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Abstract 

This research investigates the role of spent coffee grounds (SCGs) and rice husk ash (RHA) as additives in clay mixtures 

for the production of porous ceramics. Three sample variations were tested. The first involved mixing SCGs with clay in 

weight percentages of 0:100, 5:95, 10:90, 15:85 and 20:80 wt.%, using particles sized between 80 and 100 mesh. In the 

second variation, SCGs were replaced with RHA in similar proportions. The third variation used a fixed 10 wt.% SCG 

content, combined with varying RHA percentages (0, 5, 10, 15 and 20) wt.%. Physical properties (density, porosity, 

water absorption) and mechanical properties (compressive strength) were evaluated. The results show that increasing 

the proportion of organic filler significantly decreases both density and compressive strength—by up to 45% and 97%, 

respectively—due to the reduced clay content. Conversely, porosity and water content increase with higher filler content. 

Among all samples, the clay–RHA mixture exhibited the highest compressive strength. Meanwhile, ceramics containing 

a mixture of 10 wt.% SCGs with 20 wt.% RHA exhibited the lowest density and indicating the most porous structure. 
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INTRODUCTION 

Indonesia's vast agricultural land makes the sector a key pillar of national economic 

development. Major agricultural products such as coffee and rice play a significant role in this 

growth. However, their production also generates considerable waste, including spent coffee 

grounds (SCGs) and rice husks ash (RHA), which are often treated as low-value or disposable 

materials. With increasing awareness of circular economy principles and the need for 

environmentally sustainable practices, these agricultural byproducts are now being explored for 

their potential to reduce environmental impact and create added value. Coffee is one of Indonesia’s 
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key plantation commodities, playing a significant role in the national economy. During coffee 

processing, by-products such as coffee skin, pulp, and SCGs account for approximately 45% of the 

total weight of the coffee fruit [1]. Both small-scale and industrial coffee processing generate SCGs 

as waste [2,3]. Unfortunately, SCGs are often discarded directly into landfills, posing potential 

environmental risks. Over time, certain compounds in coffee grounds can be toxic to aquatic 

organisms, contributing to long-term ecological harm. The properties of SCGs are influenced by 

various factors, including the grinding method [4,5], brewing technique [6–8], water temperature 

[9], and post-brewing treatment. Studies have shown that SCGs contain several bioactive 

compounds such as caffeine, antioxidants [10–13], and phenolic compounds [14–16]. Elemental 

analysis of SCGs has identified the presence of carbon, hydrogen, oxygen, nitrogen, potassium, 

phosphorus, manganese, magnesium, calcium, sodium, and iron [17–19]. Numerous studies have 

explored the potential reuse of SCGs in a range of applications, including composting, fertilizers, 

oil extraction, and biodiesel production [20–22]. SCGs have also been used as a direct energy source 

and as raw material for biomass pellets [23,24]. Due to their porous structure and excellent 

adsorption properties. SCGs have found applications in the production of activated carbon, 

adsorbents for metal ion removal, coloring agents, and lightweight ceramic aggregates [25–28]. 

Additionally, research by Ref. [29] investigated how variations in residue composition in 

dimensional stone affect the properties of porous ceramic tiles, finding that apparent porosity 

ranged from approximately 21–25% in silicate samples and up to 30% in carbonate-based samples. 

Similarly, variations in SCGs content in this study influence the physical and mechanical properties 

of the resulting porous ceramics. 

Rice husks ash is a by-product of rice milling and are abundantly available in Indonesia, one 

of the world’s largest rice producers. Approximately 20–30% of the total weight of harvested rice 

grain is converted into husks during the milling process. According to data from the Central 

Statistics Agency (BPS) in 2023. Indonesia’s annual rice production in recent years has reached 

around 54–56 million tons of dry grain, resulting in an estimated 12–13 million tons of rice husks. 

These estimates are based on the assumption that 20–22% of dry grain becomes husk during 

processing. Despite their abundance, rice husk is often underutilized and frequently discarded. Due 

to their hard, lignocellulosic surface, they decompose very slowly, making them resistant to 

microbial breakdown. As a result, open burning is commonly used to reduce waste volume. 

However, this practice generates smoke and produces RHA, contributing to air pollution. Rice 

husks, however, hold considerable potential for value-added applications. They can be used as 

alternative fuels, raw materials in construction (e.g., particle boards), and precursors for 

biomaterials such as silica and activated carbon. As a form of lignocellulosic biomass, rice husks are 

rich in silica and typically comprise around 50% cellulose, 25–30% lignin, and 15–20% silica. When 

burned, they yield ash equivalent to 17–20% of the original weight. with a bulk density ranging 

from 180 to 200 kg/m³ [30]. Clay is an abundant natural resource composed primarily of fine-

grained minerals, typically originating from secondary geological processes. It consists mainly of 

alumino-silicate structures, with additional elements such as iron, alkalis, and alkaline earth metals 

[31]. Due to its plasticity, clay is easily shaped. and when fired at temperatures below 1000°C, it 

undergoes vitrification—a process that enhances its strength and durability [32]. Clay is widely 

used as a raw material in ceramic production. As a sustainable alternative, incorporating organic 

waste materials such as spent coffee grounds and rice husk ash into clay mixtures is increasingly 

being explored. The chemical compositions of clay, RHA, and SCGs are tabulated in Table 1. 
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Table 1. Chemical composition of ceramic raw materials: clay, SCGs, and RHA. 

Content 
Clay (%) RHA (%) SCGs (%) 

[28] [33] [28, 34] 

Inorganic 

Silica (SiO2) 52.77 89.9 – 97.9 0.37 

Fe2O3+FeO 7.89  0.02 

Iron oxide (Fe2O3)  0.00 – 0.54  

Alumina (Al2O3) 17.95  0.03 

Calcium oxide (CaO) 2.57 0.20 – 1.50 0.19 

Magnesium oxide (MgO) 3.88 0.12 – 1.96 0.17 

Potassium oxide (K2O) 2.85 0.58 – 2.50 0.58 

Sodium oxide (Na2O) 0.66 0.00 – 1.75 0.14 

TiO2   0.01 

P2O5  0.20 – 2.84  

Sulfur trioxide (SO3)  0.10 – 1.13  

Cl2  0.00 – 0.41  

Previous research on the use of organic materials as ceramic fillers has shown that increasing 

the proportion of coffee grounds in clay mixtures leads to a reduction in density and compressive 

strength. while porosity and water absorption tend to increase [35,36]. These findings highlight the 

potential of organic waste to influence the physical and mechanical properties of ceramics. 

Incorporating spent coffee grounds and rice husk ash into clay offers a sustainable approach to 

managing agricultural waste while addressing environmental challenges. This strategy supports 

the development of innovative materials for energy and construction applications. By converting 

agricultural by-products into value-added materials, it fosters economic opportunities and 

contributes to the advancement of a circular economy. With adequate research and technological 

innovation, these materials can be developed into commercially viable products, enhancing both 

environmental sustainability and economic resilience. Furthermore, such initiatives can play a role 

in improving the livelihoods of agricultural communities in Indonesia. This study aims to 

investigate the effects of local organic waste—specifically spent coffee grounds and rice husk ash—

on the characteristics of porous, clay-based ceramics. 

 

METHOD 

The primary raw materials used in this study were clay, spent coffee grounds (SCGs), and rice 

husk ash (RHA). The clay used in Sample I was collected from a riverside area in the Gayo 

Highlands (GPS: 4.0259858, 97.2851734), while the SCGs were obtained from a local coffee shop in 

Takengon (GPS: 4.6250010, 96.8458058). The clay used in Samples II and III was collected from brick 

craftsmen in Blang Bintang, Aceh Besar (GPS: 5.527079, 95.404590). In addition, the SCGs for Sample 

III were collected from a local coffee shop in Banda Aceh, and the RHA in samples II and III was 

obtained from the Meutuah Baro Rice Mill, Aceh Besar (GPS: 5.526191, 95.403840). Each physical 

property test was conducted on three specimens’ samples to ensure data reproducibility and 

reliability. The preparation process began by cleaning the SCGs to remove any impurities, followed 

by sun-drying. The dried SCGs were then heated at 110°C to eliminate residual moisture and 

subsequently cooled to room temperature. All raw materials were ground into fine powder using 

a crusher and then sieved to obtain a uniform particle size between 80 mesh (0.177 mm) and 100 

mesh (0.149 mm). Three sample groups were prepared: (sample I) Clay mixed with SCGs at weight 
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percentages of 5, 10, 15, and 20 wt.%, (sample II) Clay mixed with RHA at the same weight 

percentages (sample III) Clay mixed with 10 wt.% SCGs combined with varying RHA percentages 

(0, 5, 10, 15, and 20 wt.%). After the mixing process was completed, the sample was placed into a 15 

× 15 cm mold lined with aluminum foil and then compressed using a hydraulic press machine at 

pressure of 2,62 MPa. After pressing, the sample was removed from the mold and cut into 

specimens measuring 2.5 × 4.5 cm. After sample preparation, the vitrification and sintering 

processes were conducted under the following conditions: Sample I underwent vitrification at 

110 °C for 2 h followed by sintering at 1000 °C for 2 h. Sample II was vitrified at 400 °C for 2 h and 

subsequently sintered at 900 °C for 5 h. Sample III underwent vitrification at 450 °C for 2 h followed 

by sintering at 900 °C for 6 h. All heating processes were performed at a controlled heating rate of 

5 °C/min. The sample preparation process is illustrated in Figure 1. 

 

 
Figure 1. (A) Variations in the mixture of ceramic samples made from clay, SCGs, and RHA 

(B) process of making ceramic samples. 

Following sintering, the ceramic samples were characterized to evaluate their physical and 

mechanical properties, including density, water absorption, porosity, and compressive strength 

using a Universal Testing Machine (HUNG TA®). The dimensions of the test specimens were (4 × 

2 × 1) cm, in accordance with SNI-03-4164-1996. Density was calculated using Eqs. (1), where  is 

density (g/cm3), m is sample mass (g), and V is sample volume (cm3). 

 

𝜌 =
𝑚

𝑉
                                                                              (1) 

 

Porosity was determined using Eqs. (2), where Ws is saturated weight (kg), Wd is dry weight (g), 

and Wi is immersed weight. 

 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) =
𝑊𝑠−𝑊𝑑

𝑊𝑠−𝑊𝑖
× 100                                                      (2) 
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Water absorption was determined using Eqs. (3), where Ww is wet weight (g) and Wd is dry weight 

(g). 

 

𝑊𝑎𝑡𝑒𝑟 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 (%) =
𝑊𝑤−𝑊𝑑

𝑊𝑑
× 100                                                  (3) 

 

Compressive strength was calculated using Eqs. (4), where σ is compressive strength (MPa), F is 

maximum load (N), and A is cross-sectional area (m2). 

 

𝜎 =
𝐹

𝐴
                                                                              (4) 

 

RESULTS AND DISCUSSION 

Density 

Figure 2(a) presents the density of the ceramic samples in comparison with those reported by 

other researchers. The RHA mixture resulted in relatively higher density, suggesting that RHA 

contributes to a denser structure than SCGs. The lowest density was 0.9 g/cm³ in ceramics 

containing 20 wt.% SCGs (sample I) and 20 wt.% RHA+10 wt.% SCGs (sample III). When SCGs is 

added to clay, the SCGs particles fill the spaces between clay particles but reduce the overall 

packing efficiency, leading to lower density. During the sintering process, the organic nature of 

SCGs causes it to decompose and release gases, forming pores within the ceramic. These pores 

significantly contribute to the reduction in density [35]. SCGs decomposition refers to the 

breakdown of its organic components into simpler substances.  

A similar trend was observed in ceramics containing RHA: the density values decreased as 

the RHA content increased, indicating that RHA also introduces porosity into the ceramic matrix, 

albeit to a lesser extent than SCG. The lowest density observed for a sample containing 20 wt.%  

RHA+10 wt.% SCGs was 0.9 g/cm³. Among all RHA compositions, the 10 wt.% RHA mixture 

showed the highest density at 1.45 g/cm³, indicating it is the optimal composition. This result aligns 

with findings from previous research [31]. A 10% RHA composition provides a favorable balance 

between organic content and mineral components in the mixture. The presence of organic materials, 

when combined with minerals, increases porosity and reduces the material's overall density. When 

RHA is mixed with clay, the RHA particles occupy spaces between the clay particles, which can 

reduce packing efficiency and, consequently, the sample's density. During the sintering process, 

rice husk —being rich in organic substances such as carbon, cellulose, and lignin—undergoes 

thermal decomposition, releasing gases that form additional pores in the ceramic body and remain 

in silica after burning (RHA). These pores contribute significantly to the decrease in density.  
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Figure 2. The measurements result of (a) density, (b) porosity, (c) water absorption, and (d) 

compressive strength compared with those reported by other researchers 

Porosity 

Porosity refers to the ratio of pore volume to the total volume of a material and is typically 

expressed as a percentage. In this study, porosity was determined by immersing the ceramic 

samples in water for 24 h to measure the volume of water absorbed into the pores. The porosity 

results for clay-based ceramics, based on varying compositions of SCGs and RHA, are shown in 

Figure 2(b). The figure indicates an overall increasing trend in porosity with different slopes, 

depending on the type and amount of organic filler used. As the proportion of SCGs, RHA, or their 

combination increases in the mixture, the porosity also tends to increase. This trend is closely 

related to the decrease in density, which occurs as more pores form within the ceramic structure. 

Ceramic samples containing RHA generally exhibited lower porosity (ranging from 20.6% to 

27.72%) compared to those containing SCGs. The higher porosity observed in SCGs-containing 

samples is consistent with their greater organic content, which leads to more pore formation during 

sintering. These findings are in line with the results reported by Ref. [33]. The highest porosity 

values were observed in samples containing both SCGs and RHA, reaching as high as 53.24% to 

57.38%. This can be attributed to the lower density of SCGs and RHA compared to clay. When these 
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materials are mixed with clay, they disrupt the compact structure and generate more pores, 

significantly increasing overall porosity. 

 

Water absorption 

The water absorption of ceramic samples increased with the addition of SCGs, RHA, and their 

combination, as shown in Figure 2(c). The porosity of each material significantly influences the 

water absorption capacity of the ceramics—higher porosity means more void spaces are available 

for water to occupy. This study found the highest water absorption in samples containing the SCGs 

+ RHA combination, which correlates with their density and porosity characteristics. These samples 

exhibited the highest water absorption rates, ranging from 49.35 to 62.91%, alongside the lowest 

densities of 0.90 to 0.99 g/cm³. Ceramics mixed solely with RHA showed lower water absorption 

values compared to those with SCGs, as RHA has a higher density, resulting in fewer pores and 

less water uptake.  

 

Compressive strength 

Compressive strength is defined as the maximum compressive stress that a material can 

withstand before failure under an applied compressive load. It represents the ability of a material 

to resist deformation, cracking, or fracture when subjected to compression. The control sample 

(100% clay) exhibited a different compressive strength behavior compared to the others. The 

highest compressive strength was observed in sample III, reaching 13 MPa. This result is mainly 

influenced by the sampling location, vitrification and sintering holding time, and particle size 

distribution. Sample III had a particle size of < 0.177 mm (<80 mesh), indicating the presence of finer 

particles within the sample. In addition, the longer sintering time (by 1 h), higher temperature (by 

100°C), and vitrification process may have further enhanced the strength. Furthermore, the clay 

used in sample III was predominantly red clay, which also contributed to the improved 

compressive strength. The effect of varying proportions of SCGs and RHA in clay-based ceramics 

on compressive strength is illustrated in Figure 2(d). The figure shows that the highest compressive 

strength occurs in samples containing 15%RHA in sample II, while the lowest is observed in those 

with 20%SCGs in sample I. The high compressive strength value was attributed to the different clay 

composition compared to the other samples. However, increasing the filler leads to a decline in 

compressive strength. This reduction occurs because excessive filler (RHA/SDGs) disrupts the clay 

matrix, decreasing overall density and weakening the bonding between clay particles and filler. 

Thus, a 10% RHA composition provides an optimal balance for compressive strength, consistent 

with findings reported by other researchers [31]. Ceramic samples mixed with SCGs exhibited 

compressive strength values ranging from 0.29 to 3.36 MPa. As the proportion of SCGs increases 

and clay content decreases, the compressive strength of the ceramic’s declines. Table 2 presents the 

density, porosity, water absorption, and compressive strength values for each ceramic sample with 

varying SCGs and RHA compositions. Comparative research parameters are summarized in Table 

3. According to Ref. [33], the highest compressive strength reported was 47.1 MPa, whereas the 

lowest value, 9 MPa, was obtained for ceramics with a 20:80 SCGs-to-clay weight ratio. These results 

indicate that reducing clay content significantly decreases the mechanical strength of ceramics. 
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Table 2. Measurement result of the present data 

Sample type 

Filler 

compositi

on  

(wt.%) 

Density (g/cm3 ) Porosity (%) 

Water 

absorption 

(%) 

Compression 

strength (MPa) 

I 

Clay+SCG 

 

SCG      

0 1.63 0.015 26.11 0.87 15.92 0.53 8.681.25 

5 1.42 0.062 31.58 0.61 22.30 0.69 3.360.34 

10 1.14 0.004 34.78 0.96 30.50 0.85 1.700.57 

15 0.97 0.014 44.72 1.24 46.06 1.72 0.330.01 

20 0.90 0.154 51.33 7.21 58.84 4.71 0.290.05 

II 

Clay+RHA 

 

RHA      

0 1.600.045 15.022.39 17.743.27 4.49 

5 1.390.066 20.600.11 25.940.18 2.22 

10 1.450.02 22.720.09 29.400.15 2.85 

15 1.200.103 25.700.28 34.590.51 3.09 

20 1.100.034 27.720.06 38.350.18 2.30 

III 

Clay+ RHA+10 

wt.% SCG 

 

RHA+10 wt.%SCG  

0 1.550.03 24.147.08 15.325.19 13.690.11 

5 0.990.07 53.242.86 49.356.85 1.590.01 

10 1.010.02 52.050.74 48.320.60 2.790.05 

15 0.920.01 55.233.02 59.971.06 2.070.04 

20 0.900.13 57.383.88 62.9110.47 1.420.01 

 

Table 3. Comparison to the other researchers 

References [38] [39] [40] [36] [37] This study 

SCGs mixture  

Sintering 

Temperature  

(oC) 

1220 50 for 48h and 

110 for 24h 

(gunfire 

sample/curing 

process) 

1000 for 1-2 

min 

1150 

for 2.5 

h 

900, 

1000, 

1100 

SI:1000 for 2 h 
SIII:900 for 6 h 

Particle size 

(mm) 

SCG:0.074 

40 wt.% 

plastic red 

clay, 47.5 

wt.% Na-

feldspar, and 

12.5 wt.% 

quartz: <0.045 

SCG: 1.30 

(median) 

Tea waste: 0.31 

(median) 

Clay: 0.02 

(median) 

Clay: 0.2 SCG: 

0.063 

clay: 

0.01 

SCG:  

0.5 – 

0.125 

Clay:  

0.05 – 

0.1 

S1: 0.149 

(mesh 100)-

0.177 mm 

(mesh 80) 

 

SIII <0.177 

mm (<mesh 

80)  
product dense/porous 

bi-layered 

floor tiles  

Alkali-Activated 

Bricks 

lightweight 

aggregates  

ceramic ceramic Porous ceramic 

 

Referensi [31] [41] [42]    

RHA mixture 

Sintering 

Temperature 

(oC) 

950 for 2 h 600 for 

2 h 

1000 for 4 h   SII:900 for 5 h 
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Particle size 

(mm) 

nd RHA: 325 

mesh 

RHA; 100 

µm, wood 

ash; 100 

µm, 

Clay: 500 

µm 

  SIII  <0.177 

mm (<mesh 

80) 

 

product Brick Cement 

composite 

Brick   Porous 

ceramics 

Nd: non determination 

Table 4 shows the morphology of sample II (with RHA addition) observed using an optical 

microscope (Digital Microscope Live Blood Analysis) at 50× magnification to examine the surface 

structure of the sample after the sintering process. The table indicates that the sintering treatment 

affected the sample surface, which appeared smoother, indicating the closure of the sample pores. 

 

Tabel 4. Sample morphology with RHA addition 

 0 wt.% RHA 5 wt.% RHA 10 wt.% RHA 15 wt.% RHA 20 wt.% RHA 

Before 

sintering 

     
After 

sintering 

     
 

The relationships among density, porosity, water absorption, and compressive strength indicate 

that increasing porosity generally reduced the density and compressive strength of the ceramics. 

SCGs mainly acted as an organic pore-forming agent because the combustion of organic 

constituents during sintering generated additional pores within the ceramic matrix. In contrast, 

RHA contributed differently due to its high silica content, which may enhance the ceramic 

framework and affect the densification behavior. Therefore, the balance between pore formation 

and matrix strengthening significantly influenced the final physical and mechanical properties of 

the porous ceramics. The results of this study demonstrate the potential application of SCGs–RHA 

porous ceramics as environmentally friendly materials for water filtration, lightweight construction 

materials, and thermal insulation systems. The utilization of agricultural waste in ceramic 

production also supports sustainable material development and circular economy principles by 

reducing solid waste and converting biomass residues into value-added products. 

 

CONCLUSION 

Based on the research results, the composition of SCGs and RHA in clay-based ceramics 

significantly influences their physical and mechanical properties. Adding these two materials 

reduces the clay content in the ceramics. As the proportion of SCGs and RHA increases, the density 

and compressive strength of the ceramics decrease, while water absorption and porosity increase. 

Variations in compressive strength are primarily affected by the ratio between SCGs and RHA 

fillers and the clay matrix. The study found that ceramics with RHA alone exhibited the highest 

compressive strength compared to those with SCGs or a combination of SCGs and RHA. A density 
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variation between 0.9 and 1.4 g/cm³ was observed, with porosity and water absorption values 

ranging from 20% to 57% and 22% to 62%, respectively. The corresponding compressive strength 

ranged from 0.3 to 3.3 MPa. Samples containing the SCGs + RHA mixture had the lowest density, 

resulting in the most porous structure among all specimen samples. This combination shows 

promise for applications requiring highly porous ceramics. Overall, this research suggests that 

SCGs and RHA waste materials can be effectively used as partial replacements for clay in the 

production of porous ceramics. The addition of SCGs and RHA significantly affected the physical 

and mechanical properties of porous ceramics. Increasing SCGs content tended to increase porosity 

and water absorption due to its role as an organic pore-forming agent, whereas RHA contributed 

silica that influenced the ceramic matrix differently. The balance between densification and pore 

formation controlled the compressive strength and overall performance of the ceramics. 
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