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Abstract
This study investigates the feasibility of biocementing clay soil underneath a railway embankment of the UK rail network via 
carbonic anhydrase (CA) biocementation, implementing the treatments electrokinetically. Compared to previous biocementa-
tion studies using the ureolytic route, the CA pathway is attractive as CA-producing bacteria can sequester  CO2 to produce 
biocement. Clay soil samples were treated electrokinetically using biostimulation and bioaugmentation conditions to induce 
biocementation. The effects of the treatment were assessed in terms of undrained shear strength using the cone penetration 
test, moisture content, and calcium carbonate content measurements. Scanning electron microscopy (SEM) analyses were 
also conducted on soil samples before and after treatment to evaluate the reaction products. The results showed that upon 
biostimulation, the undrained shear strength of the soil increased uniformly throughout the soil, from 17.6 kPa (in the natural 
untreated state) to 106.6 kPa. SEM micrographs also showed a clear change in the soil structure upon biostimulation. Unlike 
biostimulation, bioaugmentation did not have the same performance, although a high amount of  CaCO3 precipitates was 
detected, and bacteria were observed to have entered the soil. The prospects are exciting, as it was shown that it is possible 
to achieve a considerable strength increase by the biostimulation of native bacteria capturing  CO2 while improving the soil 
strength, thus having the potential to contribute both to the resilience of existing railway infrastructure and to climate change 
mitigation.
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Introduction

In the context of engineering sustainability, ground 
improvement is increasingly used for sites which contain 
unsuitable soil for construction or for the remediation of 
existing infrastructure earthworks. Traditional methods of 
chemical ground improvement include the addition of small 

percentages of Portland cement (Yoobanpot et al. 2017) or 
lime (Ghorbani et al. 2019; Kichou et al. 2022; Zhang et al. 
2015a, b) and also fly ash (Abdullah et al. 2020; Deepak 
et al. 2021). Recent options include more innovative cements 
such as alkali-activated cements/geopolymers (Ghadir and 
Ranjbar 2018, Mavroulidou et al. 2022, 2023) or bioce-
ments, produced by the metabolic actions of microorgan-
isms through various processes, including ureolysis (Omor-
egie et al. 2021; Phillips et al. 2013), photosynthesis (Irfan 
et al. 2019), denitrification (Jain et al. 2021; O’Donnell et al. 
2017), and methane oxidation (Ganendra et al. 2014). This 
paper proposes instead the carbonic anhydrase metabolic 
pathway, as an innovative eco-friendly and sustainable soil 
stabilisation method, which can consume captured waste 
 CO2 or  CO2 from the atmosphere to precipitate  CaCO3 which 
binds together (biocements) soil particles. In this paper, 
carbonic anhydrase is produced by Bacillus licheniformis, 
an indigenous bacterium, isolated from the project site 
and screened for biocementation. The CA biocementation 
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pathway involves a multi-step chemical reaction process: 
CA utilises  CO2 forming hydrated aqueous  CO2 (aq) (Eq. 1), 
which reacts with water to form  H2CO3 (Eq. 2).

These products further ionise to form  CO3
2− and  H2O 

(Eq. 3). To form a biocement via biomineral precipitates, 
the metal ion, e.g.,  Ca2+, reacts with  CO3

2− (Eq. 5), form-
ing calcite where the CA enzyme serves as nucleation sites 
(Kahani et al. 2020).

This paper presents a feasibility study of using electro-
kinetics (EK) to implement CA biocementation treatments 
to stabilise problematic geomaterials of the UK railway net-
work, addressing climate change adaptation (infrastructure 
resilience) and mitigation. The rationale behind using EK 
is that it has several advantages over the more traditional 
methods of delivering agents to the soil that will bring about 
cementation. In particular, introducing agents by a pressure-
driven injection system in fine-grained soil encounters vari-
ous problems related to the low permeability of the soil. 
The distance of penetration from the injection point may 
be low, and the use of high pressures to increase penetra-
tion can lead to ground heave and even fracturing of the 
ground and blow-out failures of the injection system. There 
may be clogging around the injection point. Attempting to 
inject  CO2 gas directly into the soil can lead to large voids, 
altering the soil structure. In contrast, using EK can lead to 
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more homogeneous biocementation of the soil as electrically 
charged chemicals (i.e. ions) are transported more effectively 
into the soil.

The proposed method is novel as it combines  CO2 cap-
ture with biocementation to treat fine-grained soils, and to 
the authors’ knowledge, this is the first study to combine 
carbonic anhydrase biocementation with EK, as the very 
few studies that attempted to implement biocementation 
treatments for fine-grained soils electrokinetically all used 
the ureolytic biocementation pathway (Keykha et al. 2014, 
Safdar et al. 2020, 2021a, b).

Materials and methods

Soil sample characteristics

The soil used in this study was taken from a trial pit from the 
Prickwillow site of the East Anglia railway network. The soil 
used was found at 1.2–2.2-m depth and was characterised as 
sandy silty clay based on its particle size distribution (with a 
clay content of approximately 39%). Duplicate samples were 
tested to establish the physico-chemical characteristics of the 
soil. Figure 1 and Table 1 show the particle size distribu-
tion of the tested sample portion (from sieving followed by 
hydrometer testing according to BS 1377-2:1990) and other 
basic soil characteristics.

Microbiological study

Isolation and characterisation of CA‑producing bacteria

To isolate bacteria, 1 g of soil sample was diluted in 10 mL 
of sterile deionised water. The thoroughly homogenised 
soil suspension in sterile water was diluted from 10- to 
10,000-fold using sterile water and plated on a peptone agar 
medium spiked with 3 mM p-nitrophenyl acetate (p-NPA) 

Fig. 1  Particle size distribution 
of the soil used in this study
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(Sigma-Aldrich), used as an indicator for CA-positive-pro-
ducing bacteria. Colonies of bacteria with the CA-producing 
ability presented an intense yellow colouration due to the 
hydrolysis of p-NPA into para-nitrophenol (pNP) (Sigma-
Aldrich). The nutrient agar was incubated at 30 °C for 72 h 
to allow the growth of colonies identified in the plate media 
at the end of the incubation period according to the protocol 
followed in Sharma and Kumar (2021).

The identification of microbes was performed using the 
matrix-assisted laser desorption/ionization time-of-flight/
time-of-flight tandem mass spectrometry (MALDI-TOF/
TOF MS) proteomic-based biotyping approach (Singhal 
et al 2015), using a Bruker Daltonics MALDI Biotyper. 
Mass spectrometry is an analytical technique in which sam-
ples are ionised into charged molecules and their mass-to-
charge ratios (m/z) can be measured. Microbial identification 
using MALDI-TOF MS is based on the principle that every 
microorganism has a specific protein composition, which 
gives its characteristic and unique mass spectra (MS). The 
peptide mass fingerprint (PMF) of unknown organisms is 
compared against those contained in the database by match-
ing the masses of biomarkers of unknown organisms with 
the proteome database. Namely, in PMF matching, the MS 
spectrum of unknown microbial isolates is compared with 
the MS spectra of known microbial isolates in the database. 
A typical mass range m/z of 2–20 kDa was used for species-
level identification of microbes (Benagli et al. 2012; Murray 
2012).

Microbial growth and CA production and characterisation

The CA enzyme was determined colourimetrically to deter-
mine CA activity (Martin et al. 2009). The identified bacte-
rial isolates that produced intense yellow colouration were 
further screened for CA enzyme activity in nutrient broth. 
The activity for p-nitrophenyl acetate hydrolysis was deter-
mined at room temperature in a reaction mixture (1.35 mL) 
containing freshly prepared 3 mM p-nitrophenyl acetate in 
phosphate buffer (0.13 M and pH 7.2). A pure colony was 
prepared aseptically in 50 mL nutrient broth for the CA 
enzyme activity assay and incubated at 37 °C for 24 h (37 °C 
was found to be the optimal temperature for CA enzyme 

activity—see Fig. 3c). The activity for p-NPA hydrolysis 
was determined using a method described by Armstrong 
et al. (1966). Namely, the reaction proceeded for 5 min, 
and the change in optical density (OD) readings at 348 nm 
were measured by UV-vis spectrophotometry (Jenway 6305, 
Bibby Scientific, Staffordshire, UK). Then the CA activity 
was characterised by the amount of p-nitrophenol produced 
per unit of time, and enzyme activity was expressed in terms 
of U according to Eq. 6.

where ΔA
348

T  is the final reading of absorbance; ΔA
348

B 
is the initial uncatalysed reaction (blank) at a wavelength 
of 348 nm; and 1 U (μmol/min) is defined as the amount 
of the enzyme that catalyses the conversion of 1 μmol of 
substrate per minute. UV-vis spectrophotometry measured 
microbial growth, which recorded optical density (OD) read-
ings at 600 nm for 96 h. Note that although all phases of 
bacteria growth can generally be seen within 24–30 h, this 
extended time period of 96 h was adopted to observe when 
the carbonic enzyme is released to establish the optimal 
secretion of carbonic anhydrase by the newly isolated strain. 
As temperature would affect the growth and reproduction 
of CA-producing bacteria and consequently the activity of 
enzymes, temperatures were set at 5 ℃, 15 ℃, 25 ℃, 30 ℃, 
and 37 ℃, respectively. After sterile inoculation, the medium 
was cultured in a constant temperature oscillation incubator 
(120 rpm) at the above-mentioned temperatures for 24 h. 
Then the  OD600 value and carbonic anhydrase activity in the 
medium solution were measured as described previously. 
Based on this, three candidate strains were thus selected for 
further study (Mwandira et al. 2023). In this paper, experi-
ments were conducted using one of these CA-producing iso-
lates, i.e., Bacillus licheniformis. The strain B. licheniformis 
from the project site was cultured in a liquid medium of 
5.0 g/L peptone, 1.50 g/L yeast extract, 1.50 g/L beef extract, 
and 5.0 g/L sodium chloride. Inoculant solutions were incu-
bated aerobically at 37 °C and shaken at 120 rpm for approx-
imately 48 h. A previously established relationship by the 
authors between bacterial plate counts and optical density 
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Table 1  Basic physico-chemical 
properties of sandy silty clay 
soil from Prickwillow, East 
Anglia, UK

Property Value Test/standard

Liquid limit: % w/w* 63 Cone penetrometer; BS 1377-2: 1990 (BSI 1990)
Plastic limit: % w/w 33 BS 1377-2: 1990 (BSI 1990)
Plasticity index: % w/w 30 BS 1377-2: 1990 (BSI 1990)
Organic matter content: % w/w 3.9 Loss of ignition: ASTM D2974-14 (ASTM 2014)
Natural gravimetric moisture content: % w/w 47.5 BS EN ISO 17892: Part 1: 2014
pH (of soil suspended in distilled water) 7.7 BS ISO 10390:2005 (BSI 2005)
Natural  CaCO3 content (%) 4.82 Acid washing; ASTM D4373-21 (ASTM 2021)
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at a wavelength of 600 nm  (OD600) was used to determine 
a final B. licheniformis density of 9 ×  108 cells/L within the 
growth medium following incubation. This cell concentra-
tion was diluted in the applied bioaugmentation solution.

Electrokinetic treatment schemes

The EK experiment was conducted in a laboratory envi-
ronment at ambient temperature. A schematic diagram of 
the EK-biocementation test is shown in Fig. 2. The setup 
consisted of three chambers separated by perforated walls: 
anode chamber, soil compartment, and cathode chamber. 
The EK tank used had internal dimensions of 210 mm 
length × 160 mm width × 140 mm depth. To avoid material 
loss, filter papers were used at both ends of the specimen. 
The method adopted for EK biocementation was previously 
described by Safdar et  al. (2020, 2021a, b) for treating 
organic soil. Once the filter papers were placed, the clay 

soil was statically compacted into the cell in three layers at 
its natural bulk density using a hydraulic frame. The soil 
sample was placed into the main compartment, and the two 
small compartments were used to supply different solution 
types: biostimulation, bioaugmentation, or cementation 
solutions. In this study, biostimulation involved modifying 
the environment to stimulate existing carbonic anhydrase 
bacteria capable of biocementation, whereas bioaugmenta-
tion involved the addition of pre-grown B. licheniformis (the 
carbonic-producing bacteria culture) to enhance microbial 
populations to improve biocementation. Table 2 shows the 
treatment solution constituents used in this study. Calcium 
acetate was used as a calcium source to avoid acid fronts and 
the destruction of bacterial cells in EK biocementation as 
recommended in Terzis et al. (2020). Namely, Terzis et al. 
compared the performance of calcium chloride against 
calcium acetate and calcium lactate as calcium sources in 
EK biocementation. They argued that microorganisms are 

Fig. 2  A schematic diagram and 
photograph of the EK treatment 
setup used in this study
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vulnerable to hypochlorous acid (formed due to the pro-
duction of active chlorine as  Cl− anions undergo oxidative 
reactions at the anode when  CaCl2 is used); hence, they rec-
ommended calcium acetate and calcium lactate as calcium 
sources for EK-biocementation.

As shown in Table 3, the EK biocementation treatments 
using nutrient broth solution and the cementing reagents-
only tests were supplied all in one solution divided equally 
in the two electrolyte compartments. In the bioaugmenta-
tion tests, the 24-h pre-cultured B. licheniformis bacteria at 
a concentration of 1 ×  108 cfu/mL were introduced into the 
two chambers first (1–3 days) and the cementing reagents 
later (4–14 days). The intention was to move bacteria from 
the chambers into the soil electrokinetically (rather than the 
reaction products only), to verify this, qualitative plating 
of the soil before and after treatment was performed (see 
“Variation of temperature, pH, and electrical conductivity 
during EK-biocementation”). In the biostimulation case, the 
biostimulation solution was implemented first (1–3 days) 
and the cementing reagents later (4–14 days). During the 
EK treatment, polarity was reversed every 24 h, as recom-
mended in the literature, to maintain pH in a particular range 
for better uniformity, hence the effectiveness of the treatment 
(Ciblak et al. 2012, Keykha et al. 2014), but also to prevent 
high-pH gradients that could harm the bacteria (Mena et al. 
2016; Safdar et al. 2020, 2021a, b). During the experiments, 

temperature, pH, and electrical conductivity (EC) were mon-
itored in both electrolyte chambers. A constant voltage of 
8 V was applied between the anode and cathode (spaced 
20 cm apart), giving a gradient of 0.4 V/cm, which is con-
sidered safe for bacteria survival (Safdar et al. 2021a, b).

Soil property measurements

After EK-biocementation, the following measurements were 
performed at the top, middle, and bottom of each specimen: 
cone penetration test, gravimetric water content (i.e., the 
ratio of the mass of water present to the oven-dry mass of the 
soil sample), and  CaCO3 content determined using the acid-
washing technique. In this technique, an oven-dried mass 
of the soil samples was measured before and after an acid 
wash in a 2-M solution of HCl. Natural  CaCO3 was deter-
mined first for the untreated soil (see Table 1), so that any 
additional  CaCO3 measured in the treated soil samples can 
be attributed to the applied treatment. The cone penetration 
tests were performed according to the procedure prescribed 
in BS 1377-2: 1990 (BSI 1990) for liquid limit determina-
tion using a standard laboratory cone penetration apparatus. 
Then, the relationship between the cone penetration and the 
undrained shear strength Su (kPa) was determined by Eq. 7, 
according to Leroueil and Le Bihan (1996).

where M is the mass of the cone (i.e., 80 g for the stand-
ard BS cone used), P is the cone penetration in mm, and K 
is a parameter depending on the angle of the cone. For an 
apex angle of 30°, which is the angle of the British Standard 
penetration cone, values of 0.8 or 0.85 were suggested for 
remoulded clays (as cited in Leroueil and Le Bihan 1996); 
a K value of 0.85 was therefore used here.

Additionally, the microstructure of the biominerals 
formed was analysed using scanning electron microscopy 
(SEM) with a Thermo Scientific Pharos FEG-SEM (Thermo 
Fisher Scientific, USA) of high vacuum mode and 15 kV 
acceleration voltage and a backscattered detector.

(7)S
u
=

9.8 × K ×M

P2

Table 2  Treatment solution constituents

Constituent Solution type

Biostimulation Nutrients Cementation 
solution

Yeast extract 10 g/L 1.5 -
Peptone - 5.0 -
Beef extract - 1.50 -
Sodium chloride - 5.0 -
Calcium acetate - - 0.1 M
Sodium bicarbonate 100 mM - 0.1 M
Zinc sulphate 1 µM - -

Table 3  Summary of tests in 
this study

S/no Cases Treatment days Electrolyte 
volume

Solution type

1. Nutrients only 1–14 3.2 L Nutrients
2. Cementation solution only 1–14 3.2 L Cementation solution
3. Bioaugmentation 1–3 3.2 L Bioaugmentation with B. 

licheniformis at 1 ×  108 cfu/mL 
concentration

4–14 3.2 L Cementation solution
4.` Biostimulation 1–3 3.2 L Biostimulation

4–14 3.2 L Cementation solution



 Environmental Science and Pollution Research

1 3

Results and discussion

Microbiological analysis results

The newly isolated carbonic anhydrase bacteria identified 
as Bacillus licheniformis were used for bioaugmentation. 
As stated in Safdar et al. (2022), the American Type Cul-
ture Collection (ATCC) classifies the isolated strain as of 
Biosafety Level (BSL) 1 (i.e. not known to consistently 
cause disease in healthy adults, and of minimal potential 
hazard to laboratory workers and the environment), and 
similarly, the BacDive database for standardised bacterial 
information classifies the strain into Risk group 1 (biological 
agents which are unlikely to cause disease in an individual) 
according to the German Federal Institute for Occupational 
Safety and Health. Bacillus licheniformis is a well-known 
carbonic-anhydrase-producing bacterium (Han et al. 2018; 
Zhao et al. 2019).

The optimal growth characteristics of B. licheniformis are 
shown in Fig. 3. The interest was to see when the bacteria 
would grow most. B. licheniformis reached the maximum 
growth at 24 h with optimum growth pH of 9 and temper-
ature of 37 ℃.  OD600 measurements are typically used to 

determine the growth stage of a bacterial culture as a low-
cost and effective method to measure bacterial growth (Beal 
et al. 2020; Zhang et al. 2015a, b).  OD600 measurements help 
ensure that cells are harvested at an optimum point corre-
sponding to an appropriate density of live cells.  OD600 does 
not differentiate between bacteria and other particles. The 
shape of the growth phases is highly dependent on the physi-
ological state of the inoculum. As the initial inoculum was 
harvested from a culture in the early stationary phase, the 
cells were still metabolically active and thus, the lag phase 
was relatively short, and the cells were able to enter the 
log phase in a shorter period of time (as seen in the growth 
curve). The growth rate (log phase slope) is commensurate 
with what we observed previously. At the stationary phase, 
if the medium contains a high background of dead cells, this 
could result in misleading results.

The quantitative analysis of the CA enzyme activity 
(Fig. 3c) showed that B. licheniformis had higher specific 
CA activity values of 2.31 U/mL in comparison to previ-
ously isolated CA-producing bacteria: B. schlegelii (0.0453 
U/mL) (Muley et al. 2014) and B. altitudinis (0.695 U/mL) 
(Jaya et al. 2019). The newly isolated bacterium thus showed 
good potential for CA biocementation.

Fig. 3  Optimal growth characteristics of B. licheniformis isolated from the site used for bioaugmentation case: a microbial growth; b carbonic 
anhydrase (CA) enzyme production; c temperature; d pH
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Electrokinetic treatment results

Variation of temperature, pH, and electrical conductivity 
during EK‑biocementation

Temperature changes were generally uniform and followed 
the changes in room temperature. The pH values of elec-
trolytes in the anode and cathode chambers were moni-
tored for changes because pH is a critical factor affecting 
 CaCO3 precipitation (Keykha et al. 2017). The pH in both 
electrolyte chambers (original anode and cathode cham-
bers) at different times is shown in Fig. 4a, b, c, and d 
for nutrients only, cementation only, biostimulation and 
bioaugmentation, respectively. For all cases, the initial pH 
was around 7.0; subsequently, the pH frequently rose and 
decreased. As it is well known, in EK, large pH gradients 
are caused by the transport of protons and hydroxyl ions 
generated by water electrolysis on the electrode surfaces 
(Barba et al. 2017). These changes are due to hydrolysis 
upon electric current application, producing oxygen and 
hydrogen; water oxidation at the anode generates an acidic 
medium, whereas the reduction at the cathode produces 

a basic medium that causes a pH gradient between the 
two electrodes. Electrokinetic phenomena then cause con-
stant variation in pH at any point, triggered by the motion 
of charged particles, through the electrolyte, due to the 
potential field applied; pH fluctuations will also occur 
as chemical species react with each other, thus affecting 
local electric charges. In this work, polarity reversal was 
applied to control the pH, avoiding conditions which are 
not conducive to calcite precipitation and biocementation. 
Namely, an alkaline environment is required for calcite 
precipitation to occur during biocementation (Omoregie 
et al. 2021; Seifan et al. 2016). In contrast, a pH of less 
than 5 would lead to calcite dissolution. pH control was 
also required to avoid large pH gradients, which could be 
unfavourable for bacteria (Mena et al. 2016). The polarity 
reversal explains the zigzag pattern of pH changes shown 
in Fig. 4 as anode and cathode chambers alternate func-
tions. The pH variations with polarity reversal at the anode 
and cathode have a similar trend, as reported previously 
(Azhar et al. 2018). These changes in pH upon reversal of 
polarity are however buffered due to the composition of the 
different electrolytes (as shown in Table 2); for example, 

Fig. 4  pH changes of anode and cathode chambers during various 
treatment procedures: a nutrients only; b cementation solution only; 
c biostimulation; d bioaugmentation using B. licheniformis. Note: 

“Anode” and “Cathode” chambers refer to the electrolyte chamber 
function when injection started
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calcium acetate is a soft base which acts as a pH buffer to 
balance the production of acids. Previously reported pH 
values of EK of purely distilled water showed that final 
pH values could be pH 5.8 and pH 10.7 at the anode and 
cathode, respectively (Ciblak et al. 2012). In our study, the 
solutions raised the pH compared to when purely distilled 
water was used; namely, the pH ranged from 6.2 to around 
pH 11.80. In the nutrient-only case, the initial pH was 7.10 
in both chambers containing the solutions (anode and cath-
ode chambers), which subsequently increased to 8.70 and 
9.20, respectively. This increase and decrease in electro-
lyte pH could be attributed to anions and cations moving 
from the electrode chamber into the soil chamber and back 
into the chambers. This phenomenon causes the pH in both 
chambers to increase and decrease depending on the pre-
sent ions in the soil (Gidudu and Chirwa 2022; Mena et al. 
2016). Compared to other cases investigated, the nutrients 
only did not have drastic zigzag changes due to the limited 
amounts of ions involved compared to bioaugmentation, 
biostimulation, and cementing solution which contained 
calcium acetate. Conversely, due to its composition, the 
cementation-only solution had high quantities of anions 
and cations compared to nutrients only, and for this rea-
son, pH changes were observed to fluctuate from pH 7.1 
initially to pH 6.60 and pH 11.20 at the anolyte and catho-
lyte, respectively. Overall, the pH changes could reflect 
the chemical reactions occurring during biocementation.

The results of pH changes in the electrolyte chambers 
were compared to the pH of the soil after treatment (see 
Fig. 5). It can be observed that the pH throughout the soil 
remains more or less constant as the changes induced by 
polarity reversal are slower in the mass of the soil due to 
the higher buffering capacity of the soil; thus, the induced 
polarity change succeeded in maintaining the pH relatively 
constant as opposed to the solutions in the electrolyte cham-
bers which react comparatively quite quickly to a reverse of 
polarity, hence the observed marked changes in pH in the 
electrolyte chambers. As reported earlier, the carbonic anhy-
drase hydrolyses  CO2, forming a weak carbonic acid and 
lowering the overall pH of the soil compared to pH values 
noted in the electrolyte chambers (Supuran 2016); however, 
the pH in the soil was high enough throughout the test to 
prevent calcite dissolution, and also the pH value of the soil 
is seen to be on average about 8.00, which is the optimal 
pH for B. licheniformis CA enzymatic activity, according 
to the results shown in Fig. 3b. Thus, it can be concluded 
that pH conditions conducive to  CaCO3 precipitation were 
maintained throughout the experiment.

The changes in electric conductivity (EC) of the dif-
ferent solution fluids at the anode and cathode chambers 
during the tests were measured to understand the ability of 
the reagents to transmit electrical currents. It is well known 
that the ability of a medium to conduct electricity is directly 
proportional to the concentration of conductive ions. The 

Fig. 5  pH changes in soil chamber during EK treatments, next to the 
electrolyte chambers and in the mid-point of soil sample: a nutrients 
only; b cementation solution only; c biostimulation; d bioaugmenta-

tion using B. licheniformis. Note: “Anode” and “Cathode” refer to the 
electrolyte chamber function when injection started
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results of EC for all the cases are shown in Fig. 6a–d. The 
initial EC values for nutrients only and the cementation solu-
tion only were 6.93 µs/cm2 and 8.75 µs/cm2, respectively. 
For nutrients only, the EC decreased to about 5.66 µs/cm2 
upon EC treatment, as mineral nutrient components of the 
solution consumed for microbial growth cause the EC to 
reduce steadily. A similar trend was observed in the case of 
treatment with cementation solution only, as the calcium ion 
was consumed by precipitation during the experiments (for 
treatment with cementation solution only,  CaCO3 precipita-
tion was observed both in the soil—see Fig. 9b—and the 
electrolyte compartments). However, the biostimulation and 
bioaugmentation cases show an initial low EC of 1.69 µs/
cm2 and 6.75 µs/cm2, respectively; then, when cementation 
solution was added on day 3, the EC increased to 8.86 µs/
cm2 and 8.87 µs/cm2. This can be attributed to the  Ca2+, 
 C2H3O2

−,  Na+, and  HCO3
− from the components. At the 

end of the test, these values decreased to 8.29 µs/cm2 and 
8.70 µs/cm2 in both electrolyte chambers, due to  CaCO3 
precipitation.

A qualitative method of plating the soil before and after 
treatment (Fig. 7a–e) was carried out to (a) confirm that 
the electrical potential applied during EK biocementation 
did not alter the microbial activity of the soil and (b) to 

verify that the bacteria supplied during the bioaugmenta-
tion treatment entered the fine-grained soil (this has been 
debated in the biocementation literature, where the general 
belief is that due to the pore throat size of clays, bacteria 
cannot move or survive, see e.g., Mitchell and Santama-
rina 2005). Plating allowed us to assess whether bacteria 
had survived during the EK treatment and to make qualita-
tive observations on the morphology of the colonies (see 
Fig. 7). Namely, as previously reported, inoculum during 
bioaugmentation could survive, grow quickly, and become 
the predominant microorganisms after inoculation. On the 
other hand, in the biostimulation treatment, the microbial 
community composition is more even and rich than in the 
augmented strategy as observed in this and previous stud-
ies (Chaudhary et al. 2021; Wu et al. 2019). During plat-
ing, bacteria were detected both before and after treatment, 
confirming that bacteria survived the EK process which is 
a valuable finding. Additionally, for the bioaugmentation 
case the plates showed predominantly one type of colony 
morphology, which was consistent with the morphology of 
B. licheniformis, previously observed by the authors. This 
implies that this was the injected single strain into the soil 
(B. licheniformis). This confirms that externally supplied 
bacteria reached the soil, an important finding. Conversely, 

Fig. 6  Electrical conductivity changes of the anode and cathode 
chambers during various treatment procedures: a nutrients only; b 
cementation solution only; c biostimulation; d bioaugmentation using 

B. licheniformis. Note: “Anode” and “Cathode” chambers refer to the 
electrolyte chamber function when injection started
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in the biostimulation case, plates showed different strains as 
the stimulation solution encouraged the growth of different 
strains of bacteria in the soil. Note the varied colonies also 
in the cases of the untreated soil and nutrient-only treatment. 
This was expected, as the clay soil used in this study was not 
sterilised so that we do not affect the structure and physico-
chemical characteristics of the clay soil. Namely, it has been 
widely demonstrated in the literature that autoclaving (the 
sterilisation method we usually adopt in our laboratory) 
affects the soil pH, decreases the cation-exchange capacity 
(CEC), and increases the dissolved organic carbon (DOC) 
and electrical conductivity (EC). Moreover, autoclaving 
increases available/exchangeable/extractable nutrients, e.g., 
N  (NH4 + and  NO3

−), P, Mg, Mn, and Fe. Similarly, sterilisa-
tion through γ-irradiation would also affect the soil physico-
chemical characteristics and nutrient availability, although 
it is considered relatively less disruptive (Mahmood et al 
2014). Identifying comparatively the microbial community 
of the strains through sequencing before and after treatment 
will be a subject of future work.

Undrained shear strength

Figure 8 shows the undrained shear strength of soil pre- 
and post-EK treatments, calculated according to Eq. 7 

from cone penetration measurements. Biostimulation 
yielded an undrained shear strength Su of 106.62 kPa, i.e., 
a value six times higher than the untreated soil whose Su 
was 17.55 kPa. Interestingly, the specimens treated with 
nutrients only also had an increase in Su of about 30 kPa, 
higher than those treated with cementation solution giv-
ing an Su of about 20 kPa; this is difficult to explain as 
electroosmosis and electromigration would be expected 
to have similar effects for both cases and electromigra-
tion to be more pronounced in the cementing solution 
case due to  Ca2+ ions. The bioaugmentation treatment 
did not increase the soil strength, although bacteria were 
confirmed to have entered the soil. Previous EK bioce-
mentation studies have shown that EK-bioaugmentation 
following the ureolytic biocementation pathway increased 
strength (Keykha et  al. 2014; Safdar et  al. 2021a, b); 
however, this was not observed here, possibly due to the 
low temperature at which the EK process was occurring 
whereas the optimal temperature for the bacteria used 
in this study was 37 °C. Due to the low temperature, the 
bacteria used in the bioaugmentation would not effec-
tively produce enough carbonic anhydrase enzymes to 
promote calcium carbonate precipitation. On the other 
hand, biostimulation could have had a greater effect, as it 
relied on the whole population of native microorganisms, 

Fig. 7  Microbial growth on agar plate of soil for a untreated soil; b nutrients only; c cementation solution only; d biostimulation; e bioaugmentation
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some of which also have sufficient CA enzyme activities 
at lower temperatures. Another key finding is the uniform 
distribution of strength increase using EK-biocementation 
across the soil sample (next to the electrodes and in the 
middle) and at different sample depths. EK, therefore, 
appears to be the answer in stabilising clay soils by bioce-
mentation, resolving the major issue of non-uniform treat-
ments testified by all researchers using pressure injection 
of the treatments, and circumventing the requirement of 
developing high pressures in the soil during pressure 
injection, which would be unsuitable for fine-grained 
foundation soils of existing infrastructure.

Moisture content of the soil

The moisture content of the treated soil was measured for 
pre- and post-EK treatment on both ends of the box and the 
middle of the box at three different depths of the soil sam-
ple (Fig. 9). The top, middle, and bottom parts from each 
sampled part from the soil chamber in the EK set-up were 
analysed. The results showed a general reduction in mois-
ture content for all the cases ranging between 7.2 and 9.2% 
(and consequently, no swelling of the soil was observed, 
as opposed to tests where treatments were implemented 
by pressure injection); this could be attributed due to elec-
troosmosis from the anode towards the cathode, which was 

Fig. 8  Undrained shear strength 
of untreated and treated clay 
soil. Note: “Anode” and “Cath-
ode” refer to the electrolyte 
chamber function when injec-
tion started

Fig. 9  a Moisture content of the soil sample (top, middle, and bottom of the sample) before and after treatment. b  CaCO3 content of the soil 
before and after treatment
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reversed every 24 h; hence, interstitial water was forced to 
move to and from both electrodes. No soil settlement was 
noted despite the small reduction in moisture content. On the 
other hand, the moisture content variations in the soil pro-
files from top, middle, and bottom of the soil samples taken 
from the EK chamber do not show any marked differences, 
as they ranged from 1.35 to 2.79% for all the cases, showing 
uniformity in the effect of the treatment on the moisture con-
tent. The reduction in moisture content could have affected 
the undrained strength of the soil to some extent. However, 
in the case of biostimulation, the undrained strength increase 
was considerably pronounced, and this would not be justified 
solely by the change in moisture content.

CaCO3 content of the soil

Figure 9b shows the  CaCO3 content of the soil samples 
at the same locations as the water content and undrained 
shear strength, before and after the various treatments. The 
untreated clay soil contained already a considerable amount 
of calcium carbonate of about 5%, and an average of about 
5.7% in the nutrient only case. This amount increased to 7% 
for biostimulation, 8% for bioaugmentation, and 12% for 
cementation solution only, whereas no significant changes 
were observed upon the injection of nutrients. The results 
were unexpected, as the measured  CaCO3 contents were 
inconsistent with the strength increase results. Namely, 
biocementation by biostimulation should have logically 
resulted in the highest  CaCO3 contents compared to the 
other treatments, as  CaCO3 would be expected to bind the 
particles together, increasing the soil strength. It is possi-
ble however that the measured  CaCO3 was not calcite in all 
instances; amorphous  CaCO3 or unstable  CaCO3 mineral 
forms like vaterite would not have resulted in a consider-
able strength increase. The increase in carbonate content in 
the cementation solution-only treatment could be attributed 
to the constituents of the solution itself, producing carbon-
ate into the pores of the soil purely by chemical reaction; 
considerable amounts of precipitates were also observed 
on the electrodes inside the electrolyte compartments in 
the cementing solution treatment but also bioaugmentation 
case. However, it remains unclear why this purely chemi-
cal reaction would have produced higher  CaCO3 contents 
than when bacteria and CA enzymes were present. It should 
be noted however that in the latter case, the produced bio-
precipitates are of different quality and morphology than 
chemically (abiotically) produced precipitates and that the 
bacteria serve as nucleation sites for crystals to grow and 
bridge particles together, as attested in the literature, which 
could explain the better strengths during biostimulation. In 
the latter case (biostimulation), an increase of calcite con-
tent of about 1.3% as an average was observed compared 
to the nutrient-only solution; this was the only case where 

a significant UCS increase of approximately 90 kPa was 
observed compared to the untreated soil (or approximately 
70-kPa increase compared to the nutrient only case), and 
we attributed this to calcite precipitation, as argued earlier. 
As the relationship between  CaCO3 content and strength 
increase in microbially induced calcite precipitation (MICP) 
is soil dependent, it is difficult to compare with the literature, 
which deals mostly with sand biocementation. Indicatively 
however, we can mention that in Safdar et al. (2021b), who 
treated a soil with 50.8% organic content,  CaCO3 contents 
of an average of 1.25% corresponded to an average UCS 
increase of 110 kPa, whereas Duraisamy (2016) performing 
sand biocementation by deep mixing recorded UCS between 
120 and 200 kPa for  CaCO3 contents between 0.8 and 1.33%, 
which are not very different to those recorded here for the 
biostimulation treatment. Finally, in Chittoori et al. (2021) 
who applied biocementation treatments to an expansive clay 
of 70% clay content, as well as to mixtures of this clay with 
sand, to obtain soils of 40% and 30% contents of clay respec-
tively, UCS results were very variable depending on treat-
ment protocol and  CaCl2 content and did not always reflect 
measured  CaCO3 contents. For example, UCS increases for 
the soil containing 40% clay (similarly to the soil in our 
study) of 47 kPa, 96 kPa, and 101 kPa were noted respec-
tively for  CaCO3 contents of 1.1%, 1.07%, and 0.97% for the 
lower  CaCl2 content used or, for the higher  CaCl2 content 
used, 25 and 32 kPa increases were noted for 0.82% and 
0.68% of  CaCO3, respectively. The highest UCS increase 
recorded for this soil for all treatment protocols (of 165 kPa) 
did correspond to the highest  CaCO3 content achieved, i.e. 
1.36%; however, generally it was much lower than UCS val-
ues reported for biocemented sands. The authors concluded 
that the precipitation of higher amounts of  CaCO3 may not 
always result in improved engineering performance as other 
factors such as the type of  CaCO3 formed as well as grada-
tion, density, and other geotechnical characteristics also play 
an important role in UCS obtained during MICP.

SEM analysis

The SEM was conducted on all treated specimens and the 
untreated soil to study the influence of stabilisation on 
microstructure and mineralogical characteristics. It can be 
observed that the untreated soil was morphologically similar 
to the control cases of nutrients only and cementation solu-
tion, as well as for the bioaugmentation (which is consistent 
with the limited shear strength gain). As shown in Fig. 10, 
the soil particles were plate-like in shape and parallel with 
each other. However, the biostimulation case (Fig. 10d) 
showed a different morphology of soil particles which were 
less parallel and reduced in size; they looked more aggre-
gated and had a denser structure. This observation could be 
due to the action of the calcium in the calcium carbonate 
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being formed during biocementation (calcium carbonate due 
to carbonation due to CA microbes in the soil) that could 
reduce the thickness of the diffuse double layer of clay 
through cation-exchange and flocculation-agglomeration 
reactions. This reaction could have promoted the increase 
in shear strength as described above. This observation (i.e. 
that there are no preferential orientations of the structure of 
treated clay) has also been reported elsewhere (Abdallah 
et al. 2023; Ogila 2021). Therefore, our study concluded that 
the flocculation and agglomeration between the soil particles 
contributed to the increase in the mechanical strength of 
the clay soil although it remains unclear why this was not 
also the case for the bioaugmentation treatment (Fig. 10e); 
this merits further study and experimentation with different 
bioaugmentation protocols.

Conclusion

In this study, we investigated the feasibility of stabilising 
clay soil using EK via CA biocementation.

 i. The results showed that this is possible, as the und-
rained shear strength of the treated soil became six 
times higher than that of the untreated soil when EK 
biostimulation was applied. For the same case, the 
SEM micrographs showed flocculation and agglom-

eration of soil particles, possibly due to calcium 
ions from calcium carbonate bridging the negatively 
charged clay particles.

 ii. Biostimulation could be a preferred option for field 
implementation because the already present native 
microorganisms are well-suited to the subsurface 
environment and well-distributed. Conversely, the bio-
augmentation treatment protocol needs to be revisited, 
as it did not lead to a considerable strength increase. 
However, it was confirmed that the pre-cultured bac-
teria entered the soil upon EK injection, which is an 
important finding as the general belief is that bacteria 
cannot be injected into clay soils due to the narrow 
pore throat sizes.

 iii. Another important finding for practical purposes was 
the uniformity of the treated soil parameters across 
the soil sample and at different depths, which demon-
strates that EK could be a most promising method for 
biocementation treatment implementation under exist-
ing infrastructure. EK can thus circumvent the widely 
documented issues of treatment non-uniformity if 
other common injection methods are used (such as 
pressure injection). Moreover, using EK, the develop-
ment of high pressures which could be detrimental to 
the stability of existing earthworks, can be avoided.

Fig. 10  Scanning electron microscope micrograph for a untreated soil, b nutrients only, c cementation solution only, d biostimulation, and e bio-
augmentation
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Although these are early-stage findings and the research 
is ongoing, the prospects are exciting, as it was shown that 
it is possible to achieve the desired strength by biostimula-
tion of native bacteria capturing  CO2 while improving the 
soil strength, thus having the potential to contribute both to 
the resilience of existing infrastructure, as well as to climate 
change mitigation.

Acknowledgements The authors would like to thank Dr. Leonardo 
Pantoja-Muñoz for carrying out the SEM analyses.

Author contribution W.M., A.S. and C.G, carried out the experiment 
and analysed the results. W.M., M.M. and A.S. wrote the manuscript 
with support from M.J.G., D.P., C.G. and J.G., and all authors reviewed 
and revised the drafts. M.M. and M.J.G. supervised the project. M.M., 
D.P., M.J.G. and J.G. conceived the original idea.

Funding This work was funded by the European Commission under the 
Horizon 2020 Marie Skłodowska-Curie Individual Fellowships Grant 
Number 101025184 (Grant holder: London South Bank University).

Data availability The authors declare that the data supporting the find-
ings of this study are available within the paper. Should any raw data 
files be needed in another format, they are available from the corre-
sponding author upon reasonable request.

Declarations 

Ethics approval N/A

Consent to participate N/A

Consent for publication N/A

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abdallah HM, Rabab’ah SR, Taamneh MM, Taamneh MO, Hanandeh 
S (2023) Effect of zeolitic tuff on strength, resilient modulus, and 
permanent strain of lime-stabilized expansive subgrade soil. J 
Mater Civ Eng 25:4596–4609

Abdullah HH, Shahin MA, Walske ML (2020) Review of fly-ash-based 
geopolymers for soil stabilisation with special reference to clay. 
Geosciences. https:// doi. org/ 10. 3390/ geosc ience s1007 0249

Armstrong JM, Myers DV, Verpoorte JA, Edsall JT (1966) Purification 
and properties of human erythrocyte carbonic anhydrases. J Biol 
Chem 241(21):5137–5149

ASTM (2014) D2974–14: Standard Test Methods for Moisture, Ash, 
and Organic Matter of Peat and Other Organic Soils. ASTM Inter-
national, West Conshohocken

ASTM (2021) ASTM D4373–21: Standard Test Method for Rapid 
Determination of Carbonate Content of Soils. ASTM Interna-
tional, West Conshohocken

Azhar ATS, Nordin NS, Azmi MAM, Embong Z, Sunar N, Hazreek 
ZAM, Aziman M (2018) The physical behavior of stabilised soft 
clay by electrokinetic stabilisation technology. J Phys: Conf Ser 
995:012111. https:// doi. org/ 10. 1088/ 1742- 6596/ 995/1/ 012111

Barba S, Villaseñor J, Rodrigo MA, Cañizares P (2017) Effect of the 
polarity reversal frequency in the electrokinetic-biological reme-
diation of oxyfluorfen polluted soil. Chemosphere 177:120–127. 
https:// doi. org/ 10. 1016/j. chemo sphere. 2017. 03. 002

Beal J, Farny NG, Haddock-Angelli T, Selvarajah V, Baldwin GS, 
Buckley-Taylor R, Gershater M, Kiga D, Marken J, Sanchania V, 
Sison A, Workman CT (2020) Robust estimation of bacterial cell 
count from optical density. Commun Biol 3:512. https:// doi. org/ 
10. 1038/ s42003- 020- 01127-5

Benagli C, Demarta A, Caminada A, Ziegler D, Petrini O, Tonolla M 
(2012) A rapid MALDI-TOF MS identification database at geno-
species level for clinical and environmental Aeromonas strains. 
PLOS ONE 7(10):e48441. https:// doi. org/ 10. 1371/ journ al. pone. 
00484 41

BSI (1990) BS 1377:1990: Methods of test for soils for civil engineer-
ing purposes. Classification tests. BSI, London

BSI (2005) BS ISO 10390:2005 Soil quality. Determination of pH, 
BSI, London

Chaudhary DK, Bajagain R, Jeong S, Kim J (2021) Effect of con-
sortium bioaugmentation and biostimulation on remediation effi-
ciency and bacterial diversity of diesel-contaminated aged soil. 
World J Microbiol Biotechnol 37:46. https:// doi. org/ 10. 1007/ 
s11274- 021- 02999-3

Chittoori BCS, Rahman T, Burbank M (2021) Microbial-facilitated cal-
cium carbonate precipitation as a shallow stabilization alternative 
for expansive soil treatment. Geotechnics 1(2):558–572. https:// 
doi. org/ 10. 3390/ geote chnic s1020 025

Ciblak A, Mao X, Padilla I, Vesper D, Alshawabkeh I, Alshawabkeh 
AN (2012) Electrode effects on temporal changes in electrolyte 
pH and redox potential for water treatment. J Environ Sci Health 
Part A Toxic/hazard Subst Environ Eng 47(5):718–726. https:// 
doi. org/ 10. 1080/ 10934 529. 2012. 660088

Deepak MS, Rohini S, Harini BS, Ananthi GBG (2021) Influence of 
fly-ash on the engineering characteristics of stabilised clay soil. 
Materials Today: Proceedings 37(2):2014–2018. https:// doi. org/ 
10. 1016/j. matpr. 2020. 07. 497

Duraisamy Y (2016) Strength and stiffness improvement of bio-
cemented Sydney sand. PhD thesis, University of Sydney, 
Australia

Ganendra G, De Muynck W, Ho A, Arvaniti EC, Hosseinkhani B, 
Ramos JA, Rahier H, Boon N (2014) Formate oxidation-driven 
calcium carbonate precipitation by Methylocystis parvus OBBP. 
Appl Environ Microbiol 80(15):4659–4667. https:// doi. org/ 10. 
1128/ AEM. 01349- 14

Ghadir P, Ranjbar N (2018) Clayey soil stabilization using geopolymer 
and Portland cement. Constr Build Mater 188:361–371. https:// 
doi. org/ 10. 1016/j. conbu ildmat. 2018. 07. 207

Ghorbani A, Hasanzadehshooiili H, Mohammadi M, Sianati F, Salimi 
M, Sadowski L, Szymanowski J (2019) Effect of selected nano-
spheres on the mechanical strength of lime-stabilized high-plas-
ticity clay soils. Adv Civil Eng 4257530. https:// doi. org/ 10. 1155/ 
2019/ 42575 30

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/geosciences10070249
https://doi.org/10.1088/1742-6596/995/1/012111
https://doi.org/10.1016/j.chemosphere.2017.03.002
https://doi.org/10.1038/s42003-020-01127-5
https://doi.org/10.1038/s42003-020-01127-5
https://doi.org/10.1371/journal.pone.0048441
https://doi.org/10.1371/journal.pone.0048441
https://doi.org/10.1007/s11274-021-02999-3
https://doi.org/10.1007/s11274-021-02999-3
https://doi.org/10.3390/geotechnics1020025
https://doi.org/10.3390/geotechnics1020025
https://doi.org/10.1080/10934529.2012.660088
https://doi.org/10.1080/10934529.2012.660088
https://doi.org/10.1016/j.matpr.2020.07.497
https://doi.org/10.1016/j.matpr.2020.07.497
https://doi.org/10.1128/AEM.01349-14
https://doi.org/10.1128/AEM.01349-14
https://doi.org/10.1016/j.conbuildmat.2018.07.207
https://doi.org/10.1016/j.conbuildmat.2018.07.207
https://doi.org/10.1155/2019/4257530
https://doi.org/10.1155/2019/4257530


Environmental Science and Pollution Research 

1 3

Gidudu B, Chirwa EM (2022) The role of pH, electrodes, surfactants, 
and electrolytes in electrokinetic remediation of contaminated 
soil. Molecules 27(21):7381. https:// doi. org/ 10. 3390/ molec ules2 
72173 81

Han Z, Gao X, Zhao H, Tucker ME, Zhao Y, Bi Z, Pan J, Wu G, Yan H 
(2018) Extracellular and intracellular biomineralization induced 
by Bacillus licheniformis DB1-9 at different Mg/Ca molar ratios. 
Minerals 8(12):585. https:// doi. org/ 10. 3390/ min81 20585

Irfan MF, Hossain S, Khalid H, Sadaf F, Al-Thawadi S, Alshater A, 
Hossain MM, Razzak SA (2019) Optimization of bio-cement pro-
duction from cement kiln dust using microalgae. Biotechnol Rep 
23:e00356. https:// doi. org/ 10. 1016/j. btre. 2019. e00356

Jain S, Fang C, Achal V (2021) A critical review on microbial carbon-
ate precipitation via denitrification process in building materials. 
Bioengineered 12(1):7529–7551. https:// doi. org/ 10. 1080/ 21655 
979. 2021. 19798 62

Jaya P, Nathan VK, Ammini P (2019) Characterization of marine bac-
terial carbonic anhydrase and their CO2 sequestration abilities 
based on a soil microcosm. Prep Biochem Biotechnol 49(9):891–
899. https:// doi. org/ 10. 1080/ 10826 068. 2019. 16336 69

Kahani M, Kalantary F, Soudi MR, Pakdel L, Aghaalizadeh S (2020) 
Optimization of cost effective culture medium for Sporosarcina 
pasteurii as biocementing agent using response surface meth-
odology: Up cycling dairy waste and seawater. J Clean Prod 
253:120022. https:// doi. org/ 10. 1016/j. jclep ro. 2020. 120022

Keykha HA, Asadi A, Zareian M (2017) Environmental factors affect-
ing the compressive strength of microbiologically induced calcite 
precipitation-treated soil. Geomicrobiol J 34(10):889–894. https:// 
doi. org/ 10. 1080/ 01490 451. 2017. 12917 72

Keykha HA, Huat BBK, Asadi A (2014) Electrokinetic stabilization of 
soft soil using carbonate-producing bacteria. Geotech Geol Eng 
32(4):739–747. https:// doi. org/ 10. 1007/ s10706- 014- 9753-8

Kichou Z, Mavroulidou M, Gunn MJ (2022) Investigation of the 
strength evolution of lime-treated London clay soil. Proc Inst 
Civil Eng-Ground Improv. https:// doi. org/ 10. 1680/ jgrim. 21. 00053

Leroueil S, Le Bihan J (1996) Liquid limits and fall cones. Can Geotech 
J 33(5):793–798. https:// doi. org/ 10. 1139/ T96- 104- 324

Mahmood T, Mehnaz S, Fleischmann F, Ali R, Hashmi ZH, Iqbal Z 
(2014) Soil sterilization effects on root growth and formation of 
rhizosheaths in wheat seedlings. Pedobiologia 57:123–130

Martin V, Villarreal F, Miras I, Navaza A, Haouz A, González-Lebrero 
RM, Kaufman SB, Zabaleta E (2009) Recombinant plant gamma 
carbonic anhydrase homotrimers bind inorganic carbon. FEBS 
Lett 583:3425–3430. https:// doi. org/ 10. 1016/j. febsl et. 2009. 09. 055

Mavroulidou M, Gray C, Gunn M, Pantoja-Muñoz L (2022) A study 
of innovative alkali activated binders for soil stabilisation in the 
context of engineering sustainability and circular economy. Cir-
cular Economy and Sustainability 2:1627–1651. https:// doi. org/ 
10. 1007/ s43615- 021- 00112-2

Mavroulidou M, Gray C, Pantoja-Muñoz L, Gunn MJ (2023) An 
assessment of different alkali-activated cements as stabilisers of 
sulphate-bearing soils. Q J Eng GeolHydrogeol. https:// doi. org/ 
10. 1144/ qjegh 2022- 057

Mena E, Villaseñor J, Cañizares P, Rodrigo MA (2016) Effect of elec-
tric field on the performance of soil electro-bioremediation with 
a periodic polarity reversal strategy. Chemosphere 146:300–307. 
https:// doi. org/ 10. 1016/j. chemo sphere. 2015. 12. 053

Mitchell JK, Santamarina JC (2005) Biological considerations in geo-
technical engineering. J Geotech Geoenviron Eng 131(10):1212. 
https:// doi. org/ 10. 1061/ (ASCE) 1090- 0241(2005) 131: 10(1222)

Muley P, Dhumal M, Vora D (2014) Sequestration of atmospheric car-
bon dioxide by microbial carbonic anhydrase. IOSR J Environ Sci 
Toxicol Food Technol 8(11) Ver III: 45–48 . https:// doi. org/ 10. 
9790/ 2402- 08113 4548

Murray PR (2012) What is new in clinical microbiology-microbial 
identification by MALDI-TOF mass spectrometry. J Mol Diagn: 

JMD 14(5):419–423. https:// doi. org/ 10. 1016/j. jmoldx. 2012. 03. 
007

Mwandira W, Mavroulidou M, Gunn MJ, Gray C, Garelick J, Purchase 
D (2023) Biocementation mediated by native carbonic anhydrase-
producing microbes. In Kungolos A et al (Eds), Proceedings of the 
Tenth International Conference on Environmental Management, 
Engineering, Planning & Economics Skiathos Island, Greece, 
June 5–9, 2023 ISBN: 978-618-5710-25-5237-246, pp: 237–246

O’Donnell ST, Rittmann BE, Kavazanjian E Jr (2017) MIDP: liquefac-
tion mitigation via microbial denitrification as a two-stage pro-
cess. I: Desaturation. J Geotech Geoenviron Eng 143(12). https:// 
doi. org/ 10. 1061/ (ASCE) GT. 1943- 5606. 00018 18

Ogila WAM (2021) Effectiveness of fresh cement kiln dust as a 
soil stabilizer and stabilization mechanism of high swell-
ing clays. Environ Earth Sci 80:283. https:// doi. org/ 10. 1007/ 
s12665- 021- 09589-4

Omoregie AI, Palombo EA, Nissom PM (2021) Bioprecipitation of 
calcium carbonate mediated by ureolysis: a review. Environ Eng 
Res 26(6):200379. https:// doi. org/ 10. 4491/ eer. 2020. 379

Phillips AJ, Gerlach R, Lauchnor E, Mitchell AC, Cunningham AB, 
Spangler L (2013) Engineered applications of ureolytic biomin-
eralization: a review. Biofouling 29(6):715–733. https:// doi. org/ 
10. 1080/ 08927 014. 2013. 796550

Safdar MU, Mavroulidou M, Gunn MJ, Garelick J, Payne I, Purchase 
D (2021a) Innovative methods of ground improvement for railway 
embankment peat fens foundation soil. Géotechnique 71(11):985–
998. https:// doi. org/ 10. 1680/ jgeot. 19. SiP. 030

Safdar MU, Mavroulidou M, Gunn MJ, Purchase D, Payne I, Garelick 
J (2021) Electrokinetic biocementation of an organic soil. Sustain 
Chem Pharm 21:100405. https:// doi. org/ 10. 1016/j. scp. 2021. 100405

Safdar MU, Mavroulidou M, Gunn MJ et al (2022) Towards the devel-
opment of sustainable ground improvement techniques—bioce-
mentation study of an organic soil. Circ Econ Sust 2:1589–1614. 
https:// doi. org/ 10. 1007/ s43615- 021- 00071-8

Safdar MU, Mavroulidou M, Gunn MJ, Gray C, Purchase D, Garelick 
J, Payne I (2020) Implementation of biocementation for a partially 
saturated problematic soil of the UK railway network 195: 05006. 
https:// doi. org/ 10. 1051/ e3sco nf/ 20201 95050 06

Seifan M, Samani AK, Berenjian A (2016) Bioconcrete: next gen-
eration of self-healing concrete. Appl Microbiol Biotechnol 
100:2591–2602. https:// doi. org/ 10. 1007/ s00253- 016- 7316-z

Sharma T, Kumar A (2021) Efficient reduction of  CO2 using a novel 
carbonic anhydrase producing Corynebacterium flavescens. Envi-
ron Eng Res 26(3):200191. https:// doi. org/ 10. 4491/ eer. 2020. 191

Singhal N, Kumar M, Kanaujia PK, Virdi JS (2015) MALDI-TOF mass 
spectrometry: an emerging technology for microbial identification 
and diagnosis. Front Microbiol 6:791. https:// doi. org/ 10. 3389/ 
fmicb. 2015. 00791

Supuran CT (2016) Structure and function of carbonic anhydrases. Bio-
chem J 473(14):2023–2032. https:// doi. org/ 10. 1042/ BCJ20 160115

Terzis D, Hicher P, Laloui L (2020) Direct currents stimulate car-
bonate mineralization for soil improvement under various 
chemical conditions. Sci Rep 10:17014. https:// doi. org/ 10. 1038/ 
s41598- 020- 73926-z

Wu M, Wu J, Zhang X, Ye X (2019) Effect of bioaugmentation and 
biostimulation on hydrocarbon degradation and microbial community 
composition in petroleum-contaminated loessal soil. Chemosphere 
237:124456. https:// doi. org/ 10. 1016/j. chemo sphere. 2019. 124456

Yoobanpot N, Jamsawang P, Horpibulsuk S (2017) Strength behavior 
and microstructural characteristics of soft clay stabilized with 
cement kiln dust and fly ash residue. Appl Clay Sci 141:146–156. 
https:// doi. org/ 10. 1016/j. clay. 2017. 02. 028

Zhang X, Mavroulidou M, Gunn MJ (2015a) Mechanical properties and 
behaviour of a partially saturated lime-treated, high plasticity clay. 
Eng Geol 193:320–336. https:// doi. org/ 10. 1016/j. enggeo. 2015. 05. 007

https://doi.org/10.3390/molecules27217381
https://doi.org/10.3390/molecules27217381
https://doi.org/10.3390/min8120585
https://doi.org/10.1016/j.btre.2019.e00356
https://doi.org/10.1080/21655979.2021.1979862
https://doi.org/10.1080/21655979.2021.1979862
https://doi.org/10.1080/10826068.2019.1633669
https://doi.org/10.1016/j.jclepro.2020.120022
https://doi.org/10.1080/01490451.2017.1291772
https://doi.org/10.1080/01490451.2017.1291772
https://doi.org/10.1007/s10706-014-9753-8
https://doi.org/10.1680/jgrim.21.00053
https://doi.org/10.1139/T96-104-324
https://doi.org/10.1016/j.febslet.2009.09.055
https://doi.org/10.1007/s43615-021-00112-2
https://doi.org/10.1007/s43615-021-00112-2
https://doi.org/10.1144/qjegh2022-057
https://doi.org/10.1144/qjegh2022-057
https://doi.org/10.1016/j.chemosphere.2015.12.053
https://doi.org/10.1061/(ASCE)1090-0241(2005)131:10(1222)
https://doi.org/10.9790/2402-081134548
https://doi.org/10.9790/2402-081134548
https://doi.org/10.1016/j.jmoldx.2012.03.007
https://doi.org/10.1016/j.jmoldx.2012.03.007
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001818
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001818
https://doi.org/10.1007/s12665-021-09589-4
https://doi.org/10.1007/s12665-021-09589-4
https://doi.org/10.4491/eer.2020.379
https://doi.org/10.1080/08927014.2013.796550
https://doi.org/10.1080/08927014.2013.796550
https://doi.org/10.1680/jgeot.19.SiP.030
https://doi.org/10.1016/j.scp.2021.100405
https://doi.org/10.1007/s43615-021-00071-8
https://doi.org/10.1051/e3sconf/202019505006
https://doi.org/10.1007/s00253-016-7316-z
https://doi.org/10.4491/eer.2020.191
https://doi.org/10.3389/fmicb.2015.00791
https://doi.org/10.3389/fmicb.2015.00791
https://doi.org/10.1042/BCJ20160115
https://doi.org/10.1038/s41598-020-73926-z
https://doi.org/10.1038/s41598-020-73926-z
https://doi.org/10.1016/j.chemosphere.2019.124456
https://doi.org/10.1016/j.clay.2017.02.028
https://doi.org/10.1016/j.enggeo.2015.05.007


 Environmental Science and Pollution Research

1 3

Zhang X, Wang Y, Guo J, Yu Y, Li J, Guo Y, Liu C (2015b) Compar-
ing two functions for optical density and cell numbers in bacterial 
exponential growth phase. J Pure Appl Microbiol 9(1):299–305

Zhao Y, Yan H, Zhou J, Tucker ME, Han M, Zhao H, Mao G, Zhao Y, Han 
Z (2019) Bio-precipitation of calcium and magnesium ions through 
extracellular and intracellular process induced by bacillus licheni-
formis SRB2. Minerals 9(9):526. https:// doi. org/ 10. 3390/ min90 90526

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.3390/min9090526

	An electrokinetic-biocementation study for clay stabilisation using carbonic anhydrase-producing bacteria
	Abstract
	Introduction
	Materials and methods
	Soil sample characteristics
	Microbiological study
	Isolation and characterisation of CA-producing bacteria
	Microbial growth and CA production and characterisation

	Electrokinetic treatment schemes
	Soil property measurements

	Results and discussion
	Microbiological analysis results
	Electrokinetic treatment results
	Variation of temperature, pH, and electrical conductivity during EK-biocementation
	Undrained shear strength
	Moisture content of the soil
	CaCO3 content of the soil
	SEM analysis


	Conclusion
	Acknowledgements 
	References


