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Abstract

:

Apricot (AS), peach (PS), and plum shells (PlS) were examined as sustainable aggregates for non-structural lightweight concrete. The extraction of natural resources has a significant environmental impact and is not in line with the Sustainable Development Goals (SDGs) of Agenda 2030. Recycling agri-food waste, such as fruit shells, fully respects circular economy principles and SDGs. The chemical and physical properties of the shells were investigated using scanning electron microscopy (SEM) for microstructure analysis and TG-MS-EGA for thermal stress behavior. Two binding mixtures were used to prepare the concrete samples, one containing lime only (mixture “a”) and one containing both lime and cement (mixture “b”). Lime is a more sustainable building material but it compromises mechanical strength and durability. The performance of lightweight concrete was determined based on the type of aggregate used. PS had a high-water absorption capacity due to numerous micropores, resulting in lower density (1000–1200 kg/m3), compressive strength (1–4 MPa), and thermal conductivity (0.15–0.20 W/mK) of PS concrete. AS concrete showed the opposite trend (1120–1260 kg/m3; 2.8–7.0 MPa; 0.2–0.4 W/mK) due to AS microporosity-free and denser structure. PlS has intermediate characteristics in terms of porosity, density, and water absorption, resulting in concrete with intermediate characteristics (1050–1240 kg/m3; 1.9–5.2 MPa; 0.15–0.3 W/mK).
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1. Introduction


The climate emergency confronts us with the need to minimize the exploitation of our planet’s non-renewable resources. The extraction of raw materials has a dramatic impact on the environment, degrading landscapes, polluting soils and waters, irreparably damaging biodiversity, and inefficiently consuming a huge amount of energy [1]. Furthermore, the extraction of natural resources has accelerated exponentially since the 21st century and has grown significantly globally [2]. Indeed, global population growth, unbridled industrialization, and increased consumption have led to an increase in their demand [3]. The indiscriminate exploitation of non-renewable raw materials leads to their depletion: their cost is expected to increase significantly, and many of them may no longer be available in the near future [4,5]. Instead, renewable materials can be produced.



Ah indefinitely with strong environmental benefits, especially if they are waste by-products from other supply chains. This is the fundamental principle of the circular economy: someone’s waste becomes a valuable resource for someone else. The transition to a circular system provides the opportunity to address this problem by reducing the use of raw materials, protecting material resources, and reducing the carbon footprint [6,7]. It is also expected to bring economic benefits such as an increase in gross domestic product, net savings in raw materials, growth in employment, and reduced volatility in material and supply prices [8,9].



The building materials sector is a major contributor to environmental deterioration as it is one of the largest exploiters of resources, half of which are non-renewable [10,11]. Thus, global government policies are driving the need to use low-energy and renewable building materials for construction, with the aim of combating climate change and minimizing its effects [12]. The UN Agenda 2030 sets 17 Sustainable Development Goals (SDGs) to end poverty, protect the planet, and improve the lives and prospects of everyone and everywhere [13]. The construction sector is closely associated with several SDGs including clean water and sanitation (SDG 6), affordable clean energy (SDG 7), industry, innovation, and infrastructure (SDG 9), and sustainable cities and communities (SDG 11). In addition, also SGD 12 (ensuring sustainable consumption and production patterns) provides interesting insights. This concerns the substantial reduction of waste through prevention, reduction, recycling, and reuse, which are core principles of the circular economy. In fact, the use of waste or by-products as a substitute for fossil raw materials represents an important opportunity, as it allows for plugging the problems related to waste disposal while reducing the exploitation of the resources of our planet. The construction sector can only be considered truly sustainable when it starts using renewable materials or materials recycled from construction waste and demolition residues [14]. The conservation of natural resources must be maximized and the environmental impact during the entire life cycle of the building project must be reduced. The development of environmentally friendly building materials is an inevitable path to sustainable construction and the SDGs of Agenda 2030.



Cement concrete is undoubtedly the most widely used building material [14,15], with a worldwide production of more than 10 billion tons. The enormous demand for concrete has led to the exploitation of a massive quantity of aggregates, causing their depletion or exhaustion in natural basins, as well as significant environmental issues [14,15]. The utilization of recycled or bio-based materials as a substitute for natural aggregates has been identified as a highly effective strategy to enhance sustainability in the construction industry. Several studies have explored the potential of industrial byproducts, agri-food wastes, or demolition wastes as lightweight aggregates (LWAs). LWAs have a lower average density and higher porosity, providing concrete with lower density and thermal and acoustic insulation properties. Lightweight concrete has a dry density of up to 2000 kg/m3 and a thermal conductivity usually lower than 1 W/(m·°C). Therefore, it is used when low weight and insulating properties are relevant. The thermal conductivity of concrete refers to its ability to transfer heat. High thermal conductivity can lead to unwanted energy loss, which can increase energy costs and reduce the comfort levels of indoor spaces. In contrast, low thermal conductivity in concrete can promote energy efficiency and thermal comfort. One way to improve the thermal conductivity of concrete is by adding lightweight aggregates, which typically have good insulation properties. For example, Real et al. [16] reported that the use of lightweight concrete in buildings can reduce heating energy by 15% compared to normal-weight concrete.



Although lime concrete is an old material used in civil engineering [17,18,19], only a few studies have investigated its potential as an alternative to Portland cement concrete for structural components [20,21]. Lime has some environmental advantages over concrete-based materials: it requires less energy for its production, since limestone, the basic raw material, can be burned at lower temperatures (900–1000 °C), whereas silicate rocks for concrete require at least 1300 °C. Furthermore, part of the CO2 generated during the production process is reabsorbed by hardened lime [22]. Therefore, the main aim of this study was to develop lime-based non-structural lightweight concrete using waste materials from the agri-food chain as coarse aggregates. In particular, Rosaceae fruit shells are a widely available waste, as a significant part of the harvested fruit is processed, resulting in a huge amount of waste kernels [23].



Peach (Prunus persica L.), apricot (Prunus armeniaca L.), and plum (Prunus domestica L.), belonging to the same Prunus family, are widely cultivated fruits [24] above all for their relevance to human health [25,26,27,28,29] as an important source of phenolic compounds, cyanogenic glucosides, vitamins, mineral salts, and phytoestrogens. According to the “Food and Agriculture Organization (FAO)”, in 2020, global peach production was approximately 24 million tons, apricot one 3.7 million tons, and plum one 12 million tons. Their pulp is still the only part that is most appreciated and used by agro-industries, whereas pits are considered low-value agro-industrial residues. In addition to being directly consumed as fresh fruit, most Rosaceae fruits are processed into juices, canned fruits, jams, and sweet snacks. All these productive sectors give rise to a large quantity of kernels as waste, estimated at around 10% of the total mass [30]. Thanks to their high calorific value, the current alternative to landfilling fruit shells is incineration in biomass heating systems. However, this seasonal activity requires temporary kernel storage in large open-air stacks. This leads to some issues such as space availability, environmental hygiene problems, and the development of odorous exhalations due to uncontrolled fermentation of pulp residues and decomposition of organic material [31]. A second and more important factor concerns the serious environmental effects caused by the incineration of these materials. It is estimated that the combustion of agricultural residues, such as wood, leaves, trees, and grass, generates approximately 40% of CO2 emissions, 32% of CO emissions, 20% of particulate matter, and 50% of polycyclic aromatic hydrocarbons (HAPs) [32]. Fruit shells exhibit several characteristics that make them an interesting alternative to common coarse aggregates. For example, their degradation under natural conditions is difficult and slow [33,34], unlike other food waste by-products. Moreover, it is a widely available and low-cost waste material, and its reuse and valorization are perfectly aligned with Agenda 2030 for Sustainable Development [13] and, in particular, with SGD 12.



Several studies have reported the use of agricultural waste materials, such as oil palm shells, palm oil clinkers, wood, mussel shells, date seeds, and coconut shells [35,36,37,38], for the production of environmentally friendly concrete. Some studies have used fruit shells to prepare cement-based concrete [39,40,41], but there is little evidence of lime-based materials. The effects induced on the physical and mechanical properties of lime-based concrete of peach, apricot, and plum shells were investigated, considering density, compressive strength, and thermal conductivity. In this preliminary study, the goal was to evaluate the potential of these materials as LWAs and identify any differences between the different shell types. The compositional and morphological characteristics of the aggregates were evaluated and correlated with the performance of lightweight concrete. Scanning electron microscopy (SEM) was used for the morphological study of the LWAs, and TGA-MS-EGA was used to obtain compositional information and study their behavior under thermal stress.




2. Materials and Methods


2.1. Raw Materials Properties and Specimens Preparation


2.1.1. Binder Mixture


The main binder used was hydrated lime (Litokol S.p.A., Rubiera, Italy). To improve the mechanical properties, a few sets of specimens were prepared with the addition of Type I 52.5 grade Portland cement (Litokol S.p.A., Rubiera, Italy). The physical and chemical properties of the binders are listed in Table 1.




2.1.2. Coarse and Fine Aggregates


Crushed shells were used as alternative coarse aggregates (Figure 1). Peaches, apricots, and plums were obtained from a local orchard in Modena, Italy. The pulp was separated from the pits, cleaned before use, and the residual dried pulp and dust on their surfaces were removed. The pits were preliminarily air dried for 30 days to remove residual moisture. Preliminary coarse grinding allowed the separation of the internal kernel from the external shell. The dried pits were crushed with a crushing machine and sieved with 4.5 and 9.5 mm sieves. Natural alluvial silica sand was used as the fine aggregate (Litokol S.p.A., Rubiera, Italy). The physical properties of the aggregates are listed in Table 2, and the proximate chemical compositions of the fruit shells are listed in Table 3.



The methods recommended by the Association of Official Analytical Chemists [45] were used to determine the levels of moisture, ash, crude protein, and residual oil. Moisture content was determined by drying the samples at 105 °C to a constant weight. The ash content was determined using a laboratory furnace at 550 °C and the temperature was gradually increased. Nitrogen content was determined using the Dumas method and converted to protein content by multiplying by a factor of 6.25. The residual fat fraction was recovered using the Soxhlet method, exhaustively extracting 10 g of each sample using petroleum ether (boiling point range 40–60 °C) as the extractant solvent. Each measurement was performed in triplicate, and the results were averaged.



Finally, we emphasize that the chemical composition and physical properties of vegetable matrices are significantly influenced by certain factors, including the geographical origin, degree of ripeness, and cultivar to which they belong [46].




2.1.3. Lime-Concrete Design and Specimen Preparation


Normal tap water was used in this study. The mix proportions of all specimens are listed in Table 4. For each shell, the mix proportion of the related concrete was kept constant (PSC = Peach Shell Concrete; ASC = Apricot Shell Concrete; PlSC = Plum Shell Concrete). Specimens were removed from the mold after 24 h. They were stored in a laboratory room with a relative humidity of 95 ± 5% and a temperature of 20 ± 2 °C until the test age. Binder mixture a (PSC_a, ASC_a, PlSC_a) only includes lime, while mixture b (PSC_b, ASC_b, PlSC_b) involves the addition of cement. Three sets of specimens were prepared: one for the compressive strength test, one for the demolded, air-dry, and oven-dry density evaluation, and one for the thermal conductivity test. Each set contained three cubic specimens (100 × 100 × 100 mm3), and the average values were obtained for each test result.



The specimens were prepared as follows: river sand, lime, and cement were poured into a blender and dry-mixed for 1 min. Water was added and the mixture was mixed for 3 min. The lightweight aggregates were finally added to and mixed for 5 min. After mixing, fresh mixtures were then poured into the mold and compacted. The specimens were placed in the laboratory room and were removed from the molds after approximately 24 h.





2.2. Experimental Methods


2.2.1. Morphological Analysis of the Aggregates


The field emission scanning electron microscope (SEM) instrument (Nova NanoSEM 450, FEI, Hillsboro, OR, USA) was used to evaluate the microscopic morphology of coarse lightweight aggregates.




2.2.2. TGA-MSEGA


A Seiko SSC 5200 thermal analyzer (Seiko Instruments Inc., Chiba, Japan) was used to perform the thermogravimetric analysis (TGA) in an inert atmosphere. A coupled quadrupole mass spectrometer (ESS, GeneSys Quadstar 422) was used to analyze the gases released during the thermal reactions (MS-EGA) (ESS Ltd., Cheshire, UK). Sampling was performed using an inert and fused silicon capillary system, which was heated to prevent condensation. The intensity of the signal of selected target gases was collected in multiple ion detection mode (MID); a secondary electron multiplier operating at 900 V was collected in multiple ion detection mode (MID), the intensity of the signal of selected target gases. The signal intensities of m/z ratios of 18 for H2O, 44 for CO2, 60 for C2H4O2 (acetic acid), 94 for C6H6O (phenol), 39 for C3H3+ (furfural fragment), 96 for C5H4O2 (furfural), and 151 for C8H8O3 (vanillin) were measured, where m/z is the ratio between the mass number and charge of the ion. The heating conditions were 20 °C/min in the thermal range of 25–1000 °C using ultrapure He at a flow rate of 100 μL/min as the purging gas.




2.2.3. Demolded, Air-Dry, and Oven-Dry Densities


Demodeld, air-dry, and oven-dry densities were determined following ASTM C567 [47]. The demolded mass was measured after demolding (after 24 h of curing), and the air-dry mass was measured after 28 days of curing. The test method for oven-dry density is more complex. The specimens were immersed in water (at about 20 °C) for 48 h, then the surface water was removed, and the saturated surface-dry mass was measured. Then, it was suspended in water with a wire, and the apparent mass of the suspended-immersed specimens was determined. The samples were then oven-dried at 110 °C for 72 h. The oven-dry density was calculated from Equation (1):


    O   m   =   D × 997   F − G    



(1)




where Om is the measured oven-dry density (kg/m3); D is the specimen mass (kg); F is the mass of saturated surface-dry specimen (kg); G is the apparent mass of suspended-immersed specimen (kg).




2.2.4. Mechanical Test


The compressive strength test was performed after 28 and 56 days using a Technotest compression test machine (Technotest, Modena, Italy). The average value of at least three specimens was used as the test result. It was performed in conformity with the European standard for structural concrete (EN 12390-3:2009), although our concrete had no structural purpose. Lime mortar (EN 1015-11:1999) would be more suitable for the intended use, but the presence of coarse aggregates prevents its application.




2.2.5. Thermal Conductivity of Lime-Concrete Specimens


A KD2 Pro thermal properties analyzer (Decagon Inc., Pullman, WA 99163, USA) was used for thermal conductivity measurements. It is a portable device fully compliant with ASTM D5334-08 and is used to measure the thermal properties of materials based on probe/sensor methods (transient line heat source), as confirmed by Decagon Devices Inc. Operator Manual version 11. It consists of a portable controller and sensors probe to be inserted into the medium to be measured. The measurement consists of heating the probe for a certain time and monitoring the temperature during heating and cooling. The influence of the ambient temperature on the samples must be minimized to obtain more accurate values. The measurement range of thermal conductivity of KD2 Pro is 0.02 to 2.00 W/(mK). In this study, three cubic specimens for each sample (100 × 100 × 100 mm3), at 28 days of curing were selected to measure thermal conductivity at dry conditions. The samples were oven-dried for 24 h at 100 °C prior to testing.






3. Results and Discussion


3.1. Lightweight Aggregates


LWAs, their nature, and compositional characteristics critically define the physical and chemical properties of concrete [48,49,50]. Depending on the type of aggregate used, the uses and functions of the final product change drastically [51]. Therefore, defining the compositional characteristics of our fruit shells is fundamental to understanding their potential as LWAs.



Bulk density is one of the most important characteristics [17] because it significantly affects the final density of concrete, which, in turn, determines its mechanical and insulation properties. This depends on the size and shape of the aggregates, the moisture content, and the porosity. PS had the lowest bulk density, whereas AS had the highest density. The SEM analysis (Section 3.2) highlights the marked morphological differences, which fully explains these density trends.



The water absorption of lightweight aggregates is generally significantly higher than that of conventional coarse aggregates. This is certainly due to the greater porosity but also to the different chemical compositions. In particular, fruit shells, lignocellulosic biomass, are composed mainly of the three main natural polymers, cellulose, lignin, and hemicellulose [52,53], and the content of these components in the examined matrices are collected in Table 2. Unlike lignin, which is highly hydrophobic, cellulose has a marked ability to absorb water. The latter acts as the glue that connects cellulose and hemicellulose [54]. In fact, in the cell wall of certain biomasses, especially wood species, lignin functions to cement cellulose fiber [55]. It is a three-dimensional strongly cross-linked macromolecule. Cellulose, on the other hand, differs markedly, as it is a linearly structured homopolymer, and in plants, it plays a fundamental role as a supporting matrix for the cell membrane. Hemicellulose is a heterogeneous, completely amorphous, weak polymer. Hemicellulose is decidedly more soluble and labile [53]. From Table 3, it can be seen that PS showed greater water absorption than AS and PlS. This phenomenon can certainly be attributed to the increased porosity (as will be explained later in Section 3.2). However, it is possible to draw conclusions by analyzing the chemical composition of the shells. In fact, the lignin content of PS was the lowest compared to that of AS and PlS, while that of cellulose and hemicellulose was higher. Considering the greater affinity of the latter towards the water and the hydrophobicity of lignin, the greater water absorption can be easily explained. Water absorption affects some important properties of concrete such as its strength, density, and time-dependent deformation [17,48].




3.2. Morphological Analysis of the Aggregates


The surfaces of peach shells (PS), apricot shells (AS), and plum shells (PlS) are shown in Figure 2, Figure 3 and Figure 4, respectively. We reported only images relating to the external surface of the shells, in which we identified the most significant differences between PS, AS, and PlS. The internal one, in fact, was extremely smooth and compact for all three types of shells. Therefore, it seemed more important to pay attention only to the outer part of the shells, since the outer surface layers probably contribute more to the properties of the aggregates and, consequently, to the behavior of the specimens.



The surfaces of all shells appear rough, irregular, and have many cavities. The PS and AS cavities are ovoidal shaped, where the grater diameter is approximately 50 μm and the smaller one is about half, 25 μm. The PlS cavities, on the other hand, are much more irregular and lack a specific shape. The most evident observation concerns the presence of microporosity inside the cavities, which are only present in PS and PlS. The size of the microporosities was approximately 2.0 μm, which can be better viewed in Figure 5.



The PlS micropores were denser, although some were not completely empty. It is likely that a small fraction of the fruit pulp remained trapped inside the micropores, which made it difficult to remove by simple mechanical separation. The SEM observations can be correlated with the data shown in Table 2 and Table 3. The greater AS bulk density was justified by the absence of porosity and the consequent greater compactness. The PlS bulk density was higher than that of PS, which could be due to the more superficial and shallower porosities. The water absorption (24 h, %) data were also in line. PS has the highest value, indicating greater trapping of water inside the pores, AS has the lowest value, and PlS has an intermediate value.




3.3. TG-MS-EGA Analysis


Fruit shells are primarily composed of lignocellulosic material. TG-MS-EGA analysis allows us to obtain information about the different degradation processes involving all constituents, which occur in defined thermal ranges identifiable in the thermogram. Materials with complex compositions give rise to different degradative reactions that can occur simultaneously, and the thermogram profile is the sum of the various contributions. In these cases, deconvolution and interpretation of the signals are not particularly easy, especially if different processes lead to the formation of the same reaction products, such as H2O and CO2. For effective interpretation of thermograms, the entire temperature range is usually divided into thermal regions of different sizes and characteristics, as shown in Table 5. Furthermore, Table 5 shows some thermal windows or subdomains of the regions where particular deformations of the TG/DTG profiles are observed, corresponding to specific behaviors due to some degradation processes of the studied samples.



Table 3 shows that ~90% of AS, PS, and PlS consisted of cellulose, hemicellulose, and lignin. Therefore, the TG-MS-EGA analysis showed the thermal steps leading to the degradation of these three fractions. For this reason, the evolution of some analytes characteristic of the degradation of hemicellulose and cellulose (i.e., acetic acid, m/z = 60; furfural, m/z = 96 and 39 for its fragment C3H3+) and lignin (i.e., phenol, m/z = 98; and vanillin m/z = 151), was evaluated [56]. This analysis allows for better differentiation of the thermal processes and better identification of the process temperature range that involves every component of the matrix. Unfortunately, no significant results have been obtained regarding the evolution of the emitted gases phenol and vanillin, which will not be reported below.



The result of the TG, together with its first derivative (DTG), runs in inert atmosphere (He) as shown in Figure 6, Figure 7 and Figure 8, and the related quantitative considerations are summarized in Table 5. For each thermogram, a summary table is provided (Table 6, Table 7 and Table 8), that collects the representative values of the TG/DTG profile.



The thermograms are divided into five regions (I, II, III, IV, and V), each representing the behavior of the samples following specific processes. Before examining the TG/DTG curves relating to the three nut-shell samples, it must be emphasized that the separation limits of the various regions are not rigidly identified with values of T/°C in an absolute way. Conversely, these are limits with a mobile index because the material fractions that undergo thermally activated processes can produce experimental evidence typical of the sample rather than of the type of matrix. Therefore, any attempt to generalize the thermal intervals of each region could lead to a speculative investigation, which is incompatible with the inspiring criteria of this study.



Region I, which covers a temperature range up to ~120 °C, is attributed to the removal of moisture and particularly volatile organic compounds (VOCs). The mass loss in this thermal step was greater for PS (Δm% = −4.2%), followed by PlS (Δm% = −3.8%) and AS (Δm% = −2.8%). Within this region, other thermally activated processes occur without mass loss, such as protein denaturation by unfolding [57,58].



Region II, which covers the temperature range from ~120 °C to ~215 °C, concerns the mass loss related to bound water, i.e., water typically retained by the inorganic fraction, such as the crystallization of mineral salt water. In this region, semi-volatile compounds with medium-low vapor pressure (SVOCs), which are present in the initial matrix or formed during the heating phase, are completely removed. The removal of structural water begins at 160 °C, following condensation reactions of the -OH groups mainly present in simple non-cellulosic carbohydrates [59]. The formation and removal of the reaction water passes through the entire thermogram up to and including region IV. Therefore, near the upper-temperature limit (~180 °C), free amino acids begin to undergo thermal degradation [60], while proteins persist up to ~200–220 °C. Thus, the processes occurring in this region suggest that the chemical structure of the biomass begins to destabilize, partly depolymerize, and plasticize.



Region III, in the temperature range from ~215 °C to ~423 °C, is the main pyrolysis window, where structural decay reactions of proteins (~240 °C), hemicellulose (~300 °C) [61,62], and cellulose (~370 °C) [57,61,63] take place. This was confirmed by the emission of acetic acid and furfural in this thermal window, as shown in Figure 9. These analytes are formed by the thermal degradation of cellulose and hemicellulose, as reported in several studies [56,64,65].



Region IV begins at ~413 °C and extends up to ~695 °C. In this thermal window, the gradual mass decrease is mainly due to the slow pyrolysis of the lignin fraction [66], which is associated with the sample vitrification and volatilization of carbon microparticles. The additional small mass loss can be attributed to the thermal decomposition of carbonaceous matter (biochar), which is mostly related to the hemicellulose fraction [67], although lignin components can also degrade [68].



In region V, above ~700 °C, up to the final temperature (1000 °C), the last residues of biomass degradation can be observed. This is the typical carbon pyrolysis window with the thermal decomposition of low volatile matter such as carbon fragments C20–C40 in the presence of mineral ash. This thermal process was confirmed by the evolution profile of CO2 (Figure 9), where an increase in the signal occurred between 800 °C and 1000 °C. The TG/DTG profiles of PS, AS, and PlS are typical of lignocellulosic raw materials, highlighting the contents of hemicellulose, cellulose, and lignin. This observation was confirmed by the proximate composition analysis (Section 2.1.2, Table 3).



As an example, the evolution of gases is reported below (Figure 9) for only one sample (PS), as the results were almost similar for the three matrices.




3.4. Density and Compressive Strength of the Lime-Based Concrete


Lightweight concrete can be classified according to its density, which normally ranges from 320 to 1920 kg/m3 according to the ACI Committee 213 Guide for Structural Lightweight Aggregate Concrete [69]. The classification of concrete according to density provides three groups of materials: (i) low-density concretes (300–800 kg/m3); (ii) moderate-strength concretes (800–1350 kg/m3); (iii) structural concretes (1350–1920 kg/m3) [70]. These three classes are also associated with specific strength range: 0.7–2.0 MPa, 7–14 MPa, and 17–63 MPa, respectively [70]. Density is one of the most important variables in concrete design, as compressive strength depends on it [71]. The reduction of concrete density implies the increment of its porosity, which is achieved by the direct replacement of normal-weight aggregates with LWAs.



The density data obtained are collected in Table 9.



All the samples are in the density range relating to moderate-strength lightweight concretes. As expected, the PSC has lower density values, as PS has a lower bulk density and specific gravity than AS and PlS. As observed by the SEM analysis, PS has a high porosity, AS low, and PlS intermediate between the two. The porosity of an aggregate significantly defines concrete density, as it affects both the porosity of the concrete itself and allows it to trap more air inside. Furthermore, some studies reported that the aggregate shape affects concrete density. In fact, the flaky shape easily traps air inside the concrete, increasing its porosity and consequently reducing its density. This phenomenon has been observed in concrete containing seashells [72], peach shells [38], and recycled polyolefin waste [73]. In particular, irregular shapes hinder the complete compaction of concrete, thus contributing to higher air content. In addition to this, there is also trapped air due to the high porosity of LWAs. Furthermore, in these studies, it is reported that the organic matter content is also able to increase the air inclusion in the concrete. Moreover, the extremely irregular shape of the aggregates leads to a difficult compaction of concrete, which leads inevitably to an increase in the occluded air [35]. This decrease in density, however, involves the reduction of the compressive strength [74], as explained below.



It is also important to underline that the use of lime as a binder allows it to obtain lower density values when compared with specimens prepared with similar lightweight aggregates [36,37,38,39], because of its lower specific gravity and bulk density. This is confirmed by the higher density values observed in concrete-containing specimens (Table 5).



The results of the compressive strength tests at 28 and 56 days for the concrete specimens are shown in Table 10.



The compressive strength of the specimens prepared with the cement-free mixture is less than 3 MPa. This value is too low to allow the material to fall into the category of moderate-strength concretes. At the same time, the density value of these specimens is too high for them to be considered “low-densities concretes”. However, not falling into a specific category does not preclude possible applications. For example, non-structural mortar beds for wooden floors have larger density allowances (1400–1600 kg/m3) and low strength requirements [17]. Compressive strength between 1 and 2 MPa is recommended in this case. This is a clear example of how depending on the specific application to be assigned to a material, specific ranges of density, and compressive strength are required. Specimens prepared with the cement-containing mixture “b” fall perfectly into the category “moderate strength concrete”, as they have a density between 800 and 1350 kg/m3 and a compressive strength exceeding 3.4 MPa. The addition of cement, even if in a small percentage, entails a significant improvement in mechanical properties and little compromises the density value, slightly greater than lime-based concrete. Moderate strength lightweight concrete is a versatile material that can be used for various purposes in construction. One of its most useful applications is as a non-structural filler for thermal and acoustic insulation. Non-structural infills are materials that do not bear any significant weight or load in a building but provide important functions such as insulation. One benefit of lightweight moderate-strength concrete is its relative ease of installation and transport, owing to its relatively low weight. This can be particularly advantageous in situations where access to the construction site is limited or there are restrictions on the use of heavy machinery.



Several studies in the literature demonstrated that the compressive strength of concrete is mainly affected by the properties and volume content of aggregate [75,76]. LWAs are also relatively weak if compared with normal-weight coarse aggregates, and their strength is an additional limiting factor affecting concrete strength [77]. As previously mentioned, the most important characteristic of LWAs is its internal porosity, which results in a lower density and higher water absorption. These factors adversely affect the compressive strength and making concrete less compact and porous. In particular, the greater water absorption by aggregates leads to greater porosity of concrete [78]. This results in lower density and lower compressive strength. PS showed increased water absorption, as explained in Section 3.1, due to the increased cellulose content and higher porosity. AS, on the other hand, having greater lignin content, a hydrophobic polymer, and free of surface porosity showed lower water absorption. These observations are in line with the values given in Table 6: PSC specimens have a lower strength, given the greater porosity of the aggregates. On the contrary, those ASC show the highest values, while PlSC intermediate ones.




3.5. Thermal Insulating Properties


Thermal conductivity is a fundamental parameter in the design and application of thermal-insulating lightweight concrete. These materials are becoming important in the context of the climate crisis. The development of energy efficiency strategies is increasingly being studied since the design of energy-efficient buildings is crucial for the realization of a sustainable future [79]. Room air conditioning, ventilation, and occupant comfort account for 29 of CO2 emissions from the building sector. By increasing the energy efficiency of buildings, also using thermal insulation materials, it is possible to reduce consumption and reduce the environmental impact and CO2 emissions significantly [80,81].



Several factors affect the thermal properties of concrete: type and content of aggregates, air voids content, pore size distribution and geometry, moisture content, w/b ratio, and types of admixtures [82]. In particular, the thermal conductivity of conventional building materials is inversely proportional to the porosity ratio. This trend is due to the relatively low thermal conduction of air (0.025 W/mK at room temperature and free of convection) and the interfaces promoted by the pores. Microstructural characteristics are thus critical factors for the consequent thermal conductivity of concrete.



The results are collected in Table 11.



PSC has a lower thermal conductivity, due to the highly porous structure of the lightweight aggregate and the consequent high porosity of the concrete. Generally, low-compaction concrete has better thermal insulation properties because more air bubbles are carried into the concrete during the mixing. Consequently, the thermal insulation properties improve with increasing porosity of both the lightweight aggregate and the related concrete. For the same reason, there is a significative correlation between concrete density and its thermal conductivity. Lightweight aggregates change density by forming voids, incorporating more air inside the concrete. AS, being practically porosity-free, is an aggregate that does not involve a significant inclusion of air, and therefore, does not provide a significant decrease in thermal conductivity. The addition of cement (mixture b) results in better compactness of the samples and a consequent worsening of the thermal insulation properties. This trend is in agreement with the observation reported in the literature, which suggests that the thermal conductivity of concrete decreases as its density decreases [83].



Moderate-strength lightweight concrete is known to have a thermal conductivity ranging from 0.2 to 0.6 W/mK [84]. The values in Table 8 indicate that all the concretes obtained fall within this range. Notably, some of these materials, specifically those produced using mixture “a” consisting of PS and PlS, exhibit even lower thermal conductivities, indicating enhanced thermal insulation properties. In general, all the materials obtained, having reduced thermal conductivity, have a marked potential for application as non-structural fillers to improve energy savings in buildings, thus improving environmental sustainability.





4. Conclusions


The potential of peach, plum, and apricot shells as lightweight aggregates was evaluated. The TG/DTA profile is typical of lignocellulosic material, confirming the proximal analysis. The use of lime as the main binder allowed it to obtain more eco-friendly building materials, both because it is more ecological than cement, and because it gives particularly favorable thermal insulation properties due to its greater porosity. PS, AS and PlS prepared several specimens of non-structural lightweight concrete. The specimens containing only lime as binder had an oven-dry density between 1000 and 1200 kg/m3, a low 28-day compressive strength (<3 MPa), and low thermal conductivity values. PSC had lower conductivity and density values, and this is mainly due to the high porosity of PS highlighted by SEM analysis. ASC instead showed the highest values and is practically free of porosity. PlSC showed intermediate characteristics, which reflects the reduced porosity content of PlS. In addition, PS showed greater water absorption, probably due to the higher content of cellulose. This parameter greatly affects the chemical–physical characteristics of concrete, leading to a worsening of compactness, the reduction of density, the formation of greater voids, and consequently the lowering of thermal conductivity. The addition of cement greatly improves the mechanical properties but negatively affects thermal conductivity.



This study showed that there is a feasibility of application of these agro-industrial wastes, which can, therefore, be reused and valorized, reducing dependence on natural raw materials.
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Figure 1. Crushed peach shells (PS, sx), crushed apricot shells (AS, centre), and crushed plum shells (PlS, sx). 
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Figure 2. SEM images of crushed peach shells (PS) at different enlargements. 
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Figure 3. SEM images of crushed apricot shells (AS) at ×500 (left) and ×1000 magnification (right). 
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Figure 4. SEM images of crushed plum shells (PlS) at ×500 (left) and ×1000 magnification (right). 






Figure 4. SEM images of crushed plum shells (PlS) at ×500 (left) and ×1000 magnification (right).
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Figure 5. SEM images of the micropores of PS (left) and PlS (right), 4000× magnification. 
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Figure 6. TG (black line) and DTG (grey line) curves of AS sample at heating rate of 20 °C/min in He atmosphere. Vertical dashed lines delimit the five thermal regions (I–V) described in the text. For the meaning of the numbers in parentheses, see Table 6. 
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Figure 7. TG (black line) and DTG (grey line) curves of PlS sample at heating rate of 20 °C/min in He atmosphere. Vertical dashed lines delimit the five thermal regions (I–V) described in the text. For the meaning of the numbers in parentheses, see Table 7. 






Figure 7. TG (black line) and DTG (grey line) curves of PlS sample at heating rate of 20 °C/min in He atmosphere. Vertical dashed lines delimit the five thermal regions (I–V) described in the text. For the meaning of the numbers in parentheses, see Table 7.
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Figure 8. TG (black line) and DTG (grey line) curves of PS sample at heating rate of 20 °C/min in He atmosphere. Vertical dashed lines delimit the five thermal regions (I–V) described in the text. For the meaning of the numbers in parentheses, see Table 8. 
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Figure 9. Evolution trend of H2O, CO2, furfural fragment C3H3+ (m/z = 39), and acetic acid (m/z = 60) during the heating of PS sample; for ease of comparison the DTG curve is also shown. Intensity of m/z is in arbitrary units. 
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Table 1. Physical and chemical properties of the binders.






Table 1. Physical and chemical properties of the binders.





	

	
Hydrated Lime

	
Cement 52.5






	
Chemical analysis (wt %)




	
SiO2

	
-

	
19.8




	
CaO

	
75.68

	
63.89




	
Al2O3

	
-

	
4.43




	
Fe2O3

	
-

	
3.08




	
SO3

	
-

	
3.77




	
MgO

	
-

	
1.02




	
Na2O

	
-

	
0.09




	
K2O

	
-

	
0.67




	
TiO2

	
-

	
0.18




	
Physical Properties




	
Bulk density (kg/m3)

	
450

	
770




	
Specific gravity (g/cm3)

	
2.24

	
2.75




	
Compressive strength 7 days (N/mm2)

	
-

	
30




	
Compressive strength 28 days (N/mm2)

	
-

	
52.5
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Table 2. Properties of coarse and fine aggregates were used in this study.






Table 2. Properties of coarse and fine aggregates were used in this study.





	
Physical Property

	
Coarse Aggregate

	
Fine Aggregate




	

	
PS

	
AS

	
PlS

	
Sand






	
Particle size (mm)

	
4.5–9.5

	
4.5–9.5

	
4.5–9.5

	
1




	
Specific gravity (kg/dm3)

	
1.28

	
1.44

	
1.37

	
1.5




	
Bulk density (kg/m3)

	
556

	
630

	
591

	
1560




	
Water absorption (24 h) (%)

	
15.2

	
10.9

	
12.6

	
1.1




	
Shape

	
Flaky

	
Flaky

	
Flaky

	
Tout-venant








PS = Peach Shells; AS = Apricot Shells; PlS = Plum Shells.
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Table 3. Proximal chemical composition of nutshells from different Rosaceae fruits.






Table 3. Proximal chemical composition of nutshells from different Rosaceae fruits.











	
	PS
	AS
	PlS





	Moisture content (%)
	4.2 ± 0.7
	2.8 ± 0.4
	3.8 ± 0.5



	Ash (%)
	0.99 ± 0.2
	1.12 ± 0.6
	1.09 ± 0.6



	* Lignin (%)
	41.7
	51.4
	49.5



	* Hemicellulose (%)
	21.8
	20.8
	20.2



	* Cellulose (%)
	23.8
	22.4
	23.2



	C (%)
	47.7 ± 0.5
	47.0 ± 0.5
	47.3 ± 0.5



	H (%)
	5.73 ± 0.10
	6.13 ± 0.09
	5.73 ± 0.09



	N (%)
	0.19 ± 0.05
	0.17 ± 0.04
	0.36 ± 0.04



	O (%) (from difference)
	45.39
	45.58
	45.52



	Protein content (%)
	1.19 ± 0.10
	1.06 ± 0.11
	2.25 ± 0.11



	Fat (%)
	0.09 ± 0.01
	0.12 ± 0.02
	0.11 ± 0.01







* Data taken from the literature [42,43,44]; PS = Peach Shells; AS = Apricot Shells; PlS = Plum Shells.
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Table 4. Mix proportions of concrete (kg/m3).
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	Sample
	Lime
	Cement
	Sand
	Lightweight Aggregate
	w/b Ratio *





	PSC_a
	585
	-
	625
	350
	0.45



	ASC_a
	585
	-
	625
	350
	0.45



	PlSC_a
	585
	-
	625
	350
	0.45



	PSC_b
	390
	195
	625
	350
	0.40



	ASC_b
	390
	195
	625
	350
	0.40



	PlSC_b
	390
	195
	625
	350
	0.40







* water-binder ratio.
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Table 5. Representative values of TG/DTG profiles of Figure 6, Figure 7 and Figure 8 obtained in inert atmosphere (He).
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Region

	
Thermal Window

	
Thermally Activated Processes






	
I

	
30–120

	
Removal of moisture and VOCs up to ~100 °C




	
II

	
~120–210

	
Removal of bound water, NH3 from protein denaturation, low-boiling VOCs, and loss of CO and CO2




	
III

	
~210–260

	
Shoulder related to protein degradation




	
~260–430

	
Removal of reaction water, high-boiling VOCs and SVOCs, decarboxylation of acids with CO2 loss, degradation of polysaccharides, plasticization, and pseudo-vitrification of the sample




	
Removal of hydrocarbons, fat degradation, water of constitution, CO and CO2, and volatilization of other metabolites




	
IV

	
~430–490

	
Removal of reaction water, CO2, and other metabolites




	
~490–700

	
Weak reactions related to slow volatilization of CO2, carbon residues, and other molecules




	
Removal of reaction water, CO and CO2, and other metabolites




	
V

	
~700–1000

	
Volatilization of carbon residues, probably C20–C40 fragments




	
Residual ashes at 1000 °C

	
Inorganic compounds and carbon residues
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Table 6. Representative values of TG/DTG profiles of Figure 6 (AS sample), obtained in inert atmosphere (He).
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Region

	
Thermal Step

	
To

	
Tm

	
Tc

	
Δm%






	
I

	
(1)

	
30

	
70.9

	
120

	
−2.8




	
II

	
(2)

	
120

	
-

	
261.7

	
−3.4




	
III

	
(3)

	
261.7

	
310.2

	
332.5

	
−29.2




	
(4)

	
332.5

	
377.4

	
423.2

	
−39.4




	
IV

	
(5)

	
423.2

	
-

	
489.3

	
−4.0




	

	
489.3

	
-

	
700

	
−5.0




	
V

	

	
700

	
-

	
1000

	
−4.7








To = onset temperature (beginning of thermal step processes); Tm = maximum temperature for the largest mass loss rate; Tc = conclusion temperature (end of thermal step processes).
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Table 7. Representative values of TG/DTG profiles of Figure 7 (PlS sample) obtained in inert atmosphere (He).
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Region

	
Thermal Step

	
To

	
Tm

	
Tc

	
Δm%






	
I

	
(1)

	
30

	
66.7

	
120

	
−3.8




	
II

	
(2)

	
120

	
220.4

	
261.7

	
−4.8




	
III

	
(3)

	
261.7

	
314.7

	
332.5

	
−26.4




	
(4)

	
332.5

	
375.1

	
423.2

	
−36.4




	
IV

	
(5)

	
423.2

	
-

	
490

	
−3.7




	

	
490

	
-

	
700

	
−6.0




	
V

	

	
700

	
-

	
1000

	
−4.0








To = onset temperature (beginning of thermal step processes); Tm = maximum temperature for the largest mass loss rate; Tc = conclusion temperature (end of thermal step processes).
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Table 8. Representative values of TG/DTG profiles of Figure 8 (PS sample) obtained in inert atmosphere (He).






Table 8. Representative values of TG/DTG profiles of Figure 8 (PS sample) obtained in inert atmosphere (He).





	
Region

	
Thermal Step

	
To

	
Tm

	
Tc

	
Δm%






	
I

	
(1)

	
30

	
64.2

	
120

	
−4.2




	
II

	
(2)

	
120

	
-

	
261.7

	
−5.5




	
III

	
(3)

	
261.7

	
304.9

	
332.5

	
−28.1




	
(4)

	
332.5

	
355.1

	
423.2

	
−29.2




	
IV

	
(5)

	
423.2

	
465

	
489.3

	
−4.4




	

	
489.3

	
-

	
700

	
−10.4




	
V

	

	
700

	
-

	
1000

	
−10.2








To = onset temperature (beginning of thermal step processes); Tm = maximum temperature for the largest mass loss rate; Tc = conclusion temperature (end of thermal step processes).
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Table 9. Demolded, air-dry, and oven-dry density values of PSC, ASC, and PlSC.
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Density (kg/m3) *




	
Sample

	
Demoulded (24 h)

	
Air-Dry (28 d)

	
Oven-Dry (28 d)






	
PSC_a

	
1270.7 ± 1.5

	
1107.7 ± 1.4

	
1031.9 ± 1.4




	
ASC_a

	
1308.3 ± 0.9

	
1148.3 ± 1.0

	
1124.0 ± 0.8




	
PlSC_a

	
1288.4 ± 1.2

	
1124.0 ± 1.0

	
1053.0 ± 1.1




	
PSC_b

	
1464.5 ± 0.9

	
1295.2 ± 0.8

	
1204.8 ± 0.7




	
ASC_b

	
1513.7 ± 1.1

	
1342.6 ± 1.0

	
1251.9 ± 1.1




	
PlSC_b

	
1489.2 ± 1.0

	
1315.2 ± 1.2

	
1232.3 ± 0.9








* Data are expressed as mean ± SD.
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Table 10. Compressive strength at 28-day and 56-day.






Table 10. Compressive strength at 28-day and 56-day.





	

	
Compressive Strength (MPa) *




	
Sample

	
28-Day

	
56-Day






	
PSC_a

	
1.38 ± 0.20

	
1.99 ± 0.14




	
ASC_a

	
2.87 ± 0.12

	
3.35 ± 0.15




	
PlSC_a

	
1.95 ± 0.34

	
2.12 ± 0.17




	
PSC_b

	
4.01 ± 0.16

	
4.97 ± 0.21




	
ASC_b

	
6.98 ± 0.31

	
7.71 ± 0.13




	
PlSC_b

	
5.11 ± 0.17

	
6.01 ± 0.19








* Data are expressed as mean ± SD.
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Table 11. Thermal conductivity.






Table 11. Thermal conductivity.





	Sample
	Thermal Conductivity Coefficient (W/mK) *





	PSC_a
	0.15 ± 0.01



	ASC_a
	0.28 ± 0.03



	PlSC_a
	0.19 ± 0.04



	PSC_b
	0.20 ± 0.01



	ASC_b
	0.37 ± 0.05



	PlSC_b
	0.28 ± 0.03







* Data are expressed as mean of three replicates ± SD.
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