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Abstract

:

Using construction and demolition waste composites (CDWC) and fly ash (FA) to replace cement to produce concrete can reduce CO2 emissions. However, the CDWC-based geopolymer materials have two imperfections: the compressive strength is prone to decrease with the increase of curing age (strength shrinkage) under heat curing conditions, and the strength develops slowly under ambient curing conditions. To solve the problems of these materials, on the one hand, we designed an experiment of preparing CDWC-based geopolymer concrete (CDWGC) with pretreated CDWC at different high temperatures. We analyzed the influence of different pretreatment temperatures on the mechanical properties of CDWGC through compressive strength, SEM-EDS and XRD. On the other hand, we added CaO to improve the mechanical properties of CDWC-based geopolymer paste (CDWGP) under ambient curing conditions. Further, the CO2 emissions of pretreating CDWC and adding CaO were calculated by life cycle assessment (LCA). The results show that: (1) Pretreatment of CDWC can effectively solve the problem of CDWGC strength shrinkage. (2) The compressive strength of CDWGP cured at ambient can be significantly improved by adding CaO, and the compressive strength can be increased by 180.9% when the optimum content is 3%. (3) Adding CaO had less impact on CO2 emissions, a low-carbon way to improve its strength effectively.
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1. Introduction


Concrete is still the most widely used building material [1], and its demand is still rising [2,3], while cement is the most commonly used binder for traditional concrete. However, producing 1 ton of cement will emit about 1 ton of CO2 [4]. Therefore, it is a feasible and necessary measure to seek new low-carbon concrete to replace traditional concrete [5] to reduce CO2 emissions in the building materials industry. Geopolymer refers to the precursors rich in aluminosilicate, which takes an alkaline solution as the activator and generates materials with a three-dimensional network structure through geopolymerization under room temperature or low high-temperature conditions [6]. Compared with traditional concrete, geopolymer concrete has better mechanical properties and durability [7,8,9] and can reduce CO2 emissions by 62–73% [10,11,12]. Therefore, it is generally believed that geopolymer concrete is a good substitute for traditional concrete [13,14].



With the development of urbanization, China consumes a large number of mineral resources for civil engineering, while construction demolition waste is also increasing. In 2021, China produced 3.209 billion tons of construction waste [15], an increase of 5.63% compared with 2020. However, the recycling rate of construction waste in China is very low, and land landfill is still the main disposal method [16]. Therefore, using construction waste to prepare recycled aggregate, CDWC, and other recycled products is an optimal resource utilization mode. In addition, the preparation of CDWC avoids classifying construction waste. It uniformly grinds the mixture of construction waste (concrete, brick, tile) into powder, which is low in cost and simple in production [17]. What’s more, with the attention paid to the resource value of industrial by-products such as fly ash and slag, the market price is getting higher, and their output is limited, which cannot meet the demand when they are widely used in building materials. Therefore, it is necessary to find alternatives to fly ash and slag.



It has been pointed out that [18,19,20] the CDWC has pozzolanic activity and can be used to replace fly ash and slag to prepare geopolymer concrete. However, due to the low content of Al2O3 and CaO in CDWC, the pozzolanic activity is relatively low, and their strength develops slowly under ambient curing conditions. For this imperfection, scholars generally adopt the following two ways: Firstly, accelerate early strength development through heat curing. Secondly, increase the content of CaO in the matrix, and the strength development rate under ambient curing conditions can be accelerated. But these two methods are imperfect.



Heat curing can make the mechanical properties of CDWGC develop rapidly [21], but the compressive strength usually declines with the increase of curing age. Alexander [18] et al. prepared geopolymer concrete with CDWC. The 7-day compressive strength can reach 37.5 Mpa under 70 °C curing conditions, but the 28-day compressive strength has only 27 Mpa, with a 28% reduction in strength. Dai [17] et al. and Matteo [22] et al. also found that the compressive strength of geopolymer concrete decreased with curing age under heat curing conditions using the CDWC. It can be seen that high-temperature curing will affect the strength development stability of geopolymer concrete, especially after adding CDWC. For CDWGC prepared through heat curing, scholars pay more attention to explaining the mechanism of heat curing for its strength improvement. However, they tend to ignore the imperfection that heat curing increases the instability of its strength growth.



At present, the way to improve the mechanical properties of geopolymer materials under ambient curing conditions is generally to add materials with high CaO content, such as slag [23,24], Portland cement [25] or Ca(OH)2 [6], but these methods have corresponding imperfections. For example, previous studies found that adding slag will significantly shorten the setting time of concrete and affect workability. Although the addition of Portland cement can effectively improve the compressive strength of concrete under ambient curing conditions, it goes against the original intention of geopolymer to reduce CO2 emissions without using cement at all. However, Ca(OH)2 can easily react with CO2 in the air, which weakens the durability of concrete. Therefore, few researchers choose CaO as an additive to improve the strength of concrete. On the other hand, the direct addition of CaO can improve the calcium content of the matrix more efficiently, and the low dosage of CaO will not affect the rapid consumption of CDWC in the geopolymer materials. Therefore, it is practical to explore the feasibility of adding CaO to improve the compressive strength of CDWGP prepared under ambient temperature curing conditions.



To sum up, this paper mainly explores two issues: First, solve the problem that CDWGC’s compressive strength decreases with increased curing age under heat curing conditions. Second, investigate the effect of adding CaO on the mechanical properties of CDWGP under ambient curing conditions and the impact of different improvement measures on CO2 emissions.




2. Materials and Methods


This article provides a list of English abbreviations involved in the article, as shown in Table 1.



2.1. Raw Materials


Fine aggregate is river sand, and the average particle size is 0.46 mm. Coarse aggregate is a continuously graded crushed stone with a particle size of 5~20 mm. FA: provided by Tianjin Zhucheng New Material Co., Ltd. (Tianjin, China), Chemical composition is shown in Table 2, and particle size distribution is shown in Figure 1. CDWC: provided by Sichuan Lianluqiang Environmental Protection Technology Co., Ltd. (Chengdu, China), its chemical composition is shown in Table 2, physical properties are shown in Table 3, and particle size distribution is shown in Figure 1. The chemical composition and particle size of FA and CDWC are obtained by X-ray fluorescence spectroscopy (XRF) and Laser particle sizer, respectively, tested in the Analysis and Test Center of Sichuan University. CaO: provided by Kelong Chemical Reagent Factory (Chengdu, China), with a purity of 98%, in powder form.



The alkaline solution is prepared from sodium silicate solution and sodium hydroxide solution. The sodium silicate solution is provided by Foshan Zhongfa Water Glass Factory (Foshan, China). The modulus (Ms) is 3.13 (Ms = SiO2/Na2O, Na2O = 8.83%, SiO2 = 27.64%). NaOH is a block solid with a purity of 98%, provided by Kelong Chemical Reagent Factory (Chengdu, China). Sodium hydroxide solution is prepared by dissolving deionized water with NaOH solid; the concentration is 12 mol/L.




2.2. Mix Proportion


This experiment is completed based on the previous work of our research group. According to the conclusion of Dai [17] et al., the CDWGC prepared under the condition of NaOH concentration of 12 mol/L, CDWC content of 20%, FA content of 80%, and curing at 80 °C for 24 h had the optimal compressive strength. To solve the problem of CDWGC strength shrinkage under heat curing conditions, the CDWC is pretreated at different temperatures (40 °C, 60 °C, 80 °C, 100 °C) for 24 h. Then, using pretreated CDWC-prepared concrete. The mix proportion is shown in Table 4. The main factors affecting the strength of concrete are the number and strength of gelling formed by the precursors. At the same time, to avoid the impact of aggregate, the experiment of improving the compressive strength of geopolymer materials by adding CaO under ambient curing conditions is selected as geopolymer paste, in which the CaO content is 0%, 1%, 3%, and 5%. The mix proportion is shown in Table 5.




2.3. Experimental Project


2.3.1. Preparation of Specimens


The preparation process of geopolymer concrete specimens is as follows: First, the raw materials weighed according to the mix proportion for the experiment are poured into the concrete forced mixer for mixing for about 1 min. After that, the alkaline solution prepared 24 h in advance is added two times. When thoroughly mixed, cast into the 100 mm × 100 mm × 100 mm steel mold. After vibrating and compacting, cover it with plastic film immediately to avoid the influence of water evaporation on strength development. Then, the mold was placed in an 80 °C oven for curing for 24 h, then de-molded. Finally, placed the specimen at ambient temperature for curing until the test age.



The preparation process of geopolymer paste specimens is as follows: First, pour the weighed CDWC, FA, and CaO into the JJ-5 cement mortar mixer for dry mixing for about 2 min to make the dry materials mix evenly. Then slowly pour the alkaline solution prepared 24 h in advance into the mixer, and continue to stir for 3 min. After mixing, pour the fresh paste into the 40 mm × 40 mm × 160 mm steel mold and immediately cover it with plastic film. After pouring, the specimens shall be cured for 24 h at the ambient temperature of 20 °C and relative humidity of (70 ± 5) % for demolding. Finally, the specimen is cured at ambient temperature until the test time. The schematic diagram of specimen preparation for this experiment is shown in Figure 2.




2.3.2. Experimental Test


The compressive strength of concrete and paste are tested according to GB/T50081-2019 and GB/T17671-1999, respectively. The compressive strength of CDWGC is tested on a 200 t electro-hydraulic servo press machine (Changchun testingmachine factory, Changchun, China) using a load control method with a loading rate of 5 KN/s. The compressive strength of CDWGP is tested on a 60 t electro-hydraulic servo press machine (Changchun testingmachine factory, Changchun, China) and uniformly loaded at a loading rate of 2.4 KN/s until it is destroyed. This experiment tests three specimens for each group, and the average value is taken as the compressive strength result. Compressive strength testing is completed in the Structural Laboratory of Sichuan University. SEM-EDS and XRD are tested by the SU3500 electronic scanning microscope (Oxford Instruments, Tokyo, Japan) and EMPYREAN X-ray diffractometer (Panaco Netherlands, Almelo, The Netherlands) of the Sichuan University Analysis and Testing Center. After drying and vacuuming the CDWC sample, conduct SEM analysis first and quantitatively analyze the elemental composition of CDWC after line scanning the SEM test area to obtain EDS results. The mineral phase in CDWC pretreated at 20 °C, 40 °C, 60 °C, 80 °C, and 100 °C is characterized by XRD (2θ = 10–80°), and the specific phase is qualitatively analyzed using Jade software (6.0). CO2 emission calculation is based on the life cycle assessment (LCA) theory, using the first full-featured professional LCA software (3.0) in the LCA system with independent intellectual property rights in China-eBalance and its built-in CLCD database to scientifically quantify the CO2 emissions in the improvement mode.






3. Results and Discussion


3.1. Influence of Pretreatment on the Development of Compressive Strength


The development trend of CDWGC compressive strength with curing age after pretreating CDWC at different temperatures is shown in Figure 3. It can be seen that after pretreatment, the compressive strength of CDWGC increases with the curing age, and there is no abnormal phenomenon that the strength decreases with the increase of curing age. At different pretreatment temperatures, the compressive strength increased by 9.2% at the highest, 0.9% at the lowest, and 4.6% on average from 3 d to 7 d. And from 7 d to 28 d, the compressive strength increased by 10.9% at the highest, 4.3% at the lowest, and 7.3% on average. While from 3 d to 28 d, the compressive strength increased by 17.3% at the highest, 7.6% at the lowest, and 12.2% on average. The macro mechanical properties prove that the CDWC has no negative impact on the development of CDWGC compressive strength when they experience high temperatures. The high-temperature pretreatment of CDWC can effectively solve the problem of CDWGC compressive strength shrinkage.



It is worth noting that pretreat CDWC can improve the compressive strength of CDWGC, as shown in Figure 4. The relationship between pretreatment temperature and concrete compressive strength can be obtained: The compressive strength of the experimental groups (the pretreatment temperature is 40–100 °C) are higher than that of the control group (20 °C). Moreover, in the range of 20–60 °C, the compressive strength increases with the increase of pretreatment temperature, while in 60–100 °C, the compressive strength decreases with the rise in pretreatment temperature. Although the compressive strength has a downward trend, it is still higher than the control group. This shows that pretreating the CDWC at 60 °C for 24 h has the best effect.



There may be two reasons for the improvement of CDWGC compressive strength caused by high-temperature pretreating CDWC: First, in a certain range, high temperature improves the reactivity of CDWC [26], making them react more fully in an alkaline environment. Secondly, the higher the pretreatment temperature, the more serious the dewatering of CDWC will be. More water will be absorbed when contacting the alkali solution [27], which leads to higher alkalinity in the matrix, thus increasing the dissolution of aluminosilicate, accelerating the rate of polycondensation geological polymerization reaction, and higher compressive strength of concrete [28]. However, when the alkalinity of the matrix is too high, although hydroxide will make the polycondensation reaction happen faster, it will react prematurely, hindering the hydrolysis of aluminosilicate. Incomplete hydrolysis of aluminosilicate leads to immature molecular structure, and the compressive strength of concrete decreases [29], which also explains why the CDWGC compressive strength starts to decrease when the pretreatment temperature continues to increase.




3.2. SEM-EDS and XRD Microanalysis


The micromorphologies of CDWC at different pretreatment temperatures are shown in Figure 5. From the microscopic morphology, it can be found that CDWC contains old aggregates and mortar from waste concrete. After being crushed, the old aggregate presents a blocky shape, while the old mortar presents a fragment shape. The old aggregate is dense, while the old mortar is looser and more porous. However, after different pretreatment temperatures, the micromorphology of CDWC did not significantly change. Compared with CDWC at 20 °C, there are no cracks and holes. This indicates that high-temperature pretreatment of CDWC does not affect its microscopic physical morphology.



EDS results of CDWC with different pretreatment temperatures are shown in Table 6. After pretreatment at different temperatures, the chemical compositions of CDWC have almost no change, the maximum variance of different elements is only 0.3, and the average variance is only 0.09. This shows that high temperature does not damage the chemical composition of CDWC.



The XRD results of CDWC at different pretreatment temperatures are shown in Figure 6. It can be found that after high-temperature pretreatment, the main phases of CDWC are almost unchanged, mainly quartz, calcite, zeolite and mullite. Their main chemical components are silicon dioxide, calcium carbonate and aluminosilicate. High temperature does not destroy the phase of CDWC to form a new phase, which indicates that CDWC can undergo high-temperature curing.



The results of SEM-EDS and XRD both illustrate that high-temperature pretreatment did not change the properties of CDWC. This also confirms the macro mechanical performance conclusion: the CDWC has no negative impact on the compressive strength development stability of CDWGC after experiencing high temperatures.



The reason for strength shrinkage can be explained from two aspects: Firstly, from the development trend of compressive strength under heat curing (Figure 3), the 3-days strength can reach 85.1–93.1% of the 28-day strength, indicating the early strength of CDWGC develops very rapidly under heat curing. When the concrete strength increases to the maximum, the data fluctuation caused by measurement cannot be ignored. Moreover, geopolymer concrete is a brittle material. When measuring brittle material’s mechanical properties, the values’ fluctuation must be considered [22]. On the other hand, the moisture in the concrete will evaporate during the curing process and cause cracks and drying shrinkage of concrete [30], which makes the compressive strength decline.



What’s more, heating curing accelerates the evaporation of water, so strength shrinkage occurs before 28 days. However, after high-temperature pretreatment, the moisture content of CDWC decreases, and the impact of moisture evaporation during the curing process on strength diminishes. Therefore, high-temperature pretreatment CDWC can effectively solve the problem of strength shrinkage.




3.3. Effect of Addition CaO on CDWGP Compressive Strength


The influence of different CaO content on CDWGP compressive strength is shown in Figure 7. It can be seen from the research results that the compressive strength of CDWGP increases by 61.8%, 178.4%, and 150%, respectively, when the CaO content is 1%, 3%, and 5%. When the CaO proportion is 0–3%, CDWGP compressive strength increases with the increase of CaO content. When the content exceeds 3%, the compressive strength starts to decline. After adding CaO, the strength of CDWGP may be improved for the following two reasons: First, CaO can be dissolved in the alkaline solution to generate Ca2+, which is more active than Na+, and it is easier to combine with Si-O-Si and Al-O-Si to generate C-S-H and C-A-S-H gel [6,31]. This gel is denser than N-A-S-H gel generated by geopolymerization, and its strength is higher. Second, Ca2+ can be used as a charge balance ion to accelerate the formation of C-A-S-H and N-A-S-H gel, thus improving its strength [32,33]. However, when the CaO content is too high, it will quickly dissolve in the alkaline solution to form Ca2+. When the concentration of Ca2+ in the solution exceeds the dissolution equilibrium concentration, high consistency Ca(OH)2 will be precipitated in the solution and wrapped on the surface of fly ash and CDWC to prevent further dissolution, thus inhibiting the occurrence of geopolymerization and reducing the strength of the matrix.



According to the previous research results of Dai [17] et al.: heat curing can improve the compressive strength of CDWGP by 86% at 28 days at most. However, this study shows that when the content of calcium oxide is 3%, the compressive strength can be increased by 180.9% under ambient curing conditions, which is much higher than that of heat curing. Therefore, adding CaO effectively improves the compressive strength of CDWGP cured at ambient temperature.




3.4. Impact of Improvement Measures on CO2 Emissions


This research calculated the CO2 emissions using the above strength improvement measures to prepare 1 m3 CDWGC and 1 m3 CDWGP. At the same time, to more directly reflect the impact of CO2 emissions caused by the strength improvement method, this paper introduces the parameter P, which represents the relative proportion of the additional CO2 emissions generated by the improvement measures to the total CO2 emissions of the concrete prepared without the improvement measures. The CO2 emission calculation results are shown in Table 7.



According to the calculation of CO2 emissions by LCA, the high-temperature pretreatment CDWC mainly increases the CO2 emissions in the concrete preparation stage. At the same time, CaO is an additive material which mainly produces additional CO2 emissions in the raw material production and transportation stages. Although the CO2 emission increased by high-temperature pretreatment is similar to that of adding CaO, the p value is higher. This is due to the higher CDWC and FA used in the paste than in the concrete. The CaO added is relatively more, and the additional CO2 emissions are also increased. However, the alkali activator used in the paste is also more, and the total CO2 is also significantly increased, so the p value of adding CaO is relatively lower. In the two strength improvement methods, adding CaO is more environmentally friendly.



The CO2 emissions of CDWGP prepared by heat curing and adding CaO are also compared. When the maximum CaO content is 5%, the CO2 emission increases by 105 kg compared with that without CaO, while when the optimal CaO content is 3%, the CO2 emission increases only by 63 kg, which is far less than the CO2 emission increment of heat curing (203 kg). Kawai [34] et al. calculated the CO2 emissions of concrete prepared by different curing methods using LCA and found that heating curing can emit 10 kg more CO2 per hour than normal temperature curing. Converted to 24 h of heat curing, the CO2 emission increased by about 240 kg, almost the same as the CO2 emission value calculated in this work for heat curing. To sum up, the impact of CaO addition on CO2 emissions in CDWGP production is far less than that of heat curing. Considering the mechanical properties and CO2 emissions, adding CaO can not only effectively improve the compressive strength of CDWGP cured at ambient temperature but also will not cause adverse effects on the environment. Moreover, the effect of this method on improving the compressive strength is better than that of heat curing, and the environmental impact is also far lower than that of heat curing. Therefore, adding CaO into CDWGP is a more reasonable measure to improve the compressive strength in ambient curing conditions.





4. Conclusions


This study solved two mechanical imperfections of CDWC-based geopolymer materials through high-temperature pretreating CDWC and adding CaO. Based on the analysis of the data obtained from the test, the following conclusions can be obtained:




	
High-temperature pretreatment CDWC can effectively improve the compressive strength of CDWGC by improving the reactivity of CDWC and increasing the alkalinity of the geopolymer matrix.



	
From the SEM-EDS and XRD results of CDWC, there is no apparent change in the microscopic morphology, and the chemical compositions have few changes after different high-temperature treatments. These indicate the strength shrinkage of CDWGC is not due to the high temperature that destroyed the CDWC and affected its strength development. Instead, high-temperature pretreatment reduces the moisture content of CDWC and cracks caused by the evaporation of moisture inside the concrete during heat curing, thereby improving the stability of concrete strength growth.



	
The mechanical properties of CDWGP cured at ambient conditions can be significantly improved by adding CaO due to the formation of a more compact C-S-H gel and the acceleration of the formation of N-A-S-H gel. But the compressive strength first increases and then decreases with the increase of CaO content, and the optimum amount of CaO is 3%.



	
Compared with the high-temperature pretreatment of CDWC and heat curing CDWGP, the p value of adding CaO is smaller, and adding CaO has a better effect on strength improvement. Therefore, adding CaO is a more low-carbon and environmentally friendly way to improve the compressive strength of CDWGP.












Author Contributions


Conceptualization, J.L. and X.S.; software, J.D.; formal analysis, J.L.; Data curation, X.S. and Q.W.; writing—original draft preparation, J.L. and X.S.; writing—review and editing, J.L., X.S., Q.W., J.D., X.D. and Y.X. All authors have read and agreed to the published version of the manuscript.




Funding


Supported by “the Fundamental Research Funds for the Central Universities” and “Research on key technology of concrete and steel enclosure structure based on P4 biosafety laboratory (21H1150)”.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Data are contained within the article are available on request from the corresponding author.




Acknowledgments


We would like to thank the financial support from the scientific research project (21H1150). The experimental support is from Failure Mechanics and Engineering Disaster Prevention and Mitigation Key Lab of Sichuan Province, China.




Conflicts of Interest


Authors Xiang Deng and Yu Xue were employed by the company First Construction (Sichuan) Co., Ltd. of China Construction Third Engineering Bureau. The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




References


	



Chen, W.; Zhu, Z. Utilization of Fly Ash to Enhance Ground Waste Concrete-Based Geopolymer. Adv. Mater. Sci. Eng. 2018, 2018, 4793917. [Google Scholar] [CrossRef]

	



Awal, A.A.; Mohammadhosseini, H. Green concrete production incorporating waste carpet fiber and palm oil fuel ash. J. Clean. Prod. 2016, 137, 157–166. [Google Scholar] [CrossRef]

	



Nayaka, R.R.; Alengaram, U.J.; Jumaat, M.Z.; Yusoff, S.B.; Alnahhal, M.F. High volume cement replacement by environmental friendly industrial by-product palm oil clinker powder in cement—Lime masonry mortar. J. Clean. Prod. 2018, 190, 272–284. [Google Scholar] [CrossRef]

	



Huseien, G.F.; Hamzah, H.K.; Sam, A.R.M.; Khalid, N.H.A.; Shah, K.W.; Deogrescu, D.P.; Mirza, J. Alkali-activated mortars blended with glass bottle waste nano powder: Environmental benefit and sustainability. J. Clean. Prod. 2020, 243, 118636. [Google Scholar] [CrossRef]

	



Luan, C.; Wang, Q.; Yang, F.; Zhang, K.; Utashev, N.; Dai, J.; Shi, X. Practical Prediction Models of Tensile Strength and Reinforcement-Concrete Bond Strength of Low-Calcium Fly Ash Geopolymer Concrete. Polymers 2021, 13, 875. [Google Scholar] [CrossRef]

	



Reig, L.; Soriano, L.; Borrachero, M.V.; Monzo, J.; Paya, J. Influence of the activator concentration and calcium hydroxide addition on the properties of alkali-activated porcelain stoneware. Constr. Build. Mater. 2014, 63, 214–222. [Google Scholar] [CrossRef]

	



Paya, J.; Borrachero, M.V.; Monzo, J.; Soriano, L.; Tashima, M.M. A new geopolymeric binder from hydrated-carbonated cement. Mater. Lett. 2012, 74, 223–225. [Google Scholar] [CrossRef]

	



Li, C.; Sun, H.; Li, L. A review: The comparison between alkali-activated slag (Si plus Ca) and metakaolin (Si plus Al) cements. Cem. Concr. Res. 2010, 40, 1341–1349. [Google Scholar] [CrossRef]

	



Shi, C.; Fernandez, J.A.; Palomo, A. New cements for the 21st century: The pursuit of an alternative to Portland cement. Cem. Concr. Res. 2011, 41, 750–763. [Google Scholar] [CrossRef]

	



Andres, R.R.; Mercedes, M.J.M.; Mejia, D.G.R. Eco-efficient alkali-activated cement based on red clay brick wastes suitable for the manufacturing of building materials. J. Clean. Prod. 2017, 166, 242–252. [Google Scholar] [CrossRef]

	



Shi, X.; Zhang, C.; Liang, Y.; Luo, J.; Wang, X.; Feng, Y.; Abomohra, A.E. Life Cycle Assessment and Impact Correlation Analysis of Fly Ash Geopolymer Concrete. Materials 2021, 14, 7375. [Google Scholar] [CrossRef]

	



Salas, D.A.; Ramirez, A.D.; Ulloa, N.; Baykara, H.; Boero, A.J. Life cycle assessment of geopolymer concrete. Constr. Build. Mater. 2018, 190, 170–177. [Google Scholar] [CrossRef]

	



Al-mashhadani, M.M.; Canpolat, O.; Aygormez, Y.; Uysal, M.; Erdem, S. Mechanical and microstructural characterization of fiber reinforced fly ash based geopolymer composites. Constr. Build. Mater. 2018, 167, 505–513. [Google Scholar] [CrossRef]

	



Hasnaoui, A.; Ghorbel, E.; Wardeh, G. Performance of metakaolin/slag-based geopolymer concrete made with recycled fine and coarse aggregates. J. Build. Eng. 2021, 42, 102813. [Google Scholar] [CrossRef]

	



Peng, Z.; Lu, W.; Webster, C.J. Quantifying the embodied carbon saving potential of recycling construction and demolition waste in the Greater Bay Area, China: Status quo and future scenarios. Sci. Total Environ. 2021, 792, 148427. [Google Scholar] [CrossRef]

	



Li, J.; Zhang, J.; Ni, S.; Liu, L.; Walubita, L.F. Mechanical performance and environmental impacts of self-compacting concrete with recycled demolished concrete blocks. J. Clean. Prod. 2021, 293, 126129. [Google Scholar] [CrossRef]

	



Dai, J.X.; Shi, X.S.; Wang, Q.Y.; Zhang, H.E.; Luan, C.C.; Zhang, K.Y.; Yang, F.H. Effect of Multi-factor on the Compressive Strength of Construction and Demolition Waste Based Geopolymer Concrete. Mater. Rep. 2021, 35, 9077–9082. [Google Scholar]

	



Vasquez, A.; Cardenas, V.; Robayo, R.A.; Mejia De Gutierrez, R. Geopolymer based on concrete demolition waste. Adv. Powder Technol. 2016, 27, 1173–1179. [Google Scholar] [CrossRef]

	



Wong, C.L.; Mo, K.H.; Alengaram, U.J.; Yap, S.P. Mechanical strength and permeation properties of high calcium fly ash-based geopolymer containing recycled brick powder. J. Build. Eng. 2020, 32, 101655. [Google Scholar] [CrossRef]

	



Xu, J.; Kang, A.; Wu, Z.; Gong, Y.; Xiao, P. The effect of mechanical-thermal synergistic activation on the mechanical properties and microstructure of recycled powder geopolymer. J. Clean. Prod. 2021, 327, 129477. [Google Scholar] [CrossRef]

	



Zhao, J.; Wang, K.; Wang, S.; Wang, Z.; Yang, Z.; Shumuye, E.D.; Gong, X. Effect of Elevated Temperature on Mechanical Properties of High-Volume Fly Ash-Based Geopolymer Concrete, Mortar and Paste Cured at Room Temperature. Polymers 2021, 13, 1473. [Google Scholar] [CrossRef] [PubMed]

	



Panizza, M.; Natali, M.; Garbin, E.; Tamburini, S.; Secco, M. Assessment of geopolymers with Construction and Demolition Waste (CDW) aggregates as a building material. Constr. Build. Mater. 2018, 181, 119–133. [Google Scholar] [CrossRef]

	



Li, J.; Dang, X.; Zhang, J.; Yi, P.; Li, Y. Mechanical Properties of Fly Ash-Slag Based Geopolymer for Repair of Road Subgrade Diseases. Polymers 2023, 15, 309. [Google Scholar] [CrossRef] [PubMed]

	



Hwang, C.; Yehualaw, M.D.; Duy-Hai, V.; Trong-Phuoc, H.; Largo, A. Performance evaluation of alkali activated mortar containing high volume of waste brick powder blended with ground granulated blast furnace slag cured at ambient temperature. Constr. Build. Mater. 2019, 223, 657–667. [Google Scholar] [CrossRef]

	



Nath, P.; Sarker, P.K. Use of OPC to improve setting and early strength properties of low calcium fly ash geopolymer concrete cured at room temperature. Cem. Concr. Compos. 2015, 55, 205–214. [Google Scholar] [CrossRef]

	



Oikonomopoulos, I.K.; Perraki, M.; Tougiannidis, N.; Perraki, T.; Kasper, H.U.; Gurk, M. Clays from Neogene Achlada lignite deposits in Florina basin (Western Macedonia, N. Greece): A prospective resource for the ceramics industry. Appl. Clay Sci. 2015, 103, 1–9. [Google Scholar] [CrossRef]

	



Guo, X.; Shi, H.; Chen, L.; Dick, W.A. Alkali-activated complex binders from class C fly ash and Ca-containing admixtures. J. Hazard. Mater. 2010, 173, 480–486. [Google Scholar] [CrossRef]

	



Tuyan, M.; Andic-Cakir, O.; Ramyar, K. Effect of alkali activator concentration and curing condition on strength and microstructure of waste clay brick powder-based geopolymer. Compos. Part B-Eng. 2018, 135, 242–252. [Google Scholar] [CrossRef]

	



Dombrowski, K.; Buchwald, A.; Weil, M. The influence of calcium content on the structure and thermal performance of fly ash based geopolymers. J. Mater. Sci. 2007, 42, 3033–3043. [Google Scholar] [CrossRef]

	



Castel, A.; Foster, S.J.; Ng, T.; Sanjayan, J.G.; Gilbert, R.I. Creep and drying shrinkage of a blended slag and low calcium fly ash geopolymer Concrete. Mater. Struct. 2016, 49, 1619–1628. [Google Scholar] [CrossRef]

	



Garcia-Lodeiro, I.; Fernandez-Jimenez, A.; Palomo, A.; Macphee, D.E. Effect of Calcium Additions on N-A-S-H Cementitious Gels. J. Am. Ceram. Soc. 2010, 93, 1934–1940. [Google Scholar] [CrossRef]

	



Guo, X.; Shi, H.; Dick, W.A. Compressive strength and microstructural characteristics of class C fly ash geopolymer. Cem. Concr. Compos. 2010, 32, 142–147. [Google Scholar] [CrossRef]

	



Ahmari, S.; Ren, X.; Toufigh, V.; Zhang, L. Production of geopolymeric binder from blended waste concrete powder and fly ash. Constr. Build. Mater. 2012, 35, 718–729. [Google Scholar] [CrossRef]

	



Kawai, K.; Sugiyama, T.; Kobayashi, K.; Sano, S. Inventory data and case studies for environmental performance evaluation of concrete structure construction. J. Adv. Concr. Technol. 2005, 3, 435–456. [Google Scholar] [CrossRef]








[image: Polymers 15 01699 g001 550] 





Figure 1. The particle size distribution of FA and CDWC. 
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Figure 2. Schematic diagram of specimen preparation. 
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Figure 3. Effect of pretreatment temperature of CDWC on compressive strength development of CDWGC. 
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Figure 4. Effect of pretreatment temperature of CDWC on compressive strength of CDWGC. 
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Figure 5. Micromorphology of CDWC after different pretreatment temperatures. 
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Figure 6. XRD results of CDWC after different pretreatment temperatures. 
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Figure 7. Effect of CaO content on compressive strength of CDWGP. 
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Table 1. Abbreviation list.






Table 1. Abbreviation list.





	Name
	Abbreviation





	Construction and demolition waste composites
	CDWC



	Fly ash
	FA



	CDW-C-based geopolymer concrete
	CDWGC



	CDW-C-based geopolymer paste
	CDWGP



	Life cycle assessment
	LCA



	Scanning electron microscope
	SEM



	Energy dispersive spectrometer
	EDS



	X-ray diffraction
	XRD



	X-ray fluorescence spectroscopy
	XRF



	Carbon emission ratio parameter
	P
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Table 2. Chemical composition of FA and CDWC.
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	Composition
	SiO2
	Al2O3
	Fe2O3
	CaO
	Na2O
	P2O5
	TiO2
	MgO
	L.O.I





	FA
	60.66
	14.51
	6.29
	5.11
	0.94
	3.42
	1.04
	-
	4.98



	CDWC
	42.90
	10.95
	6.35
	9.29
	0.87
	-
	-
	1.36
	26.52
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Table 3. Physical properties of CDWC.
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	Physical Properties
	Value
	Standard Deviations





	Average particle size
	12.582 μm
	1.934



	Density
	2.60 g/cm3
	0.101



	Water content ratio
	<1%
	0.0013



	Water demand ratio
	98.9%
	0.009



	Liquidity ratio
	93.0%
	0.039



	Strength activity index
	73.7%
	0.061
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Table 4. Mix proportion of CDWGC.
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	Type
	Pretreat Temperature

°C
	FA kg/m3
	CDWC

kg/m3
	NaOH Malority mol/L
	Coarse Aggregate kg/m3
	Fine Aggregate kg/m3
	Sodium Silicate

kg/m3
	NaOH

kg/m3
	Water

kg/m3





	CDWGC20
	20
	368
	92
	12
	1200
	540
	133.4
	21.63
	45.07



	CDWGC40
	40
	368
	92
	12
	1200
	540
	133.4
	21.63
	45.07



	CDWGC60
	60
	368
	92
	12
	1200
	540
	133.4
	21.63
	45.07



	CDWGC80
	80
	368
	92
	12
	1200
	540
	133.4
	21.63
	45.07



	CDWGC100
	100
	368
	92
	12
	1200
	540
	133.4
	21.63
	45.07
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Table 5. Mix proportion of CDWGP.
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	Type
	FA kg/m3
	CDWC kg/m3
	NaOH Malority mol/L
	Sodium Silicate

kg/m3
	NaOH kg/m3
	CaO kg/m3
	Water

kg/m3





	CDWGP0
	1226.48
	306.62
	12
	444.60
	72.09
	0
	150.21



	CDWGP1
	1226.48
	306.62
	12
	444.60
	72.09
	15.33
	150.21



	CDWGP3
	1226.48
	306.62
	12
	444.60
	72.09
	45.99
	150.21



	CDWGP5
	1226.48
	306.62
	12
	444.60
	72. 09
	76.66
	150.21
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Table 6. Chemical composition of CDWC at different pretreatment temperatures.
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Temperatures (°C)

	
Mass Ratio of Different Elements (wt%)




	
C

	
O

	
Na

	
Mg

	
Al

	
Si

	
K

	
Ca

	
Fe

	
Total






	
20

	
10.30

	
43.15

	
0.69

	
1.03

	
6.08

	
20.47

	
1.55

	
10.96

	
5.77

	
100




	
40

	
10.51

	
43.99

	
0.67

	
0.88

	
5.8

	
20.65

	
1.52

	
10.67

	
5.02

	
99.71




	
60

	
9.85

	
43.45

	
0.98

	
1.04

	
6.16

	
20.51

	
1.77

	
10.82

	
5.42

	
100




	
80

	
10.87

	
42.46

	
0.91

	
0.94

	
6.72

	
19.90

	
1.60

	
10.45

	
6.14

	
100




	
100

	
10.39

	
43.86

	
0.71

	
1.09

	
6.24

	
19.86

	
1.63

	
10.69

	
5.10

	
99.59




	
variance

	
0.11

	
0.30

	
0.02

	
0.01

	
0.09

	
0.11

	
0.01

	
0.03

	
0.18

	
-
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Table 7. CO2 emissions of producing 1 m3 CDWGC or CDWGP (kg CO2eq).
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	Type
	Raw Materials Production
	Raw

Materials

Transportation
	Concrete

Preparation
	Total CO2 Emissions
	Additional CO2 Emissions
	P

(%)





	CDWGC20 (control)
	319.04
	28.72
	206.84
	554.60
	0
	0



	CDWGC40
	319.04
	28.72
	253.09
	600.85
	46.25
	8.34



	CDWGC60
	319.04
	28.72
	260.32
	608.08
	53.48
	9.64



	CDWGC80
	319.04
	28.72
	271.68
	619.44
	64.84
	11.69



	CDWGC100
	319.04
	28.72
	289.06
	636.82
	82.22
	14.83



	CDWGP0 (control)
	1048.47
	76.24
	3.8
	1128.51
	0
	0



	CDWGP1
	1069.17
	76.51
	3.8
	1149.48
	20.97
	1.86



	CDWGP3
	1110.57
	77.04
	3.8
	1191.41
	62.9
	5.57



	CDWGP5
	1151.96
	77.58
	3.8
	1233.34
	104.51
	9.26



	CDWGP0 (heat)
	1151.96
	77.58
	3.8
	1233.34
	206.84
	18.33
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