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In biocementation, the overall degree of cementation achieved is constrained by the successful completion of four individual, potentially rate-limiting steps: (i) adsorption of the biocatalyst urease onto the soil grains, (ii) retained enzymatic activity of adsorbed urease, (iii) calcium carbonate (CaCO3) precipitation, and (iv) soil strengthening. Failure in any single step can result in no or limited cementation thus limited strength gain. This study conducted a thorough analysis of each step and how they translated to the degree of cementation achieved in mixtures of uncoated, iron-coated, and hydrophobically treated sand. Our results showed that higher levels of protein adsorption and urease activity were found in columns containing 10% hydrophobic sand, but that did not translate to higher amounts of calcium precipitate produced. Approximately 23% more protein mass adsorbed onto the iron-coated columns compared to 100% sand columns, but the overall urease activity was similar among these columns. However, the strength gain was 100% higher in the iron-coated columns when compared to 100% sand columns, suggesting that CaCO3 bridging was highly effective in the iron-coated columns. Overall, the results from this study highlight the importance of considering each underlying mechanisms behind biocementation, especially when the goal is to optimize the technique for field applications.
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1 INTRODUCTION
The growing efforts to reduce greenhouse gas emissions have led to an increased demand for sustainable engineering approaches within construction projects. In particular, chemical stabilization of soils, a commonly used ground improvement technique, has received significant concern due to the harmful effects it poses in the environment including the use of major contributors to greenhouse emissions such as fly ash, cement and lime and potential leaching of toxic contaminants to the environment (Anbu et al., 2016; Cetin et al., 2014; Dejong et al., 2010; Komonweeraket et al., 2015a; Komonweeraket et al., 2015b). To overcome this problem, researchers have proposed a new environmentally friendly technique for strengthening soils called biocementation. In biocementation, urea molecules (CO(NH2)2) are broken down to ammonium (NH4+) and carbonate (CO32-) ions in a chemical reaction catalyzed by urease enzymes. Carbonate ions can then precipitate as calcium carbonate (CaCO3) in the presence of calcium ions. The resulting CaCO3 acts as a cement bridging the soil particles, consequently leading to a stronger soil matrix. However, it is worth noting that urea hydrolysis is an extremely slow reaction that will not occur without the biocatalyst urease (Callahan et al., 2005; Krajewska and Functional, 2009; Ray et al., 2018). Therefore, biocementation can only be achieved if urease is present and catalytically active.
Biocementation can be performed through Microbial-Induced Calcite Precipitation (MICP), Enzyme-Induced Calcite Precipitation (EICP), or Bacterial Enzyme-Induced Calcite Precipitation (BEICP) [as reviewed by DeJong et al. (2010), Arab et al. (2021)]. The difference among these techniques lies in the form of urease used. MICP uses whole bacterial cells of the urease-secreting bacterium S. pasteurii and EICP utilizes purified plant urease, whereas BEICP uses crude bacterial protein extracts from Sporosarcina pasteurii. MICP has been shown to be effective for soil stabilization on coarse-grained soils (gravel and sand) with little success for finer soils such as silt and clay, primarily because bacterial cells are too large to move through the small voids of fine-grained soils (Hoang et al., 2018; Neupane et al., 2014; Neupane et al., 2015). Both EICP (Carmona et al., 2016; Kavazanjian and Hamdan, 2015; Neupane et al., 2013; Neupane et al., 2015; Yasuhara et al., 2012) and BEICP (Hoang et al., 2020; Hoang et al., 2018; Jiang et al., 2020) techniques can be effective for coarse and fine-grained soils, as both utilize the urease enzyme in a cell-free form to catalyze urea hydrolysis. However, EICP involves a single-protein system, while BEICP comprises a multi-component protein mixture. Prior studies have shown that in such multi-protein systems, adsorption occurs in a stepwise manner initially dominated by smaller proteins, which are later displaced by larger, higher-affinity proteins. This phenomenon is known as the Vroman effect (Noh and Vogler, 2007; Vilaseca et al., 2013; Lassen and Malmsten, 1997; Latour, 2008). Other studies have shown that proteins remaining in solution can dynamically interact with those already adsorbed, and potentially “turn” or “rotate” the initially adsorbed proteins, depending on their surface affinity (Hirsh et al., 2013; Latour, 2008). Therefore, the adsorption behavior of urease onto soil grains differs significantly between EICP and BEICP treatments. Moreover, the urease enzyme from S. pasteurii has been shown to have both greater activity and lower temperature of activation than jack bean ureases (Larson and Kalion, 1954), suggesting that the bacterial urease is more effective than jack bean urease for overall biocementation. From a techno-economical perspective, EICP approach involves extraction and purification of plant enzymes typically from jack bean, which adds complexity and extra costs to the technique. All considered, there is a need for a deeper study of the BEICP method.
The biocementation process, regardless of the technique employed, encompasses four critical and potentially rate limiting steps, in order of occurrence: (1) adsorption of the biocatalyst urease onto the soil grains; (2) retained enzymatic activity of adsorbed urease; (3) CaCO3 precipitation in the vicinity of adsorbed biocatalysts; and (4) soil strength gain. The overall degree of cementation achieved is constrained by the successful implementation of these individual steps; a single failure results in no or limited cementation. Nevertheless, no studies thus far have used a systematic approach to understand the impact of each of these rate limiting steps in the overall cementation achieved for BEICP. This knowledge is imperative for the optimization of biocementation techniques, especially for broader application of the method. In fact, most studies focused on optimizing the biocementation process have limited their consideration only to injection methods, reagent concentrations, and enzyme kinetics (Bachmeier et al., 2002; Harkes et al., 2010; Lauchnor et al., 2015; Ng et al., 2012).
Therefore, the overall goal of this study is to conduct a comprehensive analysis of each individual rate limiting step in the BEICP process and understand how they impact the degree of cementation achieved. In particular, this study aims to investigate the adsorption behavior of the S. pasteurii protein mixtures onto soils and the resulting urease activity over the course of the BEICP soil treatment. Furthermore, an assessment on calcium consumption, precipitation, and soil strength gain was conducted. To account for the intrinsic heterogeneity in natural soils, BEICP treatments were performed in soil mixtures with different surface chemistries including electric charge and hydrophobicity. Though natural soils typically have a net negative surface charge, positively charged patches are often present within a soil matrix. To mimic this scenario, Ottawa sand was coated with iron oxide to form positively charged soil particles. Similarly, Ottawa sand was coated with the hydrophobic agent siloxane to add hydrophobic patches that are often present in natural soils due to organic matter.
2 MATERIALS AND METHODS
2.1 Protein acquisition
The soil bacterium S. pasteurii (ATCC 11859) was used as the source of urease. Growth media and, cell harvesting followed previously described procedures (Pinto Vilar and Ikuma, 2021). In brief, cells were grown in a growth media comprising 20 g/L tryptic soy broth, 0.08 M ammonium sulfate and 0.13 M Tris base at pH 9, and incubated at room temperature and with continuous agitation until OD600nm values reached 1.2–1.3. At that points cells were harvested by centrifugation at 8000 g for 5 min at 20 °C. The cells were washed twice with 50 mM phosphate buffer (pH 8.0 ± 0.03) to remove the growth media and stored at 4 °C until the time of use. Protein extraction procedure was performed as previously described in (Pinto Vilar and Ikuma, 2022). In brief, cells pellets described above, were resuspended in a 50 mM HEPES buffer solution containing 2 mM EDTA (pH 8) to a final concentration that was approximately doubled the original. Cells were lysed through sonication, a total of 18 cycles were performed, with each cycle comprising 2 min of continuous sonication in an ultrasonic bath (40 kHz, M3800, Fisher Scientific, Waltham, MA) followed by 1 min of cooling. After completion of all cycles, the cell debris was removed by centrifugation at 8000 g for 5 min at 20 °C. The supernatant containing the protein extract was collected and filtered through a 0.8 μm pore size syringe filter. The concentrations of the total protein extract were measured using Nanodrop measurement at 280 nm wavelength and stored at −20 °C until further use.) All chemicals and materials were obtained from Fisher Scientific (Waltham, MA) unless otherwise noted.
2.2 Soil characterization
Iron and hydrophobic coated sand soils were obtained following procedures described previously (Pinto Vilar and Ikuma, 2022), where Ottawa silica sand 20/30 (Gilson Company Inc., Lewis Center, OH) was coated with iron or siloxane respectively. In short, iron-coated sand was obtained by mixing 80 g of standard Ottawa silica sand with 200 mL of 2.5 M FeCl3 solution and then oven-heated first for 3 h at 110 °C and then for additional 3 h at 550 °C. After cooling at room temperature samples were rinsed with DI water to remove excess chemicals and air dried. The final step comprised of mixing this air-dried sample in a 1:2 ratio with a 2.1 M solution of Fe(NO3)3 containing 1.5% w/w ratio of a 10 M NaOH solution. This mixture was heated to 110 °C overnight or until completely dried. The resulting coated sand aggregates were then mechanically broken and sieved through a U.S Sieve No. 20 and No.30 (0.85 and 0.6 mm openings, respectively); the portion retained between the two sieves was defined as iron-coated sand. To obtain the hydrophobic coated sand, Ottawa silica sand was mixed with 100% Organo Silane breathable-soil waterproofing from TerraSil (Zydex Industries, Gujarat, India) in a 10% weight ratio. The mixture was left at room temperature overnight and subsequently oven dried at 110 °C until completely dry. The dried sand aggregates were sieved through U.S Sieve No. 20 and No.30 following the process described for the iron-coated sand to yield a 100% hydrophobic sand. Streaming current and contact angle measurements were reported in our previous work to confirm positive charge and hydrophobicity of the iron- and siloxane-coated sands, respectively (Pinto Vilar and Ikuma, 2022).
To obtain the tested soil mixtures, coated sands were mixed with uncoated Ottawa silica sand 20/30 in a 10% ratio by weight to yield 10% iron soil and 10% hydrophobic soil mixtures, herein defined as 10% IRON and 10% HF. Soil samples composed of plain Ottawa silica sand are referred to as 100% SAND. Particle size distributions of each soil mixture were obtained using laser diffractometry analysis with a Malvern Mastersizer 3000 instrument (Malvern Panalytical Ltd., Malvern, UK) to confirm that all soil mixtures were composed of sandy soils only; even though the coatings slightly altered the particle sizes, mixtures of 10% coated with 90% uncoated sand resulted in similar particle size distributions (Supplementary Figure S1). The specific surface area of each soil mixture was determined through N2 physisorption analysis with a Micromeritics ASAP 2020 physisorption BET instrument (Micromeritics, Atlanta, GA) (Table 1). BET analysis was conducted as previously described (Pinto Vilar and Ikuma, 2022).
TABLE 1 | Total surface area and treatment cycle configuration for each treated soil specimens.	Sample ID	Sample	Surface area (m2)	# Protein cycles	# Chemical cycles (Urea + CaCl2)
	100% SAND	Ottawa 20/30 silica sand	89.9 ± 0.88	30	30
	10% IRON	10% iron-coated sand +90% Ottawa 20/30 silica sand	331.4 ± 1.62	26	26
	10% HF	10% hydrophobic-coated sand +90% Ottawa 20/30 silica sand	24.9 ± 2.41	2	5


2.3 BEICP soil column treatment
Soil columns were packed with 100% SAND, 10% IRON and 10% HF soil mixtures, premixed with nanopure water to achieve a 5% moisture content. Soil mixtures were packed into clear PVC cylindrical shape columns of 10 cm height and 5 cm diameter, following the column design and moist-tamping packing technique described previously (Hoang et al., 2018). Each column underwent treatment cycles with bacterial proteins and chemical solutions as described below.
For 100% SAND and 10% IRON columns, each treatment cycle started with recirculation of 2 pore volumes (PV) of crude protein extracts containing 1.5 mg/mL of proteins through each column for 2 h, followed by 30 min of free-gravity drainage. To remove unadsorbed proteins, columns were then rinsed with 3 PVs of a 50 mM HEPES buffer solution containing 2 mM EDTA (pH 8) without recirculation. Next, 6 PVs of an equimolar solution of urea and CaCl2 (0.15 M each) was recirculated to the columns for 16 ± 2 h, followed by another buffer rinse to flush out any unused chemical solution, which marked the end of a cycle. Columns were top fed at an approximate rate of 8 mL/min. The number of treatment cycles varied for each column type (Table 1) as all columns were treated until they were completely clogged. However, for the 10% HF columns, protein addition was only necessary in every other cycle because urease adsorbed in a given treatment cycle retained sufficient enzymatic activity to degrade the substrate urea in the subsequent two chemical treatment cycles. Additionally, the 10% HF columns were treated for a much lower number of cycles (Table 1) due to rapid clogging.
2.4 Quantification of protein adsorption
The total concentration of proteins was measured in the crude protein extract before the start of each cycle and after the 2 h recirculation period using Nanodrop measurement at 280 nm wavelength. The difference between these two values was considered the total amount of proteins adsorbed per cycle in each column.
2.5 Urea consumption and urease activity measurements
The amount of urea consumed during each treatment cycle was measured in all columns following previously described methods (Rahmatullah and Boyde, 1980). Urease activity measurements were conducted in selected cycles by measuring urea consumption over a 2 h period following the start of a chemical cycle, with drainage water samples taken approximately every 5 min. Urease activity was calculated based on the linear slope obtained for each reaction, and is herein expressed in U, with 1 U corresponding to 1 µmol of urea consumed per min. Furthermore, the theoretical calcium demand for each column was calculated as the sum of the demand for every cycle, assuming a 1:1 ratio of calcium needed to urea consumed as shown below (where i = treatment cycle; n = total number of treatment cycles; 16 h indicates chemical treatment time per cycle).
2.6 Soil strength measurements
BEICP treated soil samples were carefully removed from the PVC mold and oven dried at 60 °C for 24 h or until completely dried. Soil specimens were then subjected to unconfined compressive strength (UCS) tests following the ASTM D4219-08 standard procedure using a loading rate of 2 mm/min. Reported data represent peak values obtained before failure and are expressed in kPa. UCS tests were stopped immediately after failure to preserve the column structure as much as possible for subsequent measurements of the spatial distribution of CaCO3 precipitates.
2.7 Qualitative analysis of CaCO3 precipitates
Following UCS tests, qualitative analyses of the cemented soil samples were conducted at the Materials Analysis and Research Laboratory at Iowa State University. Specifically, X-ray diffraction (XRD) analysis was conducted to identify the crystalline phases of the CaCO3 precipitated in each column as described in the Supplementary Material.
Furthermore, to better visualize the configuration of the CaCO3 deposited onto the soil grains and the cementation patterns across the different BEICP treated samples, cemented pieces from each column were analyzed through scanning electron microcopy coupled with energy dispersive X-ray spectroscopy (SEM-EDS). SEM-EDS analyses were conducted as described in the Supplementary Material.
2.8 Quantification of calcium amount precipitated
After the completion of UCS tests, the cemented columns were roughly divided into three equal parts referring to the top, middle, and bottom sections of each column. To dissolve the precipitated CaCO3, each soil section from each column was digested with 1 M HCl until no bubbles were generated. The total amount of acid added was recorded, and aqueous calcium concentrations were measured using a Shimadzu-9000 Inductively Coupled Plasma Emission Spectrometer instrument. The total amount of calcium precipitated in each column per section was then calculated based on the total volume of HCl added during the acid digestion.
3 RESULTS
3.1 Protein adsorption
The average amount of proteins adsorbed in each soil column per treatment cycles followed a decreasing order of 10% HF >10% IRON >100% SAND (Figure 1). These results suggest that overall, most of the proteins in the BEICP protein extract had higher affinity towards hydrophobic surfaces (Pinto Vilar and Ikuma, 2022). In fact, approximately 28% and 54% more proteins adsorbed in the 10% HF columns compared to the 10% IRON and 100% SAND columns, respectively. More proteins adsorbed onto 10% IRON columns compared to 100% SAND, suggesting that iron-coating of sand particles affected protein affinity for adsorption.
[image: Bar chart showing average proteins adsorbed per cycle and surface coverage for different soil mixtures: 100% sand, 10% iron, and 10% HF. Sand shows 70% adsorbed and 18% coverage, iron shows 60% adsorbed and 4% coverage, HF shows 65% adsorbed and 2.6 mg/m² coverage. Gray bars represent proteins adsorbed, blue bars show surface coverage.]FIGURE 1 | Average protein adsorption per cycle for each soil mixture shown as percentage of adsorbed proteins and surface coverage for each column type. The surface coverage was calculated assuming no changes in surface occurred due to CaCO3 precipitation over the course of BEICP treatments. Data shown represent averages of three independent experiments, with error bars indicating one standard deviation. Samples were found statistically different to each other based on t-tests (p-value <0.05).Upon adsorption, adsorbed proteins often undergo conformation changes in their molecular structure, which are dependent on the protein-surface binding affinity and the surface coverage (Larsericsdotter et al., 2001; Norde and Favier, 1992; Norde and Giacomelli, 1999; Norde and Giacomelli, 2000). Surface coverage, herein defined as the ratio of the total amount of adsorbed proteins in mg to the total surface area in m2, provides information on the protein packing density and the extent of protein-protein interactions among adsorbed proteins in close vicinity. The surface coverage of treated soil specimens decreased in the order of 10% HF >100% SAND >10% IRON (Figure 1). The theoretical calculations of the percentage of surface covered by the adsorbed proteins suggest that adsorption onto the 10% HF was composed of multilayers with 154% coverage, whereas the 100% SAND and 10% IRON soil surfaces were only 18% and 6% covered, respectively (Supplementary Figure S2).
3.2 Urease enzymatic activity
Urease activity measurements were conducted in all treated soil columns for selected cycles (Supplementary Figure S3). The average urease activity per treatment cycle for each type of column is shown in Figure 2. The 10% HF columns exhibited the highest urease activity per cycle, whereas no significant difference was found among the 100% SAND and 10% IRON columns (p-value <0.05). These results correlated with the total amount of proteins adsorbed in each column (Figure 1), which showed higher amounts of proteins adsorbed in the 10% HF columns compared to 100% SAND and 10% IRON columns. However, the difference in the amounts of protein adsorbed between 10% HF and 100% SAND/10% IRON columns (Figure 1) were approximately three times smaller than the difference observed in their retained urease activity (Figure 2).
[image: Bar chart showing average urease activity per cycle for different soil mixtures. 100% sand has about 250 units, 10% iron has about 150 units, and 10% HF has approximately 1600 units. Error bars are included.]FIGURE 2 | Urease activity measurements for each treated soil specimen normalized to the number of treatment cycles. Values represent averages of three independent experiments, with error bars indicating one standard deviation. 100% SAND and 10% IRON samples are not significantly different from each other based on t-tests (p-value <0.05).3.3 Calcium carbonate precipitation
The theoretical calcium demand and overall calcium precipitated in each column are shown in Figure 3. Because the theoretical calcium demand is directly proportional to the urease activity and the number of treatment cycles, 100% SAND and 10% IRON columns had similar theoretical Ca demands (p-values >0.05), but the 10% HF columns were significantly lower due to the much lower number of treatment cycles (Table 1). More importantly, though urease activity was higher in the 10% HF columns (Figure 2), similar percentages of calcium precipitated in all columns when compared to their theoretical calcium demand (p-values >0.05). Thus, these results suggest that Ca precipitation rates are not directly proportional to retained urease activity, pointing to the need for further optimization of urea-to-CaCl2 ratios in BEICP treatments.
[image: Bar chart comparing theoretical calcium demand and calcium precipitated across three soil mixtures: 100% sand, 10% iron, and 10% HF. Each mixture shows both calcium demand and precipitated levels, with errors indicated. Demand is highest in 100% sand and lowest in 10% HF. Calcium precipitation is consistent across all mixtures at around 60-70%.]FIGURE 3 | The total theoretical calcium demands and actual calcium precipitated (as % of Ca demand) in each column. Data shown represents the averages of three independent experiments with error bars indicating one standard deviation. Samples SAND and 10% IRON samples in both data sets were found not to be statistically different based on t-tests (p -value <0.05).The distribution of Ca precipitates over the column depth is shown in Figure 4. Results show that Ca precipitates were more evenly distributed across the depth of 100% SAND and 10% IRON columns. However, approximately half of the Ca precipitated in the top section in 10% HF, which was likely the reason for the premature clogging observed in these columns. It is noteworthy that though not clearly statistically different, 10% IRON columns appeared to have more uniform distribution of precipitated Ca compared to 100% SAND. These trends were confirmed via thermogravimetric analysis of subsamples (data not shown), implying that the Ca distributions observed here were indeed attributable to CaCO3 precipitation instead of residual CaCl2. Ca concentration typically varies as depth increases with an increase in depth leading to a decrease in the Ca precipitation (Jiang et al., 2016). Whiffin et al. (2007) also showed that amount of Ca precipitation was proportional to the porosity of the material, and the precipitated Ca content decreased with increasing distance from the injection point (Whiffin et al., 2007). In addition, Ivanov and Chu (2008) observed such trends and claimed such decreases were expected via depth which was commonly attributed to the decrease in permeability of the top layers due to clogging of pores within the soil matrix.
[image: Bar chart showing calcium precipitation percentages in three soil mixtures: 100% sand, 10% iron, and 10% HF. Each bar is divided into three sections: top (diagonal stripes), middle (solid blue), and bottom (solid gray), representing different soil depths. Error bars are present.]FIGURE 4 | Distribution of Ca precipitates over the depth of each column type. Data shown represents the averages of three independent experiments with error bars indicating one standard deviation. Samples were found not to be statistically different based on t-tests (p-values >0.05).Furthermore, to better visualize the shapes and structures of the CaCO3 precipitates on the soil grains, SEM analysis was conducted in cemented samples (Figure 5). Qualitative comparisons between the SEM pictures of each column suggests that biocementation in 100% SAND (Figures 5a–c) and 10% IRON (Figures 5d–f) columns yielded larger-sized and more disorganized crystal structures that were often fused together. On the other hand, samples from 10% HF columns (Figures 5g–i) exhibited discrete crystal structures with smoother surfaces. This difference in the crystal structure patterns of 100% SAND/10% IRON columns compared to the 10% HF columns can potentially be attributed to the much higher number of treatment cycles conducted in the SAND and IRON columns (Table 1). In addition, though CaCO3 can be biologically precipitated in several morphological forms (Li et al., 2013; Sondi and Salopek-Sondi, 2005), XRD analysis confirmed that all CaCO3 indeed precipitated as calcite (Supplementary Figure S4), which is the desired form for biocementation applications due to its high thermodynamic stability (Anbu et al., 2016). EDS analysis further confirmed the presence of Ca, C, and O in all types of columns (Supplementary Figure S5).
[image: Nine grayscale scanning electron microscope images labeled a to i. Each image shows various microstructures and textures of different mineral or material samples, revealing spherical, crystalline, or granulated formations with different magnifications and scales. The color variations and detailed surface textures highlight the complexity of each sample's composition and physical properties.]FIGURE 5 | SEM pictures of cemented pieces from 100% SAND columns (a–c), 10% IRON columns (d–f), and 10% HF columns (g–i). The pictures shown were taken at 20× (a,d,g), ×60 (b,e,h), and ×500 (c,f,i) magnifications.Indeed, previous studies have shown the crystal structure and morphology of biologically-precipitated CaCO3 are strongly influenced by reaction times as well as the enzyme and calcium concentrations (Anbu et al., 2016; Li et al., 2013; Meldrum and Cölfen, 2008; Sondi and Salopek-Sondi, 2005). CaCO3 precipitates appeared to evenly coat the soil grains in all columns (Figure 5). However, conclusions regarding the optimal distribution of CaCO3 crystals could not be formulated for the 100% SAND and 10% IRON columns because treatments were conducted until complete clogging was achieved, likely resulting in most soil voids being filled with CaCO3 precipitates.
3.4 Soil strengthening
Post-BEICP treatments, all columns were able to stand without support prior to drying, pointing to successful biocementation in all samples even in the 10% HF column that was subjected to a much smaller number of treatment cycles. Strength gain was quantified using UCS measurements (Figure 6). Substantial strength gain was achieved in 10% IRON and 100% SAND columns. The strength gain achieved in the two samples were comparable to those obtained in previous biocementation studies of sandy-soils (Al Qabany and Soga, 2013; Cui et al., 2017; Cui et al., 2021; Hoang et al., 2018; Krishnan et al., 2021; Yasuhara et al., 2012). However, the degree of cementation achieved in the 10% IRON columns was more than 2× the observed values for the 100% SAND, even though the retained urease activity in the 10% IRON columns was very low (Figure 2).
[image: Bar chart showing the unconfined compressive strength of three soil mixtures: 100 percent sand, 10 percent iron, and 10 percent HF, measured in kilopascals. The iron mixture has the highest strength, followed by sand, with HF being the lowest. Error bars indicate variability.]FIGURE 6 | Unconfined compressive strength measurements conducted according to ASTM D42190-08 standard norm. Data shown represents averages of three independent experiments and error bars indicate one standard deviation. Samples were statistically different based on t-tests (p-value <0.05).4 DISCUSSION
This study highlights the importance of understanding the fundamental processes encompassed in biocementation techniques and specifically describes how each critical process correlate to the overall degree of cementation that can be achieved. The optimization of the BEICP technique and its application in the field are highly dependent on the identification of the rate limiting steps and finding solutions to increase their rates. Specifically, here we discuss three key rate limiting steps: protein adsorption, urease activity, CaCO3 precipitation, and soil strength gain.
For BEICP applications, the likelihood of protein adsorption is mainly influenced by the affinity of the S. pasteurii crude protein mixture towards the treated soil surfaces, and the total soil surface area available for adsorption (Pinto Vilar and Ikuma, 2021; Pinto Vilar and Ikuma, 2022). Here, we observed that the average amount of proteins adsorbed in each soil column per treatment cycle followed a decreasing order of 10% HF >10% IRON >100% SAND. In the 10% IRON and 100% SAND columns, electrostatic interactions are expected to be the major driving force behind adsorption since both surfaces are hydrophilic. The distinction between these two samples lies in their isoelectric points (pIs); the pI for Ottawa silica sand is 2 (Kuo and Angeles, 1987) whereas for the iron-coated sand is 9.3 (Benjamin et al., 1996). As the protein adsorption step was conducted at pH 8, the surface charge in 100% SAND columns was expected to be mostly negatively charged, whereas in 10% IRON columns several positively charged patches were likely present. At this pH, we found that S. pasteurii crude protein extracts were mostly composed of negatively charged proteins (Pinto Vilar and Ikuma, 2021) including urease (pI of 4.6 (Christians and Kaltwasser, 1986)), pointing to surfaces with lower pIs exhibiting stronger electrostatic repulsion. In the case of 10% HF columns, adsorption is likely driven by a synergistic combination of electrostatic and hydrophobic interactions (Pinto Vilar and Ikuma, 2022).
These results agree with several studies that show that proteins are in general highly attracted to hydrophobic surfaces (Absolom et al., 1987; Azioune et al., 2002; Huang et al., 1999; Kim and Somorjai, 2003; Robertson et al., 1991; Tangpasuthadol et al., 2003; Wang et al., 2017), and protein adsorption onto hydrophobic surfaces is likely to occur even under unfavorable electrostatic scenarios (Norde, 2003). However, it is important to note that most of these studies were conducted on single protein systems or binary/ternary mixtures. In contrast, our study employs a complex protein mixture comprising hundreds of proteins, making the system significantly more representative of natural conditions, but also more challenging to interpret. In such complex systems, adsorption behavior and retained enzymatic activity are strongly influenced by surface packing density, which is dependent on surface chemistry but also heavily influenced by intramolecular protein interactions. Our previous work using batch adsorption experiments showed that urease in a crude protein extract was preferentially adsorbed onto hydrophobic containing soils, despite the presence of many other proteins that competed for adsorption sites (Pinto Vilar and Ikuma, 2022). Therefore, though urease adsorption was not specifically measured here, it is likely that there was a high abundance of urease enzymes adsorbed on the 10% HF column as part of the crude protein adsorption.
Both the highest protein surface coverage and highest urease activity were observed in 10% HF columns compared to the 100% SAND and 10% IRON columns. Protein adsorption is often accompanied by a decrease in enzymatic activity. Several studies have shown enzyme immobilization alters Michaelis-Menten kinetic parameters resulting in a lower Vmax and higher Km (Datta et al., 2017; Gianfreda et al., 1991; Huang et al., 1999; Pflug, 1982), where Vmax is the maximum reaction rate and Km relates to the enzyme affinity to the substrate. Conformational changes, denaturation, and unfavorable orientations of adsorbed proteins are frequently associated with decreases in the catalytic efficiency of adsorbed proteins (Datta et al., 2017; Norde and Giacomelli, 1999; Secundo, 2013). In high surface coverage scenarios, adsorbed proteins are closely clustered and are more likely to overlay active sites, which in turn could decrease enzyme activity (Gianfreda et al., 1992; Kim and Somorjai, 2003). On the other hand, at low surface coverages, adsorbed proteins have more to room to spread on the surface and conformational changes in the molecular structure are more likely to be accompanied by protein denaturation (Hoeve et al., 1965; Larsericsdotter et al., 2001; Norde and Favier, 1992; Norde and Giacomelli, 2000). Indeed, our observations suggest that denaturation and/or unfavorable orientation of adsorbed urease might have caused the lower-than-expected activity values observed in the 100% SAND and 10% IRON columns. We hypothesize that in the 10% HF column proteins were tightly packed and adsorption happened in a multilayer fashion (Figure 1; Supplementary Figure S2), which then limited denaturation allowing for greater catalytic activity of adsorbed urease. In addition, our results suggest that urease was preferentially adsorbed onto hydrophobic patches of sand (Pinto Vilar and Ikuma, 2022), suggesting that there may have been more urease enzymes adsorbed in the 10% HF column that led to higher urease activities. Therefore, this study shows that a correlation between total amount of protein adsorbed and retained enzymatic is highly dependent on the soil surface chemistry and surface packing density.
Furthermore, although the 10% HF retained higher levels of urease activity, the amount of calcium precipitates formed (compared to theoretical demand of calcium) was similar to those found in 100% SAND and 10% IRON columns. While early clogging of the 10% HF column made direct comparisons difficult, our results suggest that retained urease activity and Ca precipitation are not necessarily proportionally correlated, perhaps pointing to an additional, unexplored rate limiting step in the BEICP process. This contrasts with the findings of most biocementation studies, which generally report a positive correlation between higher urease activity and increased calcium carbonate precipitation. However, it is important to note that previous studies typically measured urease activity in the treatment solution, i.e., the activity of free urease prior to adsorption, whereas the present study evaluated retained activity of the adsorbed urease. The decision to measure the activity of the adsorbed urease was based on the extensive literature showing decreased enzymatic activity upon protein adsorption to solid surfaces (Datta et al., 2017; Gianfreda et al., 1991; Huang et al., 1999; Pflug, 1982). These are fundamentally different variables, and a such additional studies are necessary to draw meaningful conclusions on the relationship between enzymatic activity of adsorbed urease and calcium precipitation. Though not enough data were collected here, the observed differences in CaCO3 morphology by SEM may provide a starting point for understanding this missing rate limiting step.
Finally, strength gain was much lower in the 10% HF columns compared to the other columns, which was partly due to early clogging of the columns (5 chemical treatments for HF compared to 26/30 treatments for others). We suspect that the higher urease activity retained in the 10% HF samples likely caused the premature clogging in above layers of specimen in these columns, which in turn resulted in an overall lower degree of cementation achieved based on UCS measurements. However, the high retained urease activity observed in these columns suggest that BEICP would be highly effective in soils with at least 10% hydrophobic content as long as appropriate design considerations are given. Therefore, we suggest that a treatment regimen with a lower total protein concentration would be more appropriate for hydrophobic soils to decrease the urease enzymatic activity and allow more cycles treatments to be performed prior to clogging. Using a lower total protein concentration can also significantly decrease the overall cost of BEICP application in the field. However, the high retained urease activity observed in these columns suggest that BEICP would be highly effective in soils with at least 10% hydrophobic content as long as appropriate design considerations are given.
On the other hand, strength gain was significantly higher in 10% IRON columns compared to 100% SAND and 10% HF (107% and over 4000% higher, respectively), even though the retained urease activity in the 10% IRON columns was very low; these observations suggest that BEICP for soil strengthening may be highly effective in soils with higher iron contents. This difference in retained urease activity and degree of cementation achieved suggests that there could be preferential CaCO3 precipitation occurring between soil grains in the presence of iron to promote bridging. Because the biocementation in this study were performed until complete clogging was achieved, the SEM images shown in Figure 5 are unable to provide information on that point. As soil iron content is considered to be generally inhibitory of urease activity and adsorption (Slimani et al., 2023; Pinto Vilar and Ikuma, 2022), this possible preferential Ca precipitation is likely not correlated to urease activity. However, the relatively more uniform distribution of Ca throughout the column depth in 10% IRON columns (Figure 4) may have contributed to greater strength, pointing to the possible importance of the surface distribution of the adsorbed proteins. Future studies are needed to better elucidate these possibilities.
Overall, while the four initially identified rate limiting steps for BEICP were shown to be important, our results suggest that there may yet be some missing links that lead to the ultimate goal of soil strengthening. However, our findings suggest that prior to implementation of BEICP, it is worthwhile to get a full profile of the soil to be treated, including but not limit to total surface area, pH, and soil composition, especially hydrophobicity and iron content, to design a customizable BEICP treatment for each soil. For example, if such soil characteristics are well documented, protein concentrations and numbers of treatment cycles could be tailored appropriately for each BEICP treatment scheme. In addition, applying a small amount of hydrophobic coating to soils prior to biocementation could potentially increase the likelihood of successful biocementation. Finally, this study proves that a crude bacterial protein extract can yield successful cementation in soils with different surface chemistries and that enzyme purification is not needed for biocementation applications.
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