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Proper treatment and recycling of waste are crucial for the natural environment. Biowaste and ash might be used for ceramic building material production. Reduction in the amount of waste leads to the smaller burden on the environment, and it can also offer recovery of energy. This paper presents the results of an experimental study of the compressive strength of samples made from clay with waste additives: ash and sewage sludge. It was proven that the increasing amount of the waste materials decreases strength properties in all incineration temperatures. Scanning electron microscopy analysis was used to determine the internal structure of the samples. Tests of heavy metal leaching revealed that the concentration of copper, chromium, nickel, and zinc in leachate generally decreased with an increase in sintering temperature. Moreover, the level of chromium was observed to exceed the permissible level.
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1 INTRODUCTION
Waste material can come from different sources and, thus, can have highly varied characteristics (Holubčík et al., 2023; Čajová Kantová et al., 2023). The production of building materials is one of the ways, in which various types of waste can be reused. Such waste materials can be recycled, but if they have enough calorific value, they can also contribute to a reduction in fossil fuel consumption if the treatment process involves incineration. However, despite clear advantages of energy and material recycling, the products should meet certain quality requirements, so that they can be safely applied for building purposes. Material strength, especially the compressive strength of such products, is an important criterion. If the commercial use of the materials with waste additives is economically and ecologically advantageous, they can be widely applied. However, the addition of waste should not cause a negative impact on the material properties. Moreover, emissions from building materials made of waste should not cause a deterioration in the environment—neither outdoors (Wicke et al., 2022) nor indoors (Zender-Świercz, 2018; Ratajczak et al., 2023). Thus, it is necessary to determine the environmental impact such products might have on the surroundings, and leaching of heavy metals is a crucial factor.
The literature on waste recycling is broad, and much scientific effort is being put in this area, both energy production (Rećki, 2020) and material recycling (Zydroń&Gruchot, 2014). However, the specific tests on the strength properties of the products are not quite common. In the work of Bhutta et al. (2011), the usage of expanded polystyrene waste in polymer mortar panels is discussed. The strength properties of the polymer-impregnated mortar panel were found to be almost the same as those of commercial products. Liew et al. (2004) presented test results of properties of bricks produced with sewage sludge. It was reported that an increase in the sludge content led to a decrease in brisk shrinkage, bulk density, and compressive strength, which was lowest for a sludge concentration of 40% and amounted to ca. 2 MPa. The sewage sludge content was changed from 10% to 40% by weight. It was also noted that leaching of metals from bricks was very low. In the work of Wiebusch&Seyfried (1997), tests of brick samples produced with sewage sludge ashes were considered. The maximal ash content was 40%. A significant impact of ash content and also incineration temperature, which was set to 1,060°C to ensure highest strength, was proven. Ashes of different chemical compositions as well as four incineration temperatures (from 1,000°C to 1,060°C) were considered. With regard to the compressive strength, 10% ash content can be taken as the most favourable. It enabled the production of materials with strength reaching almost 150 MPa. Lin et al. (2006) experimentally analysed the properties of water treatment sludge and bottom ash from a municipal solid waste incinerator. Sludge was mixed with ash, and blocks were formed. They were later sintered at 900°C–1,200°C. Increased bottom ash content led to lower compressive strength. It was also found that, generally, the compressive strength increased with sintering temperature for samples produced with sludge. Garcés et al. (2008) studied the compatibility of sewage sludge ash with different types of cements. Investigated mortars were made with 10%, 20%, and 30% of cement (by weight) replaced by the ash. It was reported that the highest compressive strength values were achieved for 10% content. Incinerated sewage sludge ash was considered in the work of Lin et al. (2008) as the replacement of clay for tile production. It was found that the bending strength reduced with an increase in ash concentration; however, it increased for glazed ash tiles. In the work of Chandra et al. (1993), the wall tile manufacturing with the use of waste, namely, fly ash, was also considered. In the work of Lin&Weng (2001), selected parameters of bricks produced from incinerated sewage sludge ash and clay were experimentally analysed. It was concluded that the optimal ash content was 20% (by weight) to provide good bonding, while the optimal firing temperature which led to maximal compressive strength was 1,000°C. The presented data indicate that the addition of 20% ash and a firing temperature of 1,000°C resulted in the best strength properties. Compressive strength at this temperature was higher than that of the brick with 10% (second best), 30%, 0%, 40%, and 50% ash (worst case). Domski et al. (2019) tested the critical load-carrying conditions of beams produced from waste fine aggregate and plain concrete and indicated a favourable influence of the reinforcement application. It has been confirmed in the work of Głodkowska and Lehmann (2019) by experimental results of residual strength of steel fibre-reinforced waste sand concrete. Recently, Zari et al. (2023) investigated the effect of adding up to 30% sewage sludge into mortars (replacing cement). The compressive strength of the samples decreased with the increase in sludge content; however, the authors concluded that the addition of 15% is acceptable. Furthermore, an increase in the sludge content led to a significant reduction in the strength properties.
The analysis of the application of building materials produced with waste additives should also consider the environmental impact—most importantly, leaching of heavy metals from the sintered samples. In the work of Ramesh&Koziński (2001), the leachability of heavy metals (chromium, lead, and cadmium) from ash was investigated. The ash was produced from waste combustion. It was found that ash pellets obtained at the temperature of 1,000°C showed some leachability; however, at higher temperatures, negligible heavy metal leaching was observed (at 1,400°C) and even no leaching at all (at 1,500°C). Consequently, high-temperature treatment immobilised heavy metals in the ash. Chen et al. (2011) studied the leaching of heavy metals (including nickel, copper, and zinc) from pastes of belite-rich cements made from electroplating sludge. It was stated that turning the sludge into belite-rich cements results in heavy metals being stable in hardened cement pastes. Alp et al. (2008) considered the utilisation of flotation waste of copper slag in the manufacturing of Portland cement clinker. Based on leachability tests, covering As, Ag, Ba, Cr, Cu, and Pb, as well as others, it was stated that samples from the clinker with waste additives pose no environmental problems. The concentrations of metals in the leachate were compared with regulatory values by the U.S. Environmental Protection Agency. Zari et al. (2023) analysed the leaching of Cr, As, Pb, Cd, Ni, Cu, and Zn from mortars produced with sewage sludge. It was stated that the cumulative values of heavy metals were far below the regulatory limits, justifying retention of the metals in the matrix. Diotti et al. (2021) examined leaching from construction and demolition wastes and found out that mean copper release was 0.01 mg/dm3, zinc 0.07 mg/dm3, nickel 9.72 mg/dm3, and chromium 38.65 mg/dm3. Additionally, it was reported that material particle size generally affected the release of contaminants: finer particles provided higher releases. Recently, Wang et al. (2022) analysed the leaching characteristics of arsenic, cadmium, chromium, copper, lead, nickel, and zinc in dust and in soil before and after thermal desorption. It was concluded that thermal treatment methods (rotary kilns and secondary combustion chambers) influence the existing forms of heavy metals and affect the leaching characteristics of the final products.
Despite a large experimental database on the use of waste materials, the results reported in some of the papers might contradict one another. The present paper aims to clear out the discrepancies and provide new experimental material for the analysis.
The present work is focused on determination of the impact of the waste additives in the form of fly ash and sewage sludge on the compressive strength of ceramic material as well as the influence of the sintering temperature on the internal microstructure of the products. The potential threat to water and soil related to the use of waste-derived building materials was analysed by testing heavy metal leachability from the samples produced at different temperatures.
2 MATERIALS AND METHODS
The samples analysed in this study were made of clay and waste (ash and sewage sludge). The source of clay was the deposit Zrecze in Poland, near Kielce. The basic properties of this deposit are as follows: marl in grains of diameter >0.5 mm: 0.055%, water-soluble sulfates: 0.14%, and bulk density at temperature 900°C: 1.74 g/cm3. The mineral compositions of clay are montmorillonite, illite, kaolinite, illite–montmorillonite mixed pack minerals, calcite, dolomite, calcium aluminium oxides, and calcium ferrous oxides (Giełżecka and Nicpoń, 1987).
The ash used in the tests was collected from an electrofilter in a heat and power plant in which coal is burned in the WP-140-type boilers. The sewage sludge used in the tests was taken from the sewage treatment plant in Sitkowka-Nowiny near Kielce. The sludge was dried at 105°C. Then, it was turned into powder of below 1.0 mm grain size.
Samples with clay, sewage sludge, and fly ash were produced. The contents (by mass) of the components were taken based on preliminary test results. Water was added to the substrates of the mixes until their plastic state was achieved. Samples of 26 mm × 26 mm × 14 mm were formed with the hand press and dried first at the temperature of ca. 20°C and then at 105°C in the laboratory drier for 2 h. The dried samples were sintered in the “Nabertherm” laboratory kiln at temperatures 850°C, 900°C, and 950°C under ambient conditions. The burning time was 8 h including 1 h at the maximal temperature. The heating rate for all the samples (despite their different compositions) was the same in order to maintain the same production conditions and eliminate the introduction of a new variable to the study. After sintering, the samples were left in the furnace for cooling. The process of sintering in the laboratory kiln was similar to that taking place during brick production in the ceramic plant. Four types of samples were produced and contained type 1: clay (100%), type 2: clay (80%) with ash (20%), type 3: clay (80%) with sludge (20%), and type 4: clay (60%) with ash (20%) and sludge (20%). Figure 1 presents a sample after sintering.
[image: Figure 1]FIGURE 1 | Sample containing 80% of clay and 20% of sewage sludge, sintered at 850°C.
The tests of compressive strength were conducted on the samples containing clay (100%) and clay with additives (fly ash, sewage sludge, and a mix of both). The measurements were conducted with the overall error of up to 8%. In order to have an insight into the structure of the material, scanning electron microscopy (SEM) analysis was used. The experimental analysis of leaching characteristics of the samples was based on the extraction procedure (EP) (EPA, 1991). The process begins with fractioning the material to below 9.5 mm and is then followed by leaching with deionised water of pH = 5.0 (pH kept constant using CH3COOH). The total shaking time was 24 h. The mean maximal error of leachability determination was 1 μm/dm3.
3 RESULTS AND DISCUSSION
The produced samples underwent compressive strength testing, and the final result for each sample type is an average from three measurements. As can be seen in Table 1, the best performance was observed for the pure clay sample (50–60 MPa), which is within the range of typical bricks (7–80 MPa for light and hard bricks, respectively)1. The addition of waste only led to lower values of compressive strength [which is in line with recent data presented by Zari et al. (2023)]. The addition of ash resulted in a significant reduction in compressive strength for all sintering temperatures—ranging from 50% to 60%. Even larger decrease in the strength properties was observed if sludge was added instead of ash, while the lowest compressive strength was recorded for samples with 40% waste material (ash and sludge).
TABLE 1 | Compressive strength of the samples, MPa.
[image: Table 1]The poor performance of the samples containing waste might reduce their practical application; however, proper design of the mixtures—taking into account the purpose of the building material and mathematical modelling techniques (Kusyi et al., 2022)—can lead to the development of a sustainable and successful material mixture with optimal waste concentration. It also needs to be noted that sludge, as organic matter, turns into vapour during sintering and pores are produced. Consequently, the addition of sewage sludge resulted in low compressive strength. Such materials could, however, be effectively used for the production of building materials with enhanced thermal resistance properties (e.g., for insulation purposes due to lower thermal conductivity). Moreover, incineration of organic waste (which contains some energy potential) can be energy efficient due to its partial use as fuel in the production process. Thus, less energy for incineration might be required, which is not the case for inert substances such as fly ash.
The analysis of the internal structure of the samples revealed differences with regard to the waste materials used. Figures 2A–D present the SEM images for the sintering temperature of 850°C (upper part) and for the temperature of 950°C (lower part).
[image: Figure 2]FIGURE 2 | SEM of samples sintered at 850°C (upper) and 950°C (lower): (A) sample 1, (B) sample 2, (C) sample 3, and (D) sample 4 (composition of the samples is as in Table 1).
The samples produced with clay and clay with sludge show clear compact structure, while those with the addition of fly ash contain spherical forms (microspheres). These come from fly ash share in the specimens. It also needs to be noted that the material made with the addition of sewage sludge contains the glass phase. The comparison of the upper and lower images in Figure 2 indicates that the increase in sintering temperature from 850°C to 950°C proved to have no clear impact on the microstructure of the samples.
As mentioned in the introductory part, material and energy recycling of waste should not pose any threat to the environment. Thus, the samples underwent leaching tests. The results of heavy metal leaching are presented in Figure 3, separately for each metal tested (A–D).
[image: Figure 3]FIGURE 3 | Leaching of heavy metals from samples sintered at different temperatures: (A) zinc, (B) copper, (C) nickel, and (D) chromium (total); 1, 2, 3, and 4—sample numbers (composition of the samples is as in Table 1).
As can be noticed, leaching of heavy metals was generally lower as the sintering temperature increased. This correlation was not observed in all the samples and temperature values; however, it can be considered a characteristic feature. Moreover, the concentration of certain metals in leachate varied depending on the metal rather than that on the waste. For example, leaching of zinc was highest in the case of the sample with clay (80%) and sludge (20%), while maximal leaching of copper was observed for the pure clay sample. It might be caused by the concentration of heavy metals in the base and waste materials rather than being influenced by the treatment method. As opposed to other heavy metals tested, leaching of nickel was quite uniform regardless of the samples’ composition. It needs to be noted that certain amounts of heavy metals might have been removed from the samples during sintering as they entered the gas phase and left with the exhaust gases. However, this phenomenon could not have substantially altered the results.
Naturally, the leaching characteristics should also address the issue of environmental hazards to the surroundings. The comparison of the measured values of heavy metals’ concentrations with the permissible values according to the review (Mahmud et al., 2016) (which provides recommendations of the World Health Organization and US Environmental Protection Agency) reveals that heavy metal levels were acceptable in the case of copper, zinc, and nickel. However, the concentration of chromium (total) was almost four times the allowable limit. The requirements are for drinking water, so a direct comparison might not be fully justified; however, it clearly shows that in the case of building materials made of waste, a threat to the environment can potentially occur and this fact should be considered before a broad commercial application of such materials. At the same time, according to Latosińska and Żygadło (2009), a full protection against heavy metal leaching from ceramic sinters is guaranteed by conducting the process at a temperature providing a sintered product of a high glass phase fraction.
4 CONCLUSION
The utilisation of waste for building material production can be considered a waste treatment option as well as material and energy recycling method. This could be advantageous both for environmental and economical reasons. The experimental tests proved that the addition of waste materials considerably reduces compressive strength in relation to the pure clay samples (from 39% in the case of ash addition to 91% in the case of joint addition of ash and sewage sludge). However, it does not exclude their use in the building industry since a required strength level can be achieved up to certain levels of the waste in the mixture. Equally important is the environmental impact of leaching of heavy metals. Out of four metals tested, the concentration of one (chromium) in the leachate proved to exceed the permissible drinking water required level. At the same time, leaching of heavy metals generally decreased with an increase in the sintering temperature of the ceramic materials tested in the study—on average by 0.30 μm/(dm3·°C) for chromium, 0.13 μm/(dm3·°C) for copper, 0.24 μm/(dm3·°C) for nickel, and 0.59 μm/(dm3·°C) for zinc.
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