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Abstract: Biocementation is an emerging nature-inspired method of producing eco-friendly cement
for soil stabilization. This paper used the bovine-derived carbonic anhydrase (CA) enzyme to catalyse
the bioprecipitation of CaCO3 in a fine-grained soil and thus to biocement the soil. To increase the
efficiency of the CA, an innovative copper–carbonic anhydrase (CA) hybrid was fabricated. This study
is a proof-of-concept of the potential application of these enzyme carriers for soil biocementation.
The hybrid carriers are aimed to enhance the stability, recovery and reusability of the enzyme used
in the biocementation process. The results showed that the fabricated copper phosphate-based
inorganic hybrid was stable throughout the duration of the tests (2 months) and under a wide range
of pH and temperatures. Its enzymatic activity was enhanced compared to the free CA enzyme and
it was proved suitable for soil biocementation. This was further confirmed by the SEM analysis.
Additionally, the treated soil with the formulated hybrid carrier showed improved unconfined
compressive strength, especially when the carriers were implemented into the soil by mixing. The
material analysis by Raman spectroscopy confirmed calcium carbonate as the primary precipitate,
consistent with soil biocementation. Overall, this innovative method of delivery of enzymes with
enhanced stability and activity shows promise that, upon further development, it can be successfully
used to increase the efficiency and sustainability of the biocementation process.

Keywords: carbonic anhydrase; enzyme carriers; ground improvement; biocementation; CO2 capture

1. Introduction

Biocementation has recently emerged as a nature-inspired method of producing eco-
friendly cement, with a reduced environmental impact and carbon footprint compared
to Portland cement [1–4]. The process of biocementation uses organic and inorganic com-
pounds to produce mechanically robust biomaterials [5]. Most biocementation studies use
carbonates to biocement soils. The carbonates formed can store carbon permanently in
the ground and potentially reduce the amount of CO2 accumulation in the atmosphere [6].
Biocementation can be realised by different pathways, such as urea hydrolysis [7], deni-
trification [8], carbonic anhydrase [9] and methane oxidation [10] amongst others, or by a
combination of processes [11].

The most common biocementation techniques to date are microbially induced cal-
cium carbonate precipitation (MICP) or enzyme-induced calcium carbonate precipitation
(EICP) [2,12,13]. MICP can have limitations for in situ applications in fine-grained soils, if
precultured bacteria are injected in the soil to increase the bacteria population favourable
for biocementation (bioaugmentation). This is because of the relatively large size of bacteria
compared to that of the pore throats in fine-grained soils [14] (bacterial cells have cell
sizes ranging usually from 0.5 to 3 µm). Additionally, living microorganisms are difficult
to handle, as they are sensitive to environmental conditions [15,16]. EICP was therefore
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proposed to overcome these problems associated with MICP. In EICP, free enzymes derived
from microbes or plant sources have been suggested and used as a catalyst to produce
biocement [2,17,18]. The use of free enzymes facilitates the injection of biocementation
treatments in fine-grained soils with narrow pore-throat sizes and bypasses the complexity
of controlling living organisms in situ. However, EICP also comes with limitations, as the
use of free enzymes in soils entails different challenges. These are linked predominantly
to: (a) the stability of the enzyme once released into the ground; (b) the limited enzyme
supply (as there is no generation of more enzymes from the soil bacteria, unlike when mi-
crobial biocementation is used) and (c) the poor reusability of the enzyme, which increases
treatment costs.

Previous studies for different applications have addressed these challenges by immobi-
lizing the enzymes using suitable enzyme carriers. For example, enzyme carriers have been
used in bioconcrete [19] or for CO2 capture in bioreactors [20]. In CO2 capture applications,
hybrid enzyme–metal nanoflower carriers have been extensively used to achieve higher
enzyme activity and stability [21]. The term “nanoflower” is used because the structure
formed resembles a small flower.

The formation of enzyme–inorganic hybrid nanoflowers comprises a four-step mecha-
nism, namely (a) the coordination, (b) coprecipitation, (c) self-assembly and (d) size growth
of the hybrid nanoflower carriers [22]. The process was demonstrated in previous studies,
where metal ions were shown to react with phosphate ions to form the first crystals. Once
the crystal is created, the metal ion complexes with the enzyme, producing a “nanoflower”.
Previous studies have shown that the formation process of nanoflower enzyme carriers by
encapsulation, adsorption and covalent attachment to flower-like structures is efficient and
that the carriers are stable [23–26].

Because of these advantages, the present study combined an inorganic metal ion
and carbonic anhydrase (CA) enzyme to fabricate a stable enzyme carrier based on the
hybrid enzyme–metal nanoflower method. The study is a proof-of-concept of the hybrid
nanoflower technique for soil biocementation using the CA pathway, for concurrent CO2
absorption and soil stabilisation.

The CA biocementation pathway adopted in this study is proposed as an innova-
tive, eco-friendly, sustainable soil stabilisation method that can consume CO2 from the
atmosphere or use captured CO2 to precipitate CaCO3, which binds together (i.e., bioce-
ments) soil particles. In this multi-step chemical process, CA catalyses the precipitation
of calcite. The aqueous CO2 (aq) formed (Equation (1)) reacts with water to form H2CO3
(Equation (2)). The absorption of CO2 in an aqueous medium entails the conversion of
CO2 (aqueous) to HCO3 (Equation (3)). CA enzyme can substantially increase the rate
of CO2 mineralization by CA-catalysed hydration of CO2 to HCO3. This CO2 -derived
HCO3 can be mineralized to metal carbonates that can be stored as CO2 minerals or used in
value-added chemicals and other products/materials (adhesives, sealants, food additives,
pharmaceuticals, paints, coatings, paper, cement and construction materials [26]).

CO2 (g)↔ CO2 (aq) (1)

CO2 (aq) + H2O (l)↔ H2CO3 (aq) (2)

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

2− (Equation (5)), forming calcium carbonate, where the CA enzyme provides
nucleation sites.

H2CO3(aq)↔ H+ + HCO3
− (aq) (3)

HCO3
− ↔H+ + CO3

2− (4)

Ca2+ + CO3
2− ↔ CaCO3 (s) ↓ (5)
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Due to the simplicity of the process, CA-mediated mineralization has become one of
the most popular ways of CO2 conversion and utilization. There are many examples in the
literature, demonstrating that stabilized and immobilized CA drastically enhances CO2
mineralization and retains most of its CO2 mineralization capacity after many cycles of
CaCO3 mineralization for faster and more efficient CO2 conversion and utilization (see,
e.g., [26,27]). Thus, a major industrial application of hybrid delivery systems is for carbon
capture and storage (CCS) and carbon conversion and utilisation (CCU) technologies,
where a basic requirement for the success of the processes is the adequate transfer of CO2
from the gas phase to the aqueous phase. This critical requirement can be addressed by
the use of the CA enzyme, whose active site contains hydroxide-bound Zn2+ for catalysis
of the interconversion between CO2 and bicarbonate. However, a major challenge for
the industrial implementation of CA is the poor stability of CA at high temperatures, in
alkaline pH, or in the presence of high salt concentrations. Thus, producing robust CAs
is essential; CA immobilization in hybrid nano-carriers is one way of addressing this
challenge, while also enabling the easier recovery and reuse of enzymes, lowering the cost
of CA per ton of captured/utilized CO2. Furthermore, immobilization and stabilization of
CA in nanostructured materials, allows CA to be placed together closely with other CO2-
converting enzymes; this way CO2 captured by CA can be transferred to other enzymes
in order to improve the kinetics of CO2 conversion. CA immobilization and stabilization
in nanostructured materials also allows for the combination of immobilized CA with
CO2-converting microorganisms. Overall, the immobilization of CA with nanostructured
carriers gives promise for the development of highly stable and reusable CA for the faster
and more efficient CO2 conversion and utilization [28].

Inspired by the literature covering CCC and CCU, this paper aims to assess, for the
first time, the feasibility of using immobilized CA in hybrid carriers, as an efficient enzyme
delivery system for soil biocementation applications by EICP. The supply of the enzyme
through the hybrid carrier aims to overcome challenges of the EICP biocementation method
linked to enzymatic stability and supply issues. This would be a useful advancement in
improving the EICP technique, while also proposing a method of mineralizing CO2 in the
process, which could create a carbon sink. Also, in view of the proposed electrokinetic
implementation of the treatments by the authors to address treatment delivery under
existing infrastructure [29], it seems practical to use the same electrokinetic system in situ
for the recovery of the hybrid carriers for future reuse.

The particular novelty of our experimental (laboratory) research is therefore the syn-
thesis and study of the performance of a stable metal–organic hybrid enzyme carrier aimed
for biocementation applications in soil stabilization; this is investigated for the first time.
The research is unique and different from previous studies on hybrid nanoflower carriers,
which did not consider soil biocementation applications. It is also innovative compared
to other biocementation studies as: (a) it proposes the novel enzyme delivery system for
biocementation applications; (b) it aims to produce biocement to stabilize soils while cap-
turing CO2 at the same time, thus contributing to the net-zero targets of the construction
industry; this is unlike most other biocementation studies, based on the ureolytic route.

The following sections present the synthesis and utilisation of a metal–organic hybrid
carrier based on the principle of nanoflower synthesis for the delivery and stabilisation of
CA enzymes with enhanced enzymatic activity.

2. Materials and Methods
2.1. Materials Used

The soil used in this study was a sandy silty clay sampled from the Prickwillow site of
the East Anglia railway network (East Cambridgeshire, Eastern England X/Y co-ordinates:
559,276, 282,290). Soil samples from the railway embankment were obtained by rotary
drilling method. Undisturbed soil samples were collected using tube samplers. Figure 1
shows the particle size distribution of the soil from 1.2 to 2.2 m depth, which was used in
this study. Table 1 shows some basic physicochemical characteristics of the soil.
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Table 1. Basic physicochemical properties of a sandy silty clay soil from Prickwillow, East Anglia.

Property Value Test/Standard

Liquid limit: % w/w 63 Cone penetrometer; BS 1377-2: 1990 [30]
Plastic limit: % w/w 33 BS 1377-2: 1990 [30]

Plasticity index: % w/w 30 BS 1377-2: 1990 [30]
Gravel content (%) 4 BS 1377-2: 1990 [30]
Sand content (%) 20 BS 1377-2: 1990 [30]
Silt content (%) 37 BS 1377-2: 1990 [30]

Clay content (%) 39 BS 1377-2: 1990 [30]
Soil classification CH BS 1377-2: 1990 [30]

Organic matter content: % w/w 3.9 Loss of ignition: ASTM D2974-14 [31]
Moisture content: % w/w 47.5 BS EN ISO 17892: Part 1: 2014 [32]

In situ bulk density (g/cm3) 1.78 BS EN ISO 17892: Part 2: 2014 [33]
pH 7.7 BS ISO 10390:2005 [34]

Natural CaCO3 content (%) 4.82 ASTM D4373-21 [35]
Undrained shear strength, Su (kPa) 5.5 Unconfined compression test BS EN ISO 17892-7:2018 [36]

For the synthesis of the enzyme carrier, copper sulphate, manganese sulphate, cobalt
sulphate, titanium sulphate, calcium chloride, sodium bicarbonate, 4-nitrophenyl acetate
(p-NPA) and carbonic anhydrase (CA) from bovine erythrocytes (E.C.4.2.1.1) were obtained
from Sigma-Aldrich. Ultra-pure water was used to formulate stock solutions of these salts.

2.2. Synthesis of Metal–CA and Measurement of CA Activity

The metal–CA hybrid carrier assay was synthesised according to the Duan research
group’s protocol, which produced hybrid nanoflower carriers for CO2 capture [25]. Briefly,
the procedure used was the following: 0.6 mL of metal phosphate solution (Ti, Co, Mn, Cu,
Ca and Zn) of 120 mM was added into 100 mL of phosphate-buffered saline (PBS, 0.1 M,
pH 7.4) solution containing 10 mg of CA and was incubated at 4 ◦C for 2.5 days, as illus-
trated in Figure 2. The red and blue dots in Figure 2 represent phosphate and metal ions,
respectively, in the reaction. The activity of the CA enzyme was determined spectropho-
tometrically by mixing p-nitrophenyl acetate (p-NpA) hydrolysis at room temperature in
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a reaction mixture (1.35 mL) containing freshly prepared 3 mM p-nitrophenyl acetate in
phosphate buffer (0.13 M and pH 7.2). Activity for p-NpA hydrolysis was determined using
a method that Armstrong and the group proposed in 1966 [37]. The reaction proceeded
for 5 min, and the change to A348 per minute was measured. 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 (see Equation (6)):

CA activity
(

U
mL

)
=

(A348T− A348B)× 1000
5×Volume

(6)

where A348T is the final reading of absorbance; A348B is the initial uncatalysed reaction at a
wavelength of 348 nm; and 1 U (µmol/min) is defined as the amount of the enzyme that
catalyses the conversion of one micromole of substrate per minute.
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Figure 2. Schematic representation of nanoflower of CA–metal synthesis.

2.3. Effect of pH and Temperature on the Stability of CA and CA-Cu

The activity of the CA and CA-Cu was determined at various reaction pH ranges and
temperatures. For the thermal stability investigation, the temperature in the incubator
shaker was maintained at 5, 10, 15, 25, 37, 50 and 60 ◦C under the constant pH of the PBS
buffer (pH = 7.4), whereas the study of the stability of the enzyme at different pH values
(pH 7, 8, 9, 10 and 11) was performed at room temperature.

2.4. Bioprecipitation Testing and CO2 Capture Ability

Bioprecipitation experiments in a total volume of 30 mL were conducted using ce-
mentation solution (i.e., sodium bicarbonate (NaHCO3) and calcium chloride (CaCl2))
with either free CA or Cu-CA hybrid carriers. Water was used as the control medium.
The composition of each system is shown in Table 2. Each bioprecipitation experiment
was conducted in a conical flask at 25 ◦C, 120 rpm, and the investigation lasted for 24 h.
Precipitation experiments were conducted in triplicate.

2.5. Characterisation Analysis
2.5.1. Aqueous Chemistry Measurements

The pH and conductivity of each system were monitored using a Hanna Instruments
(Bedfordshire, UK) HI 9813-6N Waterproof pH/EC/TDS Temperature Meter. The total
amount of bioprecipitate formed in each system was measured by discarding the super-
natant after centrifuging, and the biomineral was dried and weighed.
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Table 2. Experimental conditions for bioprecipitation and CO2 capture ability.

Water
(mL)

CA
(mL)

CA-Cu
(mL)

CaCl2
(mL) NaHCO3 (mL)

Bioprecipitation
Control 10 0 0 10 10

Free CA enzyme 0 10 0 10 10
Cu-CA hybrid carrier 0 0 10 10 10

CO2 capture ability
Control 100 0 0 100 0

Free CA enzyme 0 100 0 100 0
Cu-CA hybrid carrier 0 0 100 100 0

2.5.2. SEM and Raman Analysis

The microstructure of the biomineral formed was analysed using scanning electron
microscopy (SEM) with Thermo Scientific Pharos FEG-SEM (ThermoFisher Scientific,
Waltham, MA, USA) with high vacuum mode, 15 KV acceleration voltage; elemental
analysis was performed with an energy dispersive X-ray detector (EDS). Raman spec-
troscopy (LabRAM ARAMIS confocal Raman microscope Horiba Jobin-Yvon, Villeneuve
d’Ascq, France) with 633 nm laser (1% power), 50X objective, 100 µm pinhole, 600 L/mm
grating was used.

2.5.3. Calcium Carbonate Content Measurement

The CaCO3 content was determined using the acid-washing technique. This technique
measured the oven-dried mass at 105 ◦C before and after an acid wash in a 2 M solution of
HCl. The difference between the two masses was taken as the calcium carbonate mass.

2.6. Biocementation Experiments Design

The biocementation treatments were implemented in the soil using two different
methods: injection and mixing. The injection was executed in two stages: in the first
stage, the synthesised hybrid enzyme carrier was injected into cylindrical soil specimens of
50-mm diameter and 100-mm length; then, the cementation solution of CaCl2 and NaHCO3
(0.1 M) with a pH = 8.5 was injected at the top of the soil specimens at a rate of 3 mL/min
and was allowed to percolate by gravity. For the mixing method, the treatments were
implemented by hand mixing for 3 min using different mixing ratios of CaCl2, NaHCO3
and water, CA and CA-Cu hybrid enzyme carrier, as shown in Table 3. The molarity of the
cementation solution used was based on prior optimisation conducted for bioprecipitation.
A set of control specimens (untreated soil) was also prepared for comparison purposes,
as shown in Table 3. The unconfined compressive strength testing (UCS) of the 50 mm
diameter and 100 mm length soil specimens was measured using a Multiplex 50–48-kN
loading frame. The axial load was applied at a constant rate of 1%/min.

Table 3. Experimental conditions for biocementation treatment by injection and mixing.

Treatment
Option Description

Sandy
Silty Clay

Soil(g)

CaCl2/NaHCO3
(M)

Sterile
Distilled

Water (mL)

CA Enzyme
(mL)

CA-Cu
Enzyme

(mL)

Curing Time
(Day)

Injection
Control 300 0.0/0.1/0.2/0.5 1.5 P.V 0 0 7

CA Only 300 0.0/0.1/0.2/0.5 0 1.5 P.V 7
CA-Cu 300 0.0/0.1/0.2/0.5 0 0 1.5 P.V 7

Mixing

Control 300 0.0/0.1/0.2/0.5 50 0 0 7

CA Only 300 0.0/0.1/0.2/0.5 0 50 0 7

CA-Cu 300 0.0/0.1/0.2/0.5 0 0 50 7
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All experiments were performed in triplicate (n = 3) to reduce the experimental errors
and confirm the variability and validity of the results.

3. Results and Discussion
3.1. Synthesis of Hybrid Enzyme–Metal Carriers

The synthesis results of hybrid enzyme–metal carriers are shown in Figure 3a–f for
the different morphologies of the metal tested, including Ti, Co, Mn, Cu, Ca and Zn. Based
on the morphology of the carriers (which were flower-shaped), these will be referred to
as ‘nanoflowers’ for simplicity, as in previous investigations [38,39]. However, in this
study, the sizes of the carriers were of the order of several microns. As observed from the
SEM images, only the copper nanoflowers were successfully formed; the other metal ions
tested failed to produce flower-shaped hybrid carriers [21]. The shape of nanoflowers is
essential as it contributes to the high surface-to-volume ratio of the flowers, thus enhancing
surface adsorption for accelerating the kinetics of reactions [40]. Despite changing the pH,
metal concentration, and enzyme concentration, no flower-shaped carriers were observed
when using other metal ions. Several previous studies have also alluded to the failure to
develop nanoflowers and have concluded that the formation of nanoflowers is sensitive to
experimental conditions [40–42]. It could therefore be postulated that the optimal conditions
for nanoflower formation were not met. This could probably be due to two critical factors
in nanoflower synthesis: medium environment [43] and surface chemistry of the enzyme
biomolecules [44]. As reported, these two parameters are essential for the organic–inorganic
hybrid nucleation, growth and assembly. Thus, the results in the following sections and
discussion are based on only the copper hybrid carrier (CA-Cu), whose morphology shown
in Figure 3d was similar to that reported by previous studies [21,25].
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Figure 4a–d shows the flower-like structures for the Cu-CA hybrid, confirmed by SEM
images. These showed good dispersity of the petals with three-dimensional microstruc-
tures. Specifically, the hybrid “nanoflowers” presented a unified structural morphology
like a “Dahlia pinnata”, as depicted in the final image of Figure 4d. Since the inceptive
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investigations of new nanomaterials in the mid-2000s, different organic–inorganic nano-
materials have been created with different metal ions and organic components exhibiting
different morphologies [45]. Previous studies have confirmed that nanoflower morphology
is affected by the concentration of reactants and solvent conditions. Thus, there is a plethora
of different nanoflower morphologies as can be attested in the literature [23,40]. Different
morphologies of each type of nanoflower have different applications, discussed in the
Introduction and Discussion sections.
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3.2. Stability of CA-Cu and CO2 Capture Ability

We compared the relative activity of both the free and immobilised enzyme. The
relative enzyme activity is the ratio of the retained activity of an immobilised CA or a
free enzyme and was investigated over 60 days. The results in Figure 5 showed that the
immobilised enzyme efficiency was 95%. Previous studies presented similar findings for
the immobilised CA [46,47]. In our study, the free CA enzyme lost 34% of its initial activity
within 7 days when incubated in PBS (pH 7.4) at room temperature. Conversely, CA-Cu
hybrid carriers maintained 94% of their initial activity under the same conditions even after
one month (Figure 5a). Thus, the immobilisation strategy lowers enzyme deactivation so
that enzymes can be used for extended periods, as previously reported [48]. The increased
stability of the CA-Cu is crucial as it is an essential factor in biocementation.
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The pH stability of the free CA and immobilized CA-Cu was assessed after incubating
at specified pH values. pH is a critical factor in biocementation, as it controls the precip-
itation and dissolution of biominerals; the enzyme is therefore required to be stable in
the alkaline range where calcite bioprecipitation occurs [19]. Figure 6a shows the relative
activity of the CA enzyme (free or immobilized) compared to the initial activity of the
enzyme, under different pH values. From Figure 6a, it can be seen that when the incubation
pH increased, the free enzyme lost its activity steadily but still preserved about 85% of its
stability at pH > 9. On the other hand, the immobilized CA was even more stable retaining
about 92% of its original activity at pH > 9. Similar results from the literature also showed
that the CA enzyme remained stable and maintained its secondary structure for pH values
of 7.0–11.5 [49].

The activity of the free and immobilised CA enzyme was also measured under different
temperatures; the results are presented in Figure 6b in terms of the relative activity of
the enzyme compared to its initial activity. The free enzyme lost approximately 30%
of its activity at temperatures higher than 50 ◦C. The activity loss of the CA-Cu at the
same temperature range was only 10%. Overall, the activity of the immobilized CA was
minimally affected for a wide temperature range until around 40 ◦C, when a more notable
activity loss started. Previous studies also found that immobilised CA enzyme had a higher
thermal stability/activity than the free CA enzyme and that the optimal temperature for
CA immobilized within polyurethane foam was 40 ◦C [50]. Other studies of thermostable
CA found it to be active in the temperature range 0–100 ◦C, with an optimal temperature
of approximately 80 ◦C [51]. Despite the difference in optimal temperature observed in
the two papers, it can be concluded that CA enzymes can operate at wide temperature
ranges. This finding is important, as in biocementation it is critical that the enzyme remains
stable at different soil temperatures. In our study, we investigated temperature ranges
from 5 to 60 ◦C; we found the immobilised enzyme to lose only up to 10% of its initial
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activity within this temperature range; moreover, only a 1–2% activity loss was observed
for temperatures up to 35 ◦C. The foundation soil temperature commonly ranges between
10 and 24 ◦C. Therefore, the CA and CA-Cu enzymes would suit ground improvement
applications in most world regions, while contributing to climate change mitigation by
converting CO2 into calcium carbonate. Comparing the proposed method to using bacteria
for biocementation, cultivation of the latter could be challenging if in situ temperatures and
pH were unsuitable for bacterial growth and survival.
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To understand the CO2 capture of the synthesised CA-Cu and free CA, the water
chemistry was investigated, and the pH (Figure 5b), electrical conductivity (Figure 5c)
and calcium ion content (Figure 5d) were determined. As shown in Figure 5b, CA-Cu
and free CA systems showed an increased electrical conductivity compared to the water-
only system. This difference in electrical conductivity is due to the CO2-H2O system,
whereupon CO2 dissolution in the water, there is the formation of HCO3

− leading to
increased conductivity. In the control samples with water only, the electrical conductivity
and pH remained relatively the same, as in the water-only system, the dissolution of CO2
in water was limited. Consistently with what was previously reported, the results of the
present study showed that immobilised CA is more stable over time and contributes to
CO2 capture and precipitation [40,52]. Bioprecipitation is confirmed by the reduction in
calcium ion content as the CA captures CO2 from the atmosphere and forms biominerals.
Conversely, the water-only system did not show any changes in calcium concentration
(Figure 5d) as no precipitate was observed.

Enzyme immobilisation has been used in industrial biotechnology to reduce costs [20,53].
Thus, this study postulated that the proposed method would reduce the costs of bioce-
mentation, as the immobilisation process is inexpensive and could allow large amounts of
recoverable and reusable enzyme to be prepared for large-scale biocementation. Although,
arguably, the hybrid carrier synthesis would incur some extra costs compared to the use of
free enzymes, in the longer term, the savings coming from the reuse of the hybrid carriers
(which are recoverable and can maintain their activity at various temperatures and pH
conditions for a long time) would outweigh the synthesis costs.

3.3. Bioprecipitation in Liquid Batches

A bioprecipitation experiment in liquid batches was conducted to attest calcite forma-
tion using the synthesised CA-Cu nanoflower with a calcium source. The bioprecipitation
results showed the distinct difference in morphology between precipitates from chemical



Appl. Sci. 2023, 13, 9494 11 of 22

reactions without enzyme and enzyme-promoted bioprecipitation, as shown in Figure 7a–c.
The chemical reaction between CaCl2 and NaHCO3 without enzymes showed a combina-
tion of spherical and cubic morphology of calcite at different equimolar concentrations.
However, different morphologies were seen in both free CA and CA-Cu nanoflower biopre-
cipitation. Generally, the reaction proceeds slowly at low equimolar concentrations forming
mainly amorphous and irregular unidentifiable crystals seen in either the CA or the CA-Cu
nanoflower case. The difference is, however, that the CA-Cu nanoflower had nanoflower
co-precipitate together with the calcite, as seen in Figure 7c. Calcite is the most stable form
of calcium carbonate compared to vaterite and aragonite. The findings are consistent with
the study by Li et al. on the calcium carbonate induced by carbonic anhydrase, which also
revealed calcite formation after 24 h of bioprecipitation [54].

The results from Raman’s spectroscopy identified the precipitates as calcite (Figure 8)
(see the matching signals of the three superimposed spectra in Figure 8, which include those
of calcite mineral). The peaks corresponded to the lattice vibration of calcite and the in-
plane bending vibration peak of the carbonate group of calcites at approximately 716 cm−1

and were therefore identified as calcite. For Raman spectroscopy, the peak at 288 cm−1

arises from the vibrations of the CO3
2− groups that involve rotatory oscillations of those

groups. The results thus indicate that both the free CA and the Cu-CA carrier enzymes
can be used to biocement soil due to calcite production, as previously reported [55]. This
result suggests that Cu-CA hybrid carriers can be a good alternative to the free-enzyme
catalysing calcite precipitation for soil biocementation.

3.4. Biocementation of Fine-Grained Soil Using CA-Cu Nanoflower
3.4.1. Unconfined Compressive Strength

Figures 9 and 10 show the fine-grained soil specimens after treatment with cementation
solution, free CA and CA-Cu using injection and mixing, respectively. Table 4 summarises
the results of each case for the control, CA and CA-Cu. According to the results, the
maximum UCS of the biocemented soil increased by 85% for CA only, whereas for CA-Cu
hybrid carrier mixed in the soil it increased by 319% compared to the control. On the other
hand, the injection method showed a 116% increase for CA only and only a 38% increase for
the CA-Cu nanoflower. Although this study aimed to use injection as a preferred method
for nanoflowers, the results indicate the difficulty in injecting the CA-Cu into the fine-
grained soil due to the size of the hybrid carrier, compared to the narrow pore throats in the
soil matrix. This is reflected in the lower UCS values achieved and is confirmed by the non-
uniform calcite precipitation in the specimen discussed later. Another possible reason for
the observed UCS values upon injection is the rapid reaction of the CA enzyme involved in
bioprecipitation. As shown in Figure 5d, the bioprecipitation process occurs spontaneously
due to the action of the CA enzyme and the reaction is completed quickly. The rapid
reaction naturally caused bioclogging of the top surfaces of the soil column, restricting the
movement of both enzymes and the cementation solution. This severe bioclogging was
observed in all CA-Cu cases; hence, the lower UCS values of the specimens treated by
injection in Figure 9, as the treatments appear to have biocemented only the top surfaces
of the soil specimens. Namely, in Figure 9, a thin layer of crust is seen to have formed
on the top of all treated soil specimens (whether the treatment was caused by chemical
reaction without enzymes (Figure 9a), chemical reaction with CA enzymes (Figure 9b) or
CA-Cu carriers (Figure 9c) and for all solution molarities used); this crust was identified
as calcium carbonate (see Figure 8). This biocement crust reduces the soil permeability
on the top of the soil specimen by clogging the soil pores; it thus prevents the ingress of
further treatments. Similar results have been frequently reported in previous studies for
both the EICP and MICP processes. These studies have also shown the formation of a
water-impermeable and high-strength crust layer on the soil surface (usually sandy soils)
rather than a more uniform biocementation of the soil at further depth [56–59].
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Comparatively, the mixing method (Figure 10) was superior to the injection method
(Figure 9), according to the results of this study. This was evidenced (a) by the higher
strengths achieved as reported earlier; (b) by the absence of a localized biocement crust
on the surface (as opposed to the injection method); (c) by an observed more uniform
soft-rock-like consistency throughout the soil sample. Generally, the results showed that
the synthesized CA-Cu enzyme was highly effective in biocementing the soil. Specifically,
the CA-Cu carriers yielded over 300% increase in UCS compared to the control, when
treatments were implemented by mixing; conversely, with the injection method a 38%
increase was obtained using CA-Cu carriers. Mixing was therefore still the best way
of treating fine-grained soil investigated in this study and this is consistent with the
literature [38,39]. As shown in Figure 1, the investigated soil consisted of 39% clay. This
is why it was difficult to treat the specimens by injecting enzyme carriers of a size of
several microns. Thus, unless the size of the hybrid carrier is reduced and the injection
sequence optimized, mixing would be the preferred method of implementation, if the
desired outcome is a uniform biocementation throughout a soil sample/layer, instead of
encapsulation or bioclogging by crust formation on the soil surface.

The UCS results in this study were compared to previous EICP studies using the
urease enzyme. In [13,60], UCS values of approximately 4500 kPa and 4000 kPa were re-
ported, using, respectively, urease enzymes extracted from soybeans and watermelon
seeds. It is worth noting that these studies used a different soil type (sand), so the
strength values cannot be directly comparable. Moreover, these studies used the ure-
olytic pathway of biocementation that has been widely investigated and optimised by
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many researchers [2–4,61–64]. Thus, despite the lower UCS values recorded in this study,
the CA immobilisation and formation of the nanoflower would be a valuable method to
stabilise an enzyme for biocementation, as demonstrated.
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3.4.2. Calcium Carbonate Content

The precipitated calcium carbonate was measured as it is a critical factor in the increase
in the strength of biocemented soil. As with the previously reported results on calcium
carbonate distribution for biocementation by injection [65], the amount of calcium carbonate
was non-uniform throughout the specimens. High amounts of CaCO3 were observed at
the top, compared to the middle and bottom sections of the specimens. This is due to a
significantly high reaction rate at the top, leading to bioclogging so that only the upper
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soil layers are biocemented. Due to the size of the hybrid carriers, this study did not
overcome the uniformity problem; however, had nano-sized carriers been produced, the
uniformity challenge could have been addressed. Conversely, the mixing method yielded
better uniformity of treatment, with CaCO3 contents ranging between 6% and 10% for the
treated samples. As observed, the optimal CA-Cu mixing ratio is 0.1 M, yielding higher
UCS and CaCO3 content than a 0.2 M or 0.5 M mixing ratio. Similarly, in most other
cases, 0.2 M solutions give higher CaCO3 content and UCS than 0.5 M solutions. Similar
observations have been reported in urease enzyme reactions where a highly concentrated
solution was undesirable [66].
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Table 4. Comparison of the UCS and calcium carbonate content.

Treatment Test
Category CaCl2/NaHCO3(g)

CA Enzyme
Concentration

(mg/mL)
qu, (kPa) Average

CaCO3 (%)
Moisture

Content (%)

Mixing

Control

0.0 M 0 11 5% 30

0.1 M 0 100 6% 30

0.2 M 0 108 6% 30

0.5 M 0 108 7% 30

CA Only

0.0 M 0.1 109 5% 30

0.1 M 0.1 92 6% 30

0.2 M 0.1 200 7% 30

0.5 M 0.1 189 9% 30

CA-Cu
Nano-flower

0.0 M 0.1 11 5% 30

0.1 M 0.1 453 10% 30

0.2 M 0.1 387 9% 30

0.5 M 0.1 219 8% 30

Injection

Control

0.0 M 0 11 5% 30

0.1 M 0 34 5% 30

0.2 M 0 58 6% 30

0.5 M 0 11 6% 30

CA Only

0.0 M 0.1 11 5% 30

0.1 M 0.1 44 6% 30

0.2 M 0.1 125 12% 30

0.5 M 0.1 11 5% 30

CA-Cu
Nano-flower

0.0 M 0.1 11 5% 30

0.1 M 0.1 80 6% 30

0.2 M 0.1 60 7% 30

0.5 M 0.1 34 5% 30

Figure 11 shows the SEM results of the biocemented soil. The microphotographs show
that the untreated soil had no crystal of CaCO3. Conversely, for the treated specimens,
typical CaCO3 crystals on the surface and between particles are observed, consistent with
the biocementation mechanism reported in the literature [40,41].
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4. Discussion
4.1. Anticipated Advantages for Practical Applications

This proof-of-concept study investigated an innovative delivery method of enzymes
for biocementation via EICP. The method was applied to a fine-grained soil. For this type
of soil, MICP can be a challenge due to the pore throat size compared to bacteria size, and
for this reason, EICP was suggested instead. Notably, EICP could also use ex situ produced
enzyme by the action of bacteria. However, the main challenge of using free enzymes is
the cost of the purified enzyme [67] and its stability in high temperatures and extreme pH
conditions [68,69]. The study was conducted to address the stability of the enzyme during
EICP treatment using a cheap and easy-to-control protocol. The results were encouraging,
as the hybrid carrier enabled the enzyme to maintain 94% of its activity over the study
period. This is very promising, as the desired advantage of the proposed delivery method
is precisely the long-term stability of the synthesized nanoflowers [25,40,70]. The long-term
stability of synthesized nanoflowers can be further investigated at bench scale and field
conditions in future research. Such studies can then be used for educated estimates of the
cost of the technique in an industrial scale environment, and its overall sustainability in
comparison with other soil stabilization methods currently used.

Another advantage is the possibility of recovering and reusing the nanoflower. Reuse
and recovery contribute to the sustainability of materials used and the circular econ-
omy [71,72]. Therefore, practical ways of recovering the nanoflowers in situ merit further
investigation. Moreover, researchers can explore the cost comparison between the sug-
gested and traditional EICP/MICP treatment methods for field applications after establish-
ing ways of nanoflower recovery. As mentioned in the Introduction, for the planned future
research by the authors, the recovery of the carriers through an electrokinetic setup will
be considered.

Due to their versatility and other advantages discussed in the Introduction, nanoflow-
ers have been used in various biomedical and environmental science applications such as
to capture and store or convert and utilize CO2, to diagnose disease biomarkers, biosen-
sors, catalysts, and the therapeutic process along with wastewater remediation and gas
sensing [22]. The results from our study proved the hybrid carriers for biocementation
for the first time. They indicated that they could play a significant role in enhancing the
stability and efficiency of enzymes used for biocementation. The proposed methodology
in this study could be thus used for a number of civil and environmental engineering
applications of biocementation, such as manufacturing biobricks, enhancing the stability
of earthworks and foundation soils, preventing erosion, suppressing dust contamination,
or encapsulating and stabilizing pollutants in the soil. Finally, the synthesis of hybrid
carriers for other enzymes such as urease [73] or asparaginase [74], which can promote
biocementation, could be investigated in future studies.

4.2. Limitations of the Presented Experimental Work

Currently, the nanoflowers synthesised in this study were less than 15 µm (see
Figure 12). Compared to bacteria whose size could reach 5–6 µm, the macro flowers
are too large to penetrate the fine-graded soil as originally desired. This is a limitation of
the current work. However, the literature using this type of enzyme carrier for different
applications shows that nano-sized carriers can be produced. The successful synthesis
of nano-sized carriers of this type requires further experimental work and an improved
protocol, as it is sensitive to temperature, pH, buffer solution and metal concentration
changes, whose effects should be evaluated further [23,46]. For applying EICP technology
in large-scale geotechnical applications, achieving the economical usage of enzymes is
essential; the costs of the method at this scale are yet to be determined. Another limitation
of this work is that the CO2 captured by the method was not quantitatively measured.
This information is of importance to further assess the benefits of the technique in terms of
CO2 absorption.
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5. Conclusions

In this study, we investigated the delivery of immobilized carbonic anhydrase (CA)
enzyme in hybrid carriers, as one possible way to overcome the challenges of enzyme
instability in the EICP biocementation process. A series of laboratory tests were conducted
to fabricate a copper phosphate-based inorganic hybrid enzymatic delivery system that is
stable and suitable for biocementation with enhanced enzyme activity and efficiency. The
key developments and findings from the study are as follows:

i. The study achieved the synthesis and utilization of inorganic hybrid enzyme carriers
with the morphological structure of flowers to biocement soil.

ii. The results showed that the bovine carbonic anhydrase enzyme enhanced the CO2
hydration reaction, resulting in a bioprecipitation reaction and calcium carbonate
production. This calcium carbonate was identified as calcite.

iii. The immobilized CA enzyme effectively promoted the absorption of CO2 into the calcium
carbonate, which can be used for biocementation with concurrent CO2 sequestration.

iv. It was demonstrated that the immobilised CA enzyme was very stable over long
periods of time and within a wide range of pH and temperatures. This result has
significant implications for biocementation, as the improved enzyme stability would
be helpful in various soil conditions, such as variable temperatures and pH, encoun-
tered during ground improvement. The fact that the stability was preserved over
months also demonstrates that the hybrid carrier system can promote the reusability
of the enzymes.

v. The carriers were successfully used in the soil to achieve biocementation. Their
capability as a practical enzyme delivery alternative was demonstrated.

vi. Unconfined compressive strength values of fine-grained soil increased significantly
upon implementation of the carriers, especially when mixing was used as a treatment
implementation method.
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vii. The scanning electron microscope micrographs and Raman spectroscopy confirmed
calcite as the primary precipitate formed, which can act as a bonding agent between
soil particles to biocement soils.

Thus, the carrier delivery system shows promise that upon further development,
enzyme immobilisation can successfully be used for soil biocementation to increase the
efficiency and overall sustainability of the EICP process.
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