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Enzyme-induced carbonate precipitation (EICP) is a relatively new bio-cementation technique for ground improvement. In
EICP, calcium carbonate (CaCO3) precipitation occurs via urea hydrolysis catalysed by the urease enzyme sourced from
plants. EICP offers significant potential for innovative and sustainable engineering applications, including strengthening of
soils, remediation of contaminants, enhancement of oil recovery through bio-plugging and other in situ field applications.
Given the numerous potential applications of EICP, theoretical understanding of the rate and quantity of precipitation via
the ureolytic chemical reaction is vital for optimising the process.
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| 1. Introduction

Enzyme induced carbonate precipitation (EICP) is an innovative ground improvement technique that involves calcium
carbonate (CaCQOs3) precipitation via the hydrolysis of urea (CO(NH,),) into ammonium (NH,*) and carbonate (CO3?) ions
catalysed by the urease enzyme. The EICP process has the potential to be applied as bio-cementation and bio-
remediation solutions in many environmental, construction, geotechnical and civil engineering problems, such as
improving soil strength, reducing soil liquefaction potential, surface erosion control, reducing permeability, heavy metal
contaminant remediation and so forth IZBIAIE One advantage of EICP is the smaller size of the urease enzyme crystals
(typically 12 nm or 120 A), rendering the process effective for a wider range of soils, including fine-grained soils (€.
However, the cost of EICP treatment can be high. Pure urease enzyme is the most expensive component (~70% to 80%
of the total cost) of the chemical ingredients used. Although some studies have used crude urease extract as a cost-
effective source of enzyme, some extraction techniques may require additional processes or chemicals and may
sometimes yield only a small quantity of urease enzyme. Other drawbacks of the EICP process can be the lack of
nucleation sites, meaning that a portion of CaCOg; is precipitated in the pore spaces, which may remain ineffective in
binding soil particles. Hence, a sustainable adaptation of EICP as a bio-cementation technique depends on the
optimisation of chemical ingredients and curing time (reaction/precipitation time) to reduce construction cost and time.

The catalytic actions of enzymes speed up the process of urea hydrolysis by a factor of millions compared to the rate of
an uncatalyzed reaction [EIE, The concentration and activity of the urease enzyme dictate the catalytic mechanism and
thus the reaction/precipitation rate. Accordingly, the theoretical understanding of enzyme Kkinetics is important for
controlling and predicting the rate of CaCO3 precipitation. Hence, the catalytic mechanism, structure, function and kinetic
properties of the urease enzyme has been a subject of extensive research. Thus, a thorough understanding of enzyme
kinetics, which dictates the urea hydrolysis rate that is proportional to the rate of CaCOg3 precipitation in ideal conditions is
required for developing an effective framework for CaCO3 precipitation in EICP.

| 2. Biogeochemical Reactions in EICP
2.1. Molecular Structure of Urease Enzyme

Urease enzyme is a nickel-containing metalloenzyme synthesized by some plants, bacteria and fungi 19. Ureases belong
to the superfamily of amidohydrolases and phosphotriesterases, which display catalytic mechanisms in their active sites.
In general, ureases contain two Ni?* ions in their active sites. It has been well-established in the literature that the overall
protein scaffold is conserved among ureases from different sources 1. Urease enzymes in plants and fungi generally
consist of homo-oligomeric proteins with identical sub-units compared to the multimeric proteins found in bacterial ureases
which are formed from a complex of two (a) or three (apy) subunits 12, These proteins appear to act as urease-specific
chaperones required for assembling an active urease [L3I[141[15],



From the literature, the most extensively studied urease enzymes are sourced from Jack bean R8I, Other plant species
rich in urease include Weeping bottlebrush (Callistemon viminalis), Mulberry (Morus alba), Palo verde (Parkinsonia
florida), Pigweed (Chenopodium album), Pigeonpea (Cajanus cajan), Bitter melon seeds (Momordica charantia), Squash
seeds (Cucurbitaceae), Soybean (Glycine max), Sword beans (Canavalia gladiata), Watermelon seeds (Citrullus lanatus),
Cabbage leaves and Soy pulp EIi28],

In this study, the crystal and molecular structure of urease sourced from Jack bean are investigated. The Jack bean was
selected as it is one of the most common sources of urease used in many different studies of the EICP process. Jack
bean urease complex with phosphate (PDB: 3LA4) was extracted from the Protein Data Bank (PDB) using the University
of California San Francisco (UCSF) Chimera software 2229, Figure 1 shows the structural components of the Jack bean
urease enzyme, which consists of the N-terminal, C-terminal and a-B domains. The C-terminal (af) triose-phosphate
isomerase (TIM) barrel domain contains the active site which controls the activity of the enzyme. This activity is largely
controlled by the presence of a binuclear Ni complex active site in the B-sheet structure and the dynamic opening and
closing of the mobile flap located adjacent to the active site 2Q21[221231[24] Higher availability of the active site can be
achieved during the wider opening of the mobile flap and can result in higher activity 231231 The functional unit of ureases
from plants is made of six identical subunits, called a subunits, each of which are reported to have a molecular weight of
around 90 kDa, making the total molecular weight of a subunit approximately 540 kDa [281127],
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Figure 1. Crystal structure of Jack bean urease (PDB: 3LA4).
2.2. Urease Catalysed Chemical Reactions

The major chemical constituents involved in the EICP process are urease enzyme, urea (CO(NH,),) and calcium chloride
(CaCl,). The chemical reactions involved are presented in Equations (1)—(5) 28],

The chemical reaction which occurs during urea hydrolysis brings about primary geochemical changes, such as an
increase in pH and inorganic carbon (Equations (1)—(3)). The geochemical changes in the EICP process are dynamic and
dependent on the ratios and concentration of the chemical constituents used. For example, the precipitation of occurs in
the presence of which shifts the carbonate equilibrium reaction from to to in a suitable alkaline environment (pH 8.0 to
9.0) &I,

The use of non-equimolar quantities of urea and may result in an increase or decrease in ammonia ( ) release which
affects the alkalinity (pH) of the chemical environment . For example, a high urea concentration may result in an
increase in alkalinity due to the abundance of in the absence of . Hence, becomes the limiting reagent in the reaction®!.
In contrast, there may be a reduction in alkalinity with high concentration and there may be an excess of available in the
system with a limited amount of carbonate ionsl2l.



It has been reported in the literature that the presence of the urease enzyme accelerates the urea hydrolysis and reaction
speed up to 10 times compared to the rate of the uncatalyzed reaction B29 The activity of the urease enzyme is
usually expressed in Units (U), defined as the amount of enzyme required to hydrolyse 1 umol urea per minute at a pH of
7.0 and at a temperature of 25 °C to produce and [,

| 3. Applications of Enzyme Kinetic Models in EICP

In relation to the Michaelis-Menten Equation 19, a similar enzymatic reaction occurs during urea hydrolysis in EICP where
urea interacts with the enzyme at a constant rate. The concentration and activity of urease enzyme can be used to
develop a relation to determine the catalytic rate during urea hydrolysis for a given urea concentration. However, the
reaction products (i.e., NH4* and CO3%) can exist in different forms in an aqueous solution, which may affect the reaction
rate. In EICP, the addition of calcium salt, changes in the geochemical environment (pH, temperature, heavy metals etc.)
of soils/concrete may significantly affect the catalytic rate/kinetic parameters B9, However, the influence of urease enzyme
concentration and activity, geochemical environment and so forth on the catalytic rate and efficiency of CaCO3
precipitation during the EICP process has not been investigated. Therefore, a simple but reliable kinetic expression for
evaluating the catalytic reaction in EICP is required. This study, through a comprehensive meta-analysis of data from
literature, attempts to correlate the initial ratios, concentration and the catalytic effect of chemical constituent (urease
enzyme, urea and CacCl,) with product (CaCO3) formation rate.

3.1. Factors Affecting the Kinetic Parameters
3.1.1. pH

A range of standard kinetic parameters (i.e., Km and Vmax) for urea hydrolysis catalysed by Jack bean urease enzyme
have been reported in the literature BUE2 However, Km and Vmax are largely influenced by pH which consequently
affects the kinetic reaction through perturbation of the distribution of enzymel33l34I851 Barth and Michel 28! investigated
the activity of urease enzyme in the pH range of 49 and indicated that both Km and Vmax depend on pH. The results from
their study show a minimum value of Km at pH 7, whereas Vmax was maximum at the same pH. Similarly, Fidaleo and
Lavecchial®3 evaluated the dependency of Km and Vmax on pH by assuming the enzymatic urea hydrolysis described by
Tipton and Dixon 2],

3.1.2. Temperature

In a kinetic reaction, kcat is the only temperature-dependent parameter and has often been adjusted to capture the
influence of temperature variations. Fidaleo and Lavecchia®4 studied the influence of temperature (25 and 37 °C) on the
reaction rate. A parametric approach was recently used by Krajewska, van Eldik22 to elucidate the influence of
temperature (T) on the steady-state kinetic parameter, i.e., Km and kcat. Note, kcat is a direct measure of Vmax. Their
study indicated that Km controls the formation of the ES complex: E+S=ES, during the binding of the substrate, whereas
kcat controls the activation process of the ES complex: ES=ES-EP, when bond reorganization leading to the formation of
the products occurs. The authors found that Km and kcat increased with increasing temperature which may directly affect
the kinetic rate reaction during urea hydrolysis.

3.1.3. Product Inhibition

The rate of urea hydrolysis is mostly affected by the presence of in-vitro inhibitors, soil inhibitors and plant-soil inhibitors.
From an enzyme kinetic point of view, these inhibitors can be classified into two groups i.e., competitive inhibitors where
remains the same but changes with the concentration of inhibitor and non-competitive inhibitor where changes with the
concentration of inhibitor but is not affected as shown in Figure 2.



Figure 2. A graphical representation of the influence of inhibitors in an enzyme catalysed reaction.

Competitive inhibitors bind to the active site of the urease enzyme and prevent the substrate from binding. At low
substrate concentrations, the presence of competitive inhibitors in an enzyme-catalysed reaction can significantly
decrease the rate of the reaction. In EICP, the presence of competitive inhibitors such as heavy metal ions may affect the
effectiveness of CaCOj3 precipitation. However, this effect can be significantly reduced by increasing the substrate (urea-
CaCl,) concentration. Some studies have indicated that the presence of magnesium@4E8l or anionic compounds such as
polyelectrolytes 2201 delays the rate of CaCOg precipitation in EICP, which consequently alters the structure, size
(approximately 10 pm) and quantity of the precipitated crystals. This may result in the precipitation of dolomite/magnesium

carbonate (MgCOs) or other polymorphs of CaCOs, which may affect the strength properties of EICP treated soil [22[271[38]
[43],

Non-competitive inhibitors allosterically bind the enzyme at a site other than the active site, thereby reducing the ability of
the enzyme to perform its function. Hence, the velocity rate of the reaction usually asymptotes at lower than the maximum
velocity. On the other hand, uncompetitive inhibitors bind the enzyme-substrate complex thereby resulting in an inactive
enzyme-substrate complex. Uncompetitive and non-competitive inhibitors usually occur in a multiple-substrate system,
such as in the case of EICP, and therefore this requires further investigation.

One way of controlling the action of urease is by immobilizing the enzymel#4. Immobilization occurs when urease
enzymes are physically confined or localised in a defined region of space with retention of their catalytic activities, which
can be used repeatedly and continuously42l. Even though upon immobilization the kinetic properties of enzymes may be
degraded, their stabilities, operational lifetimes and sensitivities to inhibition28I2ZI48149] are improved, thus providing
robust and reliable enzyme preparations. Knowledge of urease inhibition and immobilization is significant for enhancing
and controlling the rate of precipitation, as well as for the removal of contaminated ions or chemicals.

| 4. Engineering Applications of Urease Aided- Precipitation
4.1. Improvement of the Strength and Stiffness of Soils

In biocemented soils, the precipitated CaCO3 within the soil matrix provides bridges/bonds between the grains of the soil
particles, thereby restricting their movement and hence improving the strength and stiffness of the soil LEIEABLE2]
Application of EICP in soil strengthening and stabilisation can include crack remediation in concretel23/54I55]56]
(571 strengthening of granular soil L2BA58IE9] gnd fiquefaction mitigation 241551,

Despite past works on the application of EICP for soil improvement, the overall controllability of the technique requires
significant research. In EICP, it is often difficult to accurately predict and/or control the rate and amount of
CaCOg precipitation. Also, the distribution and morphology of the precipitated CaCO3 in an EICP process is often difficult
to control, especially, under field conditions. In general, precipitated CaCO3; from the EICP process can appear in six
different crystal forms (polymorphs) which include calcite, aragonite, vaterite, CaCO3 hexahydrate, CaCO3 monohydrate
and amorphous CaCOg, in decreasing order of stability . Rhombohedral calcite crystals exhibit well developed and
distinct consolidation and these have been identified as the most desirable CaCO3; polymorph for geotechnical
applications due to its thermodynamic stability2[6%, The least thermodynamically stable polymorphs of CaCO5 appear
during rapid precipitation at high supersaturation levels and these change rapidly into a more stable anhydrous phase.



Almajed, Khodadadi Tirkolaei X2 stated that, rapid precipitation of CaCOs in EICP, compared to MICP, can be
disadvantageous because it can sometimes result in the formation of unstable vaterite and other amorphous CaCO3. The
influence of urease enzyme activity on CaCO5 polymorphs in EICP was studied by Ahenkorah, Rahman 14 via SEM
images using high-activity (U/g) and low-activity (3,500 U/g) purified enzyme. The authors found that the low-activity
enzyme produced anhedral calcite crystals while the high-activity enzyme produced mostly euhedral calcite crystals. The
differences in the observed morphology may be attributed to the degree of purity of both enzymes, as also suggested by
Khodadadi, Javadi®Z.

It is well understood that the chemical reactions in EICP may be influenced by numerous factors including enzyme
inhibitors, which cannot be captured via CaCOj; quantification in test-tubes, as used in previous studies220150],
Therefore, an effective bonding via soil improvement in EICP can be achieved by taking into account the kinetic
mechanisms of the reaction.

4.2. Erosion and Dust Control

In addition to the improvement of soil strength, the precipitated CaCO3 in EICP can fill the voids within the soil matrix
thereby reducing porosity and permeability [L8I[61I(62](63](64][65](661(67)[68][69][7Q)[7A][72][73] K norr (1] applied the EICP technique

to control the impacts of water and wind erosion using different soil types such as Ottawa F60 sand, silty-sand and mine

tailings. The results showed that EICP can be a potential technique to prevent erosion caused by both wind and runoff of
surface water. Hamdan and Kavazanjian 4 tested the effectiveness of EICP in stabilising soils against fugitive dust
emissions in a wind tunnel. In their experiment, different types of sand were prepared in a pan and sprayed in a series
with an EICP solution. They concluded that the EICP technique gives a promising outcome for mitigating fugitive dust
emissions.

Cuccurullo, Gallipoli®applied the EICP technique to mitigate the effects of water erosion on a silty clay. They found that
EICP-treated samples exhibited a three-fold improvement in terms of the mass of soil lost compared to untreated
specimens. Many other researchers have evaluated the effectiveness of the EICP technique for dust control [3164](65]
[68land surface water erosion mitigation EZAEEIEA70] and have found the results to be satisfactory.

4.3. Removal of Heavy Metals

Heavy metals and other contaminants generated as industrial by-products can lead to a significant impact on our
environment. The use of conventional treatment methods to remove heavy metals from contaminated environments can
be expensive and consumes high amounts of chemicals and energy. Therefore, EICP can be an environmentally friendly
alternative for the removal of heavy metals and other waste contaminants.

Nam, RohlZ2 applied the EICP technique to immobilize and remove heavy metals and metalloids in contaminated mine
wastes. The results from their study indicated that the concentrations of As, Mn, Zn, Pb, Cr and Cu were reduced by
31.7%, 65.8%, 50.6%, 51.6%, 45.1% and 49.7%, respectively. Moghal, LateeflZ® and Moghal, Lateef rad investigated the
efficacy of the EICP method on adsorption and desorption of soils mixed with different combinations of heavy metals.
Their results indicated that EICP could immobilize to a significant level the heavy metals in selected soils.

| 5. Conclusions and Future Perspectives

Studies on optimisation of the EICP process have often been conducted by using the discontinuous approach, which
involves mixing the substrate and enzyme and measuring the product formed after a set period. However, this approach
cannot easily capture the catalytic properties, such as the influence of urease activity and product inhibition on the
enzyme-catalysed reaction. Therefore, the continuous enzyme kinetic assay, which involves mixing the enzyme with the
substrate and continuously measuring the product formed or the dissociation of the substrate over time, should be
considered in future studies. It is understood from this study that the reaction velocity of an enzyme catalysed reaction is
mainly influenced by pH, temperature and inhibitors (ammonium ion). A meta-analysis of data from a previous study
indicate that pH and ammonium ions greatly affect compared to , whereas was greatly influenced by temperature. A
modified form of the Michaelis—Menten equation was proposed in this study, which can be used to capture the kinetic
reaction in EICP under various conditions. The findings from this study indicate that ignoring the influence of product
inhibition in an enzyme-catalysed reaction may result in a poor prediction of the kinetic parameters. Hence, various
sources of urease inhibitors including amides and esters of phosphoric acid, thiols, hydroxamic acids, phosphinic and
thiophosphinic acids, boric acid, phosphate, heavy metal ions, bismuth compounds, quinones and fluoride have been
studied. Although the kinetic equations analysed and proposed in this study are useful for the EICP process, future



studies on the influence of enzyme kinetic reactions in different soil environments are highly recommended. The
development of kinetic models that capture the effects of using an enzyme from different plant sources should also be
considered for future studies.
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