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This paper investigates the application of circular economy principles by recycling spent coffee grounds (SCG) to produce coffee ash biochar (CAB), which is then used in the creation of burnt red soil bricks (BRSB) fired at temperatures between 900 °C and 1,100 °C, with 10% Montmorillonite as an additive (Al-Hasani, 2024; Cano and Reyes-Vallejo and Sánchez-Albores and Sebastian and Cruz-Salomón and d. Hernández-Cruz and et al., Sustainability, 2025, 17(1), 99; Chop, Investigation of Coal Combustion Residuals for Ceramic Applications and Production, 2024; Chung et al., Waste and Biomass Valorization, 2021, 12, 6273–6291; George, Electrical and mechanical characteristics of carbonaceous composites, 2023; Goswami and Kushwaha and Kafle and Kim, Catalysts, 2022, 12(8), 817). Comprehensive comparisons were made using coffee ash pyrolyzed at temperatures of 300 °C, 350 °C, and 500 °C, as substitutes for red soil at replacement levels of 5%, 10%, 15%, and 20%. The results indicated a decreasing trend in the mechanical properties of the burnt red soil bricks with increasing coffee ash content. Under optimal water-cement (w/c) ratios, the compressive strength (CS) of red soil bricks containing 5% SCG increased by 49.7% compared to the control when pyrolyzed at 350 °C. For bricks with 10% SCG, compressive strength improved by 53.5%, while flexural strength (FS) increased by 66.1% and splitting tensile strength (TS) rose by 38.4% when pyrolyzed at 300 °C. Additionally, the study found significant reductions in water, chloride, and sulfur penetration by 41.5%, 44.4%, and 34.3%, respectively, indicating improved durability and resistance to environmental factors. The water permeability coefficient remained relatively consistent across samples. This innovative approach addresses the disposal challenges of spent coffee grounds while benefiting both the economy and the environment. This study demonstrates the feasibility of incorporating SCG into burnt red soil bricks and examines the impact of SCG on their performance. Experimental results were analyzed through range analysis and analysis of variance to identify optimal combinations for varying performance requirements. Microstructural evaluations were performed using Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), and Differential Scanning Calorimetry (DSC) techniques (Singh and Patel, Journal of Material Cycles and Waste Management, 2025, 27(1), 170–192). These analyses provided insights into the structural integrity and bonding mechanisms within the composite materials. The findings suggest that SCG pyrolyzed at 300 °C and 350 °C, particularly at a 10% and 5% replacement level, delivers the best mechanical and chemical performance (Hanfi and Saftah and Alsufyani and Alqahtani and Mahmoud, Radiation Physics and Chemistry, 2025, 226; Mohammed and Joy and Zahid and Rafid, Journal of Materials in Civil Engineering, 2025, 37(5)). The study highlights the environmental benefits of using spent coffee grounds (SCG) in red soil brick manufacturing, reducing landfill waste and carbon emissions. This approach promotes resource efficiency and sustainable construction. Future work will focus on durability and scalability for industrial applications.
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1 INTRODUCTION
The global challenge of waste management has prompted the exploration of innovative and sustainable solutions, particularly in the context of circular economy (CE) principles. Spent coffee grounds (SCG), a byproduct of the coffee industry, represent a significant waste stream, with millions of tons generated annually. Traditionally, these grounds are disposed of in landfills, contributing to environmental concerns such as greenhouse gas emissions and soil contamination. Recent studies have shown that SCG can be effectively repurposed through pyrolysis (PYR), a thermal decomposition process that converts organic material into coffee ash biochar (CAB). This transformation not only reduces waste volume but also produces a valuable material that can be utilized in various applications, including construction. In particular, pyrolyzed SCG has gained attention as a potential substitute for cement in concrete production (Abdellaoui, 2024, Al-Hasani, 2024).
Tanzania is a significant coffee producer, with an estimated annual production of approximately 81,500 metric tonnes of coffee beans in the 2022/23 season, marking a 22% increase from the previous year’s 66,605 tonnes. Given that spent coffee grounds constitute about 65% of the weight of processed green coffee beans, this translates to an estimated 52,975 metric tonnes of SCG generated annually in the country. This substantial volume of organic waste presents both environmental challenges and opportunities for valorization. Innovative applications, such as incorporating SCG into construction materials, offer sustainable solutions to manage this waste stream effectively.(The Citizen, PubMed Central).
This research focuses on the incorporation of coffee ash biochar into the production of burnt bricks (BRSB), an essential building material. By substituting varying percentages of cement with coffee ash, we aim to evaluate the mechanical properties, permeability, and durability of the resulting bricks.
Additionally, 10% Montmorillonite is used as an additive to enhance the mixture (Gupta et al., 2022; Lin et al., 2021; Muñoz Velasco et al., 2016; Nasr et al., 2023; Nazir et al., 2023; Parthiban, 2025; Perera et al., 2024). Previous investigations have indicated that the optimal pyrolysis temperature for enhancing the properties of SCG is around 300 °C–350 °C. At these temperatures, the biochar retains beneficial characteristics, potentially improving the performance of construction materials (Pontremoli, 2024; Saeli et al., 2023; Tingting et al., 2023; Uysal-Unalan et al., 2024).
Through a series of orthogonal tests, this study aims to determine the effects of different coffee ash replacement levels on the performance of burnt bricks. We hypothesize that incorporating SCG will not only improve the mechanical properties of the bricks but also contribute to sustainable construction practices by reducing the reliance on traditional materials (Zango et al., 2023). This paper seeks to explore the feasibility of using pyrolyzed SCG as a viable alternative in burnt brick production, thus aligning with the goals of sustainability and resource efficiency in the construction industry.
2 MATERIAL PREPARATION AND METHODOLOGY
This section outlines the detailed process of material selection, preparation, and the experimental procedures adopted in evaluating the performance of bricks incorporating spent coffee grounds (SCG) pyrolyzed at varying temperatures.
2.1 Materials
The base material used in this study was natural clay, commonly used in traditional brick manufacturing. The additive material was spent coffee grounds (SCG), collected from local coffee shops. The SCG was thoroughly washed to remove organic impurities and then dried at 105 °C for 24 h. The dried SCG was then subjected to pyrolysis at three different temperatures: 300 °C, 350 °C, and 500 °C, each for 2 h in a muffle furnace under an inert atmosphere. The pyrolyzed SCG was then ground to a fine powder to ensure uniform mixing with the clay matrix.
The physical parameters and chemical composition of the natural clay and the coffee ash biochar are presented in Tables 1, 2, respectively, while the proportions used for the mix design are summarized in Table 3. The experimental program, including the mechanical and durability tests conducted on the prepared samples (S1–S13) along with the corresponding reference standards, is detailed in Table 4.
TABLE 1 | Physical parameters of natural clay and coffee ash biochar.	Parameter	Natural clay	Coffee ash biochar (CAB)
	Particle Size Range	0.5–63 µm	10–75 µm (post-pyrolysis grind)
	Bulk Density	1.7 g/cm3	0.4–0.6 g/cm3
	Specific Surface Area	30.2 m2/g	150–250 m2/g
	Porosity	34.7%	60%–75%
	Moisture Content	14.8%	<2%


TABLE 2 | Chemical composition of natural cay and coffee ash biochar.	Component	Natural clay (% by weight)	Coffee ash biochar (% by weight)
	SiO2	58.7%	10%–20%
	Al2O3	19.3%	Trace
	Fe2O3	7–%	Trace
	CaO	Minor	∼5.1–10%
	MgO	Minor	∼3.3–7.2%
	K2O, Na2O	Minor	∼2–5% each
	P2O5	Negligible	∼1–3%
	Fixed Carbon	—	45.2%–55.1%
	Ash Content	∼8% (LOI)	∼29.6–40%
	Volatiles	—	∼5.1–10.4%


TABLE 3 | Mix design parameters.	Sample	SCG pyrolysis temp (°C)	SCG replacement (%)	Clay content (%)	Water content (%)	Montmorillonite
content (%) (Additive)
	S1	300	0	100	15	10
	S2	5	95
	S3	10	90
	S4	15	85
	S5	20	80
	S6	350	5	95
	S7	10	90
	S8	15	85
	S9	20	80
	S10	500	5	95
	S11	10	90
	S12	15	85
	S13	20	80


TABLE 4 | Mechanical and durability tests for samples S1–S13 with standards.	Test category	Test parameters	Apparatus used	Measurement/Observation	Possible results/Findings	Applicable standards
	1. Mechanical Test	Compressive, Tensile, Flexural Strength (MPa)	Universal Testing Machine (UTM), Model: Tinius Olsen H50KS	Strength (MPa)	Brittle, Compact, Slight Cracking, Severe Cracking	ASTM C109 (compressive)ASTM C496 (tensile)ASTM C78 (flexural)
	2. Water Penetration	Water Penetration Depth (mm)	Water bath, constant depth, calibrated depth probe	Depth (mm)	Low Absorption, Moderate Absorption, Acceptable, High Absorption	BS EN 12390–8
	3. Chloride Penetration	Chloride Penetration Depth (mm) using AgNO3 spray	Chloride immersion tank, silver nitrate (AgNO3) visualization	Depth (mm)	Light Grey Fringe, Narrow Fringe, Slight Border, Broad Border	NT BUILD 492 (Nordtest Method)
	4. Sulfur Penetration	Sulfur (Sulfate) Penetration Depth (mm)	Sulfate immersion solution, visual chemical indicator	Depth (mm)	Surface Softening, Slightly Porous, Minimal Degradation, Severe Degradation	ASTM C1012 (sulfate resistance)


2.1.1 Physical and chemical parameters of natural clay and coffee ash biochar
2.2 Mix proportions
Clay and pyrolyzed SCG were mixed in varying proportions with SCG replacing clay at 0%, 5%, 10%, 15%, and 20% by weight. The mixtures were dry blended to ensure homogeneity and then water was added to attain a workable consistency. Each batch was mixed thoroughly to prevent agglomeration and to distribute the SCG evenly throughout the mix.
2.3 Molding and firing
The mixed material was molded into standard brick dimensions using a manual press. The green bricks were air-dried for 48 h followed by oven drying at 105 °C for 24 h. The dried bricks were then fired in a kiln at a temperature of 900 °C for 6 h. This firing temperature was chosen to ensure adequate sintering and development of mechanical strength while minimizing energy consumption.
2.4 Testing procedures
The bricks were subjected to a series of tests to evaluate their mechanical and durability properties, ensuring a comprehensive assessment of their performance in construction applications.
2.4.1 Compression test
This was measured according to ASTM C67 using a universal testing machine. The compressive strength tests were crucial for determining the load-bearing capacity of the bricks, which is essential for structural integrity. The compressive strength (CS) of the bricks can be calculated using the formula:
CS=FA
where:
CS = Compressive Strength (MPa).
F = Maximum load applied (N).
A = Cross-sectional area of the brick (mm2).
This formula provides an essential measure of the bricks’ ability to withstand compressive forces, ensuring their suitability for construction applications.
2.4.2 Split tensile test
The split tensile test was conducted to evaluate the tensile strength of the bricks with a cylindrical shape, which is important for understanding their performance under tensile loading conditions. This test measures the resistance of the bricks to splitting when subjected to a tensile force.
The tensile strength (TS) can be calculated using the formula:
TS=2PπDL
where:
TS = Tensile Strength (MPa).
P = Maximum load applied (N).
D = Diameter of the specimen (mm).
L = Length of the specimen (mm).
This formula helps determine the bricks’ ability to resist cracking and failure under tension, providing valuable he split flexural test was performed to assess the flexural strength of the bricks, which is critical for determining their performance under bending loads. This test measures how well the bricks can withstand deformation when subjected to flexural stress.
The flexural strength (FS) can be calculated using the formula:
FS=3 P · L2 b · d2
where:
FS = Flexural Strength (MPa).
P = Maximum load applied at failure (N).
L = Length of the span between supports (mm).
b = Width of the specimen (mm).
d = Depth (height) of the specimen (mm).
This formula provides an important measure of the bricks’ ability to resist bending and cracking, ensuring their suitability for structural applications.
e insights into their structural integrity.
2.4.3 Water penetration test
Conducted by immersing the bricks in water for 24 h, this test measured the depth of water ingress. It provided insights into the bricks’ permeability, which is vital for assessing their suitability in environments where moisture resistance is a concern. The permeability (k) can be calculated using the formula:
k=Q · LA t · Δh
where:
k = Permeability coefficient (m/s).
Q = Volume of water that permeated through the sample (m3).
L = Length of the sample (m).
A = Cross-sectional area of the sample (m2).
t = Time of exposure (s).
Δh = Change in hydraulic head (m).
This formula helps quantify the bricks’ ability to resist water ingress, informing their performance in moisture-prone conditions.
2.4.4 Chloride penetration
This was assessed by soaking the bricks in a sodium chloride solution and measuring the penetration depth using silver nitrate. Understanding chloride penetration is important for evaluating the durability of the bricks, particularly in coastal areas or environments where de-icing salts are used. The chloride penetration depth (D) can be calculated using the formula:
D=C · tk ·A
where:
D = Chloride penetration depth (mm).
C = Concentration of chloride in the solution (mol/L).
t = Time of exposure (s).
k = Diffusion coefficient of chloride (mm2/s).
A = Surface area of the brick (mm2).
This formula provides insights into the bricks’ susceptibility to chloride-induced deterioration, which is crucial for their long-term durability.
2.4.5 Sulfur penetration
Determined by immersing the bricks in a sulfate solution, this test observed visual degradation and identified chemical reaction zones. It is crucial for assessing the long-term performance of the bricks in sulfate-rich environments, which can lead to serious structural damage. The sulfate penetration depth (D) can be calculated using the formula:
D=C tk A
where:
D = Sulfate penetration depth (mm).
C = Concentration of sulfate in the solution (mol/L).
t = Time of exposure (s).
k = Diffusion coefficient of sulfate (mm2/s).
A = Surface area of the brick (mm2).
This formula helps quantify the extent of sulfate-induced damage, providing insights into the bricks’ durability in challenging environmental conditions.
2.4.6 SEM analysis
Scanning Electron Microscopy (SEM) was used to observe the surface morphology and microstructural integrity of the bricks. This analysis provided detailed images that helped identify the effects of SCG incorporation on the microstructure, including bonding and porosity.
2.4.7 XRD analysis
X-ray Diffraction (XRD) was performed to identify crystalline phases and mineral transformations within the bricks. This analysis was essential for understanding how the incorporation of pyrolyzed coffee ash influenced the mineral composition and overall performance of the bricks.
2.4.8 FTIR analysis
Fourier Transform Infrared Spectroscopy (FTIR) was employed to examine functional groups and chemical bonding. This analysis helped elucidate the chemical interactions between the coffee ash and other components in the brick matrix, contributing to improved mechanical properties.
Each test was performed on at least three specimens per sample type to ensure reliability and statistical validity of the results. The data obtained from these tests were analyzed through range analysis and analysis of variance to determine the optimal combination of SCG content and pyrolysis conditions. This rigorous testing framework aims to support the hypothesis that incorporating pyrolyzed spent coffee grounds into burnt bricks enhances their mechanical properties while promoting sustainable construction practices.
3 TEST SETUP AND MIX DESIGN TABLES
This section presents the mixing parameters, test measurements, and apparatus used for each experimental procedure.
3.1 Mix design parameters
4 RESULTS AND DISCUSSION
The incorporation of spent coffee grounds (SCG) as a partial substitute for red soil significantly enhanced the mechanical properties of burnt red soil bricks (BRSB). Bricks containing 5% SCG pyrolyzed at 350 °C exhibited a notable increase in compressive strength (CS) by 49.7%, as illustrated in Figures 1–3. Increasing the SCG content to 10% resulted in a further improvement of compressive strength by 53.5%, measured using the Tinius Olsen H50KS Universal Testing Machine (UTM).
[image: Flowchart illustrating the preparation of pyrolyzed spent coffee grounds (SCG) and red soil for brick formulation. Step 1 shows coffee grounds and red soil. Step 2 depicts the mixture after blending. Step 3 displays a molded brick. Steps 4, 5, and 6 show bricks with varying SCG percentages (0%, 5%, 10%, 15%, 20%) fired at 300, 350, and 500 degrees Celsius, respectively.]FIGURE 1 | Preparation of pyrolyzed SCG and red soil bricks formulation.[image: Mechanical and chemical tests of burnt red soil bricks are shown, with samples subjected to 300 °C, 350 °C, and 500 °C, each with varying mix percentages from 0% to 20%. Below are test setups for compressive strength, split tensile strength, flexural strength, water penetration, chloride penetration, and sulfur penetration, each displaying a brick under corresponding apparatuses.]FIGURE 2 | Mechanical and chemical test of burnt red soil bricks.[image: Bar chart titled "Compressive Strength of Burnt Bricks SCG" showing compressive strength (MPa) against percentage replacement of SCG. It compares performance at three temperatures: 300 °C (blue), 350 °C (yellow), and 500 °C (green). Strength peaks at 10% replacement, especially at 300 °C, then decreases at higher percentages.]FIGURE 3 | Compressive strength (MPa) of BRSBSimilarly, splitting tensile strength (TS) increased by 38.4% for bricks with 10% SCG pyrolyzed at 300 °C, as shown in Figure 4. The flexural strength (FS) of these bricks increased by 66.1%, demonstrated in Figure 5, indicating that SCG contributes to improved ductility and toughness of the burnt red soil bricks.
[image: Bar chart showing the tensile strength of burnt bricks with varying percentages of spent coffee grounds (SCG) replacements at temperatures of 300, 350, and 500 degrees Celsius. Strength ranges from 2 to 3 megapascals across different conditions, with the highest strength at 10% replacement for all temperatures. Error bars indicate variability.]FIGURE 4 | Tensile strength (MPa) of BRSB.[image: Bar chart titled "Flexural Strength of Burnt Bricks SCG" showing flexural strength in MPa on the y-axis against replacement percentage of SCG on the x-axis. Data is presented for SCG at 300 °C (blue), 350 °C (yellow), and 500 °C (green). Flexural strength decreases as SCG replacement increases from 0% to 20%. SCG at 300 °C generally has the highest strength, followed by 350 °C and 500 °C. Error bars indicate variability in data.]FIGURE 5 | Flexural strength (MPa) of BRSB.This enhancement in mechanical properties can be attributed to several factors. First, the unique porous structure of Coffee Ash Biochar (CAB) allows for improved bonding between the binder and aggregates within the brick matrix. This interlocking mechanism enhances load distribution, leading to increased CS and FS. The presence of micro-pores in the biochar also aids in moisture retention, which can improve the hydration process of the cement, further strengthening the brick.
Second, the thermal stability achieved during pyrolysis (PCG) transforms organic compounds in SCG into carbonaceous materials that reinforce the brick’s structure (Zango et al., 2023). This transformation not only contributes to the overall strength but also enhances the durability of the bricks against environmental factors. As SCG is rich in carbon, its incorporation results in a denser material that can better withstand mechanical stresses and resist degradation over time.
Finally, the use of SCG promotes sustainability by reducing reliance on traditional raw materials, such as cement. The enhanced mechanical properties achieved through the addition of SCG mean that less cement can be used without compromising the strength of the bricks. This reduction not only lowers the carbon footprint of brick production but also aligns with Circular Economy (CE) principles, effectively turning waste into a valuable resource while addressing environmental concerns.
Permeability and Durability (Chemical Properties).
The study also assessed the durability of the SCG (Spent Coffee Grounds)-modified bricks through permeability tests, revealing a 41.5% reduction in water penetration as illustrated in Figure 6. This enhancement in impermeability is critical for preventing water ingress, which can lead to structural damage over time. Water infiltration can compromise the integrity of the bricks, leading to issues such as freeze-thaw cycles that weaken the material. By reducing water penetration, the longevity of the bricks is significantly improved, making them more suitable for various environmental conditions.
[image: Bar chart depicting water penetration depth in millimeters across various replacement percentages of SCG (spent coffee grounds) at 300 °C, 350 °C, and 500 °C. Bars are shown for percentages of 0, 5, 10, 15, and 20 percent. Penetration depth is highest at 500 °C and varies with different replacement percentages. Error bars indicate variability.]FIGURE 6 | Water penetration depth (mm) of BRSB.Furthermore, the bricks demonstrated significant reductions in chloride and sulfur penetration by 44.4% and 34.3%, respectively, as shown in Figures 7, 8. This indicates an improved resistance to chemical attacks. Notably, chloride penetration is critical because chlorides can cause corrosion of embedded steel reinforcements in concrete structures, compromising their durability and structural integrity. While sulfur can lead to sulfate attack, which deteriorates the material (Al-Hasani, 2024; Cano et al., 2025; Chop, 2024). The enhanced resistance to these chemical agents means that SCG-modified bricks can better withstand harsh conditions, such as coastal environments where salt exposure is prevalent, thereby extending their service life and reducing maintenance costs.
[image: Bar chart showing chloride penetration depth in millimeters at various replacement percentages of SCG (sugarcane bagasse). Three series are compared: SCG at three hundred degrees Celsius, SCG at three hundred fifty degrees Celsius, and SCG at five hundred degrees Celsius. Depth increases noticeably at twenty percent SCG for five hundred degrees Celsius, peaking at approximately thirty-seven millimeters.]FIGURE 7 | Chloride penetration depth (mm) of BRSB.[image: Bar chart showing sulfur penetration depth in millimeters versus the replacement percentage of SCG at different temperatures: three sets of bars for 0 to 20 percent replacement. The colors blue, yellow, and green represent temperatures of three hundred, three hundred fifty, and five hundred degrees Celsius, respectively. The chart indicates how penetration depth varies with temperature and replacement percentage, with error bars included.]FIGURE 8 | Sulphur penetration depth (mm) of BRSB.Overall, the findings suggest that incorporating SCG into burnt red soil bricks enhances both their mechanical performance and chemical durability, particularly at a 10% replacement level when pyrolyzed at 300 °C. This research supports the feasibility of using low-temperature pyrolyzed SCG in innovative building materials, paving the way for future exploration in industrial applications and long-term durability studies (Chung et al., 2021; George, 2023; Goswami et al., 2022; Gupta et al., 2022; Lin et al., 2021). The positive results indicate that SCG-modified bricks could become a sustainable alternative in construction, aligning with Circular Economy (CE) principles while addressing the pressing issue of waste management.
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5 MICROSTRUCTURAL AND CHEMICAL ANALYSIS
The selection of samples for microscopic and chemical analyses was guided by a systematic approach to ensure representative and meaningful insights into the material’s structural and chemical behavior. Microscopic analysis was performed using Scanning Electron Microscopy (SEM), as demonstrated in Figure 9. Chemical analyses included X-ray Diffraction (XRD), illustrated in Figure 10; Fourier Transform Infrared Spectroscopy (FTIR), shown in Figure 11; and Differential Scanning Calorimetry (DSC), explained in Figure 12.
[image: Three scanning electron microscope images show a material's surface at different temperatures: 300 degrees Celsius, 350 degrees Celsius, and 500 degrees Celsius. Each image captures the texture changes at a scale bar of 10 micrometers.]FIGURE 9 | Scanning electron microscopy (SEM) analysis.[image: XRD diffraction patterns showing the intensity of red soil bricks pyrolyzed SCG at 300 °C, 350 °C, and 500 °C. Peaks are labeled for chemicals C₃S and CaCO₃ (calcite) against 2θ angles.]FIGURE 10 | X-Ray Diffraction (XRD) Of Bricks Red Soil Bricks Pyrolyzed SCG.[image: FTIR spectra graph of red soil bricks with pyrolyzed SCG shows transmittance versus wavenumber for three temperatures: 300 °C, 350 °C, and 500 °C. At 300 °C, C-H stretching and intensified bands are noted. At 350 °C, features include C-O stretching and an aromatic region. At 500 °C, weakened bands and Si-O-Si stretching are observed.]FIGURE 11 | FTIR Of Bricks Red Soil Bricks Pyrolyzed SCG.[image: Differential scanning calorimetry (DSC) curves for red soil bricks pyrolyzed with spent coffee grounds (SCG) at three temperatures: 300 °C (blue), 350 °C (green), and 500 °C (red). Each curve shows heat flow against temperature, with varying peaks and troughs indicating thermal transitions.]FIGURE 12 | DSC curves of bricks red soil bricks pyrolyzed SCG.First, samples were chosen based on their mechanical performance outcomes. Specifically, bricks that achieved the highest compressive, tensile, and flexural strength values—notably those incorporating 5%–10% coffee ash biochar (CAB) pyrolyzed at 300 °C and 350 °C—were prioritized, as these showed the most promising mechanical enhancements and were considered optimal formulations. These optimal samples provided a foundation to investigate the microstructural characteristics (such as particle bonding, porosity, and phase development) that contributed to their superior performance.
Second, control samples with 0% biochar replacement were included as reference baselines to assess the influence of CAB addition and pyrolysis effects. These controls allowed the research team to compare the chemical signatures and microstructural configurations between traditional clay bricks and biochar-enhanced bricks, highlighting specific changes induced by the CAB. Additionally, samples from the higher biochar replacement level (20%) and those pyrolyzed at the elevated temperature of 500 °C—which exhibited comparatively lower mechanical and durability performance—were deliberately selected to serve as contrast cases. This contrast allowed the study to capture how excessive replacement levels or over-pyrolysis negatively affected phase composition, bonding mechanisms, and overall material integrity.
Finally, selection was also informed by statistical significance and repeatability. Only samples showing consistent trends across replicates and demonstrating reproducible results under mechanical, permeability, and durability testing were advanced for microstructural and chemical characterization. This ensured that the detailed analyses were not influenced by outliers or anomalies, thereby providing robust, reliable, and generalizable insights into the underlying mechanisms governing the performance improvements or degradations observed. Through this multi-criteria approach—balancing mechanical performance, comparative baselines, contrasting extremes, and statistical robustness—the study ensured that the microscopic and chemical analysis provided a comprehensive, meaningful understanding of how coffee ash biochar transforms the structural and chemical landscape of burnt red soil bricks.
5.1 Scanning Electron Microscopy (SEM) analysis
5.1.1 300 °C and 350 °C
At these temperatures, Scanning Electron Microscopy (SEM) analysis using the JEOL JSM-IT300 SEM reveals a well-defined microstructure characterized by densely packed particles. The SEM images show that bricks incorporating spent coffee grounds (SCG) pyrolyzed at 300 °C and 350 °C exhibit a relatively dense microstructure with fewer visible pores. This morphology enhances mechanical interlocking, contributing to improved strength and stability (Sobhani and Balooch, 2025; Stempkowska, 2025; Sutcu et al., 2015; Tahwia et al., 2025; Werapun et al., 2025). The active pozzolanic reactions observed result in the formation of additional binding phases that fill voids and enhance the overall microstructure.
The presence of fine particulate matter in the SEM images can improve the material’s surface area and promote reactivity. This fine structure supports the development of a robust microstructure, enhancing the material’s durability (Chindaprasirt et al., 2021; Eliche-Quesada and Leite-Costa, 2016; Koçyiğit, 2022; Pamu et al., 2025). Additionally, the interconnected network of particles can improve the material’s resistance to crack propagation, making it suitable for various engineering applications where mechanical integrity is crucial.
Furthermore, the distinct particle shapes observed, along with the incorporation of 10% Montmorillonite, suggest that the material retains good workability, allowing for easier processing and application. Montmorillonite enhances the plasticity and binding properties of the Burnt Red Soil Bricks (BRSB), improving cohesion among particles and contributing to overall structural integrity. The microstructural features at these temperatures indicate a favorable environment for long-term performance, ensuring that the material can withstand environmental stressors over time. This combination of properties makes BRSB a viable option for sustainable construction practices.
5.1.2 500 °C
In contrast, SEM analysis of the 500 °C treatment reveals significant changes in microstructure. The images show a rougher surface and increased porosity, indicating a less cohesive matrix (Chindaprasirt et al., 2021; Eliche-Quesada and Leite-Costa, 2016; Koçyiğit, 2022; Pamu et al., 2025). This alteration suggests that the over-pyrolysis of organic matter negatively impacts particle bonding, leading to a notable reduction in particle connectivity. The increased porosity observed in the SEM images indicates that the thermal treatment may have led to the formation of voids, which can adversely affect the material’s strength and durability.
Additionally, the loss of finer particles may result in reduced surface area, impacting the material’s reactivity and bonding capabilities. The microstructural changes at this temperature highlight the potential for decreased performance under mechanical and environmental stress (Binici et al., 2010; Binici et al., 2009; Binici et al., 2012). The irregular shapes and sizes of particles also suggest that thermal decomposition may have disrupted the previously established particle network, resulting in a less effective load distribution within the material.
The overall analysis of SEM images provides critical insights into the material’s microstructural evolution across different temperatures (Binici et al., 2010; Beal et al., 2019). The densification observed at 300 °C and 350 °C correlates with improved mechanical properties, while the porosity and reduced connectivity at 500 °C indicate potential weaknesses. Understanding these microstructural changes is essential for predicting how the material will behave under various conditions.
Moreover, the morphology observed in the SEM images can inform decisions regarding processing methods and potential applications (Hanfi et al., 2025; Mohammed et al., 2025; Showaib and ELDeeb, 2025), 37. The favorable microstructure at lower temperatures suggests suitability for applications requiring high strength and stability, particularly in Burnt Red Soil Bricks (BRSB). The inclusion of 10% Montmorillonite enhances the bricks’ plasticity and binding capacity, further improving their structural integrity. However, the altered structure at higher temperatures may limit performance in demanding environments, as the loss of reactive components can compromise the overall durability of the BRSB. Thus, careful consideration of temperature during production is essential to maintain optimal properties (Singh and Patel, 2025; Soliman et al., 2025; Yavaş et al., 2025).
SEM analysis effectively complements other characterization techniques by providing detailed insights into the material’s microstructure. By examining the morphological changes at different temperatures, we can better understand the implications for mechanical properties and potential applications.
5.2 X-Ray Diffraction (XRD) analysis
5.2.1 300 °C and 350 °C
The analysis of Differential Scanning Calorimetry (DSC) and X-ray Diffraction (XRD) at 300 °C and 350 °C reveals critical insights into the thermal behavior and structural integrity of burnt red soil bricks (BRSB) enhanced by pyrolyzed spent coffee grounds (SCG).
At 300 °C, the DSC curve exhibits a notable endothermic peak, signifying the evaporation of both free and bound water. This thermal event is vital for establishing initial stability and promoting the densification of BRSB. The subsequent exothermic peaks correlate with the oxidation of residual organic compounds from SCG, facilitating the formation of secondary mineral phases that improve the microstructure and bonding mechanisms of the bricks.
XRD analysis at this temperature reveals intensified peaks, indicating active pozzolanic reactions. The presence of silicate minerals at 22° (2θ) and 26° (2θ) enhances the material’s ability to react with calcium hydroxide, improving strength and durability (Abdellaoui, 2024; Biswas et al., 2024). Additionally, the presence of calcium silicate (C3S) and calcite (CaCO3) contributes to the formation of a stable mineral framework, enhancing mechanical properties and the suitability for construction applications. Prominent crystalline peaks include 21.0° (2θ) for albite, 22.0° (2θ) for silicate minerals, 26.6° (2θ) for quartz, 29.4° (2θ) for calcite, and 31.0° (2θ) for gehlenite (Chung, 2021; Di Castro Silva, 2025; Imgirne et al., 2025). These structures indicate good thermal stability and promote additional binding phases, enhancing overall stability (Lawanwadeekul et al., 2024; Nascimento et al., 2025).
At 350 °C, XRD analysis continues to show intensified peaks, confirming ongoing pozzolanic reactions. Additional peaks at higher 2θ values include 33.0° (2θ) for dicalcium silicate (C2S), which enhances long-term strength development due to its slower hydration kinetics; 36.5° (2θ) for mullite, known for high thermal stability and strength; 50.0° (2θ) for anorthite, improving resistance to thermal shock; and 58.3° (2θ) for calcium aluminate (CA), crucial for enhancing bonding strength and resistance to sulfate attack.
The formation of these crystalline phases at both temperatures enhances microstructural development, leading to improved inter-particle bonding and better chemical resistance. Overall, these structural characteristics at 300 °C and 350 °C contribute to improved long-term performance regarding load-bearing capacity and longevity.
The analysis confirms that pyrolyzing SCG at 300 °C and 350 °C yields the most favorable thermal and structural transformations. These findings support the use of low-temperature pyrolyzed SCG in BRSB as a sustainable approach, effectively minimizing environmental impacts, promoting resource efficiency, and reducing landfill waste in line with circular economy and green construction strategies.
5.2.2 500 °C
At 500 °C, the DSC analysis reveals diminished moisture loss peaks, indicating that most moisture has been effectively removed in earlier stages. The XRD analysis shows crystalline peaks similar to those at lower temperatures but with weaker intensity, reflecting the impact of increased pyrolysis temperature on mineral formation. While the presence of crystalline phases is still noted, the overall structural integrity is compromised.
The prominent crystalline peaks at 500 °C include 22° (2θ) for silicate minerals, 26° (2θ) for quartz, 29.4° (2θ) for calcite, 31.0° (2θ) for gehlenite, 33.0° (2θ) for dicalcium silicate (C2S), 36.5° (2θ) for mullite, 50.0° (2θ) for anorthite, and 58.3° (2θ) for calcium aluminate (CA). However, the intensity of these peaks is notably weaker compared to those observed at 300 °C and 350 °C. This reduction can be attributed to the excessive degradation of organic matter at higher temperatures, which leads to a loss of carbonaceous bonding phases that are crucial for enhancing structural integrity.
Although the formation of crystalline phases at 500 °C contributes to some degree of microstructural development, the overall performance does not significantly improve compared to results at 300 °C and 350 °C. The diminished presence of key binding phases negatively impacts inter-particle bonding and chemical resistance, both essential for the material’s durability.
Furthermore, the potential for carbonate decomposition at higher temperatures could increase porosity, which may further compromise thermal stability if not adequately controlled. This highlights the importance of maintaining lower pyrolysis temperatures to optimize the balance between structural integrity and energy efficiency.
While pyrolysis at 500 °C yields some crystalline formations, the weaker intensity of these peaks compared to 300 °C and 350 °C indicates a decline in the effectiveness of the bonding mechanisms. These findings suggest that lower pyrolysis temperatures are more beneficial for achieving enhanced durability and mechanical properties in BRSB, aligning with sustainable construction practices and resource efficiency.
5.3 FTIR analysis
Fourier Transform Infrared Spectroscopy (FTIR) is a powerful analytical technique used to identify and characterize the chemical composition of materials based on their infrared absorption spectra. The Bruker Alpha FTIR instrument enhances this analysis by providing high-resolution spectra, yielding insights into the functional groups and molecular structure of substances. This is particularly useful in studying the properties of SCG bricks at varying temperatures. The following sections detail the findings from FTIR analysis conducted at three specific temperatures: 300 °C, 350 °C, and 500 °C.
5.3.1 300 °C and 350 °C
During the pyrolysis at 300 °C and 350 °C, significant chemical transformations occur, as evidenced by the Fourier Transform Infrared Spectroscopy (FTIR) analysis. Notably, the Si–O–Si stretching is observed at approximately 1,000 cm-1, indicating the formation of silicate networks (Biswas et al., 2024; Arnold, 2024; Ayrilmis, 2025; Capasso et al., 2025). This band signifies active pozzolanic reactions within the material, contributing to enhanced structural integrity.
Additionally, the presence of carbonate groups is highlighted by a band around 1,420 cm-1, which corresponds to CO32- vibrations. This band further confirms the chemical transformations taking place at these temperatures (Chung et al., 2021; Cavicchioli and Sant’Anna, 2022; Moujoud et al., 2023). The intensified bands indicate that the reactions enhance the binding properties and durability of the burnt red soil bricks (BRSB).
Moreover, another band near 875 cm-1 reinforces the presence of carbonate groups, emphasizing the complexity of the chemical changes occurring during the pyrolysis process. The analysis also reveals C–O stretching vibrations around 1,100 cm-1 and C–H bending vibrations near 1,450 cm-1, indicating the presence of organic compounds and their transformation throughout the process. Additionally, a significant band at 3,300 cm-1 corresponds to O–H stretching vibrations, reflecting the presence of hydroxyl groups that may play a role in the bonding and stability of the material (Pamu et al., 2025; Yavaş et al., 2025; Wronka et al., 2025).
These findings collectively demonstrate the beneficial effects of pyrolysis on the material’s properties, contributing to improved performance in construction applications.
5.3.2 Pyrolysis at 500 °C
Pyrolysis at 500 °C significantly influences the thermal behavior and structural properties of burnt red soil bricks (BRSB) enhanced by pyrolyzed spent coffee grounds (SCG). However, it is important to note that the effects at this temperature are generally weaker compared to those observed at 300 °C and 350 °C. At this temperature, several key changes occur:
The Differential Scanning Calorimetry (DSC) analysis at 500 °C indicates a continued endothermic process, primarily associated with the further breakdown of organic materials. This temperature facilitates the decomposition of complex organic compounds, leading to the release of volatile components.
FTIR analysis reveals crucial chemical transformations occurring at 500 °C. The Si–O–Si stretching remains prominent, indicating ongoing silicate network formation, which contributes to the material’s structural integrity. Throughout the analysis, the broad and intense O–H stretching band observed around 3,400–3,600 cm-1 signifies the presence of hydroxyl groups, such as those found in alcohols, phenols, or water. This suggests that the material is hydrophilic due to strong hydrogen bonding, which can enhance solubility, viscosity, and thermal properties.
Additionally, C–H stretching bands in the region of 3,100–2,800 cm-1 indicate the presence of organic components, suggesting amphiphilic behavior due to both hydrophilic and hydrophobic regions. The spectrum also reveals significant C=O stretching bands between 1750 and 1,650 cm-1, pointing to carbonyl groups that confer polar and reactive characteristics, enhancing the material’s potential for interaction with nucleophiles. Bending vibrations of water molecules, appearing around 1,630 cm-1, relate to the deformation of water, while vibrations in the aromatic regions (∼1,600–1,500 cm-1) suggest the presence of conjugated systems that contribute to structural rigidity and UV absorption.
At 500 °C, while there is a transition towards stable and compact phases, the overall enhancements in mechanical properties are weaker compared to 300 °C and 350 °C. The continued combustion of organics may lead to a decrease in some beneficial organic compounds that contribute to the material’s durability and strength. Consequently, the increased thermal stress can lead to microstructural changes that are not as favorable for long-term performance.
5.3.3 Comparison with cellulose, hemicellulose, and lignin
When comparing the FTIR spectra of the material with those of cellulose, hemicellulose, and lignin, notable distinctions arise. Cellulose typically shows a significant O-H stretching band at about 3,330 cm-1 and a strong C-O stretching band around 1,050 cm-1. Hemicellulose exhibits similar O-H characteristics, while lignin displays notable aromatic C-H and C=C stretching around 1,600 cm-1 but lacks distinctive bands in the 1,490–1,530 cm-1 range. This comparison suggests that the material shares certain features with cellulose but diverges from lignin and hemicellulose, indicating a unique chemical structure or modification that may enhance its reactivity and application potential.
While pyrolysis at 500 °C plays a role in enhancing the properties of burnt red soil bricks, its effects are generally weaker compared to those observed at 300 °C and 350 °C. The combined effects of thermal decomposition, chemical transformations, and microstructural refinement contribute to material performance, but with reduced efficacy, making these materials less optimal for eco-friendly construction solutions compared to those processed at lower temperatures.
5.4 DSC analysis
5.4.1 DSC analysis at 300 °C and 350 °C
The analysis of pyrolysis at 300 °C and 350 °C provides critical insights into the thermal behavior and structural integrity of burnt red soil bricks (BRSB) enhanced by pyrolyzed spent coffee grounds (SCG).
At 300 °C, the DSC curve reveals a pronounced endothermic peak between 100 °C and 200 °C, indicating the evaporation of free and bound water. This thermal event is vital for establishing initial stability and promoting the densification of BRSB. The subsequent exothermic peaks, observed from 200 °C to 500 °C, are associated with the oxidation of residual organic compounds from SCG. This process facilitates the formation of secondary mineral phases, which enhance the microstructure and bonding mechanisms of the bricks.
The improved microstructural refinement at this temperature is supported by Scanning Electron Microscopy (SEM) and Fourier Transform Infrared Spectroscopy (FTIR) analyses, which confirm better particle packing and the formation of binding gels. These gels help reduce pore connectivity, ultimately enhancing the durability and environmental resistance of the BRSB.
At 350 °C, the DSC curve continues to show similar moisture loss characteristics, with a strong endothermic peak around 100 °C–200 °C. Additionally, dihydroxylation reactions between 450 °C and 750 °C become evident, corresponding to the breakdown of hydroxyl groups in clay minerals. This reaction promotes the formation of more stable and compact phases, further supporting phase stabilization and enhanced bonding structures.
Moreover, the continuous combustion of organic materials at this temperature leads to the formation of amorphous phases, improving overall material integrity. This enhancement results in reduced water and chloride permeability, significantly improving the durability of the BRSB while maintaining low pyrolysis energy inputs. Such characteristics align with circular economy principles and sustainable construction practices.
In summary, pyrolyzing SCG at 300 °C and 350 °C yields favorable thermal and structural transformations, confirming the potential of these temperatures to enhance the performance and sustainability of burnt red soil bricks.
5.4.2 DSC analysis at 500 °C
At 500 °C, the DSC analysis revealed diminished moisture loss peaks, indicating that most moisture had been effectively removed in earlier stages. The curve showed carbonate decomposition between 700 °C and 900 °C, producing CO2 release, which can increase porosity and negatively impact thermal stability if not adequately controlled.
Although exothermic reactions observed indicated mullite phase formation, known for enhancing thermal resistance, the performance at higher pyrolysis temperatures (500 °C) did not significantly improve and even slightly declined compared to 300 °C and 350 °C. This can be attributed to the excessive degradation of organic matter, leading to reduced contribution from carbonaceous bonding phases.
Thus, while mullite and other crystalline phases promote long-term durability, the DSC data and performance tests suggest that higher pyrolysis temperatures may not be as energy-efficient or mechanically advantageous, especially considering the goals of reducing emissions and utilizing lower-energy pyrolysis processes in the circular economy approach.
The DSC analysis across the studied temperatures confirms that SCG pyrolyzed at 300 °C and 350 °C offers the most favorable thermal and structural transformations, leading to enhanced microstructural densification and reduced permeability. This supports the use of low-temperature pyrolyzed SCG in burnt red soil bricks as a viable and sustainable approach, minimizing environmental impacts, promoting resource efficiency, and reducing landfill waste, in accordance with circular economy and green construction strategies.
6 CONCLUSION
This study was conducted to investigate the potential of incorporating pyrolyzed spent coffee grounds (SCG) into burnt red soil bricks (BRSB) with 10% Montmorillonite as a stabilizing additive. The objective was to evaluate whether this approach could improve the mechanical strength, durability, and microstructural integrity of bricks while promoting sustainable material reuse under the principles of the circular economy.
The experimental findings confirmed that replacing red soil with 5%–10% SCG pyrolyzed at low temperatures (300 °C and 350 °C) significantly improved mechanical performance. Notably, compressive, flexural, and splitting tensile strengths increased compared to the control samples. In addition, durability indicators such as water, chloride, and sulfur penetration were substantially reduced, indicating improved resistance to environmental degradation.
Characterization techniques including Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), and Differential Scanning Calorimetry (DSC) provided further evidence of enhanced microstructural densification and pozzolanic activity in the bricks treated at 300 °C and 350 °C. These findings directly align with the study’s goals of optimizing brick performance using sustainable, locally available waste materials.
In summary, the results demonstrate that low-temperature pyrolyzed SCG, particularly at 10% replacement, offers a viable, eco-friendly alternative to conventional materials in brick production. This approach contributes to reducing construction-related emissions and landfill waste while enhancing material performance. Future research should focus on full-scale production, long-term durability assessment under field conditions, and cost-benefit analysis to support broader implementation in the construction industry.
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