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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Simultaneous carbonation of multiple
heavy metals through biostimulation is
evidenced.

• Urea hydrolysis and MICP removed
> 85% Pb and Zn from the exchange-
able fraction.

• Increasing Ca-to-urea ratio increased
carbonation of Zn, Mn, Sr and Ba.

• Heavy metal carbonation was maxi-
mised at Ca-to-urea ratio of
333:333mM.
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A B S T R A C T

Studies on heavy metal bioremediation through microbial-induced calcite precipitation (MICP) typically involve
bioaugmentation approaches that use low calcium-to-urea ratios and target single contaminants. We present an
investigation on the efficiency of soils’ autochthonous ureolytic bacteria to simultaneously remediate multiple heavy
metals andsequester carbon throughureahydrolysis andMICPonanurbansoil containingexcessPb,Zn,Mn,Sr,Baand
Al. Soils were treated at a fixed urea concentration of 333mM and increasing calcium content of 0, 50 and 333mM to
provide a range of carbonation potential. Urea hydrolysis (Ca2+= 0mM)did not produce quantifiable soil carbonation
and mobilised Mn into the exchangeable fraction. Ca2+ at 50mM delayed soils’ autochthonous ureolytic activity and
produced limited carbon and heavy metal mineralisation (CaCO3 = 0–0.7%). 333mM of Ca2+ inhibited urea hydro-
lysis however, if applied following urea hydrolysis, both carbon (CaCO3= 4–7%) and heavymetal (Pb, Zn,Mn, Sr and
Ba) mineralisation were maximised. Urea hydrolysis and MICP were most successful in removing Pb and Zn from the
exchangeable fraction (>85%). However, the higher pH induced by urea hydrolysis at Ca2+ = 0–50mM (~9)
compared to 333mM (~8.5) favoured partition of Pb into the oxyhydroxide fraction. Instead, partition of Zn, Mn, Sr
and Ba into the soil carbonate fraction increased with increasing calcium, whilst there was no evidence of Al carbon-
ation.The resultsof this studyevidence the feasibilityofbiostimulationapproaches to remediatemultiple contaminants
simultaneously throughMICP,provide insights intomultiple element’s behaviourduringureahydrolysis andMICPand
demonstrate carbon and element mineralisation are maximised at equimolar calcium-to-urea ratio of 333mM.
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1. Introduction

Land reclamation through the restoration of soils degraded by
chemical pollution is to play a relevant role in the sustainable devel-
opment of urban areas faced with development pressures. Nature-based
solutions (NBS) are at the forefront of global efforts to tackle soil
pollution due to their environmental, societal, and economic benefits
[93]. Biological processes that result in the mineralisation of heavy
metals as carbonate [1,37], struvite [94] and apatite [96,98] minerals
are promising bioremediation approaches. The mineralisation of toxic
elements decreases their bioavailability and thus their risk to result in
harmful effects to living organisms [87].

Heavy metal biomineralisation can be driven by microorganisms
such as bacteria [37] and fungi [86] and, more recently, plant-derived
enzymes [72]. In particular, microbial-induced calcite precipitation
(MICP) stimulates microbial activity to generate environmental condi-
tions favouring the precipitation of carbonate minerals, i.e., abundance
of carbonate ions (CO32-) and alkaline environment of pH ≥ 8.5. One
efficient metabolic pathway is the ammonification of urea or ureolysis.
In this approach, ureolytic bacteria catalyse the hydrolysis of urea into
ammonia (NH3) and carbamic acid through the urease enzyme (Eq. 1).
Carbamic acid spontaneously hydrolyses into NH3 and carbonic acid
(H2CO3) (Eq. 2), which subsequently equilibrate with water as bicar-
bonate (HCO3- ) and ammonium (NH4+) ions (Eqs. 3 and 4). The excess of
hydroxide (OH-) ions between pH 6.3 and 9.3 (pK1 and pKa, respec-
tively) results in a net increase in pH, in turn producing carbonate (CO32-)
ions. Given the presence of calcium (Ca2+) ions, this leads to the pre-
cipitation of calcium carbonate (CaCO3) minerals (Eq. 5) [39]. During
CaCO3 precipitation, toxic species of heavy metals (e.g., Pb2+) can be
mineralised through isomorphous substitution of Ca2+ or co-precipitate
as carbonates (e.g., PbCO3).

CO(NH2)2 + 2H2O ̅̅̅̅→
urease NH3 + NH2COOH (1)

NH2COOH+H2O→NH3 +H2CO3 (2)

H2CO3 ↔ H+ +HCO−
3 (3)

2NH3 + 2H+ ↔ 2NH+
4 +2OH− (4)

Ca2+ +HCO−
3 +OH

− ↔CaCO3 +H2O (5)

Ca2+ ions play a relevant role in several aspects that affect the effi-
ciency of heavy metal bioremediation via MICP. Ca2+ has been found to
favour microbial activity by decreasing the sorption of heavy metals
onto the cell [14,34]. However, Ca2+ has also been shown to hinder
microbial activity by increasing toxic element concentration through
exchange with heavy metals adsorbed on the soil matrix [24]. Ca2+

contributes to determining the extent of soil carbonation, which directly
affects soil mechanical properties (e.g., permeability, shear strength,
liquefaction) [29,8] and could prove desirable in urban settings.
Furthermore, Ca2+ affects the extent and mechanism of carbon seques-
tration and storage (CCS). MICP results in atmospheric and urea derived
CCS through mineral and solubility trapping [70,75,76,25]. Absence of
Ca2+ results in solubility trapping whilst its presence facilitates mineral
trapping, which is a more stable and desirable form of CCS in the current
context of climate change [25]. Bioremediation studies typically use low
calcium-to-urea molar ratios (25:333 mM) that are sufficient for the
carbonation of toxic elements [3,6,2,23,58,59,99,107] but limit
enhancement of soil mechanical properties [7] and CCS [26]. Varying
calcium-to-urea ratios may result in differing bioremediation effi-
ciencies and CCS mechanisms, leading to variations in carbonate prod-
ucts and heavy metal immobilisation efficiencies.

MICP consistently shows high heavy metal bioremediation efficiency
in soils. Removal of > 97 % Cr6+ [21,5,58,59], 97 % As3+ [3], 26–86 %
Pb2+ [99,6,41,65], 80 % Sr2+ [2], 13–88 % Cd2+ [41,65], 96 % Ni2+

[107], 92–97 % Cu2+ [23,41] and 21–66 % Zn2+ [65] from the soil

soluble/exchangeable fraction are accompanied by respective increases
in the carbonate-bound fraction. Most research, however, has been
conducted on bioaugmentation, which may have several potential
drawbacks (e.g., higher treatment costs, predation of bacteria, homo-
geneity of bacteria inoculation, limited to culturable bacteria). Bio-
stimulation offers several advantages. It avoids the necessity of culturing
and inoculating bacteria, potentially reducing treatment complexity and
costs. Through their natural distribution and ubiquitousness [19],
autochthonous ureolytic bacteria act ad hoc and may be better adapted
to the polluted environment. Additionally, biostimulation targets the
overall ureolytic consortium instead of culturable bacteria, which esti-
mated proportion of the total soil bacterial population is low (est.<1 %)
[101]. Chen and Achal [23] and Lyu et al. [67] showed carbonation of
Cu2+ and Cd2+ through biostimulation, evidencing its plausibility as a
bioremediation approach. Bioremediation via MICP on soils affected by
multiple contaminants however is still scarce [99,41,65] and, to our
knowledge, limited to bioaugmentation. In presence of multiple toxic
elements, element atomic radii and valence could play a role in the
specificity for element carbonation [44] and result in differing biore-
mediation efficiencies across elements.

The current state of art highlights the need to advance knowledge on
the bioremediation efficiency of MICP through biostimulation in the
presence of multiple toxic elements. Furthermore, there is a need to
evaluate different heavy metal immobilisation mechanisms and explore
the potential to maximise additional ecosystem services (e.g., soil sta-
bilisation, carbon sequestration). Here we present an investigation on
the effect of varying calcium-to-urea molar ratios on the bioremediation
efficiency and soil carbonation with the aim of identifying a treatment
that maximises both. The focus of the study was a silty sand from an
urban area with excess Pb, Zn, Ba, Mn, Sr and Al compared to regional
levels. The first goal was to determine whether MICP through bio-
stimulation could be induced in the presence of multiple toxic elements.
The second goal was to assess the bioremediation efficiency under
varying calcium-to-urea molar ratios to maximise concomitant heavy
metal and carbon sequestration through mineral trapping. We hypoth-
esised an increased bioremediation efficiency and carbon sequestration
through mineral trapping with increasing Ca2+ content. The results
provided scientific evidence for the suitability of biostimulation of
autochthonous ureolytic bacteria for the maximisation of simultaneous
bioremediation of multiple toxic elements and CCS through mineral
trapping.

2. Materials and methods

2.1. Soil sampling

The soils used in this study comprised two sandy soils from quarries
and a soil from a vacant and derelict land site in Glasgow (UK) (Fig. 1).
Reddish and yellow sand samples were sourced from Garnock (GQ) and
Hullerhill (HQ) quarries, respectively, operated by Hugh King & Co and
located in Ayrshire, Scotland (UK) (GQ: 55.63757713, − 4.718350936;
HQ: 55.66784963, − 4.66816856; WGS84). The soil sample from the
vacant and derelict site (GLA) was obtained from Glenconner Park
(Glasgow, Scotland, UK, Figure S1). The top ~40 cm soil profile
revealed a top organic layer of soil overlaying a brown/reddish clay
layer (Figure S1). An interbedded layer of made ground was sampled. It
consisted of non-cohesive granular material of sandy to gravelly texture
with fines and of light to dark colour. Bricks and unidentified rubble
were appreciable. Once in the laboratory, soil samples were sieved
<2 mm in sterile conditions and stored in a cooled room at 4 ◦C until
further use. A subsample from each soil was analysed for particle size
distribution, total carbon, total and exchangeable elemental composi-
tion and mineralogy as specified in Section 2.5.
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2.2. Treatment solutions

Treatment solutions contained 333 mM urea (Fisher Scientific,
≥99.5 % ACS reagent), 10 g/L ammonium chloride (NH4Cl, VWR
Chemicals, ≥99.9 % ACS reagent), 3 g/L nutrient broth (Sigma Aldrich)
and either 0-, 50-, or 333-mM calcium chloride dihydrate (CaCl2 •

2 H2O, Sigma Aldric, ≥99 % ACS reagent) in deionised water (Milli-Q
water filtration system Elga Purelab Chorus). CaCl2 was used to induce
higher urease activity and calcite precipitation over other calcium
sources [4]. A control with no added calcium was chosen to study the
potential carbonation of heavy metals through urea hydrolysis. Ca2+

concentrations of 50 and 333 mM Ca2+ were representative of MICP
applications in bioremediation (e.g., [3,23]) and geotechnical engi-
neering [7], respectively. Control treatments were equally prepared but
excluded urea. Stock solutions were filter sterilised through sterile 0.2
μm syringe filters (Sartorius Minisart), transferred into pre-autoclaved
glass bottles in sterile conditions and stored at 4ºC until further use.

2.3. Application of MICP treatments

Samples were prepared by adding 2 g of soil (<2 mm) in sterile DNA,
DNAse, and RNAse free15 mL centrifuge tubes (Sarstedt AG&Co KG).
Following preparation, 4 mL treatment solution was pipetted, tubes
were closed and thoroughly shaken to mix soil and solution, which
marked t = 0. Treatment was applied at a 1:2 soil-solution ratio as in
Achal et al. [3], Achal et al. [2] and Yang et al. [99]. This ensured
submerged conditions and therefore access to reactants, whilst ensuring
sufficient volume for post-treatment sampling and analysis. Both sample
preparation and treatment application were conducted in sterile con-
ditions. Samples were subsequently transferred into an orbital shaker
incubator set at standard laboratory temperature (20 ± 3 ºC) and gentle
shaking (150 rpm) and allowed to react in closed vials and dark
conditions.

MICP treatments comprised one stage treatments, where treatment
solution was applied once, and two stage treatments, where treatment
solution replacement occurred once after a certain reaction time. One
stage treatments comprised: urea with 0 mM Ca2+ (U); urea with 50 mM
Ca2+ (U LCa); urea with 333 mM Ca2+ (U HCa); and their respective
controls without urea: C, C LCa, C HCa. Samples were taken at reaction
time points (tr) 1 h, 1, 2, 3 and 4 d. For samples that received urea in
which no significant increase in solution pH was observed within this
time period (indicative of no ureolysis), reaction time was extended up
to 20 d.

Two-stage treatments comprised treatment cases containing high
calcium, i.e., urea with 333 mM Ca2+ (U HCa 2S) and its respective
control (C HCa 2S). For these two treatments, an initial application of
4 mL of either U or C treatment solution was allowed to react for tr= 4 d.
This was followed by solution replacement and application of 4 mL of
either U HCa or C HCa treatment solution, which was allowed to react
for tr = 1 d, for a total treatment time of 5 d. To replace the treatment
solution, samples were centrifuged at 5000 rpm for 20 min. Then, in
sterile conditions, the supernatant was decanted, and fresh treatment
solution was pipetted as previously detailed. Sampling was destructive
and three replicate samples were prepared for each time point and

treatment.

2.4. Post-treatment sampling

Following reaction time, 15 mL tubes containing soil and treatment
solution were centrifuged at 5000 rpm for 20 min. This centrifugation
speed and time promotes pelleting of bacteria and therefore prevents
presence of bacteria in the supernatant. In sterile conditions, the su-
pernatant was decanted, filtered through sterile 0.2 μm syringe filters,
transferred into 2 mL pre-autoclaved centrifuge tubes, and subsequently
stored at − 20 ºC until analysis of solution pH and NH4+ (see Section 2.5.1
and 2.5.2). The remaining soil samples were stored at − 20 ºC for post-
treatment geochemical characterisation. In preparation for geochemical
analyses, soil samples were oven dried at 70 ºC to a constant mass. Soil
sample replicates were gently homogenised with a pestle and mortar to
produce a composite sample. Three 1 g subsamples were then obtained
for sequential extraction of heavy metals (see Section 2.5.5). The
remaining composite sample was ground and sieved <50 μm in prepa-
ration for XRD and TG analyses (see Sections 2.5.6 and 2.5.7,
respectively).

2.5. Physicochemical analyses

2.5.1. pH
Solution pHwas analysed with a pHmeter (Orion Star A215, Thermo

Scientific) probe (Orion ROSS Ultra SM 103BNUWP, Thermo Scientific),
calibrated to three points (pH= 4, 7 and 10, Orion Application Solution,
Thermo Scientific).

2.5.2. NH4+

Ammonium in solution was analysed with an ammonium cuvette test
(100–1800 mg/L NH₄-N, LCK502, Hach UK) with a spectrophotometer
(DR 1900, Hach UK) on three sample replicates.

2.5.3. Particle size distribution
Soil samples were oven dried at 105 ºC to a constant mass and sub-

sequently pre-treated with hydrogen peroxide on a hot plate at 90 ◦C to
remove soil organic matter. The particle size distribution (PSD) of the
mineral soil fraction was analysed on three replicate samples with a laser
diffractometer (Bettersize 2600 Laser Particle Analyzer, BT-802, Bet-
tersize Instruments Ltd.).

2.5.4. Soil total carbon
Soil total carbon of three replicate samples were analysed with a

Picarro Combustion Module Cavity Ring-Down Spectroscopy (CM-
CRDS) system (CM by NC Technologies, G2201-i CDRS) interfaced by a
Caddy Continuous Flow Interface (A2100).

2.5.5. Soil elemental composition and heavy metal partition into soil
fractions

The total elemental composition of the three untreated soils was
carried out through a triacid hotplate digestion at the Scottish University
Environment Research Centre (SUERC, East Kilbride, G75 0QF, Scot-
land, UK) in triplicate. Soil samples were consecutively digested over-
night on a hotplate at 120º, first with HF+HNO3, secondly with HNO3
and finally with HCl. Elements Al, Ba, Ca, Fe, K, Mg, Mn, Na, Sr, Ti and
Zn were determined by inductively coupled plasma-optical emission
spectrometry (ICP-OES, Thermo Scientific iCap 7000) and As, B, Cd, Co,
Cr, Cu, Li, Mo, Ni, Pb, Sb, Sn and V by ICP-mass spectrometry (ICP-MS,
Agilent 7500ce). ICP-MS was used due to the higher limit of detection
over ICP-OES according to SUERC internal laboratory procedures.

The element partition into soil exchangeable, carbonate, organic
matter, oxyhydroxide and residual fractions was determined through
sequential extraction [91]. The exchangeable and carbonate extraction
steps were conducted on all treated samples obtained after tr = 1 h, 1, 4
and 5 d. The organic matter, oxyhydroxide and residual extraction steps

Fig. 1. Reddish sand from Garnock quarry (GQ), yellow sand from Hullerhill
quarry (HQ), Ayrshire, and sandy soil from vacant and derelict land site in
Glenconner park, Glasgow, (GLA).
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were only conducted on samples treated with the U treatment at tr= 1 h,
and samples treated with U HCa and U LCa at tr = 4 d. The residual
fraction was conducted though a triacid digestion at SUERC as previ-
ously described. Elements Na, K, Mg, Ca, Sr, Ba, Ti, V, Cr, Mo, Mn, Fe,
Co, Ni, Cu, Zn, Cd, B, Al, Si, Sn, Pb, As, Sb, S, Se on samples obtained
from extraction steps 1–4 were determined by ICP-OES (Agilent 5900
SVDV). Samples obtained after extraction step 5 were determined by
ICP-OES or ICP-mass at SUERC as indicated previously.

2.5.6. Powder X-ray diffraction (XRD)
The mineralogy of ground (<50 μm) soil samples was analysed by

powder X-ray diffraction. X-ray diffraction patterns were collected at
ambient temperature on a Malvern Panalytical Empyrean with
PIXcel3D-Medipix3 1 × 1 detector using Cu Kα radiation (wavelength
1.541874 (Å)). Data were collected in Bragg-Brentano reflection ge-
ometry 5–80◦ 2θ, step size 0.0131◦. Data analysis was carried out with
the HighScore Plus software (version 5.1a 5.1.1.30138, Malvern Pan-
alytical B.V., Almelo, the Netherlands). Rietveld refinement was used to
quantify soil mineralogy.

2.5.7. Thermogravimetric analysis (TG)
The thermal decomposition of soil samples collected at tr = 1 h, 1, 4

and 5 d and chemicals used in treatment solutions (i.e., urea, calcium
chloride dihydrate, nutrient broth and ammonium chloride) were ana-
lysed with a thermogravimetric analyser (TGA 8000, PerkinElmer).
Samples of 10–15 mg weight were heated from 30 to 1100 ºC at a rate of
10 ºC/min. N2 was used as a carrier gas, with sample and balance purges
set to 40 and 60 mL/min, respectively. Data analysis was carried out
with the Pyris software (Pyris™ V13.4.0, PerkinElmer).

2.5.8. Attenuated total reflectance-fourier transform infrared spectroscopy
(ATR-FTIR)

Ground soil samples collected at tr = 1 h, 4 and 5 d were analysed by
ATR-FTIR (Spectrum 3, PerkinElmer). Background and samples spectra
were collected over the wavenumber range 4000–600 cm− 1 with a
resolution of 4 cm− 1. Results are the average of 32 scans. Base correction
and peak identification were performed using the software Spectragryph
(v1.2.16.1).

2.5.9. Scanning electron microscopy-electron dispersive X-ray spectroscopy
(SEM-EDS)

Ground soil samples collected at tr = 4 and 5 d were analysed by
scanning electron microscope (SEM) coupled with energy-dispersive
spectroscopy (EDS). SEM-EDS was used to determine morphology and
elemental composition of precipitated calcium carbonate grains. Sample
imaging and chemical mapping was conducted on polished epoxy
mounts with a ca 20 nm carbon coating to avoid charging. Analysis was
performed with a variable pressure field-emission-gun scanning electron
microscope (Zeiss Sigma VP-FEGSEM) equipped with an energy
dispersive detector (170 mm2 Silicon Drift Detector Ultim Max, Oxford
Instruments). The analysis was conducted in high vacuum using high
current mode, aperture 60 µm at working distance of 8.0 mm. The sec-
ondary electron (SE), backscatter (BSE) images and EDX maps were
acquired using accelerating voltage of 10 kV in order to maximize the
higher spatial resolution for illustrating the fine scale of the porosity and
inclusion sizes. The EDS spectra was obtained using accelerating voltage
of 20 kV to excite the X-ray lines of heavy elements (such as Pb), which
could not be detected with 10 kV accelerating voltages. EDS data were
acquired and processed using the Oxford Instrument AZtec 6.1 software.

2.6. Data analysis

The statistical programming language R and Rstudio (v. 4.2.2) [95,
28,82,85] was used to compute average and standard deviation of
replicate samples (e.g., pH, PSD, TOC) and analyse the data derived from
the sequential extraction. A non-targeted hierarchical cluster analysis

(HCA) was used to elucidate similarities in elements behaviour caused
by treatment and reaction time in the soil exchangeable and carbonate
fractions. The R packages ‘dendextend’, ‘factoextra’, ‘cluster’, ‘pheat-
map’ and ‘NbClust’ were used for HCA.

The element concentrations from the sequential extraction at tend
were normalised with respect to samples treated with control treatment
(C) at t0 (tr = 1 h) to remove the effect of applied chemicals other than
urea and CaCl2. The normalised averages and error propagated during
normalisation at t0 and tend for each element were computed as [57]:

t = 0 En,0 =
E0,av
E0,av

(

1±
̅̅̅
2

√ E0,sd
E0,av

)

= 1±
̅̅̅
2

√ E0,sd
E0,av

(6)

t = end En,f = 1 −
Ef ,av
E0,av

(

1±

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
E0,sd
E0,av

)2

+

(
Ef ,sd
Ef ,av

)2
√ )

(7)

Where En,0 and En,f are the normalised average concentrations of
element ‘E’ and subscript ‘0’ and ‘f’ indicate reaction time t0 and tend,
respectively. E0,av and Ef ,av are average element concentrations and E0,sd
and Ef ,sd their respective standard deviations. Note the normalised
element concentration at tend is computed as one minus fraction,
therefore positive results indicate removal and negative results relative
increases. Scripts are available upon request.

3. Results and discussion

3.1. Pre-treatment soils characterisation

The particle size distribution indicated the GQ and HQ quarry soils
were composed of 100 % and 90 % sand, respectively (Figure S 2 and
Table S 1). The yellow sand (HQ) contained ~9 % fines (<63 μm), of
which ~2 %were of clay size (<2 μm). XRD analysis indicated the main
mineral constituents of the GQ soil were quartz (88 %) and albite
(8.1 %), with traces of dolomite, microcline, and enstatite (Table S 4).
The HQ soil contained quartz (91 %) and kaolinite (8.4 %) and traces of
muscovite (Table S 5). The GLA soil was a silty sand, with ~31 % fines of
which <5 % were of clay size. The GLA soil mineralogy was quartz
(54 %), mullite (24 %) and bytownite (20 %) with traces of birnessite
(Table S 6). HQ and GQ soils contained no quantifiable carbon whilst the
total carbon in GLA soil samples was determined at 3 % (Table S 2). XRD
analysis indicated no detectable calcite in any of the soils prior to
treatment (Table S 4, 5 and 6).

Total elemental analysis indicated the GQ soil contained Ba, Cr, Cu,
Mn, Ni, Pb, Sr, V and Zn<50 mg/kg and As, Cd, Co, Mo, Sb, B, Li and Sn
< 10 mg/kg. The HQ soil showed the same results except for Ba and Mn
which were 50–100 mg/kg. The GLA soil contained a significantly
higher content of Ba, Mn, Sr and V (>300 mg/kg), Ni and Pb (>200 mg/
kg), Cr, Cu and Zn (≥100 mg/kg), Co, Li and As (20–60 mg/kg) and a
similar concentration of Cd, Mo, Sb, B and Sn (≤10 mg/kg) (Figure S 3).
The main elements in the exchangeable fraction of GLA soil were Al, Ba,
Mn, Pb and Zn, determined between 9 to 35 mg/kg, whilst in HQ and GQ
soils were <5 mg/kg (Figure S 4a). The rest of elements analysed (As,
Cd, Co, Cu, Cr, Mo, Ni, Sb, V) were in trace concentrations (<2 mg/kg)
in all three soils (Figure S 4b). Elements in the exchangeable fraction of
HQ and GQ soils were present in trace concentrations or below limit of
detection. Hence, these soils were considered “uncontaminated”, being
adequate controls for the study, and sequential extraction was not
conducted.

3.2. Activity of soil autochthonous ureolytic microorganisms

Control soils GQ and HQ and GLA soil with excess Pb, Zn, Ba, Sr, Mn
and Al were treated at varying urea-to-calcium ratios to investigate
biostimulation of MICP. Soil-solution pH was used as a proxy to monitor
the activity of soils’ autochthonous ureolytic microorganisms. pH has
been routinely used to evidence urea hydrolysis in bioremediation
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studies in inoculated solutions [9,12,14,31,36,37,44,53,73,97], soils
[105,24,67], mine tailings [99,100,74,78] and sludge [104]. pH is a
suitable parameter as it is indicative of urea hydrolysis and favourable
conditions for soil carbonation (pH >8.5). In MICP, increases in soil
solution pH via urea hydrolysis occur as a result of urea derived NH3
protonation to NH4+, which generates excess OH- according to Eqs. (3)
and (4). This is favoured up to pH circa 9 when pH is buffered due to
deprotonation of NH4+ to NH3 (pKa = 9.26) and HCO3- to CO32- (pKa =

10.34).
The application of treatments containing urea and Ca2+ ≤50 mM (U,

U LCa) to HQ, GQ and GLA soils resulted in increases in soil solution pH
to 9 within 2 to 3 days (Fig. 2a-c). This differed from pH observed in
control treatments (C, C LCa) which remained < 7. The increase in pH
observed in U and U LCa treatments was consistent with urea hydrolysis
reactions and pH increases reported in the literature, indicating suc-
cessful biostimulation of urea hydrolysis by soils’ autochthonous ure-
olytic bacteria. This was confirmed by NH₄⁺ concentrations in the
solution of U samples, which indicated that all urea had been hydrolysed
by day 4 (Fig. 2a-c).

With the application of urea and no calcium (U), the GLA and GQ
soils showed a faster increase in soil-solution pH compared to the HQ
soil. This could be related to the presence of kaolinite clay present in HQ.
Clay particles can adsorb OH- ions onto surface positively charged sites
[30], buffering changes in soil-solution pH. Bacteria interact physically
and chemically with clay particles due to their similar size (bacteria:
0.5–3 μm; clay: ≤2 μm) and surface electrical charges. As a result, their
metabolic activity can be adversely affected by clays [20,71]. Clays can
adsorb extracellular enzymes, resulting in slower bulk reaction rates
[40]. Additionally, urease activity will differ significantly across local
microorganisms [55] therefore different soil microbial consortia may
result in different bulk urea hydrolysis rates.

With the addition of 50 mM Ca2+ (U LCa) increase in soil pH circa 9
was delayed up to 24 h and stabilised at a slightly lower pH (8.8–9)
compared to the U treatment (9–9.1) (Fig. 2a-c). These effects were more
pronounced in the HQ and GLA soils than in GQ. Similarly, autochtho-
nous ureolytic microorganisms exhibited slower urea hydrolysis rates
when exposed to urea plus calcium compared to solely urea in a Cd-
seleniferous soil (Cd ~ 10 mg/kg) [67]. With the addition of 333 mM
Ca2+ (U HCa), no notable increase in pH could be observed within 4 d,
indicating limited urea hydrolysis. This was consistently observed across
the three soils (Fig. 2a-c) and sustained for at least 20 d (GLA, Fig. 2d;
HQ and GQ, Figure S 6). These results indicated a negative effect of Ca2+

on urea hydrolysis and favourable conditions for carbonation were not
achieved with U HCa. NH4+ measurements on U HCa samples corrobo-
rated limited urea hydrolysis on GQ and HQ soils and no urea hydrolysis
on GLA soil on day 4 (Fig. 2a-c).

Negative effects of Ca2+ on urea hydrolysis are considered to occur
due to osmotic stress caused by increased salinity and coating of cell
surfaces by Ca2+ [35]. In pure cultures of S. pasteurii, negative effects on
urea hydrolysis were observed at Ca2+ >10 mM leading to complete
inhibition at 200 mM [27]. Ca2+ ions accumulating on the negatively
charged cell surfaces offer a protection mechanism to the cell against
toxic elements at low Ca2+ (≤5 mM) [96,98]. However, at high 333 mM
Ca2+, cell encapsulation by CaCO3 precipitated on the cell surface at
early stages of urea hydrolysis prevents the cell to further access the
substrate, resulting in urea hydrolysis inhibition [102]. The encapsula-
tion phenomenon however can be prevented at high initial cell con-
centrations, as shown in bioaugmentation studies where urea hydrolysis
by S. pasteurii has been observed at concentrations of up to 1 M CaCl2
[7].

Urea hydrolysis inhibition by monovalent and divalent elements
other than Ca2+ may have also contributed to the observed results. The

Fig. 2. pH (left y-axis, solid line) and NH4 (mM, right y-axis, dashed line) of soil leachates of quarry sands (HQ and GQ) and VDL site soil (GLA) silty sand as a
function of reaction time for various soil treatments. Markers and error bars indicate average and standard deviation, respectively, of three replicate samples.
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reported strength of soil bulk ureolysis inhibition at 5 μmol/g follows
Ag+ ≥ Hg2+ > Cu2+ > Cd2+ > Zn2+ > Sn2+ > Mn2+ and additional
inhibition was observed with Ni2+, Co2+, Pb2+, Ba2+, As3+, Cr3+, Al3+,
V4+ and Mo6+ [90]. The total concentration of the main elements found
in the exchangeable fraction of the GLA soil (Pb, Zn, Mn, Sr, Ba and Al)
was of 1.38 μmol/g. Hence, a level of inhibition by Pb, Zn, Ba, Sr, Mn
and Al in this soil was conceivable. This could have been exacerbated by
exchange of applied Ca2+ with toxic elements adsorbed on the soil
matrix. In S. pasteurii, the decrease in urea hydrolysis with increasing
Ca²⁺ in a Cu-spiked soil was attributed to Cu-induced toxicity, as the Cu
concentration in solution increased linearly with Ca²⁺ application up to
450 mM [24]. Similarly, we determined an initial increase in soluble
Cu2+ (from 0.01 to 0.027 mM) and additionally Mn, Sr, and Co with the
application of 333 mM Ca2+ (U HCa) compared to control (C) treatment
at tr = 1 h (Figure S 8). The increase in the concentration of these ele-
ments at t0 thus may have increased toxicity and contributed to the
observed urea hydrolysis inhibition. However, elements in the
exchangeable fraction prior to treatment were determined at lower
concentrations than reported minimum inhibitory concentrations (MIC)
of different ureolytic bacteria species (Table 1). Furthermore, urea hy-
drolysis inhibition at 333 mM Ca2+ was also observed in HQ and GQ
soils, which contained insignificant concentrations of toxic elements.
Differences in the time required to increase soil pH to ~9 between HQ
and GQ soils and the GLA soil were not significantly different at 50 mM
Ca2+ (Fig. 2a-c). This suggested that elements present at the concen-
trations determined, nor their combined effect, had a notable negative
impact on urea hydrolysis. The observed delay to inhibition of urea
hydrolysis with application of 50 and 333 mM Ca2+ was hence largely
attributed to an encapsulation of cells by CaCO3 at early stages of urea
hydrolysis, preventing further urea hydrolysis and therefore increases in
pH.

Urea hydrolysis inhibition by 333 mM Ca+ was circumvented with a
two-step treatment. Application of 333 mM Ca2+ following 4 days of
urea hydrolysis resulted in an increase in pH from 5 to 9 on day 4 fol-
lowed by a decrease to 8–8.5 on day 5 (U HCa 2S, Fig. 2d).This was
reproducible on GQ and HQ soils (Figure S 6). pH then remained stable
up to 20 days. With availability of Ca2+ and CO32- ions and a pH > 8.5,
precipitation of CaCO3 occurs according to Eq. (5). The observed
decrease in pH from day 4 to 5 was consistent with pH evolution during
MICP and indicative of CaCO3 precipitation [32].

In the corresponding control treatment (C HCa 2S), an increase in pH
occurred following application of 333 mM Ca2+, which remained ≤ 7.
Data for this treatment was not collected for reaction times >5 d there-
fore we could not observe the evolution up to tr = 20 d. The observed
increase in pH with C HCa 2S was attributed to the applied salts. CaCl2
and NH4Cl application typically decreases soil solution pH [52,54,77,
89] due to a variable charge mechanism of Ca2+ exchange with H+ and
Al3+ adsorbed to organic matter and/or clays [11,89]. In the context of
MICP, a decrease in pH with salt application has been observed by Lyu
et al. [67]. In highly weathered acidic soils with low organic matter
content, however, Cl- exchange for OH- adsorbed to colloid surfaces can

exceed Ca2+ exchange with H+ and Al3+, increasing pH [89]. This
possibly explained the increase in soil pH following CaCl2 application in
this study. This phenomenon has also been observed on an acidic soil of
similar initial acidic pH (pH = 5.3) [62].

3.3. Effect of Ca2+ on soil carbonation

Following successful biostimulation of urea hydrolysis by autoch-
thonous bacteria on the three studied soils, analytical techniques were
employed to elucidate presence and quantity of carbonated products
and immobilisation of heavy metals.

3.3.1. XRD analysis
Mineralogical analysis of crystalline components by XRD in GLA soil

samples indicated nearly identical patterns for control samples (C, C
LCa, C HCa 2S) and samples that received urea and urea-high calcium (U
and U HCa) treatments (Fig. 3a). No differences in soil mineralogy were
detectable between these samples at reaction times t0 and tend. Some
variability in peak intensities observable between 2θ = 27 to 28.5 was
attributed to small changes in plagioclase content. These results
confirmed that control treatments (excluding or including calcium) and
treatments that inhibited urea hydrolysis due to the high calcium dose
did not result in quantifiable soil carbonation nor other changes in soil
mineralogy.

No indication of carbonate products was detectable in samples that
underwent urea hydrolysis only (U). U LCa samples showed an increased
peak intensity that coincided with the main peak of calcite (2θ = 29.43)
(Fig. 3b). However, the other calcite peaks were hardly observable
(Fig. 3a) thus identification of calcium carbonate was inconclusive. The
formation of Pb, Zn, Cu, Cd, Ni, and Co carbonate minerals during urea
hydrolysis is possible [106,49,50,60,61,81]. However, in the presence of
calcium, Pb, Zn, and Cd are reported to incorporate into calcite instead,
except for Sr, which forms a soil-solution phase of calcian-strontianite
[99,6,37,41,53,74]. Element carbonation may have occurred with the U
and U LCa treatments. The low concentration of divalent elements,
however, may have produced carbonation levels below limit of detec-
tion of powder XRD analysis (0.1–1 %).

The application of U HCa 2S treatment to GLA soil samples resulted
in two new mineral phases, identified as calcite and salammoniac (“▾”
and “◊” in Fig. 3, respectively). Calcite peaks were determined at 2θ
equal to 29.43, 48.52, 47.50, 43.15, and 23.10. Other calcium carbonate
polymorphs (aragonite, vaterite) were not detectable. Similarly, calcite
has been reported as the main carbonate mineral following MICP bio-
augmentation on a Pb-contaminated soil [6] and mine tailings [99,41].
Vaterite and aragonite, however, have also been identified [6,41]. Sal-
ammoniac, or ammonium chloride, is a soft halide mineral with formula
NH4Cl, soluble in water (39.5 g/100 g water at 25 ºC) [43]. Its precip-
itation with the U HCa 2S treatment was attributed to additional Cl- from
high CaCl2 dose and excess NH4+ derived from urea hydrolysis to the
already applied NH4Cl. Evidence of ammonium-based minerals was re-
ported by Govarthanan et al. [41] and Yang et al. [99], who identified

Table 1
Minimum inhibitory concentration (MIC) of heavy metals on urea hydrolysis by some elements reported in the literature and present in the GLA soil. LoQ stands for
limit of quantification calculated as three times the limit of detection of each element.

Element Literature Soils used in this study

MIC (mM) Microorganism Ref. GQ(μM) HQ(μM) GLA(mM)

Pb 0.01− 0.5 Pararhodobacter sp. Mwandira et al. [74] <LoQ
(0.01)

<LoQ
(0.01)

0.08 ± 0.003
0.97− 1.45 Bacillus sp. JX910224 Govarthanan et al. [41]
1− 30 S. pasteurii Mugwar and Harbottle [73]; Jiang et al. [48]
100 E. cloacae KJ− 46 and KJ− 47 Kang et al. [50]

Zn 0.2− 0.5 S. pasteurii Mugwar and Harbottle [73] <LoQ
(0.006)

4 ± 0.6 0.13 ± 0.003
2.29− 3.06 Bacillus sp. JX910224 Govarthanan et al. [41]
0.92 Sporosarcina kp− 4 and kp− 22 Qiao et al. [81]

Mn < 50 S. pasteurii Fang et al. [34] 1 ± 0.6 8 ± 0.5 0.18 ± 0.01
Sr 2.5− 5 Halomonas sp. Achal et al. [2] 7 ± 0.6 3 ± 0.07 0.08 ± 0.002
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gwihabaite, (NH4,K)NO3, following MICP treatment.
The observed results in GLA soil were reproducible in GQ and HQ

soils. Contrary to GLA, however, increases in calcite peak intensities
were unequivocally detectable with the U LCa treatment. This could be
attributed to the higher cation exchange capacity of GLA soil compared
to HQ and GQ soils, due to its higher fines content (26 %) and organic
carbon content (3 %). The adsorption of applied Ca²⁺ may have reduced
its availability for carbonation at the low Ca²⁺ dosage (50 mM), leading
to insignificant carbonation in GLA.

The estimated calcite content from Rietveld analysis in GLA, GQ and
HQ with U HCa 2S treatment were 6.9, 3.1 and 4.6 %, respectively. The
U LCa treatment resulted in 0.5 % calcite in GQ and HQ. These results
further confirmed successful MICP by autochthonous indigenous mi-
croorganisms on the three soils studied and demonstrated soil carbon-
ation was maximised with the U HCa 2S treatment. The results are
constrained by the detection limits of the XRD instrument used. Higher-
resolution XRD analysis could help determine whether carbonate pre-
cipitation or other mineral phases occurred at 50 or 0 mM Ca2+.

3.3.2. Thermal decomposition of soils (TG)
Samples of GLA soil that received control treatments decomposed in

four main stages: 1) 30–120 ◦C; 2) 120–390 ◦C; 3) 390–750 ◦C and 4)
750–1100 ◦C (Fig. 4a-c) during TG analysis. The first decomposition
stage corresponded to adsorbed water. The main decomposition peaks
(235–238◦C and 286–315◦C) during the second stage coincided with
those of nutrient broth and ammonium chloride (Table S 7 and Figure S
8). Mass loss peak during the third stage (477 ± 5 ◦C) was attributed to
recalcitrant organic matter and/or structural water in clay. The total
weight loss of control treatments ranged between 7.3 and 10.0 %.

Relative increases observed in C LCa and C HCa with respect to C
(Δwtmeasured = 0.50–0.65 % and 2.4–2.7 %, respectively) correlated
well the with the mass of applied Ca2+ (Δwttheoretical = 0.40 % and
2.7 %, respectively). Higher mass losses were observed in the first
(30–120 ◦C) and third (390–750 ◦C) decomposition stages. This indi-
cated Ca2+ application increased the capacity of the soil to retain
moisture and interactions with the organic matter/clay fraction.

3.3.3. Evolution of urea hydrolysis through TG analysis
The two peaks observed in control samples during the second

decomposition stage (120–390◦C) merged into a single peak between
210–232◦C in U HCa samples (Fig. 4b). The merged peak coincided with
the maximum decomposition rate of urea (238.2 ± 1.0 ◦C, wt. = 69.1
± 0.4 %, n = 3) (Table S7 and Figure S8). The evolution of urea hy-
drolysis was observable in U and U LCa treatments (Fig. 4a and c,
respectively). The maximum weight loss rate at Tpeak,urea = 238 ◦C
decreased with increasing reaction time. At tend, no differences with
controls indicated all urea had been hydrolysed. The same pattern could
be observed for these treatments in GQ and HQ soils (Fig. 4e-f). This
indicated T = 238 ºC could be used to monitor and quantify urea
hydrolysis.

In line with XRD results, C, C LCa and U HCa showed identical sig-
natures at t0 and tend (Fig. 4a-c). This evidenced the applied chemical
compounds (e.g., nutrient broth, NH4Cl, urea) produced no changes
over time and further confirmed urea hydrolysis was inhibited by U HCa
(Fig. 4b). In U and U LCa samples, a new peak was identified between
192–202◦C (Fig. 4a and c). This peak was not further observable at tend,
in soil samples that received control (Fig. 4a and c) or U HCa (Fig. 4b)
treatments, nor the thermal decomposition patterns of the chemicals

Fig. 3. XRD analysis of samples following biostimulation of MICP on a-b) GLA, c) GQ and d) HQ soils. Legend indicates treatment ID (C, C HCa 2S, C LCa, U, U HCa,
U HCa 2S, U LCa) and reaction time (“0”, “4”, “5” refer to tr = 1 h, 4 and 5 d, respectively). Within plots, symbols indicate the main peaks of calcite
[RRUFFID=R050128] (▾) and salammoniac (◊) [RRUFFID=R050128].
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that composed treatment solutions (Figure S 8). The peak fell within the
main decomposition temperature of CaCl2 (150–200ºC) however, no
such peak could be observed in U HCa (Fig. 4b). This indicated it was
likely associated with either an intermediate decomposition product or a
by-product of urea hydrolysis.

The similar signal of U on day 1 and U HCa 2S on day 5 at T = 238 ºC
indicated most urea applied on the second stage of the U HCa 2S
treatment on day 4 had not hydrolysed by day 5 (Fig. 4d). Presumably,
urea hydrolysis was similarly inhibited by the high calcium dose, as
observed with U HCa treatment (Fig. 4b). The inhibition of urea hy-
drolysis during the second stage could have implications regarding
treatment efficiency. On the one hand, it implied the precipitated carbon
was produced during the first application. This would reduce the overall
carbonation potential since, during treatment solution replacement,
dissolved inorganic carbon from the initial urea application would have
been partially removed. On the other hand, urea was applied unneces-
sarily on the second stage. In this regard, one stage treatments, appli-
cation of calcium solely on the second stage, or applying calcium at
doses that allow continuation of urea hydrolysis could improve treat-
ment efficiency. Further research is needed to determine minimum
calcium concentrations tolerable by soil indigenous ureolytic bacteria.

3.3.4. Soil carbonation through TG analysis
MICP in GLA soil was as evidenced by XRD analysis with U HCa 2S

treatment (Fig. 3). U HCa 2S GLA samples decomposed in six main
stages: 1) 30–120 ◦C; 2) 120–372 ◦C; 3) 372–556 ◦C; 4) 556–737 ◦C; 5)
737–900 ◦C; and 6) 900–1100 ◦C with total weight loss of 11.4 ± 0.9 %
(Fig. 4d). Five new peaks were identified: at 182 ± 2◦C during the sec-
ond decomposition stage; at 575 ± 5 and 651 ± 6 ◦C during the fourth;

785 ± 4 ◦C during the fifth; and at 909 ± 4 within the sixth (n = 6, ± is
1sd). The new peaks within decomposition stages 2, 4 and 5 were also
detected in GQ and HQ soil samples treated with U HCa 2S and U LCa
treatment at tend (Fig. 4e-f). This indicated a relationship with urea
hydrolysis and/or MICP. Peaks within 750–900 ◦C fell within the well
documented thermal decomposition range of calcium carbonate [38,51,
68]. The other peaks could be related to other carbonate products.
Amorphous calcium carbonate (ACC) loses weight gradually from
550 ◦C onwards during conversion of CaCO3•H2O to CaCO3 and finally
CaO instead of exhibiting the sharp peak of calcite between 750–900ºC
[46]. This could explain the observed peaks in GLA soil at 575 and
651 ◦C with U HCa 2S and between 600–700 ◦C in GQ and HQ soils with
U HCa 2S and U LCa treatments (Fig. 4d-f).

Non-calcium-based carbonates have been reported to decompose at
both lower and higher temperatures than calcite. Cerussite (PbCO3)
maximum decomposition rate is reported at 189–199 ◦C [22]. Ammo-
nium carbonate salt (NH4CO3) decomposes in one stage with Tpeak
= 140–160 ºC [103]. These could explain the unidentified peaks
observed in GLA, GQ and HQ soils with U HCa 2S < 200 ◦C. Smithsonite
(ZnCO3) decomposes in one stage with maximum decomposition rate
determined at 265 ◦C [66]. Rhodochrosite (MgCO3) decomposes in
three stages, with peaks at 580, 665 and 900◦C [84]. The decomposition
peaks of rhodochrosite are similar to the peaks 575, 651 and 909 ◦C
identified in GLA soil (Fig. 4d). Finally, both witherite (BaCO3) and
strontianite (SrCO3), have been reported to decompose in two stages,
with peaks occurring at 805 and 963 ◦C [10] and 875 ◦C and 1010 ◦C
[79], respectively. Unfortunately, we could not evidence presence of
these minerals or other carbonate products through XRD analysis.

The calcium carbonate content induced by U HCa 2S treatment in

Fig. 4. Thermogravimetric analysis of soil samples throughout biostimulation of MICP: figures a-d) show GLA soil samples that received a specific treatment at
various reaction time points; figures e) GQ, and f) HQ, compile several treatments at specific reaction time points. Line colours indicate treatment ID (C, C HCa 2S, C
LCa, U, U HCa, U HCa 2S, U LCa) and reaction time (“0”, “1”, “4”, “5” refer to tr = 1 h, 1, 4 and 5 d, respectively).
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GLA soil estimated from weight loss within 750–900 ºC was of 3.2 %.
Assuming weight losses within 550–750 ºC were related to carbonate
products, the total estimated content from TG was 7.2 %. This was in
close agreement with the 6.9 % estimated from XRD. Similarly, the
estimated calcium carbonate content of GQ and HQ soils treated with U
HCa 2S within 550–900 ºC was 4.2 and 7.3 %. This indicated a good
agreement with XRD for GQ soil (3.1 %) but an overestimation for HQ
soil (4.6 %). The overestimation of TG analysis in HQ soil could be
related to overlapping decomposition of carbonate products (>550 ºC)
and structural water mass loss of kaolinite, which occurs between
450–700 ºC [80]. The carbonate content induced by the U LCa treatment
estimated from the 550–900 ºC region was 0.64 and 0.71 % for GQ and
HQ, respectively, coherent with the 0.5 % estimated from XRD analysis.

In summary, XRD and TG analyses evidenced the U HCa 2S treatment
maximised calcite precipitation in the three soils studied, U LCa resulted
in observable calcite precipitation in GQ and HQ only, while the U
treatment did not result in observable carbonate precipitation in any of
the tested soils. No definite evidence of carbonate minerals other than
calcite could be found, and TG data suggested part of precipitated cal-
cium carbonate could be other carbonation products than calcite.

3.3.5. ATR-FTIR of GLA soil samples
ATR-FTIR analysis of GLA soil samples was conducted to investigate

further observations of TG analysis (Fig. 5). Absorption bands identified
in all samples between 800–1200 and 600–800 cm− 1 were attributed to
quartz, feldspars, and clay minerals, which exhibit a series of over-
lapping bands within these regions. Bands between 1200 and 900 cm− 1

(912, 1008, 1032, 1076 and 1163 cm− 1) were attributed to asymmetric

stretching vibration of the Si-O groups, between 800 and 780 cm− 1 to
symmetric stretching, and 695 cm− 1 to the symmetric Si-O bending
mode [17]. The peak at 668 cm− 1 indicated the presence of secondary
clay minerals [92]. Samples treated with high calcium (C HCa 2S and U
HCa) exhibited broad peaks within 1500–1700 (Fig. 5c) and 2700–3700
(Fig. 5d) that were attributed to adsorbed water [56], in line with the
higher water mass loss observed for these samples in TG analysis (Fig. 4
and Table S8).

Anhydrous carbonates show four fundamental modes of vibration in
ATR spectra, i.e., symmetric stretching (v1), out-of-plane bending (v2),
asymmetric stretching (v3) and in-plane bending (v4). U HCa 2S sample
showed the four characteristic modes of vibration of the C-O-C car-
bonate ion, v4 = 712 cm− 1, v2 = 875 cm− 1 (Fig. 5b), v3 = 1412 cm− 1,
and v1 = 1076 cm− 1 (Fig. 5c) [16], confirming the presence of calcium
carbonate. ACC is characterised by a shoulder in v3 = 1395–1475 cm− 1

which is absent in calcium carbonate, the absence of v2, and the pres-
ence of broad bands between 2950 and 3700 cm− 1 (O-H stretching) and
at 1650 cm− 1 (O-H bending), both corresponding to structural water
within ACC [69]. In the U HCa 2S sample, the clear shouldering of the
1412 peak (Fig. 5c) indicated the potential presence of ACC however,
the absence of clear O-H absorption bands within 2950 and 3700 cm− 1

(Fig. 5d) and 1650 cm− 1 (Fig. 5c) indicated ACC would be anhydrous.
Reflectance spectra of anhydrous carbonates follow trends in band

positions with carbonate chemistry, which depend on the mineral
structure and the cation size and charge [15]. The v3 absorption band is
the strongest in reflectance spectra and exhibits clear variations with
carbonate chemistry, such that the frequency of vibrations increases
(wavenumber decreases) with decreasing element radii, with the

Fig. 5. ATR-FTIR spectra of GLA soil samples following biostimulation of MICP. A) full spectra over wavenumber 600–4000 cm− 1; B) 600–1200 cm− 1; C)
1200–2000 cm− 1 and D) 2700–4000 cm− 1. Legend indicates treatment ID (C, C HCa 2S, C LCa, U, U HCa, U HCa 2S, U LCa) and reaction time (“0”, “4”, “5” refer to tr
= 1 h, 4 and 5 d, respectively).
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exception of Pb2+ [15]. Specifically, strontianite (SrCO3), witherite
(BaCO3), cerussite (PbCO3), rhodochrosite (MnCO3) and calcite (CaCO3)
show different spectral features and band centres in v3 within
1402–1495 cm− 1 [15]. The broad absorption band observed in UHCa 2S
sample in the v3 region (Fig. 5c) thus could be attributed to the over-
lapping of v3 absorption bands produced by multiple cations of varying
effective radii in the carbonated product. This indicated the peaks
identified in the TG analysis could be related to the thermal decompo-
sition of non-calcium carbonates (Fig. 4d). However, the absence of
carbonated products other than calcite in XRD (Fig. 3) pointed to their
incorporation in calcite. Further research using techniques of higher
resolution such as high-resolution X-ray diffraction (HRXRD) are rec-
ommended to resolve this as the current methods could not resolve
whether ACC or other carbonate products were precipitated.

3.3.6. SEM-EDS of calcite grains
SEM-EDS analysis of calcite grains precipitated in GLA soil with the U

HCa 2S (tr = 5 d) revealed calcite was highly porous (Fig. 6a) and
contained inclusions of other minerals (Fig. 6f). Porosity was attributed
to the encapsulation of bacteria cells, which act as nucleation sites for
calcite precipitation [88]. Highly porous calcite has been observed in
bioremediation studies of soils [107,23]. Small amounts of Al, Si, S, P,
Fe, Mn and Cl (up to 1.2 wt% for Si, under 1 wt% for the other elements)
were detected in the EDS analysis from the calcite grains (Fig. 6c-e).
However, the signal of these elements was attributed to Al- and Si-rich
nano-inclusions of parent soil minerals (Fig. 6b-d) that contain them
in higher quantities (Fig. 6f), rather than an incorporation in the calcite
lattice. Similar observations have been reported in other studies in
which heavy metals were not contained within calcite but were rather
attributed to mineral nano inclusions, as observed in Cr-slags [5]. We
could not confirm presence of heavy metals, such as Pb in calcite.
However, studies in pure cultures have evidenced incorporation of Pb
[12] and Zn [9] into MICP, indicating these elements were under the
detection limits of EDS technique (<0.1 wt%). In line with TG, XRD and

Fig. 6. SEM analysis of precipitated calcite in GLA soil at the end of U HCa 2S treatment. A) secondary electron image showing the porosity within the calcite grain;
B) EDS layered elemental map, showing the presence of nano-scale inclusions, rich in Si and Al; C) EDS silicon map; D) EDS aluminium map; E) typical EDS spectrum
from calcite grain; F) spectrum from Si- and Al- rich inclusions.
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FTIR analysis, no calcite grains were identified in U LCa, U, or control
samples.

3.4. Mineralisation of heavy metals

Following confirmation of successful urea hydrolysis and MICP by
autochthonous ureolytic bacteria, a sequential extraction on GLA soil
was conducted to elucidate distribution of elements across soil fractions,
with particular focus on removal from the bioavailable fraction
(exchangeable) and immobilisation on the carbonate fraction. Relevant
elements in the exchangeable fraction of treated GLA soil samples were
Al, Ba, Mn, Pb, Sr and Zn (<2 mM). The other elements measured (As,
Cd, Co, Cr, Cu, Mo, Ni, Sb and V) were in trace concentrations
(<0.3 mM) throughout treatment (Figure S 7). Importantly, elements
present in significant concentration in the total soil fraction (e.g., Cr, V)
did not mobilise into the exchangeable fraction as a result of the
biogeochemical changes induced urea hydrolysis and/or MICP. Subse-
quent data analysis thus focused on Al, Ba, Mn, Pb, Sr and Zn.

3.4.1. Elements’ behaviour in response to treatment
Element’s behaviour in the soil exchangeable (Fig. 7a) and carbonate

(Fig. 7b) fractions in response to treatment were analysed through a
non-targeted hierarchical cluster analysis (HCA) to elucidate similarities
in element behaviour. Samples in the exchangeable fraction were
grouped into five clusters, which could be associated to specific envi-
ronmental conditions induced by treatments (Fig. 7a). Control treat-
ments and early time points (tr ≤ 1 d) in which urea hydrolysis might
have not been yet significant grouped in two clusters: a) controls with
Ca2+ ≤50 mM and U samples at t = 1 h (t0); and b) controls without and
with calcium (C, C LCa, C HCa 2S) at tend (tr = 4 or 5 d) plus U LCa
samples at tr ≤ 1 d. Another cluster was formed by samples treated with
U at tr > 1 h indicated a specific effect of urea hydrolysis. Samples that
underwent inhibition of urea hydrolysis by U HCa (t0 to tend) formed

another cluster. Finally, samples that underwent urea hydrolysis where
calcium was available (U LCa and U HCa 2S treatments at tend) formed a
differentiated cluster indicating a specific effect of urea hydrolysis in the
presence of Ca2+, potentially related to MICP.

Elements in the exchangeable fraction grouped as Pb-Zn, Sr-Mn and
Al-Ba. The Pb-Zn profiles in the exchangeable fraction were nearly
identical. The highest Pb-Zn values were observed where urea hydro-
lysis was insignificant (controls, short reaction time ≤1 d) or inhibited
(U HCa). Lower values were observed in samples that underwent urea
hydrolysis (U), and the lowest in samples that underwent urea hydro-
lysis in the presence of calcium (i.e., U LCa and U HCa 2S). For Mn and
Sr, instead, higher values were observed in samples that underwent urea
hydrolysis (U) and where urea hydrolysis was inhibited by high calcium
dose (U HCa). Of the samples that underwent urea hydrolysis, only
samples that experienced significant MICP showed low values of Mn and
Sr (i.e., U HCa 2S). Al and Ba generally showed higher values in control
and urea treatments that excluded calcium at early time points (tr
= 1 h).

In the carbonate fraction, elements Ba, Mn, Sr, Pb and Zn formed a
cluster whereas Al formed its own cluster (Fig. 7b). The HCA aggregated
samples into four groups which reflected a) controls; b) treatments
containing urea where urea hydrolysis was insignificant due to short
reaction times (U and U LCa, tr ≤1 d) or inhibition (U HCa); c) samples
where urea hydrolysis was significant and either no calcium or low
calciumwas present (U and U LCa at tend) and d) samples that underwent
significant MICP (U HCa 2S at tend). Notably, U HCa 2S induced a
marked increase in carbonate bound Pb, Zn, Sr, Ba and Mn compared to
other treatments. Samples that underwent urea hydrolysis in absence
(U) and presence of low calcium (U LCa) also induced increases of Sr, Ba,
Mn and Zn in the carbonate fraction, where presence of calcium resulted
in higher increases.

Overall, the HCA evidenced elements in the exchangeable fraction
did not respond equally to the applied treatments. Pb and Zn behaviour

Fig. 7. Euclidean distance heatmap of hierarchical cluster analysis (HCA) of element concentrations determined by ICP-OES on soil exchangeable (A) and carbonate
(B) fractions. Sample ID’s are organised as: Treatment ID (e.g., “C” for Control), time point (e.g., “4” or 4 days), soil fraction (i.e., 1 = exchangeable, 2 = carbonate)
and sample replicate (e.g., /1, replicate 1).
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was strongly linked to urea hydrolysis and MICP, indicating potential
removal from the exchangeable fraction. This was less evident for Mn, Sr
and Ba, whereas Al appreared to behave independently. In the carbonate
fraction, the HCA evidenced a much more homogeneous response in
elements behaviour to samples that underwent MICP, indicating
carbonation of all elements except Al. The sorption tendency of heavy
metals varies according to their ionic radii and polarizing ability. Zn and
Pb generally exhibit higher sorption tendencies compared to Mn, Sr, and
Ba, due to their higher ionic charge density (charge-to-radius ratio). Zn
and Pb have a smaller ionic radius and higher polarizing ability, making
them more strongly attracted to negatively charged surfaces or ligands.
The observed tendency was in agreement with that observed in
carbonated soils [47]. Additionally, the HCA indicated a potential
mobilisation of Ba, Mn, and Sr into the exchangeable fraction potentially
explaining the weaker correlations with urea hydrolysis and MICP
compared to Zn and Pb.

3.4.2. Removal efficiency through soil carbonation
The element partition from the exchangeable and carbonate fractions

of each treatment relative to control (C) at t0 (tr = 1 h) is presented in
Fig. 8. All treatments removed Pb (25–93 %) and Zn (20–98 %) from the
exchangeable fraction relative to control (C) at t0 (tr = 1 h) (Fig. 8a). Pb
and Zn removal was significantly higher with urea hydrolysis in absence

(U, 71 % Pb and 55 % Zn) and presence of calcium (U LCa and UHCa 2S,
88–93 % Pb and 91–98 % Zn, respectively) compared to controls
(25–40 % Pb and 20–46 % Zn). Presence of calcium enhanced removal
of Pb and Zn from the exchangeable fraction during urea hydrolysis. This
was also observed in bioaugmentation experiments on mine tailings
containing Pb and Zn [65].

The highest Pb and Zn partition into the carbonate fraction occurred
in samples that underwent significant MICP (U HCa 2S), consistent with
observations of bioaugmentation studies on soils and mine tailings [99,
6,41,65]. Interestingly, urea hydrolysis at Ca2+ ≤50 mM did not result
in significant increases in Pb and Zn in the carbonate fraction (Fig. 8b).
For Pb, removal (20–24 %) was observed instead. For Zn, urea hydro-
lysis (U) did not result in changes in the carbonate fraction and, in
presence of 50 mMCa2+, Zn partition into the carbonate fraction (U LCa,
45 %) was within increases induced by control treatments (19–59 %)
(Fig. 8b). The findings for Pb were somewhat surprising. Pb carbonation
has been documented both via urea hydrolysis [99] and MICP [99,6]. A
significant increase in Pb-oxyhydroxide was determined at tend (U
LCa = 0.32 ± 0.02 mM) compared to t0 (U = 0.25 ± 0.01 mM), which
indicated partition of Pb into the oxyhydroxide fraction. Pb solubility is
minimum within 8 < pH < 11 in aqueous systems. The stable forms of
Pb within 6 < pH < 8.3 comprise cerussite (PbCO3) and hydro-cerussite
[Pb(OH)2(CO3)2], whilst lead hydroxide [Pb(OH)2] is most stable at

Fig. 8. Normalised element fractionation at tend relative to control (C, t0) of Pb, Zn, Mn, Ba, Al and Sr in exchangeable and carbonate soil fractions of GLA soil with
different treatments. Bars and error bars indicate average and standard error of three replicate samples calculated as indicated in (7).

C. Comadran-Casas et al. Journal of Hazardous Materials 491 (2025) 137691 

12 



pH > 8.3 [45]. It was therefore possible that the lower pH induced by
MICP (U HCa 2S, pH = 8.4) compared to urea hydrolysis at ≤ 50 mM
Ca2+ (U and U LCa, pH = 8.8–9) favoured Pb partition into the car-
bonate fraction rather than the oxyhydroxide fraction and vice versa.
However, this has not been observed in Pb bioremediation studies [99,6,
41,65] and further investigation is necessary to corroborate it.

Removal of Mn and Sr from the exchangeable fraction only occurred
with controls that contained calcium and samples that underwent sig-
nificant MICP (U HCa 2S) (Fig. 8c-d). Mn removal from the exchange-
able was significantly higher with MICP (U HCa 2S, 39 %) compared to
controls (5–20 %). Contrary, urea hydrolysis at Ca2+ ≤50 mM induced a
significant increase in Mn in the exchangeable fraction. The relative
increase was smaller in presence of calcium (U LCa, 53 %) than in its
absence (U, 103 %). A significant decrease in Mn in the organic matter
fraction was determined at tend (U LCa = 1.90 ± 0.03 mM) compared to
t0 (U = 3.0 ± 0.3 mM). This indicated Mn could have mobilised from
the organic matter fraction during urea hydrolysis. Mn is a very reactive
element which forms complexes with organic matter and is sensitive to
changes in redox, pH and microbial activity (for a review see [63]). Mn
solubility in alkaline conditions is low, however, reducing conditions
such as those that occur in waterlogged soils can trigger dissolution of
Mn-organic matter complexes [42]. Additionally, increases in soil so-
lution pH promote soil organic matter dissolution [33]. Reducing con-
ditions could have occurred in this study due to submerged conditions
induced by the 1:2 soil-to-solution treatment ratio. Organic matter
dissolution could have occurred concomitantly (TCGLA= 3 %) as a result
of pH increase from 5 to 9 induced by urea hydrolysis (Fig. 2). Both
factors may have resulted in Mn mobilisation into the exchangeable
fraction.

Except for the mobilisation from the organic matter fraction, Sr fol-
lowed the same patterns as Mn. However, changes in Sr were generally
small (2–20 %) and not significantly different than controls (Fig. 8d).
Samples that underwent significant MICP (U HCa 2S) experienced a
large increase in Mn and Sr partition into the carbonate fraction. Urea
hydrolysis at Ca2+ ≤50 mM also resulted in relative increases, which
were higher with calcium (92–109 %) than without (19–20 %). This
indicated Mn and Sr partition into the carbonate fraction resulted from
urea hydrolysis and increased with increasing calcium content. Similar
results for Sr following bioaugmentation of an aquifer sand were re-
ported by Achal et al. [2]. Unfortunately, no studies have been found for
Mn. Decreases in the carbonate fraction of bothMn and Sr were recorded
in the absence of urea hydrolysis and presence of calcium (28–64 %).

The behaviour of Ba in the exchangeable fraction had similarities
with Pb and Zn in that all treatments resulted in removal (6.7–35.0 %)
(Fig. 8e). Ba removal was higher in the presence of calcium (C LCa, C
HCa 2S, U LCa, U HCa 2S, 19–35 %) than in its absence (C, U,
6.7–7.9 %), independently of its concentration or urea hydrolysis. In the
carbonate fraction, Ba showed a similar response to Mn and Sr, in that
urea hydrolysis and MICP increased Ba partition into the carbonate
fraction, whilst control treatments that contained calcium resulted in
removal. Ba could have mobilised from both the organic matter and the
oxyhydroxide soil fractions as a result of high calcium application. In the
organic matter fraction Ba at tend (U HCa = 0.090 ± 0.003 mM) was
significantly lower than at t0 in absence of calcium (U = 0.15
± 0.01 mM). Similarly, a significant decrease was determined in the
oxyhydroxide fraction at tend (U HCa = 0.11 ± 0.01 mM) compared to t0
(0.15 ± 0.01 mM). To our knowledge, no studies have been conducted
on Ba in the context of MICP.

Similar to Pb, Zn and Ba, all treatments removed Al from the
exchangeable fraction (61–89 %) (Fig. 8e). Removal from the carbonate
fraction was also recorded (5–57 %), which was larger in samples that
contained urea or underwent urea hydrolysis in the absence and pres-
ence low calcium (U, U LCa, U HCa, 40–57 %) than controls (5–12 %). In
comparison to U, U LCa and U HCa, a lower removal was observed in
samples that underwent significant MICP (U HCa 2S, 22 %). Notably, Al
was the only element which concentration did not increase in the

carbonate fraction with MICP. Divalent cations show more affinity to
CO32- than trivalent cations and, under standard environmental condi-
tions, Al3+ is thought to only be incorporated by coupled substitution
with monovalent cations (e.g., dawsonite NaAl[CO3](OH)2) in hydrous
carbonates [13,83]. Furthermore, between pH of 7 and 9, Al precipitates
out of solution as gibbsite, Al(OH)3, [18] and may explain the observed
changes in Al.

Soils in this study were treated at calcium-to-urea molar ratios
selected to investigate different heavy metal immobilisation mecha-
nisms and the potential to maximise heavy metal immobilisation and
soil carbonation. Overall, the results of the sequential extraction evi-
denced MICP maximised partition of Pb, Zn, Mn, Sr, Ba into the car-
bonate fraction, evidencing the mechanism of element immobilisation
was through calcium carbonate precipitation. At a lower calcium-to-
urea ratio, however, Zn, Mn, Sr and Ba partition into the carbonate
fraction decreased, indicating their degree or carbonation was depen-
dant on calcite precipitation. Through urea hydrolysis, partition of Mn,
Sr and Ba into the carbonate fraction indicated their immobilisation as
carbonates occurred to some extent. Instead, Pb partition into the oxy-
hydroxide fraction could have occurred when urea hydrolysis was sig-
nificant but calcium carbonate precipitation was insignificant. This
alternative immobilisation mechanism could be favoured by the higher
pH induced by urea hydrolysis due to the greater affinity of Pb for OH-

instead of CO32- at pH > 8.3 [45]. To corroborate the mobilisation and
immobilisation mechanisms during urea hydrolysis and MICP, the
behaviour of these elements in soil fractions other than exchangeable
and carbonate should be investigated in further detail. In this study we
only conducted the full sequential extraction on U, U LCa and U HCa,
limiting our interpretation. We recommend further research focus on the
potential precipitation of toxic elements as oxyhydroxides versus car-
bonates. Partition of toxic elements into the oxyhydroxide fraction could
be a more labile pool for element immobilisation compared to carbon-
ation and have implications for their long-term bioremediation stability.
The results of the sequential extraction would have been greatly com-
plemented from a more detailed analysis on the soil-solution chemical
composition during treatment. In particular, the dissolution of organic
matter during urea hydrolysis could corroborate observations made for
Mn and Ba.

For the most efficient two-stage treatment, we observed both a
reduction in the exchangeable fraction compared to the control and an
increase in the carbonate fraction. However, some of this reduction may
not be attributed solely to immobilisation in the carbonate fraction but
rather to metal loss during solution replacement. Additionally, solution
replacement likely removed dissolved CO₂, limiting carbonation and,
consequently, reducing element immobilisation. Since the stability of
immobilised toxic elements depends on the extent of carbonation, this
could affect their long-term resistance to environmental stressors. MICP
is particularly sensitive to conditions such as wet-dry cycles, freeze-thaw
cycles, and acid rain, but greater carbonation can enhance stability and
improve resilience to these effects [64]. Therefore, optimising this
treatment to maximise soil carbonation would not only improve biore-
mediation efficiency but also reinforce the durability of immobilised
contaminants, ensuring greater long-term stability under variable
environmental conditions.

Powder XRD did not resolve precipitated mineral phases other than
calcite and SEM-EDS of calcite grains could not confirm incorporation of
elements into MICP. FTIR-ATR could not discern between heavy metal
carbonates, ACC and incorporation of metals into calcite due to over-
lapping of absorption bands around v3. Higher resolution techniques
may be necessary in complex soil environmental samples with moderate
toxic element concentrations such as in this study.

Finally, the reproducibility of pH, NH4+, XRD and TG patterns
observed across different soils herein indicated our findings are gen-
eralisable across soils of different physicochemical and microbiological
compositions. However, our data also evidenced variability across soils
particularly on absolute numbers such as precipitated carbonate
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content. It is well established that soil physicochemical properties in-
fluence microbial activity and ultimately MICP. In addition, differing
levels of pollution and chemical mixtures add further complexity to the
assessment of the potential of MICP as a bioremediation technique.
Future research on soils with differing microbial compositions, soil
physicochemical properties and toxicity levels are encouraged to
elucidate the relevance and interaction of different parameters, and how
these affect the bioremediation efficiency via biostimulation of MICP.

4. Conclusions

This study investigated the simultaneous bioremediation of heavy
metals through biostimulation of MICP at varying calcium-to-urea ra-
tios. The comparable urea hydrolysis andMICP observed in an urban soil
containing 5–7 times Pb, Zn, Mn, Sr, Ba and Al compared to two regional
uncontaminated soils indicated robustness of autochthonous ureolytic
bacteria against moderate levels of pollution. Bacterial activity, soil
carbonation and element immobilisation mechanisms were influenced
by the calcium-to-urea molar ratio. Bacterial activity was negatively
affected by increasing initial calcium application across soils indepen-
dently of toxic element concentration. Delayed urea hydrolysis to inhi-
bition was attributed to early encapsulation of bacterial cells by MICP,
resulting in low to insignificant soil carbonation. Introducing calcium
once urea hydrolysis was significant maximised element immobilization
and carbon sequestration through mineral trapping. Through this
approach, equimolar calcium-to-urea of 333 mM maximised soil
carbonation, removal of Pb and Zn from the exchangeable fraction, and
Pb, Zn, Mn, Ba, Sr, and Ba carbonation. The results of this study evidence
soils containing moderate levels of heavy metals could be bioremediated
through biostimulation of MICP, potentially decreasing treatment costs
due to ubiquitousness of autochthonous bacteria. The use of non-
targeted multivariate analysis was useful in revealing similar patterns
across elements and we recommend their incorporation as a data anal-
ysis technique in future studies on complex soil systems. Maximising soil
carbonation is recommended to enhance element immobilisation
through carbonation and stability against environmental conditions
such as acid rain, whist enhancing additional ecosystem services such as
permanent carbon sequestration and storage and enhancement of soil
mechanical properties.

Environmental implication

The results of this study highlight the potential of soil’s autochtho-
nous ureolytic bacteria from vacant and derelict land for the bioreme-
diation of heavy metals through Microbial-Induced Calcite
Precipitation. Furthermore, it establishes a precedence of multiple
element immobilisation and differing immobilisation mechanisms
which were element and treatment dependant. Based on the presented
results, we recommend a two-step treatment with equimolar urea-to-
calcium ratio of 333 mM to maximise carbon sequestration and
element partition into the carbonate fraction in the context of biore-
mediation via MICP.
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