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HIGHLIGHTS GRAPHICAL ABSTRACT

e Enzyme-induced carbonate precipita-
tion method was applied for the heavy
metal immobilization in contaminated
sand.

o The immobilization percentage of Zn>",
Ni2* and Cr(VI) can be up to 99.9%,
86.38%, and 75.18%, respectively.

e Biomineralization, = adsorption  and
complexation by organic molecules and
CaCO3 are immobilization mechanisms
of EICP method.

e The unconfined compressive strength of
EICP-treated contaminated sand speci-
mens reached 306 kPa after four treat-
ment cycles.
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ARTICLE INFO ABSTRACT

Editor: Bo Gao Enzyme-induced carbonate precipitation (EICP) has been studied in remediation of heavy metal contaminated
water or soil in recent years. This paper aims to investigate the immobilization mechanism of Zn?*, Ni2*, and Cr

Keywords: (VD) in contaminated sand, as well as strength enhancement of sand specimens by using EICP method with crude

Enzyme induced carbonate precipitation sword bean urease extracts. A series of liquid batch tests and artificially contaminated sand remediation ex-

gile::en;::;:,?gnate periments were conducted to explore the heavy metal immobilization efficacy and mechanisms. Results showed
that the urea hydrolysis completion efficiency decreased as the Ca2* concentration increased and the heavy

Heavy metal contamination

Plant-derived crude urease metal immobilization percentage increased with the concentration of Ca?* and treatment cycles in contaminated

sand. After four treatment cycles with 0.5 mol/L Ca?" added, the immobilization percentage of Zn?*, Ni2*, and
Cr(VI) were 99.99 %, 86.38 %, and 75.18 %, respectively. The microscale analysis results presented that car-
bonate precipitates and metallic oxide such as CaCOs3, ZnCO3, NiCO3, Zn(OH)», and CrO(OH) were generated in
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liquid batch tests and sand remediation experiments. The SEM-EDS and FTIR results also showed that organic
molecules and CaCO3 may adsorb or complex heavy metal ions. Thus, the immobilization mechanism of EICP
method with crude sword bean urease can be considered as biomineralization, as well as adsorption and
complexation by organic matter and calcium carbonate. The unconfined compressive strength of EICP-treated
contaminated sand specimens demonstrated a positive correlation with the increased generation of carbonate
precipitates, being up to 306 kPa after four treatment cycles with shear failure mode. Crude sword bean urease
with 0.5 mol/L Ca?* added is recommended to immobilize multiple heavy metal ions and enhance soil strength.

1. Introduction

The issue of heavy metal contamination in water or soil from in-
dustrial resources, such as electronic industry, mine tailings, wastes
disposal, waste water treatment sludge, and fuel consumption, has been
a tough problem for a long time (Intawongse and Dean, 2006; Khan
et al., 2021; Palansooriya et al., 2020; Ping et al., 2009). Studies have
reported that the contaminated soils in tailings reservoir, industrial and
municipal solid waste landfill can produce a large amount of heavy
metal leachate under the influence of rainfall (Salleh and Hamid, 2013;
Wang et al., 2024a). The toxic heavy metals (e.g., Zn%*, Ni%*, Cr(VD),
Pb%*, and Cd?") in leachate may leach into groundwater or surface
water, posing potential threats to ecosystems and human health (Achal
et al.,, 2011; Pruvot et al., 2006; Xu et al., 2021). In addition, the
contaminated soils have been dumped into the landfill or tailings
reservoir, thereby forming a large number of high slopes (Stark Timothy
et al., 2000; Yu and Batlle, 2011; Zhan et al., 2023). Under the influence
of rainfall infiltration, the buildup of water level can decrease the shear
strength of contaminated soil, resulting in the instability and collapse of
contaminated soil slopes (Feng et al., 2019; Huang and Fan, 2016; Guo
et al., 2023). Koerner and Soong (2012) found that the triggering
mechanisms for ten large landfill failures were the accumulation of pore
water pressure and reduction in shear strength within the soil. There-
fore, it is imperative to explore an effective method that can prevent the
heavy metals from being leached out and improve soil shear strength.

Traditional methods used to remediate heavy metal contaminated
soil including chemical precipitation, adsorption, soil washing, elec-
trokinetics, and stabilization/solidification (S/S) have been extensively
investigated in past decades (Dhami et al., 2017; Fu and Wang, 2011;
Zhou et al., 2020). However, these chemical, physical methods are not
only highly-cost, but also environmentally unfriendly, which inhibits
the large-scale practical application (Hu et al., 2021a; Kang et al., 2016;
Liu et al., 2021). Compared with conventional remediation technolo-
gies, biological method using microbial-induced carbonate precipitation
(MICP) was considered as cost-effective and more efficient alternative,
particularly for low-metal-contaminated water and soil (Krajewska,
2018; Qu et al, 2017; Li et al., 2023). This method was widely
acknowledged for the ease of implementation and the absence of sec-
ondary pollution risks (Kang et al., 2015). So far, relevant research have
found that heavy metal ions such as Cd%*, Pb?>*, Cu**, and Zn?" can be
removed either by incorporation into calcite crystal lattice to form
complex mineral precipitation (Hu et al., 2021a; Song et al., 2022) or by
absorption of extracellular polymeric substances (EPS) (Kang et al.,
2015; Tyagi et al., 2020; Zeng et al., 2021). However, studies have also
reported that the heavy metals interference with the metabolism of the
bacterial strains, thus retarding the bacteria growth (Sengor et al., 2009)
and affecting urease secretion (Abdel-Gawwad et al., 2020). In addition,
the applicability of MICP to fine-grained contaminated soil is also
limited due to the constrained transport of bacteria (the diameter of
bacterial cells is 5um) in pore-throat space (DeJong et al., 2010; Gao
et al., 2019; Khodadadi et al., 2017).

Recently, enzyme-induced carbonate precipitation (EICP) has
attracted great attention as a potential alternative to MICP for the heavy
metal remediation in contaminated water or soil (Wang et al., 2022).
EICP uses free urease enzyme as the catalyst and the size of urease
molecules is about 7-10 nm (Erickson, 2009). The EICP process can be

divided into two main steps. Firstly, urea is hydrolyzed into ammonia
and carbonate ion through the catalytic capacity of urease. The majority
of the ammonia remains in the formation of ammonium (NH+") in water.
Subsequently, the heavy metal cation or Ca2* combine with carbonate
ion to form heavy metal carbonate or calcium carbonate precipitates.
Egs. (1)-(4) show the chemical reactions involved in EICP process in
aqueous solutions (Lai et al., 2023). It is worth mentioning that the
effectively management of the by-product (e.g. ammonium chloride) is
crucial, since it is a groundwater contaminant (Bohlke et al., 2006;
Chang and Chung, 2000; Mao et al., 2018).

Urease enzyme

CO(NH,), +H,0  — " 2NHj+CO, @
2NH; + 2H,0 < 2NH} + 20H~ @)
CO, +20H™ < HCO; +OH™ < CO5 +H,0 3)
Ca** + CO% —CaCOs @

Nam et al. (2016) used Canavalia ensiformis crude extracts to reme-
diate heavy metal contaminated mine wastes, and the As, Mn, Zn, Pb, Cr,
and Cu in leachates from the mine waste were effectively reduced. After
that, non-fat milk was added into highly-purified commercial urease to
deal with Cd, Pb, Ni contaminated soil and observed a better perfor-
mance in heavy metal immobilization efficacy (Moghal et al., 2020).
Moghal et al. (2023) found that EICP treatment improved the adsorption
capacity of Cd, Ni, and Pb by contaminated soil, encapsulating heavy
metals in soil with the order of Cd > Ni > Pb. Xie et al. (2024) have
proposed incorporating nano-hydroxyapatite (nHAP) into the bio-
remediation process to enhance biomineralization efficacy. It was
shown that nHAP can prevent the attachment of Pb*" onto urease by (1)
competing with urease, and (2) promoting Ca2*/Pb%* ion exchange.
Recent research has focused on integrating EICP with chemical reme-
diation methods to enhance the capacity for remediating heavy metal-
contaminated soil. Wang et al. (2023a) introduced a modified electro-
kinetic reactor that incorporates the EICP into a permeable reactive
barrier (PRB), significantly improve the removal efficiency of Pb>* and
Cu®" in contaminated loess for about 4 times higher than before.
Additionally, they found that the NHZ recovery could reach up to 100 %
with the addition of MgCl,, and Nay;HPO4 to the modified bio-PRB
(Wang et al., 2023b). Furthermore, Wang et al. (2024b) demonstrated
that struvite precipitation and ethylenediaminedisuccinic acid could
mitigate NHa" pollution and enhance the removal of Cu and Pb from
contaminated loess using the bio-PRB technology. Although preceding
studies have demonstrated the effectiveness of heavy metal immobili-
zation by EICP using both highly-purified commercial urease and crude
urease extracts, the underlying mechanism of how multiple heavy
metals are immobilized, along with the interplay between heavy metal
ions, calcium carbonate precipitates and organic molecules in crude
urease extracts, still remains unclear.

So far, EICP technique has been widely applied to improve basic
mechanical properties of sand, such as enhancing soil shear strength,
reducing soil permeability and controlling dust (Cui et al., 2022; Chen
et al., 2021a; Chen et al., 2021b; Chen et al., 2024; Gao et al., 2020,
2019; Wang et al., 2024). Among them, the shear strength is one of the
most important properties of soil. It is the maximum magnitude of shear
stress that soil can withstand (Hendry, 2018). Typically, the shear
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strength is simply referred to as the strength of the soil. The Unconfined
Compressive Test is the most widely used method for soil shear testing
because it is both quick and cost-effective for measuring shear strength
(Hossain et al., 2021). Hence, the Unconfined Compressive Strength
(UCS) is commonly used to represent the mechanical properties and
effectiveness of strength improvement in bio-cemented sand (Almajed
et al.,, 2019; Xiao et al., 2023; Yao et al., 2021; Zhao et al., 2014).
Kavazanjian and Hamdan (2015) used EICP method to reinforce sand
columns and the peak Unconfined Compressive Strength after EICP
treatment were 391-529 kPa. Martin et al. (2021) pointed out that the
urease solution modified with powdered milk could result in enhanced
unconfined compressive strength of sand columns. Studies also
confirmed better effect of soil strength reinforcement with low cost
when using crude urease extracts (Lai et al., 2024; Liu et al., 2023a; Miao
et al., 2024; Nam et al., 2014). Nonetheless, to date, EICP with crude
urease extracts was barely used for the dual purpose of heavy metal
immobilization and strength enhancement for contaminated soil.

In this study, the immobilization efficacy and mechanism of Zn?",
Ni2*, and Cr(VI) in artificially contaminated sand, as well as strength
enhancement of sand specimens were investigated by using EICP
method with crude sword bean urease extracts. Firstly, in order to
explore the heavy metal influence on pH, urea hydrolysis completion
efficiency and Ca®" immobilization percentage with time, which can
help explain immobilization mechanism in contaminated sand, the
liquid batch tests were conducted. The heavy metal immobilization
percentage in liquid batch tests was also measured to provide reference
for sand specimen experiments. Secondly, contaminated sand remedia-
tion experiments were carried out to explore heavy metal immobiliza-
tion efficacy and mechanism of EICP method. Finally, the unconfined
compressive strength of EICP-treated contaminated sand specimens
were tested and the failure mode was discussed. Additionally, the micro-
characterization of precipitates in both liquid batch tests and sand
remediation experiments were observed to further provide insights into
mechanisms for heavy metal immobilization by EICP method.

2. Materials and methods
2.1. Crude urease extracts preparation

The crude sword bean urease solutions were extracted from sword
beans (Canavalia gladiata (Jacq.) DC., bought from commercial sources
and grown in Guangxi province, China). In this study, the same pro-
cedures in Liu et al. (2023a) were used to extract urease: (a) the sword
beans were grinded into fine powder, (b) the powder was mixed with
deionized water to obtain a homogeneous suspension, (c) the suspension
was centrifuged at 4 °C and 3000 r/min for 15 min and filtered. The
clean supernatant liquids were kept as the crude sword bean urease
extracts. The extracted supernatant liquid is rich in urease, an enzyme
with catalytic properties that facilitates the hydrolysis of urea (Khoda-
dadi Tirkolaei et al., 2020; Meng et al., 2021; Qi et al., 2022). The
removal of remaining solid impurities through centrifugation and
filtration is crucial to prevent surface clogging and ensuring the infil-
tration of the treatment solution in subsequent soil experiments (Liu
et al., 2023a).

The urease property can be demonstrated by its activity, with higher
activity resulting in a faster urea hydrolysis rate. Therefore, urease ac-
tivity (abbreviated as UA) refers to the amount of the urea per minute
that can be decomposed by sword bean urease (mmol/L/min). Electrical
conductivity (EC) method was often used in previous studies to measure
urease activity for its accuracy and convenience (Cui et al., 2022). Due
to the interference with electrical conductivity results by heavy metal
ions in solution, urease activity in this study was determined by
ammonium production rate following the method proposed by Whiffin
et al. (2007). The correlation between concentration and UA of sword
bean urease in deionized water was shown in Supplemental file S1 (a).
Before the subsequent liquid batch tests, some pre-tests were conducted
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to determine the concentration of sword bean urease in this study. In the
pre-tests, the concentrations of urea and Zn2+, Ni2+, and Cr(VI) in so-
lution were same with those used in the liquid batch tests (see Section
2.3), and three concentrations of sword bean urease (10 g/L, 15 g/L, and
20 g/L) were tested. The results in Supplemental file S1 (b) have shown
that urease concentrations below 20 g/L quickly lost the catalytic ac-
tivity in multiple heavy metal solution, resulting in the hydrolysis of
only about 20 % of the urea. The final urea hydrolysis completion effi-
ciency for using 20 g/L of sword bean urease could reach over 90 %.
Therefore, the 20 g/L crude sword bean solution with 12 mmol/L/min of
UA was used in both liquid batch tests and sand specimen experiments.

2.2. Contaminated sand specimen preparation

Chinese ISO Standard sand was used in this study and it was classi-
fied as well graded quartz sand according to Unified Soil Classification
System (USCS) (ASTM 2007). Studies have reported that the particle size
distribution of contaminated soil in landfills is similar with those of sand
(Wickramarachchi et al., 2011; Zhang et al., 2017a). Supplemental file
S2 illustrates the particle size distribution of the sand and the corre-
sponding physical properties are shown in Supplemental file S3-Table. 1.
The sand was thoroughly washed and kept clean before experiments.

The sand was artificially contaminated by Zn?*, Ni?*, and Cr(VI)
using zinc chloride (ZnCly), nickel chloride (NiCly), and potassium di-
chromate (K2Crp07) solution and the target concentration of each heavy
metal in the sand was 50 mg/kg. The contaminated procedure was
similar to Sharma et al. (2022): (a) Take some oven-dried sand with
known mass; (b) Prepare ZnCl,, NiCly, and KyCryO; mixture solution
and the concentration of each heavy metal was 50 mg/100 mL; (c) Spray
the contaminated solution on sand at the ratio of 1 mL: 10 g and mix
them uniformly; (d) Take the sand to vacuum drying at 40 °C for 24 h;
(e) Then, the sand was saturated with 1.5 pore volume of deionized
water and incubated at 40 °C for 48 h; (f) After that, the sand was
vacuum-dried at 40 °C and the dried sand was used as the artificially
contaminated sand. The artificially contaminated sand was filled into a
cylindrical mold (50 mm x 100 mm) in layers and compacted to a
relative density of 48 % (1.652 g/cm3). The mold was designed with an
open top, and a small hole with 10 mm in diameter was drilled at the
bottom to facilitate drainage. Additionally, a 300-mesh nylon net was
placed at the bottom of the mold to serve as a filtration layer. The pore
volume of each artificially contaminated sand specimen was 74 mL.

Later on, the Tessier Sequential method was used to quantify the
exchangeable fraction of Zn, Ni, and Cr(VI) in contaminated sand
(Tessier et al., 1979). It is reported that the exchangeable fraction
comprises the mobile form of heavy metals in soils and is easily released
into the environment, which shows a strong correlation with toxicity
(Akbarpour et al., 2021; Devi and Saroha, 2014). The results in Sup-
plemental file S4-Table. 2 showed that the exchangeable fraction of Zn,
Ni, and Cr(VI) measured by Tessier Sequential method was about
39.29-43.53 %, 42.73-47.25 %, and 46.66-49.16 % of the total amount
of heavy metals in contaminated sand, respectively.

It should be pointed out that according to the risk control standard
for soil contamination of agricultural land (GB15618-2018), the risk
screening values for Zn, Ni, and Cr(VI) are 300, 190, and 200 mg/kg,
respectively, when pH > 7.5. As mentioned in Introduction, the accu-
mulated contaminated soil is subject to risks of heavy metal leaching and
slope instability. The tailings reservoir and landfills are barely used as
agricultural land for cultivation. In this study, the total amount of Zn, Ni,
Cr(VI) in artificially contaminated sand was 50 mg/kg, respectively. The
leaching concentrations of Zn, Ni, Cr(VI) of artificially contaminated
sand in this study were about 2.45-2.72 mg/L, 2.67-2.95 mg/L, and
2.91-3.07 mg/L, respectively. Studies have reported that the leaching
concentrations of Zn, Ni, and Cr(VI) of contaminated soil in landfills
ranged from 0.671-56.11 mg/L, 0.007-3.10 mg/L, and 0.049-2.47 mg/
L (Karnchanawong and Limpiteeprakan, 2009; Liu and Sang, 2010; Shi
and Kan, 2009; Zhang et al., 2008; Zheng et al., 2022). Therefore, the
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concentrations of Zn, Ni, and Cr(VI) in this study represent the typical
levels of contaminated soils in landfills.

2.3. Immobilization of heavy metals in liquid batch tests

To better mimic mobile heavy metal environment in sand, the con-
centration of each heavy metal in the subsequent liquid batch test would
be considered at 50 % of the total amount of heavy metals in sand.
Specifically, the volume of EICP-treatment solution added each time was
one pore volume of sand specimen, that is 74 mL. Assuming that the
exchangeable heavy metals in contaminated sand (considered as 50 % of
the total amount of heavy metals) were completely dissolved in one pore
volume solution, the concentration of each heavy metal in solution was
109 mg/L. Therefore, the concentration of each heavy metal is 109 mg/L
in liquid batch tests.

The contaminated soil from landfills typically contains multiple
heavy metal ions, including both anions and cations. In particular, soil
contaminated with Cr(VI) is often accompanied by other heavy metal
cations, such as Zn, Ni, Cu, Pb, and Cd (Kasassi et al., 2008; Kumpiene
et al., 2008). In soil, the exchangeable Zn, Ni, and Cr(VI) coexist, with
their respective forms being Zn?", Ni2*, and Cr,0%~/CrO% . In order to
investigate the effect of EICP-treatment on the urease activity and
immobilization of heavy metals (i.e. Zn, Ni, and Cr(VI)), four groups of
liquid batch tests were conducted. The detailed arrangements are listed
in Supplemental file S5-Table. 3. Three for EICP-treatment with different
individual heavy metal (denoted as Group-Zng,o.25,0.5, Group-Nig,0.25/
0.5, Group-Crp,9.25/0.5) to investigate the immobilization mechanism of
individual heavy metal. One for EICP-treatment with multiple heavy
metals (denoted as Group-multipleg g 25,0.5) to investigate the immobi-
lization mechanism of multiple heavy metals. To evaluate the impact of
calcium carbonate on the heavy metal immobilization, the concentra-
tions of urea and calcium chloride in each group were 0.75 mol/L and 0/
0.25/0.5 mol/L, respectively. 0/0.25/0.5 refers to the Ca®" concentra-
tion, e.g. Group-Nig o5 means the Ni%* contaminated solution treated by
EICP method with 0.25 mol/L Ca?*. 0.75 mol/L of urea was used in this
study, which is based on the theoretical requirement of an excess of 0.5
mol/L urea to achieve maximum precipitation efficiency of calcium
carbonates since the highest Ca>" concentration added was 0.5 mol/L,
as adopted in many references (Ahenkorah et al., 2020; Almajed et al.,
2018). Additionally, previous studies have also shown that urea con-
centrations below 1 mol/L can maintain a high level of urease activity
(Ahenkorah et al., 2020; Xie et al., 2023). Hence, a concentration of
0.75 mol/L urea was selected.

Before the bio-immobilization process, the individual and multiple
heavy metals contaminated solutions were prepared by dissolving the
relevant salts (i.e. ZnCl,, NiCly, and KoCro07) in deionized water. In the
liquid batch tests, urea and calcium chloride (CaCly) were added into
sword bean urease solution, referred to as the EICP-treatment solution.
Then, heavy metal contaminated solutions were mixed with the EICP-
treatment solution with equal volume. After mixing the EICP-
treatment solution with aqueous heavy metal solution, the initial con-
centration of each heavy metal, sword bean urease, urea, and calcium
chloride were 109 mg/L, 20 g/L, 0.75 mol/L, and 0/0.25/0.5 mol/L,
respectively. All the chemical used were of analytical reagent grade.
Each test group was set with three replicates at 25 °C. The urea hydro-
lysis completion efficiency (the measured ammonium concentration
divided by the theoretical ammonium concentration obtained by com-
plete hydrolysis of urea), pH, Ca?" immobilization percentage, and
heavy metal immobilization percentage variation of the samples were
measured continuously until the results remain stable and unchanged.
The residual concentration of Ca?" and heavy metals in solution were
measured using the ICP-MS (PerkinElmer NexION 300x, USA). The
immobilization percentage of both Ca?" and heavy metals was calcu-
lated by ratio of the concentration of immobilized metal ions to the total
concentration of added metal ions. After the reaction was complete, the
samples were filtered using a filter paper to separate the precipitates
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from the solutions.

2.4. Immobilization of heavy metals and unconfined compressive strength
(UCS) test in contaminated soil

To investigate the effect of the EICP-treatment on immobilization of
Zn?*, Ni%*, and Cr(VI) in contaminated sand, three groups of sand
specimens were prepared: (a) contaminated sand specimens treated
with sword bean urease and 0.75 mol/L urea solution; (b) contaminated
sand specimens treated with sword bean urease and 0.75 mol/L urea
+0.25 mol/L calcium chloride solution; (c) contaminated sand speci-
mens treated with sword bean urease and 0.75 mol/L urea +0.50 mol/L
calcium chloride solution. Each group underwent treatment cycles
ranging from 1 to 4, with each specimen consisted of four parallel col-
umns. The EICP-treatment solutions were percolated into sand speci-
mens from top to bottom, and each cycle included one percolation of the
treatment solution (Almajed et al., 2018; Liu et al., 2023a).The whole
protocol of the sand treatment experiments was summarized in Sup-
plemental file S6-Table. 4.

Approximately 74 mL of the EICP-treatment solution, equivalent to
the pore volume of the untreated sand specimen, was percolated from
top to bottom of the sand specimen (see Section 2.2). All percolations
were conducted under free drainage, with a 48-h interval between
consecutive percolation events. During each percolation, the outflow
was collected and concentration of heavy metal ions and Ca" were
determined by ICP-MS. After that, the sand specimens were cured at
25 °C for 48 h. Subsequently, the sand specimens were oven-dried at
60 °C (Qi et al., 2022) before undergoing unconfined compressive
strength (UCS) testing. The UCS test was used to evaluate the strength of
the bio-cemented soil. The testing procedures strictly followed ASTM
standards (ASTM, 2010). After UCS test, the exchangeable fraction of
heavy metal in treated sand specimens was measured using Tessier
Sequential method. The immobilization percentage was calculated by
the concentration of immobilized metal ions after EICP-treatment
divided by the concentration of exchangeable heavy metals before
treatment. The CaCOg3 content of treated sand specimen was measured
by acid dissolving method (Cui et al., 2024; Xiao et al., 2019): (a) The
sand were carefully rinsed with deionized water three times to remove
soluble salts; (b) Then, they were soaked into 1 mol/L hydrochloric acid
for 24 h to fully dissolve calcium carbonate; (c) The concentration of
Ca®" in acid solution was measured by ICP-MS, and total mass of CaCOs3
was determined by the multiplication of Ca?* concentration, volume of
acid dissolving solution, and molecular weight of CaCOs. (d) The CaCOs3
content (%) can be calculated by total mass of CaCO3 divided by total
mass of sand.

2.5. XRD, FTIR and SEM-EDS analysis

The microscopic characteristics of the precipitates in solutions and
EICP-treated sands were explored by X-ray diffraction (XRD, Bruker D8
Advance, Germany), FTIR (PerkinElmer Spectrum Two FT-IR Spec-
trometer, USA), and scanning electron microscopy (SEM, FEI Quanta
650 FEG SEM, USA) with energy dispersive X-ray (EDS) analysis.

3. Results and discussion
3.1. Results in liquid batch tests

According to Egs. (1)-(4) in Introduction, 1 mol of urea can produce
2 mol of NH3 and 1 mol of CO,. Then, 1 mol of NH3 reacts with water to
form ammonium ions (NHZ) and hydroxide ions (OH™), which may
increase the pH of the solution. The CO; dissolves in water and disso-
ciates into CO3~ in alkaline solution eventually. Further, the CO3™
combine with Ca®* to form CaCOs precipitation. In the entire solution
system, the hydrolysis of urea causes an increase in pH, while the gen-
eration of CaCOs causes a decrease in pH. The changes in the solution pH
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are the result of the combined effects of these two reactions. When the
EICP processes are complete, the pH of the solution increases in this
study. Assuming complete hydrolysis of 0.75 mol/L urea and not
considering the escape of gas, it will theoretically produce 1.5 mol/L
NHJ and 0.75 mol/L of CO3~. Simultaneously, 0.75 mol/L of Cco%~ will
be generated. In alkaline solution, these 0.75 mol/L of CO%’ will react
with 0.25 mol/L or 0.5 mol/L of Ca?*, theoretically generating 0.25
mol/L or 0.5 mol/L of CaCOs, respectively.

Studies have found that environmental factors such as temperature
and pH may change the urease activity, thereby affecting EICP process.
The optimal temperature and pH for urease activity ranges from 40 °C to
60 °C and 9 to 11, respectively (Ahenkorah et al., 2021; Krajewska,
2016; Xie et al., 2023). In addition, the heavy metals such as Fe3*, Mn?*,
cu?*, and Pb?* often exist in contaminated water in practice (Han et al.,
2016, 2015). These heavy metal ions can also affect urease activity to
different degrees. Wang et al. (2022) have explored the effectiveness of
EICP in remediating Cu** and Pb?>" contaminated solution. They found
that as the concentration of Pb?' increased, the final hydrolysis
completion efficiency of urea gradually decreased; meanwhile, urease
lost its activity quickly due to the toxicity of Cu®*. The effects of other
heavy metal ions, such as Fe3* and Mn®", on the EICP process, have not
yet been investigated. However, considering that the toxicity of these
heavy metals can reduce urease activity, it may further decrease the urea
hydrolysis rate and the reaction completion time will be longer.

3.1.1. pH, urea hydrolysis completion efficiency, and Ca®" immobilization
percentage

Fig. 1(a)-(d) illustrates the variations in pH for Group-Zn, Group-Ni,
Group-Cr, and Group-multiple after reacting for 3, 6, 9, 12, 24, 36, 48,
60, 72, 84 h. It can be seen that the initial values of pH for all groups
were ranging from 4.2 to 6.9, which were acidic and within the common
pH range of heavy metal contaminated water in practice (Chen et al.,
1997; Jiménez-Rodriguez et al., 2009). In each group without Ca*
added, the initial pH was 4.6-6.3. Then, the pH increased and stabilized
at 9.2-9.4 after 6 h reaction. The increased pH was attributed to the
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produced OH™ during the urea hydrolysis process. For Group-Zng 25,0.5,
Group-Nig 25/0.5, Group-Crg 25,0.5, and Group-multipleg 25,95, the initial
pH ranged from approximately 4.2 to 6.9. Then, the pH increased
steadily and stabilized at 9.0-9.1 and 8.6-8.7 after 24 h reaction. In
Group-multipleg 25,0 5, there is a notable difference in the changes of pH.
Specifically, this difference manifested as the delayed stabilization time,
reaching around 48 to 60 h. Besides, the final pH in Group-multipleg 35,
0.5 was declined by 0.6-0.7 compared to Group-Zn/Ni/Cr(VI).25/0.5-
The reduction in pH was a result of decrease in urea hydrolysis
completion efficiency.

Fig. 2(a)-(d) shows the variations in urea hydrolysis completion ef-
ficiency for Group-Zn, Group-Ni, Group-Cr, and Group-multiple after
reacting for 3, 6, 9, 12, 24, 36, 48, 60, 72, 84 h. In Group-Zny, Group-Niy,
Group-Cry, and Group-multipley, the initial urea hydrolysis rate (defined
as the slope of the urea hydrolysis completion efficiency curve) was
significantly high, with around 85-90 % of urea being hydrolyzed
within first three hours. After that, urea hydrolysis rate became much
lower within 6 to 9 h. The final urea hydrolysis completion efficiency for
Group-Zng, Group-Nig, Group-Cr(, Group-multipley was 99.9 %, 99.9 %,
99.9 %, and 93.6 % respectively. This indicates that, multiple heavy
metals would influence sword bean urease catalytic capacity without
Ca%* addition, leading to about 6.3 % reduction in urea hydrolysis
completion efficiency. With the increase of Ca%* concentration, there
was a decrease in both initial urea hydrolysis rate and final completion
efficiency in all groups. Notably, the most pronounced reduction was
observed in Group-multipleg 25,05, wherein urea could only be hydro-
lyzed 86 % and 62 %, respectively. This may be caused by more toxicity
of multiple heavy metals than individual heavy metal to urease extracts,
and the Ca?" intensified the influence.

Fig. 2 also presents the impact of Ca?t addition on urease activity
throughout the reaction process. The urease activity, also known as urea
hydrolysis rate, can be calculated by the changes of urea hydrolysis
completion efficiency with time. In the initial 3 h, higher Ca?*t in each
group resulted in lower initial urea hydrolysis completion efficiency,
which was consistent with the findings of Xie et al. (2023) and Whiffin
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(Data are presented in mean + standard error of mean, n = 3.)
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(2004). This can be attributed to the higher concentration of Ca’* in the
intensified complexation and salting-out effects with urease protein,
thereby inhibiting urease activity (Dinesh et al., 1995; Hidri et al., 2022;
Knape et al., 2015; Liu et al., 2023b; Maeda et al., 1990). As the urea
continuously hydrolyzed, the urea hydrolysis completion efficiency in
the Group-Nig s, Group-Crgs, and Group-multipley s remained consis-
tently lower than in the Group-Nig 25, Group-Crg 25, and Group-multi-
pleg.2s, respectively. This may result from the change of three-
dimensional structure of urease proteins by Ca?*, which consequently
affects the activity (Lee et al., 2017). However, in the Group-Zng 25,95, a
different phenomenon was observed: the urease activity in the Group-
Znp s was initially lower than that in the Group-Zng s but later sur-
passed it during some time, and the final urea hydrolysis completion
efficiency of Group-Zng s was lower that of the Group-Zng 5. The un-
derlying mechanism for this observation could be explained by the in-
fluence of Ca". In the initial stage of the reaction (0—3h), the inhibition
of urease activity due to the complexation and salting-out effect for
Group-Zng 5 was more obvious than that for Group-Zng »s. As a result,
the initial urease activity of Group-Zngs was lower than that of the
Group-Zny 35, leading to a lower urea hydrolysis completion efficiency
in the first 3 h. However, the complexation and salting-out effect was
unstable. As urea hydrolyzed, the produced CO3~ combined with Ca®*
to form calcium carbonate precipitates, potentially causing de-
complexation between Ca®" and urease protein (Deak et al., 2006;
Horne, 1998; Zhang et al., 2017b). During this stage (3-12 h), the Ca?*
immobilization percentage of Group-Zngs (78.2 % to 98.8 %) was al-
ways lower than that of Group-Zng a5 (98.9-99.6 %), indicating more
Ca®* in solution of Group-Zng s. The small amount of Ca®" in solution of
Group-Zng s provided a protective effect for urease in Zn>" solution
(Wang et al., 2023c; Xie et al., 2024). In contrast, the Ca" in the Group-
Zng 25 were almost completely immobilized, which could not protect
urease activity. Consequently, urease activity in the Group-Zngs was
higher than that in the Group-Zny 35 at this stage (3-12 h), leading to a
higher urea hydrolysis completion efficiency and higher concentration

of NHJ. During 12 to 24 h, the urease activity in the Group-Zng 5 group
further decreased due to the inhibitory effect of more NHa" on urease
(Almajed et al., 2018; Hu et al., 2021b; Li et al., 2022; Meng et al., 2021).
As a result, urea hydrolysis in Group-Zng 5 ceased at around 24 h. In
contrast, the urease activity in the Group-Zng 5 had less inhibition from
NH.", allowing the reaction to proceed slowly and steadily until it sta-
bilized around 48 h. Ultimately, the hydrolysis completion efficiency in
the Group-Zny »s slightly surpassed that of the Group-Zng s.

Fig. 3 describes the changes in the Ca%" immobilization percentage
in solutions of Group-Zn, Group-Ni, Group-Cr, and Group-multiple. It
can be found that the variation in Ca%* immobilization process in Group-
Zn, Group-Ni, Group-Cr, and Group-multipleg 25 can be divided into
three stage, namely rapid reaction stage, slower reaction stage, and
stable stage. Rapid reaction stage was 0-3 h in Group-Zn, -Ni, and -Cr
(VI) while 0-6 h in Group-multiple due to the high urease activity at the
beginning. Slower reaction stage was 3-12 h in Group-Zn, -Ni, and -Cr
while 6-48 h in Group-multiple owing to the gradual decrease in urease
activity. After 12 and 48 h, the stable stage of Ca2" immobilization
percentage can be found in Group-individual and Group-multiple,
respectively. The changes in Ca?' concentration was in agreement
Yuan et al. (2020), who investigated the changes in residual Ca®* con-
centration with respect to reaction time in EICP process.

The findings presented in Fig. 3 also revealed that Ca®" immobili-
zation percentage remained unaffected by the coexisting of individual
Zn, Ni or Cr (VI), and Ca®* was almost completely removed. In Group-
multipleg o5, Ca?™ was 99.9 % immobilized while Ca%* was 93 %
immobilized in Group-multiplegs. The immobilization of Ca%" was
mainly dependent on forming calcium carbonate precipitation with the
hydrolyzed CO%’ from urea (Liu et al., 2023a). Therefore, the changes in
the Ca®* immobilization percentage were related to the urea hydrolysis
completion efﬁciency. In Group-Zno_25/0_5, -Nio_25/0_5, and -Cr0_25/0_5,
urea hydrolysis completion efficiency was high, with enough CO%"
produced within first three hours, contributing to over 99 % formation
of CaCOj3 since the concentration of urea was 0.75 mol/L. Despite the
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urea hydrolysis completion efficiency in Group-multipley 35 being only
86 %, it was sufficient to generate CO%’ and form CaCOs. The final Ca**
immobilization percentage of Group-multipleg 25 was 99.9 %. In Group-
multipleg 5, nevertheless, the final Ca®* immobilization percentage was
7 % lower compared to other groups, possibly attributed to lower urea
hydrolysis completion efficiency.

3.1.2. Heavy metal immobilization percentage in solution

In order to evaluate the immobilization of individual and multiple
heavy metals in solutions of EICP method, the heavy metal immobili-
zation percentage in each group was measured. Fig. 4 represents the
variation in heavy metal immobilization percentage with time for both
individual and multiple groups without Ca>" added. Generally, the
heavy metal immobilization percentage increased rapidly during first
three hours. During 3 to 9 h, a slow increase of the heavy metal
immobilization percentage was observed. After 9 h of reaction, a stable
state of heavy metal immobilization percentage was achieved.
Comparing the heavy metal immobilization percentage of Group-Zny,
Group-Nip, and Group-Cry, EICP treatment was most effective in
immobilizing Zn?*(49.9 %), followed by Ni?*(18.3 %) and Cr(VI)(10.5
%). Similar tendency was also observed in Group-multipley and the
immobilization percentage of each heavy metal in Group-multipley was
lower than that in Group-Zng, Group-Nig, and Group-Cr, respectively.
Specifically, the final immobilization percentage of Zn, Ni, and Cr for
Group-multipley were 39.9 %, 13.8 %, and 7.9 %, respectively, which is
10 %, 4.5 %, and 2.6 % lower than that for Group-Zng, Group-Nip, and
Group-Cry.

Heavy metal in groups without Ca?t addition was immobilized
mainly through biomineralization: heavy metal ions combine with CO3~

or OH™ to form heavy metal carbonate and hydroxide. In both individual
and multiple groups, the immobilization percentage followed the order
Zn?* > Ni%* > Cr(VI), a trend attributed to solubility product (Ksp). The
Kgp values of ZnCO3 and Zn(OH), are markedly lower than those of
NiCO3 and Ni(OH),, making Zn?" much easier to form carbonate and
hydroxide. It is difficult for Cr(VI) to form carbonate and hydroxide
precipitates due to its unique properties, which led to the lowest
immobilization percentage. Furthermore, the immobilization percent-
age of each heavy metal in Group-multiple was inferior to that in indi-
vidual groups, possibly owing to the diminished urease activity in
Group-multiple, consequently influencing urea hydrolysis and pH,
thereby limiting heavy metal immobilization.

Research also reported that the crude sword bean urease solution
contains rich organic molecules, such as amino acids, proteins, and
polysaccharides (Khodadadi Tirkolaei et al., 2020; Liu et al., 2023a). In
addition to the aforementioned mechanisms, heavy metal might also be
immobilized by adsorption or complexation of organic molecules
(amino acid, protein, polypeptide, and polysaccharide) in sword bean
urease, (Blundell and Jenkins, 1977; Da Silva and Williams, 2001; Yang
et al., 2019). Studies have demonstrated that the functional groups of
organic molecules such as carbonyl, carboxyl, amino, and hydroxyl
could be involved in the complexation process with heavy metals. The
difference in immobilization percentage among Zn, Ni, and Cr(VI) might
be also caused by various interactions between organic molecules and
heavy metals. Liu et al. (2013) found the adsorption capacity of soy
protein to heavy metal ions in solution was Zn > Ni > Cr. Given the
structural resemblances between sword bean protein and soybean pro-
tein, it is rational to assume that in this study, the metal-binding capa-
bilities of proteins in sword bean urease may present similar trend.
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Fig. 4 also shows the change in heavy metal immobilization per-
centage with the addition of Ca?*. It is evident that heavy metal
immobilization percentage increased with higher concentration of
introduced Ca?*. The highest heavy metal immobilization percentage
was achieved when adding 0.5 mol/L Ca?*, followed by the groups with
0.25 mol/L Ca®", and the groups without Ca®" showed the lowest
immobilization percentage, indicating that Ca* plays a role in heavy
metals immobilization. In Group-Zn, -Ni, and -Cr, the EICP method with
the addition of 0.25/0.5 mol/L Ca%* was most effective in immobilizing
Zn?", with final immobilization percentage of up to 99.9 %, experi-
encing an increase of 50 % compared to Group-Zny. Next was Ni%*, with
an immobilization percentage of approximately 35.48 %/50.14 %,
increased by 17.18/31.84 % compared to Group-Nig. Cr(VI) had the
lowest immobilization percentage at only about 34.0 %/41.36 % and
was increased by 23.5 %/30.86 %, compared to Group-Cry. In Group-
multipleg 25,05, comparable trend could also be observed, and the
immobilization percentage of each heavy metal in Group-multipleg 25,
0.5 was inferior to individual groups. The immobilization percentage of
Zn?" in Group-multipleg 25,05 was close to that in Group-Zng 25,05,
whereas immobilization percentage of Ni2™ and Cr(VI) reduced by
3.51-9.17 % and 5.49-7.38 %, respectively.

The groups with the addition of Ca?" contributed to an increase in
heavy metal immobilization compared to those without Ca?*, indicating
Ca?" might have an influence on heavy metal immobilization. CaCOs
has been widely confirmed as a metal adsorbent by physical adsorption
or coprecipitation (Achal et al., 2012; Godelitsas et al., 2003; Sheng
et al., 2023). Therefore, CaCO3 adsorption may be considered as one of
the immobilization mechanisms in EICP. Zn2* may be effectively
removed due to the remarkable adsorption capacity of CaCO3 (Ahmad
et al., 2012). Similarly, the Ni2* can also be partially immobilized by
adsorption/coprecipitation with CaCO3 (Lakshtanov and Stipp, 2007;
Vakili et al., 2021). The adsorption capacity of Cr(VI) onto CaCO3 was
investigated by Vu et al. (2019) and Nkutha et al. (2021). They reported
that the adsorption capacity of Cr(VI) onto CaCO3 decreases as pH in-
creases, achieving an adsorptive capacity of approximately 20 mg/g at a
solution pH of 8-9. The adsorptive mechanisms can be attributed to
surface complexation caused by the high reactivity of the adsorbents
functional group (-C=0) in the carbonate towards Cr(VI), hydrogen
bonding interactions between (-C=0) and HCrOj, and electrostatic
attraction. Hence, CaCOs3 have different adsorption/complexation effect
on various heavy metals.

3.1.3. Identification of heavy metal-containing precipitates of liquid batch
test

Fig. 5(a) presents the XRD patterns of Zn-, Ni-, Cr-containing pre-
cipitates in liquid batch test with the addition of 0.5 mol/L Ca®*. In all
groups, calcite is the major mineral due to the much higher concentra-
tion of added Ca®* compared to heavy metals. Besides, the 25.1°, 27.2°,
and 71.5° are the typical peak values of ZnCOs, Zn(OH)s, and NiCOgs,
respectively (Li et al., 2017; Liang et al., 2022; Rosado-Mendoza et al.,
2018). The presence of trace ZnCO3 and NiCOs crystals in Group-Zn/Ni
confirmed that the immobilization mechanism of Zn?" and Ni** were
partially dependent on the biomineralization induced by sword bean
urease. Additionally, the XRD results of Group-Zn validated the exis-
tence of Zn(OH),, implying that Zn immobilization also relied on the pH
increase during EICP process. On the contrary, in Group-Cr, neither
heavy metal carbonate precipitates nor metallic oxide were found. The
XRD results of groups containing Cr(VI) revealed that the immobiliza-
tion mechanism of Cr(VI) was quite different from Zn and Ni, which may
be caused by special properties of Cr,0% . In alkaline solution, the
Cr,0%~ will transform into CrO3~ (Smith et al., 1989), but the CaCrO4
precipitation was hardly observed for its lower ion activity product
(IAP). Hence, in Group-Cry, Cr(VI) might be absorbed and complexation
by organic molecules in crude urease extracts; In Group-Crg 25,95, the Cr
(VD) could be immobilized through adsorption or complexation by both
CaCOj3 and organic molecules.
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Fig. 5. Microscale analysis of precipitates in solutions: (a) XRD results; (b) FTIR results; (c) SEM-EDS results.

Apart from heavy metal precipitation, the crystalline phase of CaCO3
also deserves our attention. Fig. 5(a) also shows the comparison of the
XRD results of CaCO3 with or without the addition of heavy metals. In all
groups, the calcite was the dominant crystalline phase. In groups
without heavy metals addition, the calcite dominated and vaterite was
scarcely detected; while in groups with heavy metals, vaterite peaks

were easily observed. This may be attributed to the presence of heavy
metal ions, which can significantly impact the nucleation and growth of
calcium carbonate crystals, ultimately influencing the crystallization
phase. It is reported that Zn?>' has the ability to inhibit the trans-
formation from vaterite to calcite (Freij et al., 2005; Tang et al., 2010).
Sanchez-Pastor et al. (2011) found that the addition of Cr(VI) inhibited
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the nucleation and growth of calcite and promoted the formation of the
metastable aragonite and vaterite. Matsumoto et al. (2010) and Wada
et al. (1995) investigated the effect of type and concentration of addi-
tives on the polymorph and morphology of CaCOs, and found that in the
presence of heavy metal ions, such as Ni?* and Zn?" as trace impurities,
the metastable aragonite or vaterite tended to form. In comparison to
calcite, vaterite is a less stable polymorph form with worse crystallinity.
Research has previously reported that CaCOs crystalline phase de-
termines adsorption ability towards heavy metal ions (Wang et al.,
2020a; Zhang et al., 2022). Consequently, it is speculated that heavy
metals may influence the crystalline phase of CaCO3 during EICP pro-
cess, and the different crystal phases, in turn, might play distinct roles in
heavy metal immobilize.

Fig. 5(b) shows the FTIR spectra of Zn-, Ni-, Cr-containing pre-
cipitates of liquid batch test with the addition of 0.5 mol/L Ca?*. The
bands with strongest peak intensities at the 1389, 870, and 710 cm™!
referred to CaCO3. Small bands around 3280 and 1080 em™! could be
attributed to -OH stretch vibration of polysaccharides while bands in the

10

range of 1600-1800 cm ™! were related to C=0 stretch vibration of the
peptide linkage (amide I) (Hu et al., 2011; Hua and Li, 2014; Li et al.,
2019). The weak band at 2510 cm™! might be due to -SH in organic
molecules of sword bean urease (Hua and Li, 2014). FTIR results vali-
dated the existence of carboxyl, hydroxyl, and sulfhydryl in precipitates,
providing reliable evidence for heavy metal immobilization by
complexation or adsorption with organic molecules in crude urease
extracts.

SEM-EDS results of Group-multilpleg o5 precipitates in liquid batch
tests are shown in Fig. 5(c). Precipitates in liquid batch test are mainly
composed of Ca, and the trace elements of Zn, Ni, and Cr (VI) could be
detected, which were likely to be adsorbed by CaCOs precipitates or
organic molecules in crude urease extracts. The high-magnification
SEM-EDS images in Fig. 5(c) revealed that urease-induced calcium
carbonate had a rough surface with numerous small pores. This porous
structure suggests a larger specific surface area, providing more active
adsorption sites for Zn, Ni, and Cr(VI) (Choi and Jang, 2008; Deze et al.,
2012; Song et al., 2021).
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3.2. Heavy metal immobilization in contaminated sand specimen

3.2.1. Heavy metal immobilization percentage in contaminated sand
specimen

Fig. 6 depicts the immobilization percentage of Zn®*, Ni?*, and Cr
(VI) in artificially contaminated sand specimens, which can be charac-
terized by exchangeable fraction of heavy metals. The immobilization
percentage increased with treatment cycles, after 4th treatment, the
immobilization percentage of Zn?*, Ni®*, and Cr(VI) was 99.87-99.99
%, 83.43-86.38 % and 73.43-75.18 %, respectively. In accordance with
the outcomes of the liquid batch test, the immobilization percentage of
heavy metals in sand specimens increased with the addition of Ca®",
indicating CaCOs3 adsorption or complexation was one of the mecha-
nisms of heavy metal immobilization in contaminated sand. It could also
be observed that bioremediation percentage following the order Zn?" >
Ni?*t > Cr(VI) after each treatment cycle, which was consistent with
liquid batch tests. The findings indicate variations in the efficacy of the
EICP method for immobilizing various heavy metals in contaminated
soil.

Heavy metal in sand specimens without Ca?* addition was immo-
bilized mainly through biomineralization and adsorption/complexation
by organic molecules in crude urease extracts. With Ca?" added, the
heavy metal immobilization in sand specimens also depended on
adsorption/complexation by CaCOs, as discussed in liquid batch tests.
The immobilization percentage order of Zn?* > Ni?* > Cr(VI) is
reasonable when considering K, and different adsorption/complexation
capacity of organic molecules and CaCOs, which was also mentioned in
former section.

In contrast to the results obtained from the liquid batch tests, the
immobilization percentage of Ni%* and Cr(VI) in the contaminated soil
increased a lot, while the adsorption capacity of CaCO3 in enhancing
heavy metal immobilization percentage appeared to be somewhat
weakened. Specifically, without Ca?* addition, the immobilization
percentage of Zn?>", Ni%*, and Cr(VI) in sand specimens after 1st treat-
ment cycle was 90.62 %, 74.35 %, and 65.24 %, respectively, increasing
by 50.7 %, 60.5 %, and 57.3 %, compared to their immobilization per-
centage in liquid batch tests. After the addition of 0.25 mol/L and 0.5
mol/L Ca2+, the immobilization percentage of Zn, Ni, and Cr(VI) in sand
specimens increased by 8.5-9.3 %, 3.12-6.2 %, and 1.1-2.1 %, respec-
tively, compared to specimens that without Ca?* addition.

Several factors may explain the obtained phenomenon. In liquid
batch tests, the heavy metals directly contacted with sword bean urease
and poisoned urease protein as soon as they were mixed together.
Instead, heavy metals are uniformly distributed on the surface of arti-
ficially contaminated sand, thereby mitigating the direct toxicity to
urease protein. Essentially, sand particle might offer buffering effect for
EICP method to meditate heavy metals, the similar pattern was pre-
sented in Kang et al. (2016). The CaCO3 formed during EICP process
could effectively fill soil pores, thus impeding migration and diffusion of
heavy metal ions (Nam et al., 2016). Considering the uniform distribu-
tion of heavy metal ions, the presence of heavy metals in a certain region
does not necessarily correspond to the generation of CaCOs. Therefore,
the adsorption capacity of CaCOs was significantly limited.

3.2.2. Identification of heavy metal-containing precipitates of EICP-treated
sand

To further analyze the heavy metal immobilization, the EICP-treated
sand specimens were examined by XRD spectroscopy and SEM-EDS
analysis. The results were shown in Fig. 7(a)-(b).

Fig. 7(a) shows the XRD results of sand specimens after 4th treatment
cycle. In groups without addition of Ca2+, Zn(OH),, Nis(CO3)(OH),, and
Zns(CO3)2(OH)¢ were detected, with typical peak values are 27.2°,
55.4°, and 35.0°, respectively (Liu and Teng, 2018; Rosado-Mendoza
et al., 2018; Zhang et al., 2020). These minerals validated the immobi-
lization of heavy metals in soil was mainly dependent on the biomin-
eralization process when Ca?* weren’t introduced. Meanwhile, the CrO
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Fig. 6. Variations in heavy metal immobilization percentage with treatment
cycles in sand specimens: (a) Zn%*; (b) Ni%*; (c) Cr(VI).
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Fig. 7. Microscale analysis of EICP-treated sand: (a) XRD results; (b) SEM-EDS results.

(OH) was identified. This phenomenon may be due to the reductive
functional groups within organic macromolecules, such as hydroxyl and
carboxyl groups, facilitating the reduction of Cr(VI) to Cr(IlI). The
subsequent formation of CrO(OH) occurred through the interaction of Cr
(III) with OH™ in an alkaline environment. Similar results were found by
Daneshvar et al. (2002), who demonstrated that hydroxyl or carboxyl
groups in soybean cake could play a role in the reduction of Cr(IIl),
consequently contributing to the removal of Cr(VI). It is worth
mentioning that, the presence of CaZn(COj3), in the groups added Ca®*
suggested Zn?" with an ion radius close to that of Ca%* was incorporated
into the CaCOj crystal by substituting the Ca®" in the lattice or entering

12

the interstices. From XRD spectroscopy results, it can also be observed
that the CaCO3 were predominately in the form of calcite, with vaterite
scarcely detected. Former section has demonstrated the stability dif-
ference between calcite and vaterite, the predominance of calcite was
advantageous for enhancing the strength of sand specimens. SEM-EDS
results of treated-sand specimens are shown in Fig. 7(b). According to
EDS analysis, trace elements of Zn, Ni, and Cr(VI) were detected, which
were likely to be adsorbed by CaCOj3 or organic matter attached to sand
particles.
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Fig. 7. (continued).
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3.3. Strength improvement of EICP-treated contaminated sand specimen

3.3.1. UCS and calcium carbonate content

The Unconfined Compressive Strength (UCS) of sand is typically used
to evaluate the shear strength of cemented sands, especially in
geotechnical engineering (Meng et al., 2021; Qabany and Soga, 2014;
Van Paassen et al., 2010; Li et al., 2024). During the Unconfined
Compressive Strength (UCS) test, axial pressure is applied to the spec-
imen without any confining pressure until failure occurs. The axial
pressure recorded at the point of specimen failure represents the UCS of
the specimen. Previous studies have reported that the produced CaCO3
can fill soil pores and cement soil particles after EICP treatment, thereby
enhancing the UCS of treated soil (DeJong et al., 2010; Yasuhara et al.,
2012). A higher UCS indicates greater soil shear strength, which helps
prevent slope failure during rainfall periods. There are many factors
impacting the UCS of EICP-treated sand, such as the concentration of
added Ca®", EICP treatment cycles, particle size distribution, and others.
In previous studies, the UCS of EICP-treated sand ranged from 50 kPa to
1500 kPa, whereas untreated sand has no strength (Liu et al., 2023a; Liu
et al., 2024).

The unconfined compressive strength (UCS) and corresponding cal-
cium carbonate content of EICP-treated sand specimens were shown in
Fig. 8(a). It is worth mentioning that, the sand specimens without
adding Ca?* had no strength, and thus, it is not depicted in Fig. 8(a). The
UCS of sand specimens increased with the higher concentrations of
added Ca?* and treatment cycles, reaching the maximum of 306 kPa
after four treatment cycles. Besides, the CaCOs; generated in sand

[ Jo2smcCa
I 0.50M Ca

= CaCO; content
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CaCOj, content (%)
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O A x N 7
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Fig. 8. UCS and microscale analysis of EICP-treated sand particles (a) Uncon-
fined compressive stress, CaCO3 content and failure mode; (b) SEM results after
1st treatment cycle; (¢) SEM results after 2nd treatment cycle; (d) SEM results
after 3rd treatment cycle; (e) SEM results after 4th treatment cycle.
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specimens basically correlated with UCS, indicating that the generated
CaCOs could effectively cement sand particles and provide enough
strength (Li et al., 2021). Fig. 8(a) also shows that the failure mode of the
sand specimen. Different from the tensile splitting mode with a vertical
crack through the whole specimen (Almajed et al., 2019; Liu et al.,
2023a; Qabany and Soga, 2014), the failure mode in this study was shear
failure accompanied by localized crushing failure in the bottom. The
shear failure in this study indicates that the distribution of CaCO3 was
not uniform, which is possibly due to the high urease activity of sword
bean urease. The same failure mode was confirmed by Zhang et al.
(2023), who reported that sand specimen was tensile splitting failure
when treated by low activity soybean urease (around 7.45 mmol/L/
min), while shear failure treated with higher activity soybean urease
(around 13.95 and 22.23 mmol/L/min). Besides, the localized crushing
failure in the bottom may be caused by accumulated salted-out organic
matter after four treatment cycles, resulting in the pore-clogging in the
upper part of sand specimen and less CaCO3 would form in the bottom
part. Similar results were found by Liu et al. (2023a), who pointed out
that the organic matter in urease solution can lead to surface clogging,
and the corresponding failure mode would be localized crushing.

3.3.2. Microscale analysis of treated sand

Fig. 8(b)—(e) shows the SEM results of sand specimens after 1st ~ 4th
treatment cycles. Precipitate morphology can be summarized as spher-
ical and rhombohedral, which may be due to the complex structure of
bio-CaCO3 combined with heavy metal carbonate and hydroxide. As the
number of treatment cycles increased, the size of precipitate particles
gradually increased, from 2.18 pm to 13.5 pm, and the number of pre-
cipitate particles also gradually increases. A large number of precipitate
particles were formed at the contacting points between particles from
2nd to 4th treatment cycle, gradually bridging pores, thus forming
effective crystals to cement sand particles. SEM results provide better
explanations for UCS gradually increasing with the number of treatment
cycles from a microscopic mechanism perspective.

3.4. Limitations and future work

This study investigated the effects of EICP on the efficacy of heavy
metal immobilization (Zn2+, Niz+, and Cr(VI)) and the unconfined
compressive strength enhancement in contaminated sand. However, it is
worth mentioning that the ammonia produced during EICP process
poses arisk of secondary contamination to groundwater or environment.
The ammonia/ammonium can lead to the eutrophication of water
bodies, thus damaging the entire aquatic ecosystem (Li et al., 2020;
Wang et al., 2020b). The next step for this study will be to develop some
methods to remove the ammonia during the EICP process. Common
methods for removing ammonia include air stripping, break-point
chlorination, ion-exchange, and nitrification—denitrification
(Degermenci et al., 2012; Jorgensen and Weatherley, 2003; Miladinovic
and Weatherley, 2008; Pressley et al., 1972). In addition, some re-
searchers have used EICP with a modified electrokinetic reactor con-
taining a permeable reactive barrier (EK-PRB) to remove ammonia
nitrogen (Wang et al., 2024b; Wang et al., 2023a). Specially, the struvite
precipitation method was adopted into the EK-PRB. Struvite precipitates
(MgNH4PO4-6H20) could be formed by adding magnesium (Mg) and
phosphate (P) to combine with NH.", thereby achieving NHa" recovery.
The specific process was shown in Eq. (5). These methods could be
employed as references to remove the ammonia nitrogen of this study,
which necessitates further investigation.

Mg?* + NH; +PO2~ + 6H,0—MgNH,PO, » 6H,0 5)
4. Conclusions
In this study, the immobilization heavy metals efficacy (Zn%", Ni2™,

and Cr(VI)) and strength enhancement of contaminated sand was
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investigated by using EICP method with crude sword bean urease. Both
liquid batch tests and sand specimen remediation experiments were
conducted. Based on the results in the above experiments, the following
conclusions can be drawn:

(a) The EICP method with crude sword bean urease can immobilize
Zn?*, Ni®*, and Cr(VI) in liquid batch tests, with higher Ca%*
concentrations enhancing immobilization efficacy. In solutions
with 0.5 mol/L Ca?t added, the immobilization percentages are
up to 99 % for Zn?*, 40-50 % for Ni2*, and 35-40 % for Cr(VI),
respectively.

The EICP method can effectively immobilize Zn?*, Ni%*, and Cr
(VD) in contaminated sand, and the immobilization percentage
increased with the addition of Ca?* and treatment cycles. The
final immobilization percentage of Zn?*, Ni2*, and Cr(VI) was up
to 99.87-99.99 %, 83.43-86.38 %, and 73.43-75.18 %,
respectively.

After EICP treatment, the immobilization mechanism of heavy
metals in both solution and sand can be considered as biomin-
eralization, as well as adsorption and complexation by organic
matter and CaCOs.

The strength of the EICP-treated contaminated sand specimens
was significantly enhanced up to 306 kPa after four treatment
cycles. The bio-precipitates were formed at the contacting points
between sand particles, thus forming effective cementation. This
indicates that EICP method holds the potential to improve the
strength of heavy metal-contaminated sand.

(b)

(c

—

(D
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