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Abstract

:

Enzyme-induced carbonate precipitation (EICP) is a relatively new bio-cementation technique for ground improvement. In EICP, calcium carbonate (    CaCO  3   ) 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     CaCO  3    precipitation via the ureolytic chemical reaction is vital for optimising the process. For instance, in a typical EICP process, the rate and quantity of     CaCO  3    precipitation can depend significantly on the concentration, activity and kinetic properties of the enzyme used along with the reaction environment such as pH and temperature. This paper reviews the research and development of enzyme-catalysed reactions and its applications for enhancing     CaCO  3    precipitation in EICP. The paper also presents the assessment and estimation of kinetic parameters, such as the maximal reaction velocity (   V  max    ) and the Michaelis constant (   K m   ), that are associated with applications in civil and geotechnical engineering. Various models for evaluating the kinetic reactions in EICP are presented and discussed, taking into account the influence of pH, temperature and inhibitors. It is shown that a good understanding of the kinetic properties of the urease enzyme can be useful in the development, optimisation and prediction of the rate of     CaCO  3    precipitation in EICP.
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1. Introduction


Enzyme induced carbonate precipitation (EICP) is an innovative ground improvement technique that involves calcium carbonate (    CaCO  3   ) precipitation via the hydrolysis of urea (  CO       NH  2     2   ) into ammonium (    NH   4    +   ) and carbonate (    CO   3     2 −    ) 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 [1,2,3,4,5]. One advantage of EICP is the smaller size of the urease enzyme crystals (typically 12 nm or 120 Å), rendering the process effective for a wider range of soils, including fine-grained soils [6]. 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     CaCO  3    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 [7,8,9]. The concentration and activity of the urease enzyme dictate the catalytic mechanism and thus the reaction/precipitation rate. Accordingly, the theoretical understanding of enzyme kinetics is important for controlling and predicting the rate of     CaCO  3    precipitation. Hence, the catalytic mechanism, structure, function and kinetic properties of the urease enzyme has been a subject of extensive research.



The quantitative description of enzymatic reactions was first proposed by Michaelis and Menten [10]. Their model provides a theoretical understanding of the rate of product formation as well as methods for estimating the kinetic parameters [11,12]. The urea hydrolysis process is often constrained by several factors including the concentration of the substrate, temperature, pH and the presence of inhibitors [1,13,14]. This results in a limited operational lifetime of enzymes and difficulty in understanding the mechanisms of an enzyme-catalysed reaction [15,16]. A comprehensive understanding of enzyme kinetics may be useful for accurate monitoring, prediction and controlling of     CaCO  3    precipitation rates. This may result in a significant reduction in costs, yield less undesirable by-products and a shorter treatment duration for practical engineering applications [1], however, neither theoretical nor empirical approaches to controlling the curing time have been reported in the literature.



The lack of consideration of enzyme kinetics in many recent EICP studies has resulted in several discrepancies in the reported optimum concentration of chemical constituents such as urea, calcium chloride and urease enzyme. A comprehensive study by Ahenkorah, Rahman [17] revealed that the current knowledge of optimisation is based on trial and error, which has led to inconsistent optimum concentrations of chemical ingredients reported in different studies [5,17,18,19]. For example, Hamdan [5] reported an optimum urea-    CaCl  2    concentration ratio of 1.75:1 (M) for 0.47 g/L of urease enzyme, while Almajed, Khodadadi Tirkolaei [19] found that a urea-    CaCl  2    concentration ratio of 1:0.67 (M) for 3 g/L urease enzyme was optimum. Neupane, Yasuhara [18] treated an equimolar urea-    CaCl  2    concentration of 0.5 M with 2 g/L urease enzyme and Putra, Yasuhara [20] reported an equimolar concentration of 0.5 M of urea-    CaCl  2    for 1 g/L urease enzyme to be optimum. Carmona, Oliveira [21] considered urease enzyme activity and treated an equimolar concentration of 0.25 M of urea-    CaCl  2    with 4 kU/L urease enzyme as optimum. The differences in these studies can be explained by the differences in the urease enzyme concentration (g/L), its activity (U/g), catalytic properties and can also be affected by other factors including temperature, pH and the presence of inhibitors, which can be captured in a single framework using knowledge from existing kinetic models [10].



Thus, a thorough understanding of enzyme kinetics, which dictates the urea hydrolysis rate that is proportional to the rate of     CaCO  3    precipitation in ideal conditions is required for developing an effective framework for     CaCO  3    precipitation in EICP. This article offers a comprehensive review of the properties, molecular structure and kinetic mechanisms of urease enzymes. Further, various models for quantifying the kinetic reactions in EICP are presented and discussed, taking into account the influence of pH, temperature and inhibitors.




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 [22]. Ureases belong to the superfamily of amidohydrolases and phosphotriesterases, which display catalytic mechanisms in their active sites. In general, ureases contain two Ni2+ 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 [23]. 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 (αβ) or three (αβγ) subunits [24]. These proteins appear to act as urease-specific chaperones required for assembling an active urease [25,26,27].



From the literature, the most extensively studied urease enzymes are sourced from Jack bean [28,29]. 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 [6,30].



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 [31,32]. Figure 1 shows the structural components of the Jack bean urease enzyme, which consists of the N-terminal, C-terminal and α-β domains. The C-terminal (αβ) 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 β-sheet structure and the dynamic opening and closing of the mobile flap located adjacent to the active site [32,33,34,35,36]. Higher availability of the active site can be achieved during the wider opening of the mobile flap and can result in higher activity [35,37]. The functional unit of ureases from plants is made of six identical subunits, called α 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 [38,39].




2.2. Urease Catalysed Chemical Reactions


The major chemical constituents involved in the EICP process are urease enzyme, urea (  CO       NH  2     2   ) and calcium chloride (    CaCl  2   ). The chemical reactions involved are presented in Equations (1)–(5) [40].


  C O       NH  2      2    s    +  H 2   O   l     →   urease   enzyme      NH   3     aq     +    CO  (   NH  2  )   OH     aq      



(1)






  CO (   NH  2  )   OH     aq     +   OH  −       aq       →   NH   3     aq     +   HCO   3     aq    −   



(2)






    NH  3       aq     +   HCO   3     aq    −    →      NH    4     aq    +  +   CO   3     aq     2 −    



(3)






    CaCl   2    s       →   H 2  O        Ca    2 +        aq     + 2   Cl  −       aq      



(4)






    Ca   2 +        aq     +   CO   3     aq     2 −    ↔  precipitation     CaCO   3  s     



(5)







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     CaCO  3    occurs in the presence of     Ca   2 +    , which shifts the carbonate equilibrium reaction from     CO  2    to     HCO   3    −    to     CO   3     2 −     in a suitable alkaline environment (pH 8.0 to 9.0) [5].



The use of non-equimolar quantities of urea and     CaCl  2    may result in an increase or decrease in ammonia (    NH  3   ) release which affects the alkalinity (pH) of the chemical environment [5]. For example, a high urea concentration may result in an increase in alkalinity due to the abundance of     NH  3    in the absence of     Ca   2 +    . Hence,     Ca   2 +     becomes the limiting reagent in the reaction [5]. In contrast, there may be a reduction in alkalinity with high     CaCl  2    concentration and there may be an excess of     Ca   2 +     available in the system with a limited amount of carbonate ions [5].



It has been reported in the literature that the presence of the urease enzyme accelerates the urea hydrolysis and reaction speed up to 1014 times compared to the rate of the uncatalyzed reaction [5,41]. The activity of the urease enzyme is usually expressed in Units (U), defined as the amount of enzyme required to hydrolyse 1 µmol urea per minute at a pH of 7.0 and at a temperature of 25 ℃ to produce     NH  3    and     CO   3     2 −     [6].





3. Classical Enzyme Kinetics and Ureolytic Catalysis


3.1. Historical Development of Enzyme Kinetics


Table 1 presents a summary of the historical development of enzyme kinetics, which is the study of the factors that determine the speed of enzyme-catalysed reactions. A fundamental quantitative description of enzymatic reactions was first proposed almost a century ago by Michaelis and Menten [10]. In their model, a time-independent hyperbolic relationship was proposed between the initial reaction velocity and initial substrate concentration. The model was developed based on a quasi-steady-state approximation (QSSA) and assumed that during an enzymatic reaction the reactant concentration changes very slowly (as if in a quasi-steady state) after an initial short transient period. This approximation was first validated and discussed by Laidler [42], who found for a quasi-steady-state condition to exist the substrate concentration should be high. Since then, validation of the QSSA and development of methods to solve the rate equations have both been studied extensively. For example, the range of validity for the QSSA for both irreversible and reversible Michaelis-Menten reactions was assessed by Hommes [43], who observed that the QSSA may not be applicable for a reaction with large reverse bimolecular velocity. Wong [44] stated that for the QSSA to be applicable, the transient state must be brief, which can be achieved by increasing the substrate/enzyme ratio. Similarly, Stayton and Fromm [45] found that for the QSSA to hold, the substrate/enzyme concentration ratio should be greater than 100.



The integrated Michaelis-Menten equation in its closed form was first reported by Beal [46] using either a table called the function ‘F’ or a Newton’s root-finding method. Based on the assumptions of the QSSA, Schnell and Mendoza [47] were the first to develop a closed-form solution for the time evolution of the basic enzyme-substrate reaction as proposed by Michaelis and Menten [10]. The results from their study indicated that a closed-form solution of the basic enzyme-substrate reaction could be expressed in terms of the Lambert W(x) function [48,49]. However, Tzafriri [50] noted that at higher intra-cellular enzyme concentrations, or at least at the same concentrations as their substrates, the QSSA condition breaks down under in vivo conditions. Tzafriri [50] re-developed a closed-form equation for the time-course substrate depletion of the Michaelis-Menten kinetics reaction at high enzyme concentrations. In recent years, various computer programs have been developed to solve the integrated Michaelis-Menten equation using ordinary differential (rate) equations and non-linear regression analysis [12,51,52,53].
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Table 1. A summary of the historical developments in enzyme kinetics study.






Table 1. A summary of the historical developments in enzyme kinetics study.





	Year
	Historical Achievement
	Reference





	1913
	Proposed the basic description of enzymatic reactions.
	Michaelis and Menten [10]



	1955
	Stated that for QSSA, there should be an excess in substrate concentration.
	Laidler [42]



	1962
	Observed that QSSA may not hold for a reaction with large reverse bimolecular velocity.
	Hommes [43]



	1965
	Stated that a brief transient state is required for QSSA.
	Wong [44]



	1979
	Found that for QSSA to hold, the substrate/enzyme ratio should be >100.
	Stayton and Fromm [45]



	1997
	Developed a closed-form solution for the basic enzyme-substrate reaction.
	Schnell and Mendoza [47]



	2003
	Redeveloped a closed-form solution at high enzyme concentrations.
	Tzafriri [50]



	Since 2009
	Development of various computer programs to solve the integrated Michaelis-Menten equation.
	Johnson [12], Kuzmič [51], Zavrel, Kochanowski [53]









3.2. Enzyme-Catalysed Reaction Methods


Two common approaches are used for the measurement of enzyme properties and activity, namely, discontinuous and continuous approaches. In EICP, the discontinuous approach involves mixing the substrates (urea and     CaCl  2   ) and enzyme together and measuring the product (    CaCO  3   ) formed after a set period. The chemical equations involved in this reaction are described in Equations (1)–(5) [40]. This approach has been widely used in a number of studies to quantify the     CaCO  3    precipitation ratio (PR) [5,17,18,19]. PR is the ratio of the mass of precipitated     CaCO  3    to the theoretically possible maximum precipitation mass, which depends on the concentrations of various chemicals in the solution [5,17,18,19,20,21,54]. However, the discontinuous approach cannot be used to capture the catalytic properties of the enzyme-catalysed reaction, such as the influence of urease activity and product inhibition. The continuous method of enzyme assay involves the study of the rate of an enzyme-catalysed reaction by mixing the enzyme with the substrate (mostly urea) and continuously measuring the product (e.g NH4) formed or the dissociation of the substrate over time.



Figure 2 shows reactions rates for typical continuous enzyme assays. Figure 2a shows the product formation over time which starts at a faster rate but slows down over time. The reduction in the speed of the reaction could be caused by the following reasons: (1) the substrate within the mixture is being used up and thus becomes a limiting factor, (2) the enzyme is unstable and is denaturing over the course of the experiment, and/or (3) the reaction environment (such as pH and temperature) is changing. The rate of the reaction is usually specified for the initial stages when none of the above-mentioned conditions applies. For example, the velocity of the reaction at the initial stage is referred to as the initial velocity (V0) [55]. Figure 2b presents the relationship between enzyme concentration and the rate of the reaction, which shows a simple linear correlation. It is worth noting that for a sufficient substrate concentration, the reaction velocity increases with increasing enzyme concentration. A plot of initial reaction velocity versus substrate concentration, for the same enzyme concentration, is presented in Figure 2c, which shows that when the substrate concentration is increased, the rate of reaction increases considerably. However, as the substrate concentration is increased further the effects on the reaction rate start to diminish until a stage is reached where increasing the substrate concentration has a little further effect. At this point, the enzyme is considered to be approaching saturation with the substrate and develops its maximal velocity (   V  max    ).    K m    is the substrate concentration at half the maximal velocity.




3.3. The Michaelis-Menten Equation


The Michaelis-Menten Equation [10] states that in a typical enzymatic reaction, a substrate (S) interacts with an enzyme (E) forming an enzyme-substrate (ES) complex, which is subsequently activated into a transition state (ES). The latter (ES) is converted into an enzyme-product (EP) complex which eventually dissociates [10]. These steps are described in Equation (6):


  E +  S     ⇆   k  − 1      k 1    ES  →   k  cat        E  + P  



(6)







Here,    k 1    is the rate constant for the formation of the ES complex,    k  − 1     is the rate constant for the dissociation of the ES complex, while    k  cat     (   S  − 1    ) is the catalytic rate constant or a turnover number and is defined as the rate of product formation when the enzyme is saturated with substrate, and therefore reflects the enzyme’s maximum reaction rate.



To quantify the rate of product formation in an enzymatic reaction, the QSSA is used, which assumes that the rate of change in ES remains essentially constant. Under these conditions, the reaction’s rate (V) can be expressed as Equation (7):


   reaction   rate  = V =   d  P    dt   =      k    cat     ES    



(7)




where [] indicates the molar concentration of the material enclosed. For an enzyme’s original concentration of      E   0   , [ES] can be expressed as Equation (8):


    ES   =      E   0  ·  S     K m  +  S     



(8)







Now, by combining Equations (7) and (8):


  V =   d  P    dt   =      k  cat   ·    E   o  ·  S     K m  +  S     



(9)







For high substrate concentrations, [S]≫   K m   , the reaction rate in Equation (9) can be expressed as:


  V =   d  P    dt   =      k  cat   ·    E   0  ·  S     K m  +  S    ≈    k  cat   ·    E   o  ·  S     S    =  k  cat   ·    E   0  =  V  max    



(10)







For low substrate concentrations, [S]≪     K   m   , Equation (9) can again be expressed as Equation (11):


  V =   d  P    dt   =      k  cat   ·    E   0  ·  S     K m  +  S    ≈    k  cat   ·    E   0  ·  S     K m    =    V  max   ·  S     K m     



(11)







Equation (9) is known as the Michaelis-Menten equation [10] which shows the rectangular hyperbolic nature of V, having an asymptote at   V =  V  max    . This provides a relationship between the reaction rate and the substrate concentration, depending on two kinetic parameters, the Michaelis constant,    K m    (M) and the catalytic rate constant    k  cat     (   S  − 1    ). For any given enzyme/substrate pair,    K m    is constant and measures the efficiency of an enzyme to convert substrates into products. Small    K m    values (i.e.,    K m     < 1 mM) indicate that    V  max     is reached at relatively low substrate concentrations and vice versa. The rate of product formation is dependent on both how well the enzyme binds the substrate and how fast the enzyme converts the substrate into the product once the substrate is bound. For a kinetically perfect enzyme, every encounter between enzyme and substrate leads to the formation of a product, hence the reaction velocity is only limited by the rate the enzyme encounters the substrate in solution. The    k  cat    /   K m    ratio is called the “specificity constant” which measures how efficiently an enzyme converts the substrate into a product.





4. Estimation of Kinetic Parameters


According to Michaelis and Menten [10], a plot of the reaction rate versus initial substrate concentration produces a saturation curve from which    K m    and    V  max     can be obtained using non-linear regression analysis. Alternative approaches have also been reported in the literature to provide a linear transformation of the Michaelis–Menten equation for prediction and determination of the kinetic parameters [56,57,58,59]. The most common methods in the literature are the Lineweaver and Burk [57] plot, the Hanes–Woolf [58] plot and the Eadie-Hofstee [60] plot. The Hanes–Woolf plot [58] involves a graphical method where the ratio of the initial substrate concentration [S] to the reaction velocity (V) is plotted against [S] (Figure 3). This is based on the rearrangement of the Michaelis–Menten equation (see Equation (9)), as presented below:


     S   V  =      S     V  max     +    K m     V  max      



(12)







It is evident from Equation (12) that a kinetic reaction will yield a straight line of slope   1 /  V  max    , a y-intercept of    K m  /  V  max     and an x-intercept of   −  K m    as graphically presented in Figure 3.



The linear transformation of the Michaelis–Menten equation by Lineweaver and Burk [57] is presented in Equation (13). Similar to the Hanes–Woolf plot [58], a kinetic reaction will yield a straight line of slope    K m  /  V  max    , a y-intercept of   1 /  V  max     and an x-intercept of   − 1 /  K m   , as shown graphically in Figure 4.


   1 V  =        K   m     V  max     ·  1   S    +  1   V  max      



(13)







In the method by Eadie-Hofstee [60], a plot is generated from   V /  S    versus V data, where the intercept is    V  max     and the slope is   −  K m    (Figure 5). The linear equation used to determine the kinetic parameters is given by Equation (14). Table 2 shows a summary of the relative advantages and limitations of these methods.


  V =  V  max   −  K m  ·      V     S     



(14)







Despite the relative advantages and disadvantages of each method, the accuracy of estimating kinetic parameters is largely influenced by pH, temperature and the presence of inhibitors. Hence, the methods discussed earlier may not fully capture the kinetic properties of an enzyme-catalyzed reaction, specifically during     CaCO  3    precipitation in EICP. Urease inhibitors are discussed in more detail in Section 6.



4.1. Integrated Michaelis–Menten Rate Equations


The integrated Michaelis–Menten rate equation provides an alternative way of expressing the rate of product formation in terms of the constituent conecentrations and the kinetic parameters [61,62,63,64]. Equation (9) can be expressed as:


  V =   d  P    dt   =    V  max   ·  S     K m  +  S     



(15)







Equation (15) is a separable differential equation and can be integrated with respect to time between 0 and t (where time zero represents the onset of steady-state), as below:


  ln    S   t  +    S   t  =  K m  · ln    S   o  −    S   0  −  V  max   · t  



(16)




where   V =    P   t  = −    S   t  =    S   0  −    S   t   .



Equation (16) gives the classical integrated Michaelis-Menten equation which can be used to predict the reaction rate. A closed-form integrated rate equation greatly simplifies and facilitates the nonlinear evaluation of the kinetic parameters (   K m    and    V  max    ) and provides a direct prediction of the substrate or product concentration at different time values (t) during the steady-state.




4.2. Closed-Form Solution of the Rate Equation


Johnson and Goody [65] provided a reanalysis of the original data of Michaelis and Menten [10] using the direct solution of Equation (16). In their study, modern computational methods based on numerical integration of rate equations were used to fit the original data of Michaelis and Menten [10]. The KinTek Explorer simulation program [12] was used in their study. The authors produced a fitting plot of the      P   t  /    S   0    ratio against reaction time. The results from their study showed that a good fit can be achieved by considering the influence of product inhibition in the rate equation. The findings presented by Johnson and Goody [65] suggest that the specificity constant (   k m    =    k  cat   /  K m   ) is the most important steady state kinetic parameter in that it defines enzyme specificity, efficiency and proficiency. They proposed a different form of the Michaelis−Menten equation, as shown in Equation (17):


  V =    k m  ·  S    1 +    k m  /  k  cat     ·  S     



(17)







Therefore, the closed-form solution of Equation (16) can be expressed in terms of the Lambert W(x) function [47], as presented in Equation (18):


     S   t  =  K m  · W        S   0     K m    · exp        S   0  −  V  max   ·  t       K m           



(18)







It should be noted that Equation (18) is accurate when the criterion for total enzyme concentration      E   0    << (     S   0    +      K   m   ) guarantees the validity of the QSSA [47]. In the case of most in vitro assays, the QSSA criterion is satisfied easily. However, for in vivo conditions where intracellular concentrations of the enzyme are usually higher or at least of the same magnitude as their substrates, the QSSA condition does not hold [50]. Therefore, Tzafriri [50] proposed an extended equation for high enzyme concentrations, as shown in Equation (19):


     S   t  = (  K m  +    E   0  ) · W        S   0     K m  +    E   0    · exp        S   0  −  V  max   ·  t       K m  +    E   0           



(19)







Note that Equation (19) is valid when      E   0    +    K m    >>      S   0   .



In a recent study conducted by Goličnik [66], a global nonlinear regression was used to model the kinetic parameters using the original data obtained by Michaelis and Menten [10]. Goličnik [66] reformulated Equation (16) to achieve the      P   t  /    S   0    ratio as originally used by Johnson and Goody [65], as presented in Equation (20):


     P   t  /    S   0  = 1 −    K m       S   0    · W        S   0     K m    · exp        S   0  −  V  max   ·  t       K m           



(20)







Goličnik [66] used a numerical integration approach to fit the original Michaelis-Menten results using the exact model of Equation (20) with the Lambert W(x) function obtained using a computer program (Mathematica 7).





5. Applications of Enzyme Kinetic Models in EICP


In relation to the Michaelis-Menten Equation [10], 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.,     NH   4     aq    +    and     CO   3     aq     2 −    ) 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 [67]. However, the influence of urease enzyme concentration and activity, geochemical environment and so forth on the catalytic rate and efficiency of     CaCO  3    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     CaCl  2   ) with product (    CaCO  3   ) formation rate.



5.1. Factors Affecting the Kinetic Parameters


5.1.1. pH


A range of standard kinetic parameters (i.e.,    K m    and    V  max    ) for urea hydrolysis catalysed by Jack bean urease enzyme have been reported in the literature [68,69]. However,    K m    and    V  max     are largely influenced by pH which consequently affects the kinetic reaction through perturbation of the distribution of enzyme [70,71,72]. Barth and Michel [73] investigated the activity of urease enzyme in the pH range of 4–9 and indicated that both    K m    and    V  max     depend on pH. The results from their study show a minimum value of    K m    at pH 7, whereas    V  max     was maximum at the same pH. Similarly, Fidaleo and Lavecchia [71] evaluated the dependency of    K m    and    V  max     on pH by assuming the enzymatic urea hydrolysis described by Tipton and Dixon [70] based on Equation (6), which is schematically illustrated in Figure 6.



   K  E , 1     and    K  E , 2     represent the molecular dissociation constants for the free enzyme whereas    K  ES , 1     and    K  ES , 2     represent the molecular dissociation constants for the enzyme-substrate complex. Hence, Fidaleo and Lavecchia [71] proposed an expression for    K m    and    V  max     as presented in Equations (21) and (22), respectively.


   K m    pH   =  K  m 0     1 +       10   − pH        K  E , 1     +    K  E , 2         10   − pH         1 +       10   − pH        K  ES , 1     +    K  ES , 2         10   − pH          



(21)






   V  max     pH   =    k  cat   ·    E   0    1 +       10   − pH        K  ES , 1     +    K  ES , 2         10   − pH          



(22)




where    K  m 0     is the initial    K m   .



In Figure 7, the influence of pH (from 4–9) on    K m    and    V  max     is presented using data obtained from the literature [71]. It is interesting to note from Figure 7 that pH has a much higher effect on    V  max     compared to the effect on    K m   .




5.1.2. Temperature


In a kinetic reaction,    k  cat     is the only temperature-dependent parameter and has often been adjusted to capture the influence of temperature variations. Fidaleo and Lavecchia [71] studied the influence of temperature (25 and 37 °C) on the reaction rate. They proposed an expression for    k  cat     in terms of the activation energy of urea hydrolysis as presented in Equation (23) below.


   k  cat    T  = exp   −    E a   R     1 T  −  1   T *         



(23)




where    E a    is the activation energy, R is the gas constant and    T *    is the temperature at which    k  cat     = 1 min−1.



A parametric approach was recently used by Krajewska, van Eldik [72] to elucidate the influence of temperature (T) on the steady-state kinetic parameter, i.e.,    K m    and    k  cat    . Note,    k  cat     is a direct measure of    V  max    . Their study indicated that    K m    controls the formation of the ES complex:   E + S ↔ ES  , during the binding of the substrate, whereas    k  cat     controls the activation process of the ES complex:   ES →   ES − EP    , when bond reorganization leading to the formation of the products occurs. A plot of    K m    and    k  cat     for a range of temperature is presented in Figure 8 using data obtained from previous study. It can be seen from Figure 8 that    K m    and    k  cat     increases with increasing temperature which may directly affect the kinetic rate reaction during urea hydrolysis.




5.1.3. 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    V  max     remains the same but    K m    changes with the concentration of inhibitor and non-competitive inhibitor where    V  max     changes with the concentration of inhibitor but    K m    is not affected as shown in Figure 9.



The presence of ammonium ion in EICP acts as a non-competitive inhibitor and has been assessed in a number of studies [10,12,65,66]. Equation (24) below has been used in several studies to capture the effect of inhibitors on the reaction rate.


  V =   d  P    dt   =    V  max   ·  S      1 +    P I    /  K P       K m  +  S       



(24)




where    K P    and      P I      represent the apparent product inhibition constant and ammonium ion concentration, respectively.



A plot of 1/V versus      P I      i.e., ammonium ion concentration as a non-competitive inhibitor is presented in Figure 10 for    S    of 5 and 30 mmol/L using data from a previous study [71]. The tests were performed at a pH of 7 (using phosphate buffer), temperature of 25 °C, and a constant      E   0    of 0.1 g/L. By using Equation (24), a linear trend was observed for the experimental data using    k  cat     = 18.3 min−1,    K m    = 3.21 mmol/L and    K P    = 12.2 mmol/L. This shows that the presence of ammonium ions acts as a non-competitive inhibitor and influence the rate of urea hydrolysis.





5.2. Proposed Kinetic Model for EICP


Laboratory testings on optimising the EICP process are often done at a constant temperature (25–30 °C) and pH of 7–8 is maintained using buffer solution e.g., 130 mM phosphate buffer. However, the geochemical environment in the field may differ from the controlled laboratory condition and will affect the reaction rate [38] and precipitation of     CaCO  3   . For a potential application of the EICP technique, a comprehensive framework is required to capture the effect of different inhibitors under different temperatures as well as the pH of the reaction environment. A kinetic equation is proposed in this study by rearranging Equations (21)–(24). By assuming that    K m    is independent of pH (i.e.,    K m    pH   =  K  m 0    ) as indicated in previous studies [69,74]. Equation (25) can be expressed as:


  V =   d  P    dt   =    k  cat    T  ·    E   0  ·  S       K m  +  S      1 +      P I       K P        1 +       10   − pH        K  ES , 1     +    K  ES , 2         10   − pH            



(25)







Based on results from previous studies, the kinetic parameters/constants for urea hydrolysis catalysed by Jack bean urease enzyme are summarised in Table 3.




5.3. Evaluation of the Proposed Kinetic Equation


Here, the proposed kinetic equation as presented in Equation (25) was evaluated using a series of kinetic studies in literature for urea hydrolysis catalysed by Jack bean urease enzyme. In Figure 11, the predictive capability of Equation (25) was assessed for a range of temperature using unbuffered and buffered experimental data. Figure 11a shows a plot of the reaction velocity versus urea concentration for the temperature of 25 and 37 °C. The trend of the data was fitted with Equation (25) using kinetic parameters indicated in Table 3. Despite the scatter of the unbuffered experimental data, the fitted equation/model accurately reproduces the experimental trends. A similar plot is presented in Figure 11b for a range of temperature between 15–35 °C for buffered experimental data. Again, the kinetic equation captured the experimental data with reasonably high accuracy.



The proposed kinetic equation (Equation (25)) was further evaluated using data obtained in a previous study on EICP. The reaction rate, i.e., the rate of product formation, was modelled by using a closed-form solution of Equation (25) through a series of integral iterations in Microsoft Excel. This could also be achieved through other numerical approaches and programs as discussed in the previous sections. Note, the rate of     CaCO  3    formation in EICP is proportional to the formation or decomposition of other compounds such as     Ca   2 +    ,     CO   3     2 −     or     NH   4    +   . Therefore, the rate of     Ca   2 +     formation in EICP was evaluated using data from a previous study [67]. Only a few studies were available on EICP, and in most studies, the data required for the kinetic reaction modelling was not reported.



Figure 12 shows a plot of the product (    Ca   2 +    ) formation over time. The data were fitted with a closed-form solution of Equation (25) using the kinetic parameters presented in Table 3. The results show a good fit with some degree of deviations, possibly due to the influence of other environmental factors such as inhibitors or pH which were not reported for the data used. It is understood from this analysis that the kinetic equation can be used to model the reaction mechanism in EICP, however, further studies on the exact solution for Equation (25) is required for an accurate prediction.





6. Urease Inhibition


Urease enzymes can be inhibited by a number of compounds. Inhibition studies are undertaken to provide insights into the molecular mechanisms of the urease action as well as to identify compounds that could effectively control enzyme activity. The substrate urea, urea analogues and ammonium ions (products of urea hydrolysis) are considered as weak inhibitors of urease. There are three common types of inhibition, which are competitive, non-competitive/mixed and uncompetitive inhibition.



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     CaCO  3    precipitation. However, this effect can be significantly reduced by increasing the substrate (urea-    CaCl  2   ) concentration. Some studies have indicated that the presence of magnesium [77,78] or anionic compounds such as polyelectrolytes [79,80,81] delays the rate of     CaCO  3    precipitation in EICP, which consequently alters the structure, size (approximately 10 µm) and quantity of the precipitated crystals. This may result in the precipitation of dolomite/magnesium carbonate (    MgCO  3   ) or other polymorphs of     CaCO  3   , which may affect the strength properties of EICP treated soil [54,77,78,82].



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. A summary of the different sources of urease inhibitors in the literature is presented in Table 4.



One way of controlling the action of urease is by immobilizing the enzyme [46]. 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 continuously [15]. Even though upon immobilization the kinetic properties of enzymes may be degraded, their stabilities, operational lifetimes and sensitivities to inhibition [11,16,90,105] are improved, thus providing robust and reliable enzyme preparations. Knowledge of urease inhibition and immobilization is significant for enhancing and controlling the rate of     CaCO  3    precipitation, as well as for the removal of contaminated ions or chemicals.




7. Engineering Applications of Urease Aided-   C a C    O  3    Precipitation


7.1. Improvement of the Strength and Stiffness of Soils


In biocemented soils, the precipitated     CaCO  3    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 [18,106,107,108]. Application of EICP in soil strengthening and stabilisation can include crack remediation in concrete [109], strengthening of granular soil [19,106,110,111] and liquefaction mitigation [112,113].



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     CaCO  3    precipitation. Also, the distribution and morphology of the precipitated     CaCO  3    in an EICP process is often difficult to control, especially, under field conditions. In general, precipitated     CaCO  3    from the EICP process can appear in six different crystal forms (polymorphs) which include calcite, aragonite, vaterite,     CaCO  3    hexahydrate,     CaCO  3    monohydrate and amorphous     CaCO  3   , in decreasing order of stability [1]. Rhombohedral calcite crystals exhibit well developed and distinct consolidation and these have been identified as the most desirable     CaCO  3    polymorph for geotechnical applications due to its thermodynamic stability [19,114]. The least thermodynamically stable polymorphs of     CaCO  3    appear during rapid precipitation at high supersaturation levels and these change rapidly into a more stable anhydrous phase. Almajed, Khodadadi Tirkolaei [19] stated that, rapid precipitation of     CaCO  3    in EICP, compared to MICP, can be disadvantageous because it can sometimes result in the formation of unstable vaterite and other amorphous     CaCO  3   . The influence of urease enzyme activity on     CaCO  3    polymorphs in EICP was studied by Ahenkorah, Rahman [17] via SEM images using high-activity (40,150 U/g) and low-activity (3500 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 [115].



It is well understood that the chemical reactions in EICP may be influenced by numerous factors including enzyme inhibitors, which cannot be captured via     CaCO  3    quantification in test-tubes, as used in previous studies [19,20,106]. Therefore, an effective bonding via soil improvement in EICP can be achieved by taking into account the kinetic mechanisms of the reaction.




7.2. Erosion and Dust Control


In addition to the improvement of soil strength, the precipitated     CaCO  3    in EICP can fill the voids within the soil matrix thereby reducing porosity and permeability [18,116,117,118,119,120,121,122,123,124,125,126,127,128]. Knorr [116] 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 [129] 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 [117] 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 [118,119,120,121] and surface water erosion mitigation [122,123,124,125], and have found the results to be satisfactory.




7.3. 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, Roh [130] 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, Lateef [99] and Moghal, Lateef [131] 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.





8. Conclusions and Future Perspectives


This paper reviewed the developments in the area of enzyme-catalysed reactions over the last century and their applications in the enzyme-induced carbonate precipitation (EICP) process. The major conclusions from this review are summarised as:








	
The activity of the urease enzyme is largely controlled by the presence of a binuclear Ni complex active site in the β-sheet structure and the dynamic opening and closing of the mobile flap located adjacent to the active site.



	
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    V  max     compared to    K m   , whereas    k  cat     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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Notations




	    V  max     
	maximal reaction velocity



	    K  m     
	Michaelis constant



	V
	reaction velocity



	V0
	initial reaction velocity



	S
	substrate



	E
	enzyme



	P
	product



	ES
	enzyme-substrate complex



	EP
	enzyme-product complex



	     k  1    
	rate constant for the formation of the ES complex



	     k   − 1     
	rate constant for the dissociation of the ES complex



	     k    c a t      
	catalytic rate constant or a turnover number



	       E    0    
	original concentration of urease enzyme



	       S    0    
	original concentration of substrate



	[S]
	initial concentration of substrate



	     P     
	initial concentration of product



	t
	reaction time



	     K   P     
	apparent product inhibition constant



	     k   m     
	specificity constant



	   W   
	Lambert function



	     K   E     
	molecular dissociation constants for the free enzyme



	     K    E S      
	molecular dissociation constants for the enzyme-substrate complex



	     K    m  0     
	initial     K   m    



	     E   a     
	activation energy



	R
	gas constant



	     T  *    
	temperature at which     k    c a t      = 1 min−1



	     K   P     
	apparent product inhibition constant



	       P   I       
	ammonium ion concentration
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Figure 1. Crystal structure of Jack bean urease (PDB: 3LA4). 






Figure 1. Crystal structure of Jack bean urease (PDB: 3LA4).



[image: Suschem 02 00007 g001]







[image: Suschem 02 00007 g002 550] 





Figure 2. A typical enzyme-catalyzed reaction (a) product formation over time; (b) initial reaction velocity versus enzyme concentration; and (c) initial reaction velocity versus substrate concentration (data adapted from Robinson [55]). 
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Figure 3. A graphical representation of the Hanes–Woolf plot. 
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Figure 4. A graphical representation of the Lineweaver-Burk plot. 
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Figure 5. A graphical representation of the Eadie-Hofstee plot. 
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Figure 6. A schematic diagram of used to describe pH effects on the enzymatic urea hydrolysis. 
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Figure 7. Effect of pH on    K m    and    V  max     (data adapted from Fidaleo and Lavecchia [71]). 
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Figure 8. Effect of temperature on    K m    and    k  cat     (data adapted from Krajewska, van Eldik [72]). 
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Figure 9. A graphical representation of the influence of inhibitors in an enzyme catalysed reaction. 
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Figure 10. A linearised plot of 1/V versus      P I      for two different urea concentrations, fitted with Equation (24) (data adapted from Fidaleo and Lavecchia [71]). 
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Figure 11. Reaction velocity versus urea concentration (a) unbuffered experimental data for pH 9.4 and      P I    = 0  . (data adapted from Fidaleo and Lavecchia [71]; and (b) buffered experimental data for pH 6.84 and      P I    = 0  . (data adapted from Krajewska, van Eldik [72]). 
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Figure 12. A plot of     Ca   2 +     formation in EICP over time for      E   0    = 8 g/L (data adapted from Wen, Li [67]). 
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Table 2. Comparison of different methods for the estimation of kinetic parameters.
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	Method
	Advantage
	Limitation





	Lineweaver and Burk [57]
	(1) Gives a good estimation of    V  max     and    K m   .
	(1) Poor fit between data and straight line. (2) Large error at low    S    where measurements are less accurate.



	Hanes–Woolf plot [58]
	(1) Direct determination of    V  max     and    K m   .
	(1) Both axes contain an independent variable. (2) large error at low    S   .



	Eadie-Hofstee plot [60]
	(1) Less error observed at low    S   .
	(1) Data are usually scattered. (2) The dependent variable (V) occurs in both the X- and Y-axes.
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Table 3. Estimated kinetic quantities for urea hydrolysis.
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	Kinetic Parameters
	Value
	Unit
	Reference





	    k  cat     
	18.3 ± 0.05
	min−1
	Fidaleo and Lavecchia [71]



	    K m    
	3.21 ± 0.36
	mmol/L
	Fidaleo and Lavecchia [71]



	    K P    
	12.2 ± 0.11
	mmol/L
	Fidaleo and Lavecchia [71]



	    K  ES , 1     
	7.57 ± 0.41 × 10−4
	mmol/L
	Fidaleo and Lavecchia [71]



	    K  ES , 2     
	1.27 ± 0.08 × 10−5
	mmol/L
	Fidaleo and Lavecchia [71]



	    E a    
	32.6–35.8
	kJ/mol
	Martins, Cruz [75], Huang and Chen [76], Fidaleo and Lavecchia [71]



	    T *    
	416.6 ± 0.50
	K
	Fidaleo and Lavecchia [71]
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Table 4. A summary of the historical developments in enzyme kinetics.
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	Inhibitors
	Type of Inhibition
	Reference





	Ammonium ion/ammonium carbonate (product)
	Non-competitive
	[83,84,85]



	Urea analogues (e.g., Hydroxyurea, Formamide, Thiourea, Ethylurea and Methylurea)
	Competitive
	[86,87,88]



	Thiols (e.g., β-Mercaptoethanol)
	Competitive
	[89,90,91]



	Bismuth compounds
	Competitive
	[92]



	Quinones (e.g., 1,4-Benzoquinone, 2,5-Dimethyl-1,4-benzoquinone and Tetrachloro-1,4-benzoquinone)
	Competitive (slow binding)
	[93,94,95,96]



	Hydroxamic acids
	
	[34,89,90,97]



	Heavy metal ions (e.g., Hg2+, Ag+, Cu2+, Mg2+, Zn2+, Cd2+, Ni2+, Pb2+ and Co2+)
	Competitive (slow binding)
	[78,94,98,99]



	Fluoride
	Uncompetitive (slow binding)
	[34,100]



	Boron compounds (e.g., Boric acid, Butylboronic acid, Phenylboronic acid and 4-Bromophenylboronic acid)
	Competitive
	[34,91,101,102]



	Phosphate buffer
	Competitive
	[101]



	Amides and esters of phosphoric acid (e.g., Phosphoric triamide (PTA), Phenylphosphorodiamidate (PPD), 4-Chlorophenylphosphorodiamidate, N-(diaminophosphinyl)-benzamide and N-(diaminophoshinyl)-4-fluoro-benzamide)
	Competitive (slow binding)
	[14,34,89,103]



	Acylhydroxamic acids (e.g., Acetohydroxamic acid)
	Competitive (slow binding)
	[97,104]
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