directly utilizing RP as a mineral admixture is not the most sustainable approach, and new pretreatment methods are urgently needed to improve the activity level and utilization rate of RP [25].



In recent decades, many researchers have tried to improve the properties of RP using different pretreatment methods [26,27,28], such as grinding it down (to a particle size below 75 μm) [29], a calcination thermal pretreatments [30], and a carbonization pretreatments [14]. Currently, calcination and carbonization pretreatments are the two most frequently employed modification methods [31,32,33]. Wu [34] found that after a calcination pretreatment, the C-S-H gel, Ca(OH)2, and CaCO3 minerals in RP were decomposed into the CaO mineral and C2S and C3S crystals that can take part in the post-hydration reaction in preparing recycled concrete, which improves the activity of RP. Additionally, a carbonation treatment can effectively improve the performance of RP due to the reactions of CO2 with Ca(OH)2 and the C-S-H gel of cement paste. Wang [32] reported that Ca(OH)2 and the C-S-H gel in RP were fully consumed and formed into a stronger mineral, CaCO3 and amorphous silica gel, during the carbonation process, which improves the bonding interface between RP and the hydration products. However, the RP derived from CDW is insensitive to this pretreatment because of the effect of stable mineral SiO2 in the RP [30]. This means that pretreatment mechanisms remain unclear, particularly due to the influence of impurities. In addition, the optimal thermal temperature and carbonation time have been insufficiently investigated, and there is limited research on the combined pre-carbonization at high temperatures, indicating the potential for future investigations.



Therefore, in this study, the CRP was obtained from cement paste to ensure the purity of the final product. Three pretreatment methods, namely a calcination pretreatment carried out at different temperatures (400 °C, 600 °C, and 800 °C), a carbonization pretreatment carried out for different durations (6 h, 1 d, and 3 d), and a carbonization–calcination pretreatment, were investigated. The mineral and microstructure of CRP were studied in their entirety via X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), thermal gravity (TG), and scanning electron microscope (SEM) analyses. This study provides a valuable understanding of the effect of different pretreatment methods on the properties of CRP.




2. Experimental Program


2.1. Recycled Powder Preparation


The cement-based recycled powder (CRP) was derived from cement pastes with a water–cement ratio of 0.55. The cement paste was prepared using 42.5R OPC, complying with the Chinese standard GB 175-2007 [35], and the 100 d compressive strength was 43.4 MPa. The production process of CRP is depicted in Figure 1. Firstly, the cement specimens were broken into coarse aggregates. Then, the coarse aggregates were further crushed into fine aggregates with a jaw crusher. Subsequently, the cement-based fine aggregates were ground into powders, and the powders were filtered with a vibrating sieve into a particle size below 0.075 mm as the CRP. Table 1 shows chemical compositions of the precursors determined via X-ray fluorescence (XRF).




2.2. Pretreatment Method


Table 2 lists detailed information about the different treatments applied to each sample. In this study, three pretreatment methods for CRP were conducted, namely a calcination thermal treatment, a carbonization pretreatment, and a carbonization–calcination combination pretreatment. The calcination and carbonization pretreatments of CRP were carried out in a muffle furnace (SX2-28-13) and carbonizing box (CCB-70A), respectively. The heating rate was 4 °C/min from room temperature to the target temperature (400 °C, 600 °C, and 800 °C), and the target temperature was kept constant for 300 min before cooling down naturally in the oven to room temperature, based on a previous study [31,32]. Additionally, the carbonation treatment involved keeping the CRP under (20 ± 3)% CO2, (70 ± 5)% RH, and (20 ± 2) °C for the duration (6 h, 1 d, and 3 d) according to the Chinese standard GB/T50082-2009 [36]. Furthermore, the carbonization–calcination combination treatment involved pre-carbonation for 1 d, and then calcination at 800 °C.




2.3. X-ray Diffraction (XRD)


The CRP samples were dried in an electrothermal blast drying oven (101-1) at 40 °C for one day. The samples were measured using a D8 Advance X-ray diffractometer under 50 kV and 60 mA. The scanning angle range and the scanning time were 5–80° (2θ) and 18 min, respectively.




2.4. Thermal Gravity (TG)


Same as the XRD test, the CRP samples were subjected to a thermal gravity (TG) test after drying in the oven at 40 °C for one day. A thermal gravimetric analyzer (TGA 4000) was used for the TG test. In a N2 atmosphere, the sample was heated from room temperature to 900 °C at a heating rate of 10 °C/min to obtain the TG results.




2.5. Fourier-Transform Infrared Spectroscopy (FTIR)


The dried samples were subjected to the Fourier-transform infrared spectroscopy (FTIR) test. The FTIR spectra (form 4000 to 400 cm−1) of the sample were collected using a spectrometer (Nicolet IS50). The FTIR test was performed using a 1 mg CRP and 150 mg KBr.




2.6. Scanning Electron Microscopy (SEM)


Similarly, the SEM samples were also dried at 40 °C for a day before the SEM test. Subsequently, the samples were sputter-coated with a layer of gold by using a sputter-coating instrument (Quorum SC7620), and microstructure pictures of the CRP were obtained using a scanning electron microscope (Tescan Mira Lms) at an accelerating voltage of 3 kV. The observations were carried out under high-level vacuum conditions.





3. Results and Discussions


3.1. X-ray Diffraction (XRD) Analysis


Figure 2 shows the XRD results of the CRP with or without the pretreatment. The XRD patterns reveal that the CRP primarily consisted of incompletely hydrated CaO, Ca(OH)2, and C2S/C3S, as well as hydration products such as C-S-H and CaCO3. Furthermore, the Ca(OH)2 peak (at approximately 18° (2θ) and 35° (2θ)) is evident in the CRP sample, and upon increasing the thermal treatment to 400 °C, the intensity of this peak in CRP400°C decreased compared to that of the CRP sample. However, the mineral compositions of CRP400°C did not exhibit significant differences from those of the CRP sample, suggesting that the calcination temperature of 400 °C has a minimal impact on the CRP. This result is consistent with a previous report [30]. By increasing the calcination temperature to 600 °C and 800 °C, the peak intensities of Ca(OH)2 and CaCO3 were noticeably reduced. Additionally, the C-S-H intensity peaks in both the CRP600°C and CRP800°C samples disappeared, while those of CRP and CRP400°C did not. Furthermore, new peak diffractions of CaO in CRP600°C and CRP800°C samples can be clearly observed at 32° and 41° (2θ). These finding indicated that the mineral composition of CRP began to decompose and form new minerals at a calcination temperature exceeding 600 °C [37,38]. On the other hand, in the same way as the calcination pretreatment proceeded, the peak intensities of Ca(OH)2 and C-S-H also decreased and disappeared as carbonization continued. Differently, the peak intensity of CaCO3 increased after carbonizing for 6 h, 1 d, and 3 d, and a new peak of CaCO3 occurred at 36° (2θ). This XRD result reveals that some combination reactions occurred during the CRP carbonization pretreatment. Compared with the CRP sample, the peaks of Ca(OH)2, C-S-H, and C2S/C3S in the CRP1d+800°C sample were lower, while the peak intensity of CaCO3 became higher, and a new peak of CaO appeared, which indicates that CRP1d+800°C both has the characteristics of carbonization for 1 d and calcination at 800 °C. Similar conclusions have been reported in a previous study [32]. Therefore, according to the above analysis, the calcination and combination pretreatment may decompose the minerals of the CRP samples, while the carbonization pretreatment may synthesize some new minerals from the CRP samples [21].




3.2. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis


Figure 3 shows the Fourier-transform infrared spectroscopy (FTIR) results of all the samples with or without the pretreatment. Three absorption peaks of CRP at 3640 cm−1, 1430 cm−1, and 875 cm−1 were obvious, suggesting that some minerals such as Ca(OH)2 (3640 cm−1) [39,40] and CaCO3 (1430 cm−1 and 875 cm−1) [30,41] were present in the CRP sample, which is consistent with the XRD result. After undergoing calcination at 400 °C, the FTIR spectra of CRP400°C exhibited a resemblance to that of the CRP sample, suggesting that the impact of calcination at 400 °C on the CRP was negligible. As the calcination temperature increased to 600 °C and 800 °C, the absorption peak of CRP600°C and CRP800°C was broken into two peaks with slightly lower intensities compared to those in the FTIR spectra of CRP and CRP400°C samples within the range of 1430 cm−1–1600 cm−1. Furthermore, the absorption peaks of CRP600°C and CRP800°C at 875 cm−1 were non-existent in the spectra. This change indicates that the CaCO3 mineral might have been destroyed and began to decompose [30,32]. In addition, it can be seen that new spectra peaks of CRP600°C and CRP800°C sample appeared at 517 cm−1, suggesting that new minerals were formed after calcination at 600 °C and 800 °C. On the other hand, the spectra absorption peaks of CRP6h, CRP1d, and CRP3d cannot be observed at 3640 cm−1, suggesting that the Ca(OH)2 mineral has reacted with CO2. Furthermore, the absorption peaks at 1430 cm−1 and 875 cm−1 became sharper as carbonation proceeded, proving further evidence for the formation of higher amounts of CaCO3. Similar to the XRD results, the FTIR spectra of CRP1d+800°C has both the characteristics of the CRP1d and CRP800°C samples. The absorption peak at 3640 cm−1 in CRP1d+800°C also cannot be observed, and the higher absorption peak intensity at 875 cm−1 is more obvious than that of CRP. Additionally, compared to the CRP, the absorption peak at 1400 cm−1 shifted to a lower position, and a new peak at 1520 cm−1 presented in the CRP1d+800°C sample.




3.3. Scanning Electron Microscope (SEM) Analysis


Figure 4 shows the SEM image of all the CRP samples. It can be obviously seen that the microstructure surface of the un-pretreatment CRP is smooth and is attached to the hydration gel (C-S-H), as shown in Figure 4a. With an increasing temperature, as shown in Figure 4b–d, the dehydration degree of C-S-H increased and the adhesion between the C-S-H gels deteriorated significantly, which resulted in more pore structure appearing in the CRP400°C, CRP600°C, and CRP800°C samples. When the calcination temperature reached 800 °C, CaO existed in the CRP800°C sample, suggesting that CaCO3 was broken down into CaO. On the other hand, Figure 4e–g display that more CaCO3 was found in the microstructure surfaces of CRP6h, CRP1d, and CRP3d, indicating that the C-S-H gel changed to CaCO3 after the carbonation pretreatment. In addition, compared to the CRP1d sample, the microstructure of CRP3d minimally changed, revealing that some minerals of CRP were completely reacted after the 1 day carbonation treatment. Figure 4h shows several minerals (CaCO3 and CaO) and the pore structure both observed on the morphology surface of CRP1d+800°C, suggesting that CRP1d+800°C had the structure of both CRP1d and CRP800°C. This finding is consistent with the XRD and FTIR results.




3.4. Thermal Gravity (TG) Analysis


Based on the analyses in Section 3.1, Section 3.2 and Section 3.3, it can be seen that the thresholds for carbonization duration and calcination temperature were 1 day and 800 °C, respectively. However, the thermal gravity (TG) test result barely changed after the calcination pretreatment [32]. Thus, in this study, the changes in the TG and DTG curves of the CRP and CRP1d samples were studied, as depicted in Figure 5. It can be seen from Figure 5 that both samples exhibited three stages of weight loss with a continuously increasing temperature. The first stage happened at about 120 °C, which represents the loss of free water in the sample and the partial physical or chemical bonding of water in C-S-H [42]. The second stage occurred at around 450 °C, which represents the decomposition of Ca(OH)2 [43,44]. The third stage happened at about 720 °C, which reflects the decomposition of dehydrated C-S-H and CaCO3 [45]. In addition, Figure 5 also demonstrated that the peak value of the DTG curve in CRP1d at 450 °C was significantly lower than that of CRP due to the reaction between the C-S-H gel or Ca(OH)2 and CO2, forming CaCO3. Therefore, the CRP1d sample exhibited a more pronounced loss of weight at 720 °C due to of the excessive decomposition of CaCO3 compared to that of the CRP. The TG and DTG results are in agreement with the XRD, FTIR, and SEM data.




3.5. Discussions


From the above results and analyses, different mineral products and microstructures in CRP were induced using different pretreatment methods. The calcination pretreatment can improve the activity level of CRP when the pretreatment temperature reaches the effective threshold, which is better for their application in recycled concrete. The primary minerals within the CRP, comprising C-S-H gel, Ca(OH)2, and CaCO3, were decomposed during calcination at different temperatures. The free and bound water in C-S-H decomposed and formed into dehydrated C-S-H (CS) after heating at 120 °C and beyond, as shown in Equation (1). As the temperature increased to 450 °C, the Ca(OH)2 mineral began to undergo a dihydroxylation reaction and formed the active mineral CaO (Equation (2)). Moreover, at temperatures exceeding 720 °C, it is demonstrated in Equations (3) and (4) that the minerals of CS and CaCO3 decomposed into β-C2S and CaO. These compounds can then participate in the process of cement hydration [46]. Previous studies have demonstrated similar results [30,31,32].



Equations (5)–(7) demonstrate that the carbonation pretreatment consumed some of the CaO, C-S-H gel, and Ca(OH)2 to form a significant amount of CaCO3 [47]. Although the resulting products of carbonation do not take part in hydration, and thereby, do not enhance the CRP activity level; the newly formed CaCO3 is a highly strong mineral that can improve the properties of CRP [33]. Additionally, during carbonation, the surface of CRP was covered by a layer of amorphous silica gel, which can significantly improve the interfacial properties between CaCO3 and C-S-H [48].



Both the CaCO3 and CaO minerals were present in CRP after the carbonation–calcination combined pretreatment. CaCO3 was formed in the pre-carbonation stage (Equations (5)–(7)), followed by the emergence of the newly formed CaO mineral in the post-calcination stage (Equations (1)–(4)). This result indicates that the pre-carbonated products exhibited greater stability when exposed to high temperatures, which improved the physical properties of CRP. Additionally, the CaO mineral in CRP helped to promote the hydration reactions, which makes the CRP more useful. Therefore, the combined pretreatment may result in both carbonization and calcination modification effects on the CRP, which is ultimately better than how the singular carbonization and calcination pretreatments perform. However, it is imperative that this conclusion is thoroughly examined and substantiated.


   C - S - H     →  120 ° C      CS   ( dehydrated   C - S - H )   +      H  2  O  
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(7)









4. Effect of Source on Recycled Powder


A number of studies have found that the by-product RP derived from CDW is mainly composed of SiO2 and CaO, which together account for 79.2% of its composition, as CDW mainly consists of concrete and bricks [18,30,37]. Owing to the stability of SiO2, the pretreatment may have a small positive effect on this RP. In this study, the CRP was derived from pure cement paste, which is more susceptible to the pretreatment. For a more comprehensive exploration of the influence of pretreatment on different RPs, two types of RP obtained from cement paste in this study and CDW in a previous study [30] were compared, as shown in Figure 6.



Figure 6a displays the XRD results of the CRP and RP with or without the pretreatment. It can be clearly seen from the XRD spectrum that the SiO2 peaks are more evident in the RP sample than those in the CRP sample. In addition, the Ca(OH)2 peak is observable in the CRP, but cannot be found in the RP sample, which indicates that the hydration degree of CRP is weaker than that of RP. After undergoing the calcination pretreatment at 800 °C, the CaCO3 peak in RP800°C (28° and 48°) vanished, as indicated by the results of the CRP samples. However, the CRP exhibited noticeable peaks for CaO (32° and 41°), whereas RP did not display any such peak. These results suggest that the calcination pretreatment has a more favorable effect on the CRP compared with that on the RP. On the other hand, there was no considerable difference between the XRD patterns of the raw RP and the RPs subjected to carbonation, which contrasts the carbonization results of the CRP. This finding also demonstrates that the carbonization pretreatment has a smaller effect on the RP samples than that on the CRP. Figure 6b shows that the absorption peak at 3640 cm−1 was not apparent in the RP sample, suggesting the absence of Ca(OH)2. This finding is in agreement with the XRD results shown in Figure 6a, which demonstrates that the activity level of the RP was lower than that of the CRP. Similar to the CRP800°C, a new peak in RP800°C emerged at the 3640 cm−1 after undergoing the calcination treatment at 800 °C. However, in comparison to the RP, the peak in RP800°C at 1430 cm−1 remained relatively stable, which differs from that of CRP800°C. This result demonstrates that the mineral CaCO3 in the RP800°C sample slightly decomposed. Therefore, it can be found that the calcination pretreatment has the potential to improve the activity of the RP, but the impact was less significant than that of the CRP. Furthermore, although the absorbance peaks in RP1d at 1430 cm−1 and 875 cm−1 became stronger than those of the RP, it is still lower than that of CRP1d, due to there being fewer active minerals in the RP. Additionally, it can be observed from Figure 6c that there is only one stage of weight loss in the RP and RP1d samples, which occurred at approximately 720 °C due to CaCO3 decomposition. This result is obviously in contrast to the CRP and CRP1d data. At a temperature of 720 °C, the peak value of CRP was smaller than that of the RP and RP1d, suggesting that the carbonation reaction of RP in CDW fully occurred before the pretreatment. Furthermore, Figure 6c reveals that two DTG curves of RP and RP1d almost overlap with each other, further demonstrating that the impact of the carbonation pretreatment on the RP is weaker than that of the CRP because the minimal SiO2 impurity component in the CRP.




5. Conclusions


In this study, the effects of a calcination pretreatment, carbonation pretreatment, and carbonation-calcination combined pretreatment on the properties of the cement-based recycled powder (CRP) were investigated. Based on the results obtained in this study, some conclusions can be drawn as follows:




	(1)

	
CRP activity can be significantly enhanced through the pretreatment of calcination and the combined carbonation-calcination pretreatments. Therefore, these two pretreatment methods can be employed to augment the utilization rate of CRP.




	(2)

	
The mineral components of the CRP decomposed gradually at different target temperatures during calcination. The primary minerals of the C-S-H gel, Ca(OH)2, and CaCO3 in the CRP decomposed into CaO after the calcination pretreatment. Based on the mineral composition analysis and microstructure characterization, the optimal thermal activation temperature was around 720–800 °C, generating an extensive quantity of the efficient reactive substance CaO that encourages the hydration reaction, which increased the reactivity of CRP.




	(3)

	
The carbonization pretreatment consumed C-S-H gel, CaO, and Ca(OH)2 and produced CaCO3 in the CRP samples. The production of CaCO3 cannot enhance the activity, but it can improve the properties of CRP owing to the superior potency of CaCO3. Furthermore, the interfacial properties between CaCO3 and the C-S-H gel in the rehydration reaction developed a stronger bond due to silica gel, indicating that the carbonized CRP has a much stronger interface than that of un-pretreatment CRP. In addition, it seems that the threshold for carbonation time was 1d.




	(4)

	
Both CaCO3 and CaO were found in the combined pretreated CRP, which demonstrated that the pre-carbonated product of CaCO3 displayed superior stability under high temperatures. The combined pretreatment method may have potential advantages over both the carbonation and calcination pretreatments. Nonetheless, future investigations into the impact of combined treatment on the CRP are necessary, with the ultimate goal of increasing the use of CRP.




	(5)

	
The impact of the pretreatment on the CRP (obtained from cement past) was markedly superior to that on the RP (derived from CDW) due to the reduced impurity SiO2 content.
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Figure 1. The production process of CRP. 
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Figure 2. X-ray diffraction (XRD) results of the un-pretreated and pretreated CRP samples. 
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Figure 3. FTIR results of the un-pretreated and pretreated CRP samples. 
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Figure 4. Microstructure image of the un-pretreated and pretreated CRP samples. (a) CRP. (b) CRP400°C. (c) CRP600°C. (d) CRP800°C. (e) CRP6h. (f) CRP1d. (g) CRP3d. (h) CRP1d+800°C. 
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Figure 5. TG and DTG curves of CRP and CRP1d. 
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Figure 6. The mineral comparison between CRP and RP [30]. (a) XRD pattern. (b) FTIR spectrum. (c) DTG curve. 
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Table 1. The chemical composition of CRP (%).
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	CaO
	SiO2
	Al2O3
	Fe2O3
	SO3
	Other





	65.12
	20.41
	6.54
	3.27
	3.35
	1.31










 





Table 2. Detailed information about different treatments on each sample group.
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	Simple ID
	Pretreatment Method
	Target Temperature of Thermal Treatment
	Target Time of Carbonization Treatment





	CRP
	None
	None
	None



	CRP400°C
	calcination
	400 °C
	None



	CRP600°C
	calcination
	600 °C
	None



	CRP800°C
	calcination
	800 °C
	None



	CRP6h
	carbonization
	None
	6 h



	CRP1d
	carbonization
	None
	1 day



	CRP3d
	carbonization
	None
	3 days



	CRP1d+800°C
	carbonization–calcination
	800 °C
	1 d
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