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1. Introduction

The increasing use of industrialized products generally 
ends up with several types of contaminants. Among these, 
metals have great attention for their toxicity, mobility, and 
permanence in contaminated sites. Residues containing 
hexavalent chromium (Cr6+) and Cadmium (Cd2+) are 
among the most toxic and recognized as human carcinogen 
(GracePavithra et al., 2019; Liu et al., 2018).

Several techniques can be used to remediate these 
contaminated areas, preventing the movement of contaminants, 
such as techniques for stabilizing and solidifying. In this 
sense, more efficient and sustainable techniques are sought to 
immobilize soil contaminants, as is the case of the microbially 
induced calcite precipitation (MICP) technique. (Song et al., 
2022; Chen et al., 2023).

Biocementation, also named MICP, has been applied. Can 
be used in addition of conventional cement in mortar and concrete; 
and for the immobilization of toxic metals (Achal et al., 2009; 
Yang & Cheng; 2013; Al-Salloum et al., 2017; Gomez et al., 
2017; Li et al., 2018; Mwandira et al., 2017; Liu et al., 2018).

Furthermore, the application of MICP extends to 
the remediation of cracks in structural materials and the 
stabilization of heavy metals in contaminated soils. For 
instance, Li  et  al. (2018) demonstrated the successful 
bio-consolidation of cracks in masonry cement mortars 
using Acinetobacter  sp. SC4, a high-urease-producing 
bacterium isolated from a karst cave, which resulted in 
significant improvements in compressive strength and 
reduction in water absorption.

In a complementary approach focusing on direct 
contaminant immobilization, Mwandira et al. (2017) achieved 
complete bioremediation of lead (Pb2+) from mine waste 
using Pararhodobacter sp. via MICP, which also concurrently 
enhanced the unconfined compressive strength of the treated 
sandy matrices. While chemical binders like KMP (a blend 
of phosphate compounds and reactive magnesia) offer 
an alternative stabilization method by forming insoluble 
metal phosphate precipitates, as shown by Xia et al. (2018), 
MICP presents a more biologically driven and often more 
sustainable pathway for simultaneous strength improvement 
and contaminant encapsulation.
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The function of MICP is governed by hydrolysis of 
urea, which is biochemical process that the bacterial ureolytic 
enzyme hydrolyzes the urea [CO(NH2)2)] in aqueous medium 
producing carbonate (CO3

-2) and ammonium (NH4+) ions 
(Follmer 2010; Kumar et al., 2023).

With the production of ammonia through ureolytic 
activity, the pH of the medium increases. Afterwards, it 
starts the process of calcite’s (CaCO3) formation with the 
interaction between carbonate ions (CO3

-2) and calcium ions 
(Ca2+), derived from the biocide solution, resulting in CaCO3 
(Stocks-Fischer et al., 1999; DeJong et al., 2011; Ng et al., 
2012; Al Qabany et al., 2012; Shu et al., 2018; Krajewska 
2018). These processes are expressed in the Equations 1 and 2.

  2   
2 2 2 3 4 

( ) 2  
Urease reaction

CO NH H O CO NH− ++ → +  	 (1)

( )2    2
3 3 

 
Calcite formation

Ca CO CaCO s+ −+ →  	 (2)

Calcium ions (Ca2+) have been found to promote microbial 
activity by decreasing the direct sorption of heavy metals in 
microbial cells (Fang et al., 2021; Comadran-Casas et al., 
2025). In addition, the CaCO3 crystals generated through 
MICP can encase contaminants, reducing their bioavailability 
and leaching into the environment (Yang et al., 2023).

The starting point of MICP was the application on 
sandy soils in order to increase the strength and stiffness of 
the material, based on the microbes, especially the bacteria S. 
pasteurii and Bacillus pasteurii (Stocks-Fischer et al., 1999; 
Whiffin et al., 2007; DeJong et al., 2011; Feng & Montoya 
2015; Jiang et al., 2016; Nassar et al., 2018).

The MICP is also applied in the immobilization of toxic 
metals, like Zn2+, As3+, Pb2+, Cd2+, Mn2+, Sr2+, Ba2+ and Al3+ in 
soils media, by providing the encapsulation, biomineralization 
and promoting the upgrading of Geomechanics’ properties 
as a Solidification/Stabilization (S/S) technique (Achal et al., 
2012b; Kumari et al., 2014; Li et al., 2018; Mwandira et al., 
2017; Xia et al., 2018; Comadran-Casas et al., 2025). An 
interesting point of the technique is use of bioaugmentation 
or even biostimulation of natural bacteria in the soil, in which 
both of them could provide improvement of strength in the 
soil, mainly sandy soils (Nassar et al., 2018).

For the application of this technique, some factors and 
variables are essential to be evaluated, such as the leaching 
process during the application of the biocementation solution 
(for example, composed mainly of urea and calcium chloride for 
CaCO3 precipitation and the nutrient medium for biostimulation 
of native microorganisms), as well as the effect of toxic metals on 
urease and the metabolism of microorganisms present in the soil.

Based on the applications of biocementation, this 
research may contribute to understanding the limitations 
of the technique’s application in metal-contaminated soils. 
Will the application of the technique increase the speed of 
contaminant movement in the soil? Will microorganisms 
become inactive due to the toxicity of the contaminants? 

And finally, will the contaminants be immobilized in the 
soil, in addition to increasing the strength of the sandy soil?

In this sense, this article aims to evaluate the application 
of the MICP technique to immobilize toxic metals (hexavalent 
chromium (Cr6+) and cadmium (Cd2+) and to improve the 
mechanical strength of a sandy soil.

2. Materials and methods

2.1 Soil

The soil used in the research was a sandy soil from 
the city of Osório, Rio Grande do Sul, Brazil, located at 
29° 54’ 1” S/50° 16’ 26” W. This soil presents rounded 
grains and a uniform grain-size distribution, free of organic 
matter. It was classified as nonplastic uniform fine sand 
(SP). Mineralogical analysis showed that the sand particles 
were predominantly quartz. The properties of the soil are 
shown in Table 1.

2.2 Biocementation solution

To biostimulate the microorganisms present in soil 
without the necessity of bioaugmentation, the biocementation 
solution consisted mainly by the urea and calcium’s 
source, according to Equation. 1 and 2. Otherwise, the 
constituent’s nutrients were needed to biostimulate the 
growing of native microorganisms and to precipitate 
CaCO3. The composing of the biocementation solution 
has been previously applied (Amarakoon & Kawasaki 
2018; Pacheco et al., 2018, 2022) and it is presented in 
Table 2. The pH solution was 6.8.

Table 1. Properties of the soil.
Properties Value

Specific gravity (-) 2.65
Uniformity coefficient (Cu) 2.11

Coefficient of curvature (Cc) 1.15
D10 (mm) 0.09
D50 (mm) 0.17

Minimum Void Ratio (emin) 0.60
Maximum Void Ratio (emax) 0.85

Table 2. Biocementation solution.
Chemical Concentration (g/L)

Nutrient Broth 3
NH4Cl 10

NaHCO3 2.12
(NH2)2CO 30.00

CaCl2 56
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2.3 Metal contaminants

The concentration of toxic metals/inorganic contaminants 
used in the researched were based on the intervention limit 
proposed for an industrial area, by the Brazilian soil quality 
law Resolution nº 420/2009 of the Environment National 
Council from Brazil (Brasil, 2009). Soil contamination 
was determined based on the dry weight of the soil, that is, 
considering the mass of the soil without moisture in relation 
to the contaminant.

Then, the experimental concentration adopted was 2 
times the limit concentration for each metal. For Cr6+ and 
Cd2+ the initial concentrations of 20 mg.kg-1 and 40 mg.kg-1 
were used, respectively. Both contaminating solutions 
were prepared based on a standard commercial solution of 
1000mg/L, for each metal, being (K2Cr2O7) in deionized 
water and Cd(NO3)2 in HNO3. The contaminant solutions 
were added to the soil (according to 2.4), contributing to a 
final moisture content of 10% in the test specimens.

2.4 Experimental program

The research was conducted under a full factorial 23 
experiment, which evaluated the effect of three main factors 
(independent variables): Cr6+ (X1), Cd2+ (X2) and volume of 
biocementation solution (X3), according to Table 3. All the 
experiments were conducted in triplicates. The volumes of 
solutions used, 230 ml and 460 ml, correspond to 1 and 2 
times the void ratio of the specimens, respectively.

This experimental program allowed to consider the 
influence of toxic metals and the solution’s volume on several 
parameters (dependent variables) as: ureolytic activity of the 
leached solution (e.g. pH and the leaching of Cr6+ and Cd2+ 
during the process of biocementation); unconfined compressive 
strength (UCS); scanning electron microscope-(SEM) and 
Energy-dispersive X-ray spectroscopy-(EDS); and alkaline/
acid extraction of Cr6+ and Cd2+.

The analyzed factors were chosen to understand their 
interactions with the dependent variable, mainly the factor 
X3, because usually the amount required to biocement a 
sandy soil is related to 2x void ratio (Gomez et al., 2017; 

van Paassen et al., 2010). In our case, this amount could 
contribute to the leaching of the contaminants (X1 and X2). 
Moreover, the interaction between Cr6+ and Cd2+ was studied 
both in combination and separately.

By considering the experimental program, the specimens 
were made on columns, also called “biocementation columns” 
made by PVC plastic, according to Figure 1. The dimensions of 
the columns were: 40 cm of height and 5 cm of diameter (∅), 
where the internal diameter (∅) was 4.4 cm. The column had 
a system to collect the leached solution from the specimens 
and a top free layer to percolate the biocementation solution. 
The total layer of soil was composed by 30 cm of Osório sand, 
with the top layer -5 cm-, containing the contaminated soil 
(e.g. Cr6+, Cd2+ or even both contaminants) and the residual 
layer column -25cm- with non-contaminated soil.

The biocementation solution were applied in 14 injections, 
within an interval of 2 days (total of 28 days), to guarantee the 
full development of the microorganisms and precipitation of 
CaCO3 (Amarakoon & Kawasaki 2018; Nassar et al., 2018; 
van Paassen et al., 2010; Xia et al., 2018). The biocementation 
solution was applied via a gravity-fed percolation method.

The soil used was initially unsaturated and natural 
percolation was applied. For each injection, the designated 
volume of solution (corresponding to 1x or 2x the void ratio) 
was poured directly onto the top surface of the soil column. 

Table 3. Experimental full factorial 23 program matrix.

Run Experiment Coded Runs
Coded Factors Non-Coded Factors

X1
[Cr6+]

X2
[Cd2+]

X3 
[Volume of Solution]

X1 [Cr6+] 
(mg.kg-1)

X2 [Cd2+] 
(mg.kg-1)

X3
[Volume of Solution] (mL)

1 A01 (Control) -1 -1 -1 0 0 1x void ratio
2 A02 +1 -1 -1 20 0 1x void ratio
3 A03 -1 +1 -1 0 40 1x void ratio
4 A04 +1 +1 -1 20 40 1x void ratio
5 B01 (Control) -1 -1 +1 0 0 2x void ratio
6 B02 +1 -1 +1 20 0 2x void ratio
7 B03 -1 +1 +1 0 40 2x void ratio
8 B04 +1 +1 +1 20 40 2x void ratio

Figure 1. Biocementation design.



Microbially induced calcite precipitation (MICP) in a sandy soil for strength improvement and contaminant immobilization

Soil. Rocks, São Paulo, 2026 49(3):e2026010125 4

The solution was allowed to drain freely under gravity, and 
the leachate was collected from the bottom outlet for analysis. 
Furthermore, the injections for each specimen were performed 
sequentially at two-day intervals. This injection procedure was 
repeated 14 times for each column, resulting in a total treatment 
period of 28 days. This protocol, adapted from Amarakoon & 
Kawasaki (2018) and van Paassen et al. (2010), was designed 
to prevent ammonia inhibition and near-injection-point 
clogging, thereby promoting uniform microbial activity and 
calcite precipitation throughout the column.

The experimentation was conducted under room 
temperature of 23 °C (average temperature for the natural 
soil). Another two parameters for the molding process, the 
relative density (%) and the initial moisture content (%) were 
respectively: 50% and 10%.

2.5 Monitoring of ureolytic activity

Following each injection and subsequent percolation 
of the biocementation solution, the pH of the leachate 
collected from the columns was measured using a bench-
top pH meter. Leachate samples were collected in 500 mL 
beakers.

The leaching of Cr6+ and Cd2+ during the process of 
biocementation was analyzed by the collected samples from 
the 14 injections of biocementation solution throughout the 
specimens. The amount of Cr6+ leached was determined 
by the method 7196a (USEPA, 1992). The amount of Cd2+ 
leached was determined in agreement with ASTM D4691 
(ASTM, 2017).

2.6 Unconfined compressive strength (UCS)

After the process of biocementation a curing process 
of 28 days was adopted, in a room temperature of 23 °C 
(Ng et al., 2012; Al Qabany et al., 2012). This time was 
defined as representing the usual curing period for cementitious 
materials, for resistance to gain. Because of the dimensions 
of the specimens (e.g. columns 30 cm of height and 4.4 cm 
of diameter), and according to ASTM D2166/D2166M-13 
(ASTM, 2013) for unconfined and undrained compression 
test, to obtain a minimum length-to-diameter ratio of 2:1, 
the specimens were sectioned in three segments’ horizons: 
“Top” (0-10 cm of length; initially contaminated soil + 
initially non contaminated soil); “Medium” (10-20 cm 
of length; initially non contaminated soil); and “Bottom” 
(20-30 cm of length; initially non contaminated).

2.7 Alkaline and acid digestion

The alkaline and acid digestion were conducted on 
the “Top”, “Medium” and “Bottom” layers. It means that 
samples were taken from 3 different depths to extract the 
contaminants all along the specimens. These extractions were 
made punctually at 5, 15 and 25 cm as the top, medium and 

bottom layers, respectively. In order to extract Cr6+ from the 
bioremediated specimens (e.g. accordingly to Table 3), the 
alkaline digestion was used based on the method 3060a was 
used (USEPA, 1996b) in complement with the method 7196a 
(USEPA, 1992). The extraction of Cd2+ from the specimens 
(e.g. accordingly to Table 3) was based on method 3050B 
(USEPA, 1996a) in complement with ASTM D4691 (ASTM, 
2017) (Grigalavičiene et al., 2005; Hu et al., 2006).

2.8 SEM EDS analysis

The microstructure formed between the sandy soil, 
CaCO3, Cr6+ and Cd2+ was analyzed by scanning electron 
microscope (SEM) equipped with Energy-dispersive X-ray 
spectroscopy (EDS). Mainly, this procedure consisted of 
identifying the biomineralization of CaCO3, Cr(CO3)3 and 
CdCO3 (Achal et al., 2012a; Zhu et al., 2016; Xia et al., 
2018). For that, samples were collected from the top 
layer of the specimens, due to the soil being initially 
contaminated. The analyses were conducted under high 
vacuum conditions at an accelerating voltage of 15 kV 
and a working distance of approximately 10 mm, and the 
samples were oven-dried in a forced-air oven at 60 °C for 
24 hours to remove moisture. Under these conditions, the 
instrument’s resolution is 3.0 nm. This procedure aimed to 
identify the biomineralization of CaCO3 and the potential 
precipitation of Cr- and Cd-carbonates (Achal et al., 2012a; 
Zhu et al., 2016; Xia et al., 2018).

2.9 Statistical analysis

All experiments were performed in triplicate. The 
data were statistically analyzed using analysis of variance 
(ANOVA), and the means were compared by Tukey’s test 
with the Statistica 8 software (StatSoft®, USA).

3. Results and discussion

3.1 Monitoring of ureolytic activity

The process of biocementation is affected by many 
factors [e.g. pH, nutrients, molarity of solution, temperature 
among others]. The hydrolysis of urea, typically catalyzed 
by the enzyme urease, directly releases ammonia (NH3) 
and carbon dioxide (CO2), which in aqueous solution form 
ammonium ions (NH4

+), bicarbonate ions (HCO3
−), and 

hydroxide ions (OH−), leading to a predictable increase 
in the pH and alkalinity of the medium (Al Qabany et al., 
2012; Anbu et al., 2016; Gomez et al., 2017). That’s why the 
monitoring process is necessary to evaluate the activity of the 
bacteria or native microorganism in the soil (Yasuhara et al., 
2012; Phillips et al., 2013). The mean of pH of the leached 
solution during the application of the biocement solution is 
shown in the Figure 2.
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The ureolytic activity of the biostimulated bacteria on 
soil varied accordingly to the pH, in its change from neutral 
stages [(e.g. by considering the initial pH of solution at 6.8 
(Table 2)] to alkaline stages (from around 7 to around 8 - 
Figure 2). All the tested specimens had an alkaline stage, 
indicating by that the occurrence of biocementation. It’s 
important to notice that the Cr6+ and Cd2+ could be toxic for 
the bacteria in the soil. In this case, these toxic metals did not 
affect directly in the development phase and process of urease 
of the bacteria (Kang & So 2016; Mwandira et al., 2017).

By the results of pH and its variance along the treatment, 
according to Kang & So (2016), Mwandira et. al (2017), 
Cheng  et  al. (2014) and Jiang  et  al. (2016) the ureolytic 
activity could be associated with the progress of pH from 
neutral to alkaline. This process indicates, by analyzing 
Figure 2, that ureolytic activity of the biostimulated bacteria 
had increased specially from injection 4.

The statistical analysis showed that the influence 
of Cr6+(X1), Cd2+(X2) and volume of solution (X3) were 
significative p-value were 10-4, 0.03, 0.01, respectively on 
the pH`s effect, according to Table 4.

By that, it’s possible to observe that the specimens with 
1x void ratio’s volume solution had alkaline increased around 
the injection 5 (at day 10) and the specimens with 2x void ratios 
had the alkaline increased at the injection 12. That means that 
nutrient availability in specimens with 2x void ratio enables 
urease production for longer time, precisely due to nutrient 

availability higher than 1x void ratio and it infers on the mitigation 
of heterogeneity caused by the technique. Furthermore, the 
presence of Cr6+ and Cd2+ influence on the pH of the leached, 
but it did not mitigate the process of biocementation by allowing 
the alkaline stages accordingly to the increase of the pH during 
the stimulation or also called the process of biocementation 
(He et al., 2019; Rajasekar et al., 2021) .The monitoring process 
analyzed the leaching of the Cr6+ and Cd2+ during the process 
of biocementation, according to Figures 3 and 4.

The biocementation solution and the technique could 
promote the leaching process of the contaminants present 
in the soil, especially because of the sandy soil, in this case 
within high permeability. So, the leaching process of Cr6+ 
was higher in comparison of Cd2+, especially on specimen 
A02, within less volume of solution and no presence of Cd2+.

This could be associated to a reaction of Cr6+ and 
Cd2+, which leaded to retention of the contaminant or also 
associated to the degree of biocementation on the top layer 
of these specifics specimens, or also the immobilization by 
the biomineralization which could create another minerals as 
Cr(CO3)3 and CdCO3 (Kumari et al., 2014; Kang et al., 2014; 
Khadim et al., 2019; Omoregie et al., 2024). The specimen A02 
(e.g. which the residual concentration of Cr6+ was 62.67%), the 
other specimens (e.g. A04, B02 and B04) retained, respectively 
85.53, 85.45 and 87.05%, of the residual concentration of Cr6+ 
on the column, which means not leached in the biocementation 
solution during the process of application

Figure 2. Monitoring of pH from the biocement leached solution.

Table 4. pH ANOVA matrix.
Effect Test F DF p-value

Intercept Wilks 4097224 13 0.000387
Cr6+(X1) Wilks 518 13 0.034362
Cd2+(X2) Wilks 1697 13 0.018996

Volume of Solution (X3) Wilks 10824 13 0.007523
(X1) vs (X2) Wilks 21 13 0.169919
(X1) vs (X3) Wilks 15 13 0.198118
(X2) vs (X3) Wilks 1435 13 0.020660

(X1) vs (X2) vs (X3) Wilks 386 13 0.039816
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The statistical analysis indicated the significant 
influence of Cr6+(X1), Cd2+ (X2) and volume of solution 
(X3) (e.g. p value under 0.05 for all cases) on the leaching 
process, which infers to conclude that the Cr6+ and Cd2+ had 
and specific interaction on the leaching process, being more 
effective the MICP’s technique when applied for the both 
metals simultaneously.

The analysis of Figure  4 shows a specific scenario 
where the leaching is more accentuated for specimens B03 
and B04, the ones with 2x void ratio, indicating that the 
X3 has a significatively influence on the leaching process, 
what is supported by the statistical analysis where the X3 
is significant within a p value < 10-8 and also is X2 with a 
p value bellow 0.05. Meantime, it is important to highlight 
that the residual concentration of Cd2+ for all the specimens 
were higher than 92% and those which presented higher 
leaching (e.g. B03 and B04) received more nutrients and 
chemical compounds by the solution which leads to more 
homogeneous biocementation all along the columns.

The integration of heavy metal ions into the evolving CaCO3 
structure is pivotal to the effectiveness of MICP. The Cd2+ and 
Cr6+ stabilization is linked to the formation of metal carbonates 
(Cr(CO3)3 and CdCO3). This process involves mechanisms 
such as isomorphic substitution of Ca2+or incorporation into 
crystal lattice interstices or defects (Tamayo-Figueroa et al., 
2019). This incorporation depends on the ionic radius and 
charge of the heavy metal ions, which influence their ability 
to substitute for Ca2+in the lattice. The High saturation of 
CaCO3 in the environment promotes nucleation and growth 
of CaCO3 crystals, enhancing the entrapment of heavy metals, 
conversely, low saturation levels may inhibit these processes, 
reducing immobilization efficiency (Omoregie et al., 2024).

The substitution of Ca2+ by comparable ionic radii such 
as Pb2+, Cd2+, or Zn2+ tends to be more efficient compared 
with metals with significantly different ionic radii or charges 
(e.g., Cr3+, Cr6+) (Mitra et al., 2022). This relationship justifies 
the greater leaching of hexavalent chromium in relation to 
cadmium in the experiments.

Figure 4. Residual concentration of Cd2+ in the specimens at different depths for 1x and 2x void ratios.

Figure 3. Residual concentration of Cr6+ in the specimens at different depths for 1x and 2x void ratios.



Pacheco et al.

Soil. Rocks, São Paulo, 2026 49(3):e2026010125 7

3.2 Unconfined compressive strength (UCS)

The unconfined compressive strength is summarized 
in Figure 5.

The experimental results ranged from 114.84 to 
917.43 kPa (e.g. being respectively 0.11 and 0.92 MPa), 
providing for the samples improvement of geomechanical 
strength and also according to previous experiments, 
which varied from 0.2 to 20 MPa in sandy soil without 
contaminants (van Paassen et al., 2010; Al Qabany et al., 
2012) and from 1.33 to 2.87 MPa for contaminated soils 
(Mwandira et al., 2017). Also, the result could be compared 
to the Osório sand cemented with 3% of Portland cement 
by reaching the magnitudes between 0.60 to 0.75 MPa 
(Forcelini et al., 2016).

In this work, it’s important to notice that the columns 
allowed sampling from three 3 different depths (“Top”, 
“Medium” and “Bottom”). Also, the statistical analysis 
was calculated for the “top” layer, due to the availability of 
specimen molding for all the runs.

Statistically the volume of solution (X3) was not significant 
for the “top” layer which means that for superficial depths 
the MICP’s technique does not require more than 1x void 
ratio for the improvement of geomechanical strength, even 
when contaminants were present (e.g., A02, A03, A04, B02, 
B03, B04). Otherwise, the presence of Cr6+(X1) and Cd2+(X2) 
were significative (e.g. p value< 10-3 and <10-5 respectively) 
for the UCS’ results, accordingly to Table 5.

This corroborates and opens prerogatives to the claim that 
metallic contaminants influence the structure of CaCO3 formed 
through biocementation, through the effect of biominerization 
and composition of new minerals such as Cr(CO3)3 and CdCO3 
affecting the biomineralization process. But even being significative, 
for the strength properties of the soil, by analyzing together 
with the results obtained in the monitoring process (e.g., 3.1), 
it can be inferred that the biocement was effective not only in 
the immobilization of the metals in the cementation columns, 
but also as a means of geomechanical soil improvement, even 
in the presence of Cr6+ and Cd2+ (He et al., 2019; Gebru et al., 
2021; Lai et al., 2021; Rajasekar et al., 2021).

Figure 5. Unconfined compression strength in the specimens at different depths for 1x and 2x void ratios.

Table 5. UCS ANOVA matrix.
Effect SS MS F p-value

Intercept 4296260 4296260 632.0207 <0.05
Cr6+(X1) 116976 116976 17.2083 0.001985
Cd2+(X2) 296738 296738 43.6529 0.000060

Volume of Solution (X3) 8284 8284 1.2186 0.295492
(X1) vs (X2) 21337 21337 3.1389 0.106860
(X1) vs (X3) 155106 155106 22.8176 0.000749
(X2) vs (X3) 84441 2314 0.3404 0.572520

(X1) vs (X2) vs (X3) 67977 84441 12.4221 0.005497
Error 67977 6798
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The volume of the solution was not statistically 
significant for the “top” layer, but when applied 2x void ratio 
of biocementation solution the biocementation was improved 
and occurred more homogeneously, ensuring sampling all 
long the biocement columns because of the improvement 
on the strength until the “bottom” layer; otherwise, the 
specimens with 1x void ratio just allowed sampling until 
the “medium” layer because of the poor biocementation 
associated with the depth.

In the specimens with 2x void ratio, the presence of 
contaminants did not interfere in the process of biocementation 
along the specimens, ensuring resistance to them throughout 
the column and providing higher UCS’ value at “bottom” 
layer, for the case of B02 with 292.09 kPa in comparison 
with 263.87 KPa for B01 (e.g., non-contaminated). So, to 
complement these findings, it is important to analyze the 
effective presence of Cr6+ and Cd2+ within the CaCO3 structure, 
what is discussed on the following topics.

3.3 Contamination mobility in the soil

The punctual analyses of the different specimens are 
shown in Figures 6 and 7.

These analyses were conducted to identify the mobility 
of Cr6+ and Cd2+ throughout the columns and to reassure the 
presence of the contaminants at different depths and their 
biomineralization and ion interaction with the calcium carbonate.

The Figures 6 and 7, show that Cr6+ was able to be 
transported through the column from top layer (originally 
contaminated) to non-contaminated soil originally, the bottom 

layer. The specimen A04 (contaminated by Cr6+ and Cd2+) 
presented the highest amount of Cr6+ at the top layer, being 
1.69 mg.kg-1 (e.g. 8.45% of the initial concentration) which 
corroborates to the discussion that there is an interaction 
between Cr6+ and Cd2+ that improves the immobilization 
of Cr6+. Also, the volume of solution (X3) did not interfere 
directly in the transport of Cr6+.

These results also contribute to the discussion that 
occurred the biomineralization of Cr(CO3)3 in all depths but 
also associated with the increase of strength by UCS’s test 
and the capability of native microorganisms to precipitated 
CaCO3 in the absence and in the presence of Cr6+.

The same analogy was conducted to the soil contaminated 
with cadmium where is possible to identify that Cd2+ was 
transported through the column of biocementation. The 
most immobilized contaminant was A03 in absence of 
Cr6+ by containing 4.57 mg.kg-1 (e.g. 11.42% of the initial 
concentration) which indicates that for the Cd2+, the presence 
or absence of Cr6+ did not interfere in the transport of the 
contaminant. Otherwise, the mobility of Cd2+ demonstrated 
to be less active, which is correlated in the leached amount 
of the contaminant.

The Cd2+ were found along the depths of the columns, and 
the biomineralization of CdCO3 by the production of CaCO3 
was efficient even in the presence of the contaminant, proving 
the capability of the native microorganism (Khadim et al., 
2019). The concentration was not toxic for the metabolism 
of microorganisms as well. Still, there was not significative 
difference in the transport in comparison with the volume of 
solution (X3) (Kumari et al., 2014; He et al., 2019).

Figure 6. Residual value of contaminant along the soil column (chromium isolated and with cadmium) in the specimens for 1x and 2x 
void ratios.
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These results ensure the geomechanical strength 
of the contaminated soil, the capability of Cr6+ and Cd2+ 
immobilization and the formation of Cr(CO3)3 and CdCO3 
within proper geomechanical strength and stiffness of the 
structure of these biominerals.

Then, Figure 8 presents the rate of immobilization of 
the Cr6+ and Cd2+ promoted by the biostimulation of native 
microorganisms.

It allows to observe the lowest result of immobilization 
of approximately 2/3 for the sample A02 and the highest 

Figure 7. Residual value of contaminant along the soil column (cadmium isolated and with chromium) in the specimens for 1x and 2x 
void ratios.

Figure 8. Mass balance off the contaminants in the soil in the specimens for 1x and 2x void ratios.
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concentration remaining in the sample A03, about 90% of 
the initial concentration. This also considered the punctual 
extraction (e.g. demonstrative) of contaminants from specimens. 
By that is assured the capability of biomineralization of the 
studied contaminants and the best efficiency on this parameter 
is also found by Cd2+ contamination. This occurs because 
during the process of MICP, heavy metals with divalent 
ions such as Cd2+ are substituted for Ca2+ which results in 
the precipitation of heavy metal carbonates thus converting 
them from a bioavailable to a non-bioavailable.

Other studies demonstrates that metals such as lead (Pb2+), 
cobalt (Co2+) chromium (Cr2+), cadmium (Cd2+) and copper 

(Cu2+) share similar divalent ion formation as calcium (Ca2+) 
and have a large surface area and the abundance of negative 
ions on the cell surface (Kang et al., 2014; Maity et al., 2019; 
Rajasekar et al., 2021).

3.4 SEM-EDS analysis

To analyze specimen patterns, SEM-EDS analysis, 
shown in Figure 9, where part (A) and (B) show specimen A01 
(control) in the absence of contaminants; (C) and (D) show the 
results for sample A02 contaminated with Cr6+; and, (E), and 
(F), show the results for sample A03, contaminated with Cd2+.

Figure 9. Scanning electron microscope of control and, SEM-EDS layered image with the elements of specimen with and without contaminants.
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In the Figure 9A is possible to identify the product 
of biocementation as a bond to the grains of the soil. This 
conception brings to the soil the increase of geomechanical 
strength via the crystallization of CaCO3 alongside the grains 
(Achal et al., 2013; Zhu et al., 2016; Mwandira et al., 2017).

The crystals were roughly rhombohedral in their 
shapes; and to confirm the biocementation by biostimulation 
of natural microorganisms, analysis of SEM and EDS were 
combined, to indicate the accumulation of minerals. Then, by 
Figure 9B it is possible to identify Ca and O, and elements of 
the original soil, by containing high amounts of the essential 
elements for the precipitation of CaCO3.

In the Figures  9C  and  9D it is possible to identify 
the natural grains of soil surrounded by CaCO3; providing 
then the result of biocementation by rhombohedral shapes. 
But it is also possible to notice the presence of the Cr6+ on 
the surface of CaCO3, which means that possibly was an 
interaction between CaCO3 and Cr6+ by generating the element 
Cr(CO3)3 by the isomorphic substitution of Ca to Cr6+. The 
probability of this kind of interaction is passive to happen 
in the MICP environment along with contaminants as Cr6+ 
and Cd2+ and specially by the presence of ureolytic bacterias 
(He et al., 2019; Khadim et al., 2019; Kumari et al., 2014).

Thus, in addition to improving geomechanical strength 
characteristics, the use of MICP can immobilize contaminants, 
as a solidification and stabilization technique.

Furthermore, the result from Figure 9D identified the 
amount of Ca (dark green color) and O (Light blue color), 
which indicates the presence of CaCO3, but also showed 
amounts of Cr6+, which leads to conclude that even with 
the leaching process (topic 3.1) during the application of 
the biocementation solution, there is still contaminant on 
the top layer and formed Cr(CO3)3 by the biostimulation of 
native microorganisms.

Still, Figures 9E and 9f has identified the precipitated 
forms of CaCO3 produced by the native microorganisms in 
the specimen A03 (Cd2+ contaminated). This precipitation 
consisted in chemical bonds between the soil’s grains within 
rhombohedral shapes as well. It is also possible to notice, 
especially by Figures 9E and 9f the presence of Cd2+ on the 
surface of the grain (e.g. noted in small amount and mixed 
within the different tones of green), within the CaCO3, 
which leads to conclude and observe availability to form 
CdCO3 by MICP’s process, by the isomorphic substitution 
of Ca to Cd2+ (Kang  et  al., 2014; Khadim  et  al., 2019; 
Kumari et al., 2014).

Also, the patterns from Figure 9F indicates the formation 
of CaCO3 by the large amount of Ca and O founded on the 
sample and it also infers the presence of Cd2+ on the specimen, 
indicating that the contaminant was still encapsulated on the 
top layer, even though it could be transported to the under 
layers (topic 3.4).

Furthermore, the co-precipitaion of Cd2+ in during the 
formation of CaCO3 was studied by Lyu et al. (2022), and it 
demonstrated the capability and bioavailability in remediated 

soils to eliminate the interference within Ca2+. This process 
could be associated with co-precipitation resulted in this 
present research, in which the leaching process was farther 
controlled due the co-precipitation of Cd2+ and increasing 
the pH of the leached biocementation solution. (Landa-
Marbán et al., 2021).

4. Conclusions

Based on the experimental results, the following 
conclusions can be drawn:

*	 The native soil microorganisms were successfully 
biostimulated to induce the precipitation of CaCO3, 
while simultaneously contributing to the immobilization 
of Cr6+ and Cd2+. SEM-EDS analysis confirmed 
the precipitation of calcite and its association with 
the metal contaminants, suggesting the primary 
mechanisms of immobilization were encapsulation 
within the calcite matrix and coprecipitation via 
isomorphic substitution (for Cd2+);

*	 The native soil microorganisms produced the 
precipitation of CaCO3 by biostimulation while 
immobilizing Cr6+ and Cd2+;

*	 The immobilization of Cr6+ and Cd2+ likely occurred 
through their incorporation into carbonate minerals, 
supported by the chemical conditions created by the 
biocementation process;

*	 There is leaching of contaminants from the 
contaminated soil to the uncontaminated soil during 
the application of MICP. This occurs in the first 
injections while biocement has not yet formed. 
The values are higher for hexavalent chromium 
than for cadmium.

*	 Even in the presence of contaminants, there was 
precipitation of calcium carbonate and consequent 
improvement in mechanical strength. The volume 
of biocementation solution was not statistically 
significant for the upper layer. However, doubling 
the volume of this variable provided an improvement 
in the homogeneity of the technique, ensuring more 
homogeneous precipitation of calcium carbonate 
throughout the 30 cm of the biocementation column.

*	 The MICP technique proved effective in contaminated 
sandy soil, promoting biocementation and metal 
retention. Furthermore, there was an increase in soil 
strength. Thus, the technique could be a sustainable 
application option for contaminated soil, with the 
help of natural soil microorganisms.
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