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Introduction: Bio-cementation processes [namely, microbial induced carbonate
precipitation (MICP) and enzyme induced carbonate precipitation (EICP)] have
recently become promising techniques for solidifying loose sands. However,
these methods release gaseous ammonia to the atmosphere, which is not
desirable for real-scale applications. This study aims to propose an enzyme
induced calcium phosphate precipitation (EICPP) method as a sustainable
direction for the solidification of sand.

Methods: Precipitation of calcium phosphate compound (CPC) was driven
through pH-dependent mechanism regulated by enzymatic hydrolysis of urea.
The baseline study was designed to consist of a series of precipitation tests and
sand column tests, evaluating the influence of various recipes of cementation
media (CM) on treatment efficiency. The evaluation program consisted of
Unconfined compression tests, precipitation content measurement, scanning
electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS) and X-
ray diffraction.

Results: The observations showed that the content of urea had an important role
in proposed EICPP treatment, which determined the extent of the pH increase.
This increase had a great influence on 1) utilization of soluble calcium, 2)
precipitation content of calcium phosphate, and 3) the morphology of the
precipitates. Results of sand column test suggested that injecting CM that
consisted of acid-dissolved bone meal, urea and urease enzyme could result in
the deposition of insoluble CPC that enabled the solidification of sand particles.

Discussion: The precipitation quantity was found to increase with the increase in
urea content; however, the treatment media with high urea content resulted
amorphous-like crystals. The plate-like crystals were evidenced in CM with
[Ca]/[urea] molar ratio between 1.5–2.0. X-ray Diffraction (XRD) analysis revealed
that irrespective of the urea contents, the formed crystals were identified as
brushite. Since the final pH of proposed EICPP method could be controllable
within acidic-neutral conditions, the emission of ammonia gaswould be eliminated.
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1 Introduction

The soil improvement projects have been consistently in high
demand of ordinary Portland Cement (OPC). The industrial
demand of OPC has already exceeded over five billion tons, yet
the manufacturing produces 0.81 ton of CO2 for each ton OPC
produced, accounting for up to 10% of the global CO2 production
(Benhelal et al., 2012). Adopting the principles of sustainable
development has therefore become inevitable these days to
address various dimensions of environmental concerns such as
global warming, greenhouse gas emissions and depletion of non-
renewable earth resources. Over the past several years, efforts have
been made to develop new construction materials with low
embodied energy processes and eco-friendly methodologies
(Gomes Correia et al., 2016).

Bio-cementation is a recently emerged soil improvement
technology that requires low energy and minimal carbon
footprint for the production of cementitious binding agent. 1)
Microbial induced carbonate precipitation (MICP) and 2)
Enzyme induced carbonate precipitation (EICP) are two popular
bio-cementation methods that are contemporarily investigated all
over the world for soil improvement and other geotechnical and geo-
environmental problems (Hamdan and Kavazanjian, 2016; Almajed
et al., 2018; Liu et al., 2019; Mwandira et al., 2019; Chen et al., 2022).
The MICP and EICP processes principally rely on the hydrolysis of
urea facilitated by urease-positive bacteria and urease enzyme,
respectively. During their applications, the source of urease is
introduced at the soil surface together with the soluble calcium
and urea. When the urea molecules are exposed to the source of
urease, they undergo breakdown into ammonium (NH+

4 ) and
carbonate ions (CO2−

3 ), and the carbonate ions subsequently react
with calcium to form calcium carbonate (CaCO3). Owing to its low
viscosity, the treatment solution could easily penetrate into the
microchannels of the soil, resulting in the deposition of CaCO3

at varying depths. Sand improved by the above processes has been
revealed to demonstrate an improvement in unconfined
compressive strength (van Paassen et al., 2010), shear strength
(Gowthaman et al., 2020), stiffness (Martinez et al., 2013) and
reduction in settlement (Feng and Montoya, 2014) and durability
against various deterioration processes (Jiang et al., 2019; Sharma
and Satyam, 2021).

In spite of the substantial interest, only a very few studies were
loomed up to the field-scale (Omoregie et al., 2020; Sun et al., 2021;
Gowthaman et al., 2023). Ivanov et al. (2019) once mentioned that
the release of ammonium by-products is a serious drawback of
MICP/EICP, which questions the recognition of the technique and
confines their progressions at laboratory-scale. As mentioned
earlier, ammonium ions are released concurrently with the
carbonate ions as the result of urea hydrolysis. The process tends
to elevate the pH of the reaction media to above 8.0, providing a
favourable condition to the formation of CaCO3. Miserably, when
pH values escalate above 7.5, the equilibrium is radically shifted to
ammonia gas speciation (Whiffin, 2004). Ammonia gas is known to
be hazardous, causing serious environmental and health problems
(Yu et al., 2020). At the same time, the discharge of ammonium ions
from cementation effluent would also cause eutrophication of
natural waterways and ecosystem structure (Türker and Çelen,
2007).

Few researchers have undertaken an effort to propose
solutions against the release of ammonium by-products. For
instance, Keykha et al. (2019) demonstrated the use of zeolite
to remove ammonium by-products from bio-cement solution
prior to its application. Likewise, electro-biocementation was
also shown to eliminate the harmful substances (Keykha and
Asadi, 2017). To remove the aqueous ammonium remaining in
bio-cemented soil, an effective rinsing method was proposed and
demonstrated by Lee et al. (2019). Another set of researchers
attempted to precipitate the ammonium products as struvite (Yu
et al., 2020; Mohsenzadeh et al., 2021). However, become
conscious of the fact that most of the above proposals require
additional equipment and energy, while some of them make the
process more complicated.

Calcium phosphate bio-cementation is relatively a new proposal,
in which processes do not involve the release of any harmful
substances to the environment (Ivanov et al., 2019). Calcium
phosphate compounds (CPCs) are generally sustainable materials
(Kohn et al., 2002) and are also known to be a typical construction
material with desirable strength characteristics (Ginebra et al.,
1997). It is worth bearing in mind that the bone skeleton, teeth
and most of the human hard tissues are the constitutes of CPCs
(Toshima et al., 2014), indicating that they risk-free to be established
as geo-material. The interesting point is that the solubility of CPCs is
reliant on the pH of the medium (Tung, 1998). That is to say, the
acidic medium entailing of soluble calcium and phosphate would
result in the deposition of insoluble CPCs when the chemical
condition of the medium is transitioned to alkaline. It was also
once highlighted by Ginebra et al. (1997) that attributing to self-
setting, the CPCs continue to get strengthening over the time. It is
noteworthy, in contrary to OPC, the CPCs can be recuperated by re-
excavating and can be reused as agricultural fertilizer (Akiyama and
Kawasaki, 2012).

Early research works focused on chemical derivation of CPCs for
improving sandy materials. For instance, diammonium phosphate
and calcium acetate solutions were mixed together with the sand to
mineralize CPCs within pore voids; additives were also combined
occasionally to further enhance the stiffness characteristics
(Akiyama and Kawasaki, 2012; Kawasaki and Akiyama, 2013).
There were two major obstacles reported in the above approach:
1) difficulty in regulating the pH and reaction rate and 2) inadequate
formation of CPCs during pre-mix method, indicating that there is
still a need for an effective cementation mechanism that is
competent to regulate and control the reaction extents and to
achieve desirable treatment level.

Enzymatic urea hydrolysis is an energy-efficient process and has
high potential to govern the pH at varying levels, thereupon
effectively regulating the reactions. This study aims to propose a
bio-cement method referred to as “enzyme induced calcium
phosphate precipitation (EICPP)” as a promising pathway for
solidifying the sand. Bone meal was used herein as the source of
calcium and inorganic phosphate. Precipitation of CPCs was
systematically driven through pH-dependent mechanism
regulated by enzymatic hydrolysis of urea. The baseline study
was designed to consist of a series of precipitation tests and sand
column tests, evaluating the influence of various recipes of
cementation media (CM) on treatment efficiency. It should be
noted that the proposal might resolve the long-standing problem

Frontiers in Built Environment frontiersin.org02

Gowthaman et al. 10.3389/fbuil.2023.1307650

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2023.1307650


in typical bio-cement processes (i.e., the release of gaseous
ammonia), while making it more viable for large-scale implications.

2 Materials and methods

2.1 Acid urease and activity measurement

The commercially available acid urease, called Nagapshin, was
used in this research work; the manufacturer of the product was
Nagase Chemtex Corporation (Kyoto, Japan). The urease activity of
the acid urease under different concentrations of urea and at
different pH levels were assessed by indophenol
spectrophotometry method (Bolleter et al., 1961).

The enzyme solution (hereinafter referred to as ES) was prepared by
dissolving 4 g acid urease into 1 L distilled water (i.e., the concentration
of 4 g/L). 1 mL of the ES was then added to urea prepared in phosphate
buffer solution (50 mL) to evaluate the activity of acid urease at different
pH levels (pH ranged between 4–8). At each pH condition, the buffer
solutions were prepared with three different urea concentrations,
ranging from 0.025 mol/L–1.0 mol/L. The ammonium ions produced
as the consequence of urea hydrolysis tend to react with phenol in the
presence of hypochlorite, resulting in the formation of blue color
indophenol dye. To determine the rate of change in intensity of the
dye, the optical density of the solutions that had been sampled at every
5 min interval were measured at the wave length of 630 nm (OD630).
Consequently, the rate of the hydrolysis of urea was determined with the
aid of the calibration curve that had been developed between the
intensity of the dye and concentration of ammonium ions.

2.2 Preparation of bonemeal solution

Bone meal powder used in this research work was bought
from Tamagoya Company (Ibaraki, Japan). The bone meal
powder is basically produced by crushing the steamed cow
bones into fines, consisting of calcium and phosphate in the
chemical form of hydroxyapatite Ca10(PO4)6(OH)2 (Gowthaman
et al., 2021).

The preparation procedure of bone meal solution is
sequentially illustrated in Figure 1A. 50.0 g of bone meal
powder was added into 200 mL of distilled water, and
subsequently, 60 mL of 2 mol/L concentrated HCl was added to
the solution at the rate of 5 mL per every 5 min while keeping the
solution in stirring condition. The dissolution of bone meal in HCl
in presented in Eq. 1. During the addition of HCl, the pH and
concentration of Ca2+ were continuously monitored. The
measurements suggested that the pH of the bone meal solution
noticeably decreased with the adding of HCl, while the
concentration of Ca2+ showed a gradual rise. Once the reading
showed negligible changes (i.e., on completion of the dissolution of
bone meal), the solution was subjected to vacuum filtering to
remove the insoluble residues that remained unreacted. The final
pH and concentration of Ca2+ in the produced bone meal solution
were found to be 3.4 and 0.22 ± 0.02 mol/L (8.8 g/L) respectively.
The concentration of mono-hydrogen phosphate (HPO2−

4 ) in the
solution may be around 0.13 mol/L, as per the reaction presented
in Eq. 1.

Ca10 PO4( )6 OH( )2 + 8HCl →10Ca2+ + 6HPO2−
4 + 8Cl− + 2 H2O (1)

FIGURE 1
Preparation methods of (A) bone meal solution and (B) sand columns.
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2.3 Precipitation test

To study the effect of the concentration of urea used in
cementation media (hereinafter referred to as CM) on the
efficiency of calcium phosphate precipitation, a set of
precipitation tests were performed using standard centrifuge
tubes (of 50 mL) without involving any sand material. Table 1
presents the summary of testing cases considered for the
precipitation tests. The urea concentration was essentially varied
from 0.00 mol/L–0.88 mol/L, and the concentrations were designed
in such a way covering the [Ca2+]/[urea] ratios ranging from
0.25–6.0 (Cases 1–8). The CM was prepared by adding the urea
and ES into bone meal solution in the following sequence. The urea
was first dissolved in 50 mL of bone meal solution, followed by the
addition and mixing of 1 mL ES. The added quantity of urea in each
testing case is itemized in Table 1. The control test (Case 9) was
performed without adding urea to the bone meal solution.

The test tubes were subjected to shaking incubation at 160 rpm
and 30°C for 48 h until the completion of any reactions. During the
incubation, the changes in 1) concentration of Ca2+ (with the use of
LAQUA-twin calcium meter manufactured by HORIBA Advanced
Techno Co., Ltd., Japan) and 2) pH (with the use of LAQUA-9615S
pH meter manufactured by HORIBA Advanced Co., Ltd., Japan)
were continually monitored in all the testing cases. Following the
incubation, the solution of each test tube was subjected to filtering
using clean filter paper to collect the precipitates. The collected
precipitates were then carefully rinsed with distilled water, oven-
dried at 60°C for 24 h, and their dry mass were measured. Scanning
electron microscopy (SEM) analysis was carried out to assess the
precipitates morphology.

2.4 Sand columns and testing

2.4.1 Preparation of sand columns and treatment
The sand used in this study was Toyoura sand. The Toyoura

sand is a clean silica sand, classified as poorly graded fine sand as per
the Unified Soil Classification System (USCS) (ASTM, 2017), and its
mean particle diameter (D50), particle density (ρs), minimum density

(ρmin) and maximum density (ρmax) are respectively 0.2 mm, 2.64 g/
cm3, 1.335 ± 0.005 g/cm3 and 1.645 ± 0.010 g/cm3.

The sand columns were prepared using syringe molds of 30 mm
in diameter and 70 mm in height (refer Figure 1B). The sand was
placed into the mold in three layers and compacted uniformly to
achieve an average density of 1.5 ± 0.05 g/cm3. In total, nine no. of
sand columns were prepared and subjected to calcium phosphate bio-
cement treatment. The CM that had been prepared by adding the urea
and ES into bone meal solution was simply introduced at the surface
of the column (at the rate of 10 mL/min) and permitted to infiltrate
under gravitational and capillary effects. The sand columns were
treated using CM prepared with different [Ca2+]/[urea] molar ratio
varied between 0.25–6.0, and the recipes of CM were essentially kept
to be in line with those of precipitation test cases (refer Table 1). Each
column was subjected to the percolation of 20 mL of CM for every
24 h, until experiencing a considerable decrease in permeation of CM.
It should be noted, however, 20 no. of treatments were targeted for
each sand column. For the comparison purpose, a control columnwas
simultaneously treated using CM prepared with no urea content.

At the end of the treatment process, sufficient amount of
distilled water was percolated through the sand columns in order
to eliminate the unreacted chemicals which might yield additional
products with the time. The molds were then carefully cut
longitudinally in both sides, and the sand columns were
recovered from the molds without any disturbances.

2.4.2 Needle penetration test
Needle penetration test was performed in accordance with the

methods recommended by Japanese Geotechnical Society (JGS)
(JGS, 2012) to determine the unconfined compressive strength
(UCS) of treated sand columns. The penetrometer used in this
study was SH-70 manufactured by Maruto Testing Machine
Company, Tokyo. The sand columns were positioned laterally,
and the needle held upright was penetrated into the columns at
three different depth levels (i.e., 1 cm, 3.5 cm and 6 cm measured
from the surface of the columns). The maximum penetration
resistance and depth of penetration that had been read from the
penetrometer scale during the testing were used to determine the
UCS values.

TABLE 1 Detail of testing cases considered for precipitation tests.

Testing case no. Concentration of Ca2+

(g/L)
[Ca2+]/[urea] molar

ratio
Concentration of urea

(mol/L)
Content of urea added (g/

50 mL)

Case 1 0.22 ± 0.02 0.25 0.880 2.640

Case 2 0.22 ± 0.02 0.5 0.440 1.320

Case 3 0.22 ± 0.02 1.0 0.220 0.660

Case 4 0.22 ± 0.02 1.5 0.147 0.440

Case 5 0.22 ± 0.02 2.0 0.110 0.330

Case 6 0.22 ± 0.02 3.0 0.073 0.220

Case 7 0.22 ± 0.02 4.0 0.055 0.165

Case 8 0.22 ± 0.02 6.0 0.037 0.110

a Case 9 0.22 ± 0.02 — 0.000 0.000

aControl testing case with no urea.
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2.4.3 Determination of precipitation contents
The acid-reaction method was used to measure the quantity of

the precipitates, in compliance with the methodology proposed in
the previous work (Fukue et al., 1999). In this method, the
representative cemented sand with known dry weight was
subjected to the reaction with hydrochloric acid (2 mol/L
concentrated) in a closed system. Any changes in the internal
pressure during the reaction process were scrutinized with the
aid of manometer assembled with the closed system. Following
the reaction, the remaining sand material was rinsed well using
distilled water, and the dry weight was measured again. It is known
that the compounds of calcium (e.g., carbonates, phosphates, and
sulfates) are intrinsically soluble in concentrated hydrochloric acid;
thus, the total weight of the precipitates was assessed by the
difference between the dry weights of the sand before and after
subjected to acid-reaction. Although the calcium phosphate
compounds were expected to be the prime precipitates, there had
been a likelihood for trivial formation of calcium carbonate, as the
result of urea hydrolysis. Pressure variations recorded during the
acid reaction (attributed to the release of CO2 gas) were used to
estimate the mass of the crystallized calcium carbonate.
Consequently, the precipitated quantity of CPCs was determined
by deducting the quantity of calcium carbonate from the total
precipitation quantity.

2.5 Microscale and identification analysis

The representative samples collected in different
experimentations were oven-dried at 60°C for 48 h and subjected
to scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDS) and X-ray diffraction (XRD) analyses. The
SEM-EDS analysis was carried out using energy dispersive X-ray
fluorescence spectrometer (Model: JSM-IT200-JEOL; manufactured
in Tokyo, Japan), at an accelerating voltage of 15 kV. Before
subjecting to the analysis, the samples were coated using the
carbon coater (Model: EC-32010CC-JEOL; manufactured in
Tokyo, Japan). XRD analysis was performed on the samples
using diffractometer (Model: MultiFlex-Rigaku; manufactured in
Tokyo, Japan); under CuKα X-ray source that operates at 40 kV and
40 mA. The powdered samples were subjected to testing at the scan
rate of 6.5°/min and at angles between 5 and 70° (2θ).

3 Results

3.1 Enzymatic response of acid urease

It is known that the solubility of CPCs greatly relies on the pH of
the neighboring environment, and the pH is controlled herein by
varying the content of urea. It was therefore inevitable to evaluate the
performance of acid urease under different 1) pH conditions and 2)
urea concentrations, and which was determined by indophenol
spectrophotometry method.

Figure 2 presents the variation of urease activity under different
pH levels (4.0–8.0) and different concentrations of urea (0.025 mol/
L ~ 1.0 mol/L). It could be seen that the optimum activity of acid
urease falls in the pH range between 4.0 and 5.0. There is a marginal

increase in the urease activity when the pH increases from 4.0 to 5.0;
however, the activity drops drastically when the pH increases to above
5.0, indicating the denaturing of acid urease towards alkaline
conditions. For instance, 38.6% and 77% performance decrease are
observed when the pH varies from 5.0–6.0 and 6.0–7.0 respectively.
The enzymatic response observed herein for acid urease is indeed
unique, because most of the urease enzymes used in previous studies
showed optimal urea hydrolysis under alkaline conditions and severe
denaturing under acidic conditions (Neupane et al., 2013; Imran et al.,
2021). Since the precipitation of CPCs are projected as the result of
pH raise from acidic to neutral/alkaline conditions, the acid urease
might be an effective and better choice compared to typical urease
products. At the same time, the performance of acid urease appears to
be less influenced by the concentration of urea, regardless of the
pH conditions. For example, the activities of the acid urease at its
optimum pH condition are 66.7, 68.6 and 63.3 U/mg under the urea
concentrations of 0.025, 0.1 and 1.0 mol/L respectively.

3.2 Precipitation test

3.2.1 Observations
A series of precipitation tests was performed to evaluate the

desired molar ratio of [Ca2+]/[urea] in CM for an effective treatment.
The pH and concentration of Ca2+ of the test tube media were
measured before and after the 48 h of shaking incubation. Figure 3A
shows the pH measurements of the testing cases considered. The
pH of the CM before the test was around 3.4, and a considerable
increase was noticed in almost all the cases (Case 1–8), except the
control (Case 9). The contributory for the observed pH escalation
could be the hydrolysis of urea facilitated by acid urease. In technical
words, the ammonium that are produced during urea hydrolysis
tend to dissolve, hence releasing hydroxide ions; the subsequent
consumption of protons by hydroxide ions results in the increase of
pH in reaction medium (Martinez et al., 2013; Choi et al., 2017). It
could also be seen that more or less of the [Ca2+]/[urea] ratio would
result in decrease or increase in the final pH, respectively. For

FIGURE 2
Variation of urease activity of acid urease under different pH and
urea concentrations.
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example, the final pH in Case 1 ([Ca2+]/[urea] = 0.25) was around
7.2, while it was only around 3.6 in the case of [Ca2+]/[urea] = 6.0
(Case 8). Apparent pH increase was not observed in the control
testing case (Case 9), in which no urea was added.

Figure 3B presents the measurements of Ca2+ concentration. The
initial concentration of Ca2+ was 0.22 ± 0.02 mol/L, and an
observable decrease in the final concentration was observed in all
the testing cases (Case 1–9). This could possibly be attributed to the
consumption of Ca2+ ions for the reactions in CM. However, the
consumption discloses a decreasing tendency with increasing
[Ca2+]/[urea] molar ratio, which is in contrary to the tendency
observed for pH. Around 61% consumption of Ca2+ was witnessed
in the case of [Ca2+]/[urea] = 0.25 (Case 1), whereas, for the case of
[Ca2+]/[urea] = 6.0 (Case 8), it was only about 27% (the % value is
approximately 2.3-fold lower than that of Case 1).

Before the addition of ES, as seen in Figure 4A, a clear
transparent CM could be noticeable in the centrifuge tubes. Once
the ES was added to CM, the clarity of the media decreased at
varying rates depending on the testing cases. A rapid loss of solution
transparency could be seen in Case 1, suggesting that the formation
of precipitates had begun immediately. By the end of the testing
(i.e., after 48 h), whitish color precipitates were perceived at the
bottom of all the tubes, but with varying quantities (Figure 4B). The
results of the quantitative analysis are presented in Figure 5. The
optimum quantity of precipitation, 1.39 g for 50 mL CM, was
achieved in the Case 4 ([Ca2+]/[urea] of 1.5). Besides, precipitated

quantity of above 1.30 g were achieved all together in five number of
cases, Cases 1–5.

The observations indicate that the content of urea had a great
influence in the chemical changes of CM, determined the following:
1) extent of pH increase, 2) consumption of Ca2+ and 3) quantity of
precipitation. Owing to the hydrolysis of urea, the higher the urea
added, the higher the pH increased. As the solubility of CPCs is
largely reliant on the pH, the consumption of Ca2+ ions and the
quantity of precipitation were also regulated by the content of urea.
In another words, the solubility of calcium phosphate tended to

FIGURE 4
The appearance of the CM in centrifuge tubes, (A) before and (B)
after subjected to 48 h of shaking incubation.

FIGURE 5
The quantity of precipitates achieved in precipitation test for
different cases.

FIGURE 3
(A) pH and (B)Concentration of Ca2+ measured in CM of different
cases before and after precipitation test.
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decline depending upon the extent of pH increase, thus the Ca2+ ions
got crystallized as CPCs.

3.2.2 Morphology of the precipitates
To evaluate the morphology of the precipitates, the SEM analysis

was carried out to the precipitates from different testing cases, and
the images are compared in Figure 6, at two different magnification
scales (×500 and ×1,000) for a clear view. Interestingly, different
morphologies could be observed for different cases. The precipitates
formed in the Cases 1 and 2 are depicted in Figures 6A, B
respectively. It could be perceived that the cases with smaller
[Ca]/[urea] ratios (i.e., Cases 1–2, wherein the ratios varied
between 0.25–0.5) resulted in the formation of non-crystalline
amorphous-like nanoparticles. With the increase of [Ca]/[urea]
ratio, the precipitates were found to form in defined shapes,
indicating the likelihood of crystalline formation. For instance,
a combination of plate-like crystals and amorphous-like
nanoparticles were observed in Case 5 ([Ca]/[urea] = 2.0)
(Figure 6C), while, the precipitates were found to be
completely in plate-like and blade-like microstructure for the
Case 8 ([Ca]/[urea] = 6.0) (Figure 6D).

Previous studies disclosed that several factors govern the final
size and the morphology the precipitates, such as reaction rate,
concentration of Ca2+, ionic effects, supply frequency and interval of
resources (Tang et al., 2015; Nawarathna et al., 2018; Wang et al.,
2019). The observation suggests that when the concentration of Ca2+

remains constant, the content of urea appears to be the determining
factor of precipitate morphology. Attributing to higher final pH, the
conversion rate of resources into CPCs was relatively faster in the
Cases 1–2, which led to the bulk formation of amorphous-like
granular precipitates (with the mean size of <2 μm). Similar
formation of precipitates was also witnessed in previous studies
for calcium carbonate when subjected to increased rate of reaction
(Fujita et al., 2000; Tang et al., 2020). On the other hand, slower
conversion rate in Case 8 resulted the formation of plate-like and
blade-like crystals (>10 μm in length).

3.3 Sand column test

3.3.1 Observations
With the knowledge obtained from the finding of precipitation

tests, a series of sand columns were treated to investigate the
applicability and efficiency of the treatment. The CMs established
for the precipitation tests were applied to the sand columns (the
composition of the CMs can be found in Table 1) once in 24-h basis.
It was perceptible that the percolation rate of applied CMs decreased
with the increasing treatment number in all the cases (Cases 1–8),
except the control column (Case 9). This could possibly be attributed
to the formation of precipitates in the pore spaces, resulting in the
narrow down of microchannels through which the solution flows. It
should be noted that the reduction in percolation rate was more
pronounced in the Cases 1 and 2, the columns treated using the CMs
with [Ca]/[urea] of 0.25 and 0.5, respectively; by the end of 18 no. of
treatments, the above sand columns got clogged and were unable to
facilitate further through-flow. For the Cases 3–8, twenty number of
treatments were continued as per the experimental design.

Figure 7A exhibits the physical appearance of the sand columns
after the treatment. The observation disclosed the cementation of
sand throughout the columns in most of the cases, demonstrating
the success of the proposed treatment. It is also noticeable that the
columns treated using CMs with lower urea content (Cases 7 and 8)
posed relatively weaker cementation profile compared to those
treated with higher content of urea (Cases 1–6). The bottom
column was found to be weakly cemented in the Case 7. The
cemented profile of Case 8 was almost same with the appearance
of the control column (Case 9) that remained unsolidified.

3.3.2 Unconfined compressive strength and
cementation profile

Figure 7B compares the unconfined compressive strength
profiles of the columns treated using different [Ca]/[urea]
recipes. Two important things could be perceived: 1) a decrease
in the UCS of columns with the increasing [Ca]/[urea] ratio and 2) a
decrease in the UCS with the depth of the columns. The sand
column treated using CMprepared at [Ca]/[urea] molar ratio of 0.25
(Case 1) exhibited the highest UCS, although lower number of
treatments were applied compared to other testing cases. It is
perceived that the Case 2 does not follow the trend, although a

FIGURE 6
Micrographs of the precipitates obtained in precipitation tests for
the cases with (A) [Ca]/[urea] = 0.25 (Case 1), (B) [Ca]/[urea] = 0.5 (Case
2), (C) [Ca]/[urea] = 2.0 (Case 5) and (D) [Ca]/[urea] = 6.0 (Case 8) at
two different magnification scales.
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general trend of decrease in UCS with the increasing [Ca]/[urea]
ratio could be observed. One possible reasonmight be the generation
of preferential flow paths through the column of Case 2. Since the
surface percolation facilitates a free-draining environment, there is a
likelihood for the generation of preferential flow paths, in which the
resistance to the percolation is relatively lower than in other flow
channels. The soil exposed to these preferential flow paths
abundantly receive reagents, often leading to heterogeneity and
strange cementation patterns along the flow direction. On the
other hand, measurable UCS was not attained all over the
specimens in the Cases 6–9. In the Case 5, the UCS was
measurable only at the near-surface of the column, while the
penetration resistance at further depths appeared to be
inadequate for measurement.

Since the cementation is achieved via the surface percolation
method in this research work, it is inevitable to quantitatively
evaluate the uniformity of cementation. Following the
penetration tests, each column was divided into sections along
the height, and the quantity of the precipitates were measured at
three depth levels (1 cm, 3.5 cm and 6 cm), the same as those tested
for UCS. The measured total precipitation content is plotted in
Figure 8 against the varying depths measured from the surface. It
needs to be mentioned that the tendencies observed in cementation
profiles was likely to be in consonance with those of UCS. A
heterogeneous cementation profile could be seen in most of the
cases: high cementation content was found near the top of the

FIGURE 9
Relationship between UCS verses total precipitation content in
sand tested (D50 = 0.2 mm) (the compilation of the data).

FIGURE 8
Precipitation contents with varying depth of column for different
testing cases.

FIGURE 7
(A) Physical appearance of the treated sand columns after recovered frommolds and (B) Profile of the estimated UCS with the depth of columns for
different testing cases.
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column, and that decreased with the increase in depth. For example,
the cementation content found at 1 cm depth of the column treated
in Case 1 (CM of [Ca]/[urea] = 0.25) was 12.4%, and which was
about 1.9-fold and 2.3-fold higher compared to those found at
3.5 cm and 6 cm depths, respectively.

The heterogeneity observed in the profiles of UCS and
cementation content can be elucidated by the localized clogging.

As a matter of fact, the formation of cementing agent starts
occurring as soon as the ES is mixed with prepared CM (this
was evidenced in precipitation test), thus, it is conspicuous that
the cementation process had already commenced during the
application of CM onto columns. As the CM travelled through
the pore spaces of the sand, the precipitates were tended to filter
along the flow path with a long-linear reduction. During repeated

TABLE 2 The average contents of calcium phosphate and calcium carbonate precipitated in treated sand columns.

Testing
case no.

[Ca2+]/[urea]
molar ratio

a total precipitation content
(w/w %)

a precipitated calcium
phosphate (w/w %)

a precipitated calcium
carbonate (w/w %)

Case 1 0.25 8.04 ± 3.12 6.69 ± 2.39 1.35 ± 0.73

Case 2 0.5 7.47 ± 3.47 6.55 ± 3.27 0.92 ± 0.20

Case 3 1.0 7.60 ± 2.77 6.68 ± 2.43 0.93 ± 0.34

Case 4 1.5 7.23 ± 3.88 6.65 ± 3.72 0.58 ± 0.16

Case 5 2.0 4.83 ± 0.23 4.55 ± 0.20 0.28 ± 0.02

Case 6 3.0 6.53 ± 1.15 6.13 ± 1.06 0.40 ± 0.09

Case 7 4.0 5.25 ± 0.77 4.99 ± 0.71 0.26 ± 0.06

Case 8 6.0 3.70 ± 0.42 3.46 ± 0.38 0.24 ± 0.04

b Case 9 — 1.74 ± 0.09 1.65 ± 0.03 0.09 ± 0.06

aSamples were obtained from three different depths (1.0, 3.5 and 6.0 cm), and the mean precipitation content was determined for each treated sand column.
bControl testing case with no urea.

FIGURE 10
The SEM images of the treated sand matrix for the (A) [Ca]/[urea] = 0.25 (Case 1), (B) [Ca]/[urea] = 0.5 (Case 2), (C) [Ca]/[urea] = 1.0 (Case 3), (D) [Ca]/
[urea] = 1.5 (Case 4), (E) [Ca]/[urea] = 2.0 (Case 5), (F) [Ca]/[urea] = 3.0 (Case 6), (G) [Ca]/[urea] = 4.0 (Case 7), (H) [Ca]/[urea] = 6.0 (Case 8) and (I) control
(Case 9).
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applications of CM, the accumulation of precipitates caused
clogging near the sand surface. A whitish colour layer formed
above the column surface further confirmed the occurrence of
clogging in most of the specimens (refer to Figure 7A).

It is manifest that the formation of cementing agent is supposed to
offer the following two things: 1) cement the soil particles together and
2) fill and reduce the void spaces, thus contributing to the
development of mechanical strength (DeJong et al., 2010; Sharma
et al., 2022). To envisage how the precipitation quantity influence on
strengthening of sand, the UCS values are compiled and plotted
against the cementation content in Figure 9. As seen, the UCS revealed
a likelihood of linear increase (R2 = 0.8275) with the increase in the
quantity of cementing agent. It has to be noted that there may be a
threshold quantity of cementation needed to bridge the spaces
between sand particles at particle-particle contact points (Lin et al.,
2016). In pursuance of the obtained results (Figure 7B; Figure 8), a
threshold content of about 4–6%CPC (w/w%) shall be a requisite for a
measurable increase in the UCS of EICPP-treated fine sand. It is
worthy of note that the required threshold amount was about 1–3%
for the case ofMICP-treated fine sand (Whiffin, 2004; Lin et al., 2016).

The results of the quantitative analysis carried out to distinguish
the precipitates in each testing case are summarized in Table 2.

Regardless of different [Ca]/[urea] ratios, the component that
eminently formed in all the cases was found to be calcium
phosphate. As suspected, there was also a minor formation of
calcium carbonate; this could possibly form as a result of the
reaction between the carbonates (released during the hydrolysis of
urea) and soluble calcium (already been available in CM). The highest
content of calcium carbonate (1.35% ± 0.73% by weight) was attained
in Case 1 (the case with highest urea content), whilst the formation
became negligible when the added urea content was less (for example,
in the Cases 4–9). In fact, the formation of calcium carbonate is highly
reliant on pH that determines the speciation of carbonates (Jacob,
1999). Amild-alkaline environment is imperative for the speciation of
CO2−

3 , hence effective formation of calcium carbonate. Such pH levels
(above 7.0) were likely to be reached in Cases 1–5. Nevertheless, it is
testified that above 80% of precipitates were CPCs, thus imprinting as
the principal contributory of the EICPP treatment.

3.3.3 Characteristics of precipitates
Figure 10 compares SEM images of the sandmatrix treated using

different CMs (prepared at different [Ca]/[urea] molar ratios). A
well aggregated microstructure could be seen for the sand treated
using [Ca]/[urea] of 0.25 and 0.5 (refer Figures 10A, B respectively).

FIGURE 11
The elemental mappings (for Ca and P) of treated sandmatrix for the (A) [Ca]/[urea] = 0.25 (Case 1), (B) [Ca]/[urea] = 0.5 (Case 2), (C) [Ca]/[urea] = 1.0
(Case 3), (D) [Ca]/[urea] = 1.5 (Case 4), (E) [Ca]/[urea] = 2.0 (Case 5), (F) [Ca]/[urea] = 3.0 (Case 6), (G) [Ca]/[urea] = 4.0 (Case 7), (H) [Ca]/[urea] = 6.0
(Case 8).
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It should be noted that the typical crystalline microstructures of
CPCs were not spotted in whatever the place of treated matrix.
Instead, an amorphous-like granules were found to be localized both
at intergranular contact points and surface of the sand particles. A
blend of amorphous-like and plate-like precipitates were observed in
Figure 10C, the micrograph of [Ca]/[urea] of 1.0. Interestingly, the
formation of plate-like precipitates could be seen in the cases treated
with [Ca]/[urea] of 1.5 and 2.0 (Figures 10D, E). With further
increase in [Ca]/[urea] molar ratio, the formation of needle-like
crystals was found to be dominant, while a secondary formation of
plate-like precipitates was also perceived (refer Figure 10F–H). The
formation of similar plate-like and needle-like crystals were also
observed in a previous work when the CPCs were derived by mixing
diammonium phosphate and calcium acetate in varying
concentrations (Akiyama and Kawasaki, 2012). In the case of
control (Figure 10I), no crystallization was occurred, yet a net-
like deposition was found on surface of sand grains; nevertheless, the
sand matrix remained loose as same as the untreated one.

Figure 11 presents the results of SEM-EDS analysis for the sand
treated using CMs with different [Ca]/[urea] molar ratios. The
spectra indicate the major elements that present - calcium (C)
and phosphorous (P). Distributions of calcium and phosphorous
were found to overlap to the distribution of precipitation in the SEM
images. This clearly suggest that the sand particles were bridged by
the CPCs. It could also be observed that the content of precipitated
CPCs tends to decrease with the increase in [Ca]/[urea] molar ratio
of CM; this observation reveals a good agreement with the results
obtained in quantitative analysis (summarized in Table 2).

The XRD spectra presented in Figure 12 revealed that the CPC
which formed during the treatment was brushite, regardless of
different [Ca]/[urea] molar ratios. The chemical reaction for the
formation of brushite cement is presented in Eq. 2. It is worth
mentioning that brushite precipitates have a number morphologies,
and their formation reported to be governed by several factors such
as initial pH of the medium, fluctuations in pH, initial concentration
of soluble calcium and phosphate (Toshima et al., 2014). It is

FIGURE 12
The XRD analysis for the test cases of (A) [Ca]/[urea] = 0.25 (Case 1), (B) [Ca]/[urea] = 0.5 (Case 2), (C) [Ca]/[urea] = 1.0 (Case 3), (D) [Ca]/[urea] = 1.5
(Case 4), (E) [Ca]/[urea] = 2.0 (Case 5), (F) [Ca]/[urea] = 3.0 (Case 6), (G) [Ca]/[urea] = 4.0 (Case 7), (H) [Ca]/[urea] = 6.0 (Case 8).
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therefore clear that the difference observed in precipitates’
morphology might possibly be attributed to the changes in pH.

Ca2+ +HPO
2−
4 + 2H2O → CaHPO4.2H2O ↓ Brushite( ) (2)

4 Discussion

It is manifest that the acid urease played a vital role, induced the
hydrolysis of urea in the early stage of the reactions (i.e., under acidic
conditions) and contributed to the increase of solution pH. The
insoluble CPCs tended to precipitate once the pH of the bone-meal
medium was subjected to an increase. When the solution pH surpassed
neutral conditions, the ureolytic performance of acid urease became
trivial, resulted in the instinctive hindering of urea hydrolysis.

The desired content of urea in CM can generally be defined as the
content that resulted in both high precipitation mass and high
precipitation efficiency (Almajed et al., 2018). The summary of the
vital data sets is detailed in Table 3. It can be seen that with the increase
of the urea content, 1) the consumption of Ca2+, 2) precipitation
content and 3) UCS were found to increase. However, the cases
with higher urea content ([Ca]/[urea] of 0.25–0.5) exhibited the
formation of amorphous brushite. Worth mentioning, the stability
of the crystals would vary depending on the morphology developed.
Since the amorphous brushite is the least stable form of brushite, the
cases with higher urea content cannot be concluded as optimum. This
indicates that a careful attention must be paid in choosing the content
of urea. For an effective application of EICPP, the content of urea needs
to be maintained at possible low level in the CM. The CMs with

[Ca]/[urea] of 1.5–2.0 are likely to show the optimum response,
wherein the brushite precipitates formed as regular plate-like crystals
which is the most stable crystalline form of brushite. Relatively higher
UCS and cementation content were also achieved in those cases,
suggesting that the recipes can be reliable for any recommendations.

Considering the typical bio-cementation methods (such as MICP
and EICP), the proposal offers two major advantages: 1) reduced
production of ammonium ions and 2) substantial minimizing in the
release of harmful ammonia gas. The concentrations of urea and
calcium used in the MICP/EICP cementation media are generally in
the range between 0.5–1.0 mol/L (at [Ca]/[urea] mola ratio of 1.0)
(Putra et al., 2020; Tang et al., 2020). Given consideration to the
optimum case, the concentration of urea used herein to prepare CM
was 0.22 mol/L ([Ca]/[urea] of 1.0). The comparison suggest that the
proposed method can potentially decrease the production of total
ammonium by around 50%–75%. Since the maximum pH observed
in CMs of different testing cases was lesser than 7.5 (refer Table 3), the
speciation of aqueous ammonium into gas was unobtainable. It was
once reported that about 5.8 g of ammonia gas is released to the
environment during the injection of 1 L MICP/EICP cementation
solution (Yu et al., 2020).

The requirement of urea in MICP/EICP processes was generally
in the range between 0.5–1.0 mol/L (equivalent to 30–60 g/L), while
the requirement in the proposal was only around 0.22 mol/L
(equivalent to 13.2 g/L). This indicates that the proposed EICPP
method could reduce the requirement of urea by 2.2–4.5 times when
compared with MICP/EICP processes. Unlike MICP/EICP methods
those need calcium source for cementation, the EICPP method
revealed the successful utilization of bone meal as the source of
calcium and phosphate. The urease enzymes are extremely

TABLE 3 Detailed summary of the key date obtained from precipitation and sand column tests.

Testing
case no.

[Ca2+]/
[urea]
molar
ratio

Precipitation test Sand column test

a range of
the

pH raise

Precipitation
content (g)

% Ca2+

utilization
Near-
surface
UCS
(MPa)

b precipitation
content (%)

c Type of the
precipitates

d morphology
of the

precipitates

Case 1 0.25 3.4 → 7.29 1.330 60.91 2.02 8.04 ± 3.12 Brushite Amorphous-like

Case 2 0.5 3.4 → 7.35 1.329 61.36 1.62 7.47 ± 3.47 Brushite Amorphous-like

Case 3 1.0 3.4 → 7.32 1.333 57.27 1.62 7.60 ± 2.77 Brushite Amorphous-like +
Plate like

Case 4 1.5 3.4 → 7.28 1.392 56.82 1.62 7.23 ± 3.88 Brushite Plate like

Case 5 2.0 3.4 → 7.37 1.383 54.55 1.02 4.83 ± 0.23 Brushite Plate like

Case 6 3.0 3.4 → 4.61 1.253 40.91 0.62 6.53 ± 1.15 Brushite Plate-like + Needle-
like

Case 7 4.0 3.4 → 3.94 0.933 36.36 0.00 5.25 ± 0.77 Brushite Plate-like + Needle-
like

Case 8 6.0 3.4 → 3.59 0.656 27.27 0.00 3.70 ± 0.42 Brushite Plate-like + Needle-
like

e Case 9 - 3.4 → 3.32 0.103 13.64 0.00 1.74 ± 0.09 — —

aThe pH was measured before and after the testing (after 48 h).
bTotal precipitation content that includes both the major and minor precipitates (i.e., calcium phosphate and calcium carbonate).
cIdentified from the XRD, analysis.
dIdentified from the SEM, analysis.
eControl testing case with no urea.
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expensive, and the price of the acid urease was once reported to be
375 JPY/g (Gowthaman et al., 2021). One thing should be noted, the
effectiveness of bio-cementation method depends not only on
technical aspects, but also on the economic status. Since the cost
of the acid urease appear to be unaffordable, thus necessitating the
search for possible cheaper alternatives. As emphasized by Ivanov
et al. (2019), a substantial cost-cut can be expected if the commercial
acid urease is replaced by acidotolerant urease producing bacteria.
The use of ureolytic lactic acid bacteria (such as Lactobacillus reuteri
and Lactobacillus fermentum) is one potential options (Suzuki et al.,
1979). Nevertheless, a careful investigation on bio-safety aspects is
inevitable prior to the use of those bacteria.

In regards to the real-scale applications, appropriate treatment
schemes and optimization are essential for a uniform treatment. The
heterogeneity that was evidenced in cemented profiles of all the treated
soil columns appears to confine the application level of the proposal. It
was previously reported that the uniformity across the treatment zone
largely depends on the pore-throat size of the soil (Cheng and Cord-
Ruwisch, 2014). The observations herein confirmed that the fine sand,
owing to its smaller pore-throat size, is more prone to the localized
clogging and may be more compatible for the applications such as
erosion control, infiltration control and near-surface stabilizations. If
deeper treatments in fine-grained soils is desired, mechanical mixing
(either in situ or ex situ) may be suitable, rather the surface percolation
methods. A future work may also be recommended to investigate the
viability of EICPP on gravels and coarse-grained sands, which would
help to disclose the complete knowledge of the proposal.

There may be a concern that how the bone-derived cementing
agent compete with the industrial requirement. As per the statistics,
the demand of the industrial cement has already exceeded five
billion tons, whereas, one hundred and thirty million tons of
bone residues are produced by global slaughter industries in
every year. Though the proposed EICPP method cannot satisfy
the demand of the industrial cement, it can still partly eliminate the
use of OPC, thus contributing for a sustainable built environment.

5 Conclusion

In this baseline study, an enzyme induced calcium phosphate
precipitation (EICPP) method was proposed and demonstrated at the
elementary-scale for the solidification of sand. The urea hydrolysis
was systematically utilized to elevate the pH from acidic to neutral
levels, hence facilitating the precipitation of insoluble CPCs. The study
was designed to consist of a series of precipitation tests and sand
column tests, and various recipes of CM were comprehensively
studied. The following key conclusions were drawn from this study.

i) Precipitation test suggested that the content of urea in CM is the
key factor that determines the extent of pH increase during the
reaction. The pH increase is found to influence the following:
consumption of Ca2+, precipitation content and the morphology
of the formed crystals.

ii) Sand column test demonstrated that injecting CM that consisted
of acid-dissolved bone meal, urea and ES could result in the
formation of insoluble CPCs that bind the sand particles
together. The UCS and precipitation quantity was found to
increase with the increasing urea content in CM. The UCS and

the content of cementation were achieved up to 2.0 MPa and
12.6% in treated sand columns. However, a heterogeneity was
observed in the profiles of UCS and cementation content.
Moreover, the threshold content of about 4–6% CPC was
found to be a requisite for a measurable increase in the UCS
of EICPP-treated fine sand.

iii) SEM analysis indicated that the precipitates could cement the
adjacent sand particles, coat the grain surface, and fill the void
spaces, thus contributed to the stiffening of skeleton. Different
morphologies of CPCs were attained when treated by CM
prepared at different [Ca]/[urea] molar ratios. XRD analysis
showed that the crystals formed at different [Ca]/[urea] were
brushite. The formation of regular plate-like crystals, the stable
crystalline form of brushite, was witnessed in the cases with
[Ca]/[urea] of 1.5 and 2.0.

iv) Compared with typical bio-cement methods, the proposed
EICPP offers the following benefits: 1) reduced production of
ammonium, 2) eliminating the release of gaseous ammonia, 3)
sustainable utilization of bone waste as cementing resource for
sand solidification, and 4) reduced treatment cost. With
numerous environmental and economical benefits, more
future works are recommended for promoting the proposed
EICPP towards field-scale.
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