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Abstract 15 

  

This study explores a novel method of biostabilization using crude enzyme-induced carbonate 16 

precipitation assisted by kitchen waste coffee grounds. As one of the most widely consumed 17 

beverages globally, coffee generates substantial amounts of solid waste annually in the form 18 

of coffee grounds. Improper disposal of these grounds can lead to environmental pollution. 19 

Our findings indicate that coffee ground extracts can maintain the reaction system at a pH 20 

below neutral during the solidification process, facilitating the conversion of ammonia to 21 

ammonium ions and thereby reducing ammonia emissions. When a 0.2 g/mL concentration of 22 

coffee ground extract was added, the pH of the reaction system in the consolidation test was 23 

6.89 after a single injection, with the unconfined compressive strength (UCS) reaching 385 24 

kPa. Additionally, further research and validation are needed to explore the potential for 25 

improved uniformity and effectiveness through multiple treatments. The application of coffee 26 

grounds aligns with the principles of a circular economy, enhancing cost efficiency by 27 

reducing waste management costs. This study offers a new perspective on the green 28 

application of biocement. 29 

  

Keywords: Enzyme-Induced Calcium Carbonate Precipitation (EICP); Ammonia emission;  30 

Waste recycling; Soil improvement. 31 

  

 

1. Introduction 32 

  

In recent years, biocement has garnered significant attention as a novel geotechnical 33 

engineering technology developed at the intersection of biogeochemical processes1–3. One 34 

pivotal reason for this attention is its superior sustainability compared to traditional 35 

geotechnical engineering techniques, as it mitigates substantial energy consumption and 36 

pollution, particularly the emissions associated with the calcination process in traditional 37 

cement production4–6. However, despite the potential of biocement to improve geotechnical 38 



properties and thereby achieve desired engineering applications, such as preventing coastal 39 

erosion7–9, preserving heritage10–12, enhancing recovery rates13–15, reinforcing foundations16–18, 40 

suppressing wind erosion19–21, and stabilizing slopes22–24, its practical scalability remains 41 

constrained. Particularly, in reactions involving urea as a substrate, biocement releases 42 

significant amounts of ammonia as illustrated in Equations 1—3, posing challenges to on-site 43 

construction and leading to various environmental issues including haze pollution, nitrogen 44 

deposition, soil acidification, eutrophication, and loss of biodiversity25–27. 45 
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Feasible methods to alleviate this issue include pH regulation to convert ammonia into ionic 50 

states, as illustrated in Equation 4. Currently, in the field of agriculture, where the largest 51 

ammonia emissions occur, large-scale acidification of slurry with sulfuric acid has proven 52 

effective in reducing ammonia emissions28–32. Presently, in biocementation processes, 53 

adjusting pH with hydrochloric acid in Calcium Phosphate biocement can suppress ammonia 54 

emissions33–37, while the use of hydrochloric acid in Microbially Induced Calcium Carbonate 55 

Precipitation (MICP) reduces ammonia emissions by more than 90%38, and Enzyme-Induced 56 

Calcium Carbonate Precipitation (EICP) with polyacrylic acid can entirely eliminate 57 

ammonia emissions39. However, these methods necessitate additional acid addition, thereby 58 

compromising sustainability to some extent and increasing costs. 59 

 

This study explores a novel approach to biocementation by utilizing kitchen waste coffee 60 

grounds, leveraging the acidity of coffee ground extracts to regulate pH and control ammonia 61 

emissions, thereby eliminating the need for externally added acids. Coffee is one of the most 62 

widely consumed beverages in human society, annually generating substantial amounts of 63 

directly associated solid waste, known as coffee grounds. Improper management of these 64 

coffee grounds may lead to environmental pollution40–42. As illustrated in the flowchart in 65 



Figure 1, this study investigates the potential advantages of using coffee grounds to assist in 66 

crude enzyme-induced biocementation. Notably, pH monitoring during the consolidation 67 

process indicates that the reaction system can be maintained below neutral pH, facilitating the 68 

conversion of ammonia into ammonium ions. This minimizes ammonia emissions, providing 69 

a sustainable solution to the challenges associated with large-scale applications. 70 

 
 
 
2.Materials and methods 71 
 

2.1 Preparation of coffee ground extract, crude enzyme, and consolidation solution 72 

 

The coffee grounds waste used in this study, as shown in Figure 2(a), was sourced from the 73 

same batch of kitchen waste from a local café to minimize variations associated with 74 

different coffee grounds. Following preliminary experiments, the preparation steps for the 75 

crude coffee ground extract were determined as follows: the coffee grounds were dried, 76 

ground, and sieved through a 150-micron filter to ensure sufficiently small particle sizes, 77 

thereby optimizing extraction efficiency. Two grams of the powder were weighed and soaked 78 

in 10 mL of distilled water for 24 hours. After soaking, the mixture was centrifuged, and the 79 

supernatant was collected and defined as a 0.2 g/mL crude coffee ground extract. This crude 80 

extract was used in subsequent experiments and diluted as needed. Figure 2(b) shows the 81 

Scanning Electron Microscope (SEM) images of the coffee ground powder obtained using a 82 

Hitachi TM3000 microscope, and Figure 2(c) shows the Energy-dispersive X-ray 83 

spectroscopy (EDS) analysis of the coffee ground powder conducted using the JEOL JSM-84 

IT200, indicating that its main components are organic substances, consistent with the 85 

findings of other researchers43–45. Figure 2(d) displays the appearance of the crude coffee 86 

ground extract diluted according to the gradient in Table 1, showing that the extract is brown, 87 

with the color intensifying as the dilution factor decreases. Figure 2(e) shows the pH of the 88 

crude coffee ground extract and its dilutions, measured with a Horiba LAQUA F-71 benchtop 89 

pH meter, indicating that the pH gradually decreases as the dilution factor decreases. 90 

 



The soybeans used in the experiments were sourced from the same batch purchased from a 91 

local market to ensure consistency. The method for extracting the crude enzyme from 92 

soybeans was similar to that used for the crude coffee ground extract: the soybeans were dried, 93 

ground, and passed through a 150-micron sieve. 5 grams of the resulting powder were 94 

weighed and soaked in 100 mL of distilled water for 24 hours. After soaking, the mixture was 95 

centrifuged, and the supernatant was collected as the crude soybean enzyme at a 96 

concentration of 50 g/L, with an enzymatic activity of approximately 11.2 U at 25 °C. 97 

 

The consolidation solution is prepared as described in Table 1, by mixing 5 mL of 1M 98 

calcium chloride and urea equimolar solution with an equal volume of the crude enzyme 99 

solution. Subsequently, 1 mL of distilled water is added as the control group, or 1 mL of crude 100 

coffee ground extract or its diluted solution is added as the test group for the consolidation 101 

solution. 102 

 

 

 

  



 
Table 1. Synergistic test and consolidation test formulations. 103 

 

 
 
2.2  Synergistic test 104 
 

In order to comprehensively understand the impact of coffee ground crude extract on soybean 105 

crude enzyme-induced carbonate precipitation, a collaborative synergistic experiment was 106 

initially conducted to simulate the liquid-phase conditions during the coagulation testing. 107 

 

Case name formula 

Synergistic 

test 

Consolidation 

test 

SA CA 1mL distilled water+ 5mL crude enzyme + 5 mL of 1M calcium 

chloride and urea equimolar solution 

SB CB 1mL coffee ground extract(0.2 times dilution) + 5mL crude enzyme + 

5 mL of 1M calcium chloride and urea equimolar solution 

SC CC 1mL coffee ground extract(0.4 times dilution) + 5mL crude enzyme + 

5 mL of 1M calcium chloride and urea equimolar solution 

SD CD 1mL coffee ground extract(0.6 times dilution) + 5mL crude enzyme + 

5 mL of 1M calcium chloride and urea equimolar solution 

SE CE 1mL coffee ground extract(0.8 times dilution) + 5mL crude enzyme + 

5 mL of 1M calcium chloride and urea equimolar solution 

SF CF 1mL coffee ground extract(No dilution) + 5mL crude enzyme + 5 mL 

of 1M calcium chloride and urea equimolar solution 



Following the formulation depicted in Table 1, 1 milliliter of distilled water, coffee ground 108 

crude extract, or its diluted solution was added to a mixture comprising 5 milliliters of 1M 109 

calcium chloride and urea, and 5 milliliters of soybean crude enzyme. Specifically, distilled 110 

water was added to SA as a control group, while coffee ground crude extract and its diluted 111 

solution were added to experiments SB to SF, respectively. All utilized test tubes were sealed 112 

to prevent the escape of ammonia gas, thereby ensuring that the ammonia/ammonium 113 

concentration did not fall below the actual values. 114 

 

The test tubes were then shaken at a rate of 160 times per minute for 24 hours at 25°C. 115 

Subsequently, the pH, ammonia/ammonium concentration, and calcium ion concentration in 116 

the solutions within the test tubes after 24 hours were measured. This was performed to 117 

comprehensively evaluate the effect of coffee ground crude extract on the activity of urease 118 

and the precipitation of biocement. The sediment at the bottom of the test tubes was dried in a 119 

60°C oven for 48 hours and observed using SEM to analyze the morphology of the 120 

precipitate. Furthermore, crystalline phase analysis was conducted using the Rigaku MiniFlex 121 

benchtop X-ray diffractometer. 122 

 

The determination of ammonia/ammonium concentration was performed using the 123 

indophenol spectrophotometric method based on the Berthelot reaction46–48. The absorbance 124 

values of the indophenol dye produced from the hydrolysis of urea to ammonia/ammonium 125 

were measured at 630 nanometers using a Jasco V-730 UV-Visible spectrophotometer. A 126 

calibration curve was established by correlating the absorbance values with different 127 

concentrations of ammonium chloride to ascertain the concentration of ammonia/ammonium. 128 

Calcium ions were measured using the Horiba LAQUAtwin Ca-11 compact Calcium ion 129 

meter. 130 

 

2.3  Small-scale consolidation test 131 

 

To minimize procedural complexity and facilitate future large-scale applications, a single-132 

phase injection method was employed in this experiment due to its reduced number of 133 



injections and simpler steps49. Mikawa No. 4 silica sand was chosen for this study. It is a 134 

standard silica sand characterized by a loose structure, low cohesion, and poor stability. Its 135 

main component is silicon dioxide. The average grain diameter is 0.870 mm, the uniformity 136 

coefficient is 1.27, the curvature coefficient is 0.97, the particle density is 2.66 g/cm³, the 137 

maximum dry density is 1.476 g/cm³, the minimum dry density is 1.256 g/cm³, and its 138 

relatively uniform properties help to maximize the reduction of potential complexities during 139 

the biocementation process. 140 

 

Thirty grams of sand were placed into a cylindrical mold and lightly tapped to ensure a tightly 141 

and uniformly packed sample. Three replicates of the treatment were performed following the 142 

procedures outlined in Table 1. One pore volume of the consolidation solution was injected 143 

from the top to infiltrate the sand solely by gravity. After 24 hours, the effluent was collected 144 

and its calcium ion concentration, ammonia/ammonium concentration, and pH were measured. 145 

Upon completion of the treatment process, the samples were thoroughly rinsed with five pore 146 

volumes of distilled water to remove any residual unreacted chemicals. The samples were 147 

then placed in a 60 ℃ oven for 72 hours to ensure complete drying. The molds were carefully 148 

cut and the samples were extracted, as illustrated in Figure 5(a).  149 

 

The Calcium Carbonate Content (CCC) is obtained by weighing a certain amount of sample, 150 

acid washing and drying, and the weight difference is the amount of calcium carbonate. 151 

Unconfined compressive strength (UCS) was measured to evaluate the effectiveness of the 152 

biocement consolidation treatment. The UCS of the samples was measured using an 153 

automatic Instron 2511-308 load cell with an axial strain rate of 0.036 mm/min until failure 154 

conditions were reached. After measuring the UCS of the treated samples, the morphology of 155 

the samples was examined at the microscopic scale using SEM. Subsequently, the samples 156 

were ground into powder and subjected to the X-ray diffraction (XRD) analysis to identify the 157 

crystalline phases present in the consolidated samples. 158 

 

 

 



3. Results and Discussion: 159 

 

3.1 Synergistic test analysis 160 

 

Figure 3(a) shows the appearance of the synergistic experimental samples after 24 h. It is 161 

noteworthy that when crude coffee extract was added, the liquid and precipitate exhibited a 162 

green color instead of brown. This green hue deepened with increasing coffee extract 163 

concentration. This interesting phenomenon is consistent with the “green” theme mentioned 164 

in the title. A plausible explanation for this observation is that coffee contains abundant 165 

organic matter, such as chlorogenic acids, which undergo Maillard reactions and 166 

caramelization during roasting, giving coffee its complex flavor and brown color. The crude 167 

enzyme interacts with oxidized chlorogenic acids (CGA) to form green complexes. In 168 

addition, the intermediates of enzymatic urea hydrolysis and changes in pH may modify 169 

certain organic acids in the coffee grounds to produce green precipitates50–52. The specific 170 

mechanism behind this process deserves further investigation. 171 

 

During the experiment, the pH of the discharged waste liquid was monitored, as shown in 172 

Figure 3b. Figure 3c depicts the ammonia/ammonium concentration, reflecting the extent of 173 

urea hydrolysis by the crude enzyme in the liquid phase. Compared to the control group SA 174 

without crude coffee extract, the pH values in all experimental groups decreased, with the 175 

extent of reduction increasing with higher concentrations of the coffee extract. This decrease 176 

is attributed to the abundant organic acids in the crude coffee extract, which lower the 177 

system's pH as their concentration increases, deviating from the optimal pH range for enzyme 178 

activity. Additionally, various complex organic substances might inhibit the activity of the 179 

soybean enzyme to some extent, reducing the ammonia/ammonium produced from urea 180 

hydrolysis, thus leading to a lower pH compared to the control group. 181 

 

Figure 3d shows the calcium ion consumption, demonstrating that although the coffee extract 182 

influences EICP, the decreasing trend is not significant. While the crude coffee extract 183 

somewhat reduces substrate availability, the lowered pH favors the conversion of ammonia to 184 



its ionic form, thereby mitigating uncontrolled ammonia emissions. This finding lays the 185 

theoretical groundwork for achieving green construction in future large-scale applications, 186 

reinforcing the “green” theme highlighted in the title. 187 

 

Figure 4 illustrates the sedimentation analysis conducted via SEM and XRD. It is evident that 188 

with the addition of coffee ground extract, although XRD analysis reveals that most of it  189 

precipitated as calcite, the precipitate size of calcium carbonate appears to increase. In the 190 

presence of SA, a significant number of small calcium carbonate particles were observed, 191 

whereas SF primarily consisted of larger calcium carbonate particles. This phenomenon can 192 

be partially attributed to the thermodynamic and kinetic factors governing crystal growth, as 193 

informed by the Gibbs-Thomson equation. With increasing concentrations of coffee ground 194 

extracts, the lower initial pH may have partially inhibited enzymatic activity, resulting in 195 

reduced supersaturation levels. Such conditions tend to favor the formation of smaller crystal 196 

particles due to constrained crystal growth. Additionally, with the deceleration in precipitation 197 

rate, calcium carbonate is afforded more time to grow from fewer nucleation sites, resulting in 198 

the formation of larger particles. In contrast, in the absence of coffee ground extract, the 199 

biochemical reaction proceeds at a faster rate, leading to the formation of more nucleation 200 

sites. However, the growth time of each nucleation site is shorter, ultimately yielding a higher 201 

number of smaller particles. Given the significant impact of calcium carbonate size on sample 202 

treatment efficacy, further research is warranted to achieve control over precipitation size. 203 

  



3.2 Consolidation effect analysis 204 

Figure 5(a) presents photographs of the samples, all of which demonstrate consolidation and 205 

possess certain mechanical strength. Visually, as the concentration of coffee ground extract 206 

added increases, the color of the consolidated samples appears to darken. This could be 207 

attributed to the reduced reaction extent in the consolidation experiment, as the reaction 208 

substrate does not experience the same oscillation and full contact as in a pure liquid-phase 209 

environment, thus the color of the samples remains dominated by the coffee hue. 210 

 

The pH diagram presented in Figure 5(b) reveals a gradual decrease in the final reaction pH at 211 

the drainage end with increasing amounts of added coffee grounds. Similar to the analysis of 212 

the synergistic mechanism, this observation can be attributed to two main factors. Firstly, 213 

residual coffee ground extract plays a role, and secondly, the initially low pH environment 214 

inhibits enzyme activity, resulting in a reduction of the reaction products, thus effectively 215 

lowering the final pH. However, the reduction in pH is more significant compared to the 216 

synergistic experiment, indicating that the sand-liquid mixed phase to some extent impedes 217 

the extent of the reaction. 218 

 

The ammonia/ammonium concentration diagram shown in Figure 5(c), reflects the extent of 219 

urea hydrolysis in the system. Figures 5(d) and the calcium ion concentration diagram 220 

demonstrate the consumption of calcium ions, calcium ion consumption is often highly 221 

correlated with the calcium carbonate content in the final sample. Similar to the synergistic 222 

test in a pure liquid phase environment, both Figure 3 and Figure 4 exhibit a decreasing trend 223 

with increasing amounts of added coffee grounds. However, the decrease in these figures is 224 

greater than that observed in the synergistic test conducted in a pure liquid phase environment, 225 

possibly due to the reduced extent of the reaction in the consolidation experiment, where the 226 

reaction substrate does not experience the same oscillation and full contact as in a pure liquid-227 

phase environment. 228 

 

Figures 5(e) and 5(f) assess the key parameters of the consolidation treatment effect, namely 229 

CCC and UCS, while Figure 6 presents the microscopic and phase results. It can be observed 230 



that although the addition of coffee ground extract slightly reduces the CCC treatment effect, 231 

there is typically no linear relationship between CCC and UCS. When a small amount of 232 

coffee ground extract is added, the reduction in effectiveness is not significant and appears to 233 

be acceptable. SEM analysis also indicates that bridging occurs at the contact points of sand 234 

particles in all groups. However, in the consolidation experiment, due to the reduced extent of 235 

the reaction, the size of calcium carbonate particles is significantly smaller compared to the 236 

synergistic experiment. The XRD analysis also indicates that in all cases, the calcium 237 

carbonate phase is not the stable calcite phase, which warrants further exploration in the 238 

future. 239 

 

3.3 Large-scale application analysis  240 

 

In future engineering applications, multiple treatments are typically required to meet strength 241 

requirements. Some studies suggest that adding urease inhibitors or reducing enzyme activity 242 

through methods such as low temperatures and pH adjustment can mitigate clogging issues 243 

that often arise with repeated treatments, thereby enhancing treatment uniformity and overall 244 

effectiveness53–55. This study primarily explores the preliminary feasibility of using coffee 245 

grounds, and thus, only a single treatment was conducted, avoiding the common clogging 246 

issues associated with multiple treatments. However, the potential of coffee grounds in 247 

repeated treatments, especially regarding their effectiveness in enhancing multiple treatments 248 

and uniformity, requires further investigation and validation. 249 

 

One of the critical considerations for large-scale applications is the potential ecological 250 

disturbances and impacts on the surrounding environment as shown in Figure 7. The ammonia 251 

gas generated by biocement presents a significant challenge in large-scale applications, as it 252 

inevitably affects the local ecosystem and poses risks to on-site construction personnel. In this 253 

biocement, the addition of crude coffee extract lowers the pH of the reaction system, 254 

converting ammonia into ammonium ions, which are less prone to volatilization. Moreover, 255 

the plant-derived enzymes used in EICP eliminate potential biosafety issues associated with 256 

microbial cultures56–58. These factors collectively contribute to minimizing ecological 257 



disturbances at the site. 258 

 

Additionally, the interaction between biocement and vegetation growth should be a focal 259 

point of large-scale trials. The root systems of growing plants can synergize with biocement to 260 

improve slope stability59. It is important to note that although coffee grounds have been 261 

explored for use as sustainable fertilizers, this typically requires pre-treatment processes such 262 

as composting60–62. Untreated coffee grounds contain certain chemicals that, if not 263 

decomposed by microorganisms, could inhibit plant growth. Future environmental toxicology 264 

analysis is necessary for the waste liquid collected after solidification in this study. 265 

 

The hardened crust formed on the treated soil surface reduces the rate of water evaporation, 266 

which benefits plant growth63. Additionally, unreacted residual urea and ammonium ions can 267 

serve as fertilizers for plants. However, the residual salts in the soil can increase soil osmotic 268 

pressure, potentially limiting plant growth64. Compared to laboratory-scale consolidation 269 

experiments, field experiment environments are more complex, and the impact of 270 

biocemented soil on plant growth requires further investigation. 271 

 

From a cost perspective, this study utilizes waste coffee grounds rather than additional acids, 272 

aligning with the principles of a circular economy and reinforcing the theme of green 273 

biocement. Coffee is one of the most widely consumed beverages in human society, 274 

generating a significant amount of coffee grounds annually. If not properly managed, these 275 

waste materials can cause environmental harm. Thus, the application of coffee grounds has 276 

been widely promoted as part of bioeconomic strategies and net-zero emissions initiatives. 277 

Recent studies have demonstrated the effectiveness of coffee grounds in stabilizing soil 278 

structure, enhancing soil nutrients and fertility, lowering the soil carbon-to-nitrogen ratio, 279 

improving soil water retention capacity, reducing bulk density, and controlling weeds65–67. 280 

This research offers a novel approach to utilizing coffee grounds, providing a sustainable 281 

solution for their disposal. However, relying solely on household coffee grounds is 282 

insufficient to meet the demands of large-scale engineering projects. Therefore, future efforts 283 

could focus on establishing more comprehensive collection systems, collaborating with coffee 284 



producers, coffee shop chains, and coffee processing companies to facilitate large-scale 285 

recovery of waste coffee grounds generated during production and consumption. Moreover, 286 

this study employs crude enzymes, offering a cost advantage68–70. Future efforts could explore 287 

the extraction of crude enzymes from agricultural waste71, further enhancing cost efficiency. 288 

 

4. Conclusion 289 

 

This study explores a novel method for biocementation using EICP assisted by waste coffee 290 

grounds from kitchens. The experimental results indicate that coffee grounds extract can 291 

effectively maintain the pH of the reaction system below neutral, thereby facilitating the 292 

conversion of ammonia to ammonium ions and reducing ammonia emissions, without 293 

significantly diminishing the treatment efficacy. This finding is of significant importance for 294 

the large-scale application of biocement, as it can reduce environmental pollution and 295 

ecological impact at construction sites. Future research should focus on the uniformity of 296 

treatment in large-scale applications, ecological impact assessment, and the synergistic effects 297 

with vegetation growth to further optimize and promote this green technology. 298 
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Figure 1. Flow chart of the experiment 

 
 
 



 

Figure 2. (a) is the appearance of the collected coffee grounds; (b) is the SEM image of the 

coffee grounds after grinding; (c) is the EDS image of the coffee grounds; (d) is the 

appearance of the coffee grounds extract and diluent; (e) is the pH of the coffee grounds 

extract and dilution. 

 



 
 
 
 
 
 

 

 

 

Figure 3. (a) is the appearance of the synergistic test; (b) is the pH value of the reaction 

system; (c) is the ammonia/ammonium concentration in the reaction system; and (d) is the 

calcium ion consumption. 

 



 

Figure 4. (a), (b), (c), (d) show the SEM images of SA, SB, SD, and SF precipitation 

respectively; (e) shows the XRD analysis of the synergistic test precipitation, C stands for 

calcite and V stands for vaterite. 



 
 
 

Figure 5. (a) is the appearance of the consolidated sample; (b) is the pH of the waste liquid 

after the consolidation test; (c) is the ammonia/ammonium concentration of the waste liquid 

after the consolidation test; (d) is the amount of calcium ions consumed in the consolidation 

test; (e) is the calcium carbonate content of the consolidated sample; (f) is the UCS strength 

of the consolidated sample. 

 



 

Figure 6. (a), (b), (c) and (d) are SEM images of CA, CB, CD and CF precipitates, 

respectively, the brown circles are bridges formed by calcium carbonate; (e) is the XRD 

analysis result of the consolidation test precipitate, S stands for silica, A stands for aragonite, 

and V stands for vaterite. 



 
 
 
 
 
 

 
 
 
 
 
 

Figure 7. shows a potential application scenario. 
 


