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Abstract

The use of biocement represents a sustainable and innovative approach in geotechnical
engineering. However, achieving optimal results often necessitates additional treatment cycles
according to the current strength models based on sediment content. This study investigates the
utilization of kitchen waste bones as a sustainable source of calcium and phosphorus to enhance
biocement strength through controlled phase transformations. The objective is to induce the phase
transformation of sediment from brushite to hydroxyapatite by increasing temperature and pH.
This transformation was verified through X-ray diffraction (XRD) and energy-dispersive
spectroscopy (EDS) analyses, confirming the successful conversion of calcium phosphate phases.
Compared to samples with similar sediment content, the unconfined compressive strength (UCS)
of the samples subjected to phase transformation increased by more than fivefold, indicating a
substantial improvement in strength within the same treatment cycles. Overall, these findings
emphasize the potential of kitchen waste bones in advancing sustainable biocement practices,
providing a crystal transformation solution that significantly enhances the performance of

biocement.

Keywords: Biocement, Calcium phosphate; Brushite; Hydroxyapatite; Sediment content; Phase

transition, Waste recycling.
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1. Introduction

On a global scale, sustainable construction engineering practices are increasingly recognized as
vital for combating climate change and achieving environmental objectives. The construction
industry is a major contributor to global energy consumption and CO, emissions, with traditional
portland cement production playing a significant role[1-3]. This has led to a growing impetus to
seek more environmentally friendly alternative materials. In recent years, biocement has emerged
as an innovative technology. Due to its independence from the high-temperature calcination
process typically associated with cement production, biocement offers significant sustainability

advantages|4—6], making it highly applicable in various construction engineering projects[7-9].

In practical engineering applications, there are usually specific requirements for treatment
strength. In current sediment-based biocement research, the factors influencing strength
improvement often focus on the amount of sediment[10-14], which typically necessitates an
extended treatment cycle. However, as the number of treatments increases, the soil's permeability
decreases, hindering the penetration of the treatment solution into the soil, leading to a decline in
treatment effectiveness over time, thus failing to meet expected outcomes. The inefficient use of
solidification solution in the later stages of treatment may result in raw material waste.
Additionally, prolonged treatment cycles extend construction time and overall costs. One method
to achieve better treatment outcomes without blindly increasing the number of treatments is
through fiber blending[15-17]. It is important to note that pre-mixing fibers into the soil may
cause disturbances to in-situ soils, increase construction steps, and raise costs. Moreover, the
combination of biopolymers with biocement offers a new perspective[18-20]. However, as
organic compounds, biopolymers may be degraded by indigenous bacteria in actual engineering

applications, and their long-term treatment effects require further investigation.

Against this backdrop, this study proposes a method to enhance the strength of calcium phosphate
biocement, not through additional treatment cycles, but by regulating temperature and pH to
control the crystal structure of the sediment. Given the distinct mechanical properties of various
calcium phosphate precipitates, adjustments in temperature and pH were used to induce the
formation of hydroxyapatite from brushite phases within the biocement matrix. This targeted
modulation of the crystal structure resulted in a more than fivefold increase in compressive
strength under comparable sediment content conditions. Following the procedure illustrated in

Figure 1, various ratios of sustainable source solidification solutions were applied at different
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temperatures, and the reactions were monitored during the solidification tests. After completing
the solidification tests, the samples were evaluated for strength and settlement, followed by
Scanning electron microscopy (SEM) analysis to examine the microstructure, and XRD and EDS
analyses to identify phase composition and elemental distribution. This research not only
proposes a novel approach to enhancing the strength of biotreated samples but also offers more
effective and sustainable solutions for future practical applications. These findings have the
potential to advance the application of biocement in construction engineering and promote the

development of sustainable building materials.
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Figurel. The main process of the experiment.

2. Materials and methods

2.1 Bacterial cultivation and monitoring

Calcium phosphate biocement can only dissolve sufficient ions in acidic environments, thereby
enabling in-situ injection. Bacteria with urease activity under acidic conditions hydrolyze urea
upon injection, which raises the pH and induces the in-situ precipitation of calcium phosphate
from the pre-injected acidic solution. In this study, the Gram-positive bacterium shown in Figure
2a, which exhibits urease activity under acidic conditions, was provided by the Biological
Resource Center at the National Institute of Technology and Evaluation in Tokyo, Japan. The
strain, NBRC 14511, belongs to the Limosilactobacillus species and is classified as Biosafety

Level 1, making it a low-risk bacterium suitable for practical applications. After rehydration, the
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bacteria were pre-cultured and then cultured at 35 °C in Man-Rogosa-Sharpe medium, a standard
nutrient medium widely used for cultivating lactic acid bacteria[21-25]. Daily measurements
were taken during the main cultivation process to monitor bacterial growth and urease
activity.The 1000x magnification of bacteria photographed using a Keyence VHX-500 digital
microscope is shown in Figure 2d. Bacterial growth was measured at an optical density of 600
nm using a Jasco V-730 UV-Vis spectrophotometer. Urease activity was assessed using an AS
ONE Thermal Robo TR-1a water bath, maintaining a temperature of 35°C. The activity was
evaluated by measuring the amount of ammonia/ammonium produced from the hydrolysis of urea
by the bacterial solution, as described in Equations (2) and (3), over a specified reaction period.
Ammonia/ammonium generated from the hydrolysis of urea reacts with hypochlorite to form
chloramine. Chloramine then reacts with phenol under alkaline conditions to produce indole blue
dye[26-30]. The intensity of the indole blue dye was measured at 630 nm. A calibration curve
was established using ammonium chloride solutions of known concentrations and their
corresponding absorbance values, allowing for the determination of ammonia/ammonium

concentrations and the quantification of bacterial urease activity.

urease
CO(NH3),+ 2H,O0 —— H,>COs + 2NH;3 )
NH; + H,0 < OH- + NH4* 3)

2.2 Used sand and preparation of solidification solution

The initial characteristics of the soil to be treated, such as grain size and pore size distribution,
relative density, and particle surface properties, determine permeability and fluid flow patterns.
These characteristics can affect the distribution of bacteria and solidification solutions during the
biocementation process, thereby potentially influencing treatment effectiveness. For this study,
Toyoura sand, as shown in Figure 2¢, was selected due to its physical uniformity, which
minimizes the potential complex effects on the biocementation process. Toyoura sand has a soil
particle density of 2.64 g/cm?, a maximum void ratio of 0.973, and a minimum void ratio of 0.609.
The uniformity coefficient is 1.30, and the curvature coefficient is 0.96. The sieve analysis
depicted in Figure 2b confirms that this sand is poorly graded, with fairly uniform particle sizes
and low fine content. The SEM image in Figure 2f reveals that the particle shapes range from
angular to sub-angular, and the XRD analysis in Figure 2h indicates that its crystalline phase is

primarily quartz.



106 In this study, kitchen waste fish bones obtained from the local market were used as a green source
107  of calcium and phosphorus for the solidification solution. As shown in Figure 2e, their main
108  component is hydroxyapatite. The preparation process is illustrated in the flowchart in Figure 1.
109  Specifically, the bones were first dried at room temperature and then crushed into fragments
110 smaller than 1 cm for the subsequent experiments. The fragments were then boiled in a 2% NaOH
111 solution for 30 minutes to thoroughly remove attached organic matter such as grease. After
112 filtering, the clean fish bones were dissolved in a 1% HCI solution as Equation (1), stirred at
113 1000 rpm to extract calcium and phosphorus ions from the bones, as shown in Figure 2g. The
114  solution was then filtered, and its pH and calcium ion concentration were adjusted to
115  approximately pH 3.0 (£0.1) and 10,000 (£100) ppm, respectively. Finally, urea was added to the
116  solidification solution according to the different groups listed in Table 1.

117 Cas(PO4);0OH + 4HCI — 5Ca”" + 3HPOs* +4Cl" + H,O (1)
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118 Figure 2: (a) shows the appearance of the cultured bacteria used, (b) displays the particle size
119 distribution of the sand used, (c) illustrates the appearance of the sand used, (d) provides a
120 microscopic magnification of the bacteria used, (e) presents the XRD analysis of the bones used,
121 (f) depicts the SEM image of the sand used, (g) details the pH and calcium ion monitoring during
122 the preparation of the solidification solution, (h) exhibits the XRD image of the sand used.



123 2.3 Laboratory-scale sand solidification tests

124 Laboratory-scale solidification studies utilized syringes as simplified molds. Pre-washed and
125  oven-dried sand was loaded into the molds and compacted. Filter paper was placed at the bottom
126 of the sand to prevent loss of sand during the experiments. The experimental procedure based on
127  initial trials is shown in Table 1, with each of the three replicates conducted for 14 days. Each day,
128 10 mL of solidification solution, mixed with varying amounts of urea according to the
129 experimental design, was injected in a single dose. Bacterial solution of 10 mL was introduced on
130  Day 1 and Day 8, two hours prior to the injection of the solidification solution. After injecting the
131  solidification or bacterial solution from the top of the mold, gravity and capillary action alone
132 were relied upon to infiltrate the sand. The bottom clamps were fully opened to allow the
133 solidification solution to flow out, thereby simulating the unsaturated conditions that may occur
134 in actual treatment processes. Samples were collected every 24 hours to monitor the pH value
135  using a Horiba LAQUA F-71 benchtop pH meter and the calcium ion concentration using a
136  Horiba LAQUAtwin Ca-11 compact calcium ion meter in the effluent. By comparing the initial
137  calcium ion concentration of the solidification solution with the effluent measurements, the
138 calcium ion consumption rate was determined. At the end of the solidification experiment, 100
139  mL of distilled water was added to each sample to wash out any unreacted chemicals. The
140  samples were then dried in an oven at 60 °C for 48 hours to ensure complete dryness. After

141  drying, the molds were carefully cut open, and subsequent tests were conducted on the samples.

142 Table 1: Formulations of the samples in the solidification tests.
Incubation Urea/ . Concentration Arnoun'F of Amount of
Case Treatment 2+ Concentration 2t bacteria .
temperature . Ca of Ca . cementation
name (°C) duration ratio of urea (mol/L) (mol/L) solution solution (mL)
(day) (mL)
1A 0 0 0.25 10*2 10*14
1B 25 14 0.5 0.125 0.25 10*2 10*14
1C 1 0.25 0.25 10*2 10*14
1D 2 0.5 0.25 10*2 10*14
2A 0 0 0.25 10*2 10*14
2B 30 14 0.5 0.125 0.25 10*2 10*14
2C 1 0.25 0.25 10*2 10*14
2D 2 0.5 0.25 10*2 10*14
3A 0 0 0.25 10*2 10*14
3B 35 14 0.5 0.125 0.25 10*2 10*14
3C 1 0.25 0.25 10*2 10*14

3D 2 0.5 0.25 10*2 10*14
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2.4 Characterization

The strength of samples treated with biological cement is a critical parameter for evaluating the
efficacy of the solidification process. Due to the irregular shape of the samples, the top and
bottom sections were trimmed, and any loose parts caused by the demolding process were
removed to ensure uniform dimensions of approximately 4 cm and consistent positioning for all
test specimens. This was accomplished using a penetration test with the SH-70 permeameter a
widely employed instrument for evaluating the strength of soft rocks and stabilized soils in both
field and laboratory settings. In three repeated tests, each sample was tested at five different

locations, and the average UCS value was recorded.

The sediment content was quantified using an acid digestion method. Specifically, a sufficient
amount of 1 % hydrochloric acid was mixed with a known quantity of the sample to dissolve the
sediment. After 24 hours, the sample was rinsed with distilled water and dried in an oven at 60 °C.
The sediment amount was calculated based on the mass difference of the sample before and after

the acid treatment.

The microstructural features of the samples were examined through SEM using Hitachi TM3000
microscope. To further elucidate the crystalline structure of the solidified samples, phase analysis
was performed with a MultiFlex X-ray Diffractometer utilizing a Cu K-alpha source and a
scanning rate of 6.5 °/min. Additionally, EDS was conducted with a JEOL JSM-IT200 to provide

detailed elemental distribution.
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3. Results and discussion

3.1. Monitoring of bacterial activity and solidification process

Figure 3a illustrates the monitoring results of urease activity in the cultured bacteria. The results
indicate that the urease activity reached its peak platform from about the 7th day. Consequently,
this cultivation period was selected for subsequent solidification tests to achieve optimal

efficiency.
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Figure 3: (a) shows the activity monitoring of the bacteria during cultivation, (b), (e), and (g)
present the pH monitoring during the solidification tests, (c), (f), and (h) illustrate the calcium ion
consumption during the solidification tests, and (d) depicts a schematic diagram of the

solidification mechanism.

Figure 3b, e, g depict the pH monitoring during the solidification tests. The initial pH of the
solidification solution was 3.0, and the rise in the pH of the effluent is attributed to bacterial urea
hydrolysis, as outlined in Equation (2) and (3). The magnitude of this increase is related to the
amount of urea added. At a ratio of 2.0, the pH reached its maximum; as the ratio decreased, so

did the pH. Notably, there were slight fluctuations in pH at the beginning and on the 8th day,
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likely due to the introduction of new bacteria. Moreover, the pH did not significantly vary across

different temperatures during the solidification tests.

Figures 3¢, f, and h show the variation in Ca*" consumption over time during the solidification
process. Following urea hydrolysis, the pH of the solidification solution increases, reducing the
solubility of calcium phosphate and leading to precipitation[31-35], as described by the
mechanism in Equation (4). Therefore, the consumption of calcium ions is also related to the
urea/Ca?" ratio. At a ratio of 2.0 and 1.0, calcium ions are almost entirely consumed; at ratios of
0.5, the consumption is slightly lower. As illustrated in the mechanism diagram in Figure 3d, the

consumed calcium ions form sediment that bind the sand particles, thus achieving solidification.

Ca** + HPO+* + 2H.0 — CaHPO4:2H-0 “)

3.2.Evaluation of solidification effects

Figures 4a, d, and g provide a visual representation of the appearance of the specimens after
solidification. Figures 4b illustrates the results of the sediment content in the samples. At the
same temperature, the sediment content trends showing an increasing trend with varying urea
concentrations. The control group, which did not contain urea, showed no notable increase in
sediment content, whereas the Groups 0.5, 1, and 2 had substantial amounts of sediment that were
comparable. At different temperatures, the trend of sediment content variation is consistent with
the previous trend of calcium ion consumption, showing no significant differences. Notably,
sample 1D achieved the highest sediment content of 6.85% at 25 °C, while sample 3D was
slightly lower at 6.34% at 35 °C, which may be attributed to the influence of lower temperatures

potentially contributing to higher sediment content[36].

Figures 4e also presents the UCS results of the samples. The strength of the Groups 0.5, 1 and 2
reached above 1 MPa. Remarkably, at 35 °C, the strength of Group 2 was significantly higher
than that of the other specimens with similar amounts of sediment, reaching up to 12.95 MPa.
Previous studies have indicated that, with the same aggregate particle size, the primary factor
influencing the UCS of biocemented specimens is the amount of sediment. This suggests that
other factors affecting UCS strength may be present, which will be analyzed in the subsequent

section.
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Figure 4: (a), (d), and (g) show the appearance of the samples after solidification tests, (b) and (e)
display the distribution of Sediment content and UCS, and (c), (f), and (h) present the XRD

analysis of the samples after solidification tests.

3.3. Microstructural and crystal phase inspection

Changes in the microstructure of specimens often influence macroscopic properties, including
strength. Figure S displays SEM images of all specimens to assess microstructural features and
sediment morphology. The sediment patterns in biocement typically affect its strength[37—41],
with bridging patterns contributing significantly to strength enhancement, and coating patterns
also providing some improvement[42, 43]. It can be observed that, except for the control group,
the remaining specimens exhibit both the bridging patterns between soil particles, as indicated by
the circles, and the coating patterns on the particle surfaces, as indicated by the rectangles.
Therefore, sediment morphology does not appear to be the primary reason for the high strength

observed in specimen 3D.

5 CaHPOys - 2 H,O +4 OH™ — Cas(PO4);0H + 2 HPO4* + 13 H,0 Q)
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Studies have shown that brushite can act as a precursor and transform into the more stable
hydroxyapatite[44—46], as illustrated in Equation (5). Combining the XRD results presented in
Figures 4c, f, and h, where Q stands for quartz, M stands for microcline, B stands for brushite,
and H stands for hydroxyapatite, it is apparent that the calcium phosphate sediments shown in the
other samples are brushite, whereas those depicted in sample 3D are hydroxyapatite. The
formation of calcium phosphate sediment in the samples is often influenced by temperature and
pH adjustments[47-51], leading to the transformation of metastable brushite into the more stable
hydroxyapatite over time. Hydroxyapatite possesses a hexagonal crystal structure, whereas
brushite exhibits a monoclinic crystal structure. This structural difference may explain why
hydroxyapatite exhibits superior mechanical strength compared to brushite[52], which may
account for the higher strength observed in specimen 3D, despite it containing the similar amount
of sediment as the other specimens. Similarly, current studies using tests such as nanoindentation
have found that in calcium carbonate-based biocements, the cementing properties and micro-
mechanical performance of CaCOs precipitates are related to their crystal composition[53]. A
higher content of calcite improves the adhesion of calcium carbonate precipitates. Calcite exhibits
better mechanical properties, including elastic modulus, hardness, and ductility, compared to
aragonite. Therefore, it is also necessary to conduct further experiments in the future to deepen
the understanding of the characteristics and mechanical performance of brushite and

hydroxyapatite.

@ ® © ®)
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Figure 5: Displays the SEM analysis of the samples after the solidification tests. The numbers on

the left and letters at the top correspond to the sample identifiers.
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Figure 6 shows the elemental distribution of phosphorus, calcium, and silicon as analyzed by
EDS, the labels Si, Ca, and P at the top indicate the distribution of the corresponding elements.
During the analysis, Si was used to differentiate sand grains, while Ca and P represent the
distribution of biocement components. Figure 6a shows the untreated quartz sand, which only
shows intensity for Si with no detectable Ca or P. In Figure 6b and ¢, the distribution areas for Ca
and P are comparably bright, while in Figure 6d, the brightness of the P region is significantly
lower than that of the Ca region. This suggests that the abundance of phosphorus in the sediment
in Figure 6d is lower compared to other figures, the chemical composition of the sediment in
Figure 6d may differ from those in Figure 6b and c¢. Given that the ideal P/Ca ratio for
hydroxyapatite is 0.6, which is lower than the ideal P/Ca ratio of 1 for brushite, this further

confirms the presence of hydroxyapatite in sample 3D.
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Figure 6. (a) shows the EDS analysis of the sand used. (b), (c), and (d) display the EDS analysis

of the 1D, 2D, and 3D samples after solidification tests, respectively.
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3.4. Environmental impact and future application analysis

When scaling up the application on site as shown in Figure 7, it is essential to consider their
environmental friendliness and sustainability. The sustainable calcium sources for biocement,
including construction waste, eggshells, and shellfish waste[54—58], have been investigated and
applied. In this study, biocement based on calcium phosphate utilizes both calcium and
phosphorus sources derived from fish bones from kitchen waste. With societal development and
the expansion of the food industry, a significant quantity of bones has become an important waste
in the food sector[59-63]. Therefore, this study represents a novel approach to the sustainable
utilization of bone waste. Utilizing waste bones not only addresses the waste problem generated
by the food industry but also provides a cost-effective raw material for biocement production.
This option reduces waste management costs, reflects the principles of a circular economy, helps

lower costs, and promotes the large-scale application of biocement.

Moreover, despite the induced crystal phase change achieving a strength in 3D samples that was
more than five times higher than that of other samples with similar sediment content, further
research is needed to quantitatively evaluate crystal configuration factors and develop appropriate
fitting functions. The relatively high temperatures required for the crystal transformation in this
study may be geographically limited for large-scale applications, and the preparation, storage and
injection of the acidic solidification solution are also challenging. Therefore, this method may not
always be suitable for field applications. Future research should explore additional methods for
altering crystal phases, such as adjusting the calcium/phosphorus ratio in the solidification
solution, to improve the practicality and efficiency of this method under varying environmental

conditions.

Furthermore, animal urine produced in livestock farming can serve as a sustainable source of urea
for biocement production[64—68]. Utilizing animal urine effectively mitigates the environmental
impact of animal manure, and avoids the energy-intensive and environmentally harmful issues
associated with synthetic urea production[69—73]. This practice contributes to resource recycling
and reduces the environmental burden of the production process. Future research should focus on

comprehensive lifecycle assessments and sustainability studies to systematically evaluate the
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economic costs, carbon footprint, and environmental impacts of this approach[74-78], providing

a scientific basis for the promotion of biocement in various application scenarios.

VNG SN2 3 9 o e

- Utilizing waste bones as \

a sustainable source of
calcium and phosphorus.

S
encompass coastal erosion
management, slope

Embracing circularity
aligns with the principles
of green engineering.

| fortification, and innovative |
~ | construction materials

— e

Figure 7: lllustrates potential future applications.

4. Conclusion

This study aimed to enhance the strength of biocement derived from kitchen waste bones by

inducing crystallographic changes through temperature variation. The key findings are as follows:

1. The use of food waste bones as a sustainable source for biocement has been validated, which

helps in reducing both the costs of food waste disposal and the costs of biocement production.

2. Evidence provided by XRD and EDS has demonstrated crystallographic changes from brushite
to hydroxyapatite, resulting in more than a fivefold increase in strength at the similar sediment

levels.

3. Future research should continue to explore this study to gain a deeper understanding. This
includes investigating and quantitatively considering the contribution of crystal structure factors
to strength, establishing corresponding fitting functions, and exploring other methods for altering

the crystalline phase, such as adjusting the calcium-to-phosphorus ratio in the solidification
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solution to enhance the practicality and efficiency of this method under different environmental

conditions.
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