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Abstract: This study aimed to investigate the structure and shape of carbonate crystals induced
through microbial activity and carbon dioxide reactions in the sand. The strength of sandy soil treated
with carbonate minerals was subsequently determined using unconfined compression strength (UCS)
tests. Sporoscarcina pasteurii bacteria were used to produce an aqueous solution of free carbonate ions
(CO527) under laboratory circumstances called microbial-induced carbonate precipitation (MICP).
In CO,-induced carbonate precipitation (CICP), carbon dioxide was added to a sodium hydroxide
solution to form free carbonate ions (CO32~). Different carbonate mineral compositions were then
provided by adding Fe?*, Mg?*, and Ca®* ions to carbonate ions (CO32~). In the MICP and CICP
procedures, the results of scanning electron microscopy (SEM) and X-ray powder diffraction (XRD)
revealed a distinct morphology of any type of carbonate minerals. Vaterite (CaCO3), siderite (FeCO3),
nesquehonite (MgCO3(H,0)3), and dolomite (CaMg(CO3), were produced in MICP. Calcite (CaCO3),
siderite (FeCOj3), nesquehonite (MgCO3(H0)3), and high-Mg calcite (Ca-Mg(CO3)) were produced
in CICP. According to UCS data, siderite and high-Mg calcite/dolomite had more effectiveness in
increasing soil strength (6372 kPa). The soils treated with nesquehonite had the lowest strength value
(25-29 kPa). Mineral-treated soils in CICP showed a slightly higher UCS strength than MICP, which
could be attributable to greater particle size and interlocking. This research focused on studying the
mineralogical properties of precipitated carbonate minerals by CICP and MICP methods to suggest a
promising environmental method for soil reinforcement.

Keywords: MICP; CO, capture; carbonate mineral; soil improvement

1. Introduction

Sustainable precipitation of carbonate minerals may provide green means of miti-
gating some geotechnical challenges associated with soils. Microbial-induced carbonate
precipitation (MICP) and CO»-induced carbonate precipitation (CICP) can induce inter-
particle cementation and mineral precipitation in soil pore space to address geotechnical
problems such as soil erosion, slope instability, soil reinforcement, and immobilization of
heavy metals [1-5]. The potential of applying the MICP technology to remediate and immo-
bilize heavy metals such as Pb in water bodies and soil sites through PbCOj3 precipitation
was investigated in previous studies [5]. It was also reported that some bacteria species
are able to immobilize Cd and Zn in contaminated aqueous solutions through calcium
carbonate precipitation [6]. The previous research confirmed that the surface soil treated
with carbonate minerals exhibited the lowest rate of wind erosion. The study confirms that
the utilization of CO,-induced carbonate minerals has the potential for practical application
in soil improvement and dust suppression [7]. It was also reported that the MICP technique
has great potential to improve soil strength and slope stability [8].
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Biologically induced mineralization is the chemical modification of an environment
that comes about through the precipitation of minerals by microbial activity which may
be extracellular precipitation. The carbonate precipitation as a result of extracellular
mineralization is a well-known phenomenon in some classes of living organisms [9]. In
some difficult natural environments (in terms of pH and temperature), bacteria can cause
mineral precipitation in microenvironments by (1) changing surrounding environmental
conditions and (2) acting as nucleation sites [10]. The negative surface charge of bacterial
cells absorbs divalent cations (e.g., Ca?*, Mg?") at neutral pH, making them suitable
nucleation sites for calcite deposition [11,12]. MICP is a biogeochemical process that
precipitates calcium carbonate as extracellular mineralization. MICP treatment is a CaCOj3
precipitation biotechnology that uses ureolytic bacteria to hydrolyze urea to carbonate by
producing urease enzyme release [13-15]. However, MICP in soils is challenging because
it is conducted by living microorganisms. MICP can produce different polymorphs of
CaCO;3 such as aragonite, calcite, and vaterite, as well as CaCO3; monohydrate, CaCO3
hexahydrate, and amorphous CaCOj3 [16,17]. The type of strain of bacteria can affect crystal
morphology because different bacterial species precipitate different types and shapes
of carbonate crystals from the same medium [18-20]. Depending on the polymorph of
CaCO;s crystals (i.e., calcite, vaterite, or aragonite), the strength of bio-cemented soil can
be affected [20,21]. Less information is available concerning the usage of other carbonate
minerals for soil improvement.

The precipitation of carbonate minerals by CO; is considered a promising option
for carbon capture and storage (CCS) since (i) CO, can be accumulated permanently and
(ii) industrial disposals (i.e., cement and lime kiln dust, steel, stainless-steel slags, etc.) can
be recycled into carbonate materials [22-24]. The precipitated mineral carbonates have a
versatile application in industrial uses depending on their purity, polymorphism, shape,
size, distribution, color, brightness, density, and many other physicochemical properties.
Therefore, such a transformation of CO, into value-added solid carbonates through ex situ
mineral carbonation can partially offset the total cost of the carbon capture and storage
process, thus making the mineral carbonation process more viable [24]. In addition, mineral
carbonation also has unique advantages because it allows the utilization of industrial
wastes (with hazardous effects), and given this, providing an appropriate method for
disposal or recycling is a significant environmental issue. CO, may be stored and converted
to carbonate minerals for a long time, such as CaCO3; and MgCO3 because they are one
of the most efficient carbon storage mediums due to their great chemical stability and
are, therefore, of great interest for long-term carbon storage [25]. According to the Paris
Agreement target at COP21 to reduce the risks and impacts of climate change, the global
mean temperature increase must be held below 2 °C. To achieve this ambitious goal,
high GHG-emitting and energy-intensive industries must be decarbonized. Reducing
the amounts of CO,, acting as carbon sinks, and absorbing industrially produced CO, to
produce carbonate minerals with cost-effective processes that require low energy input.
Finally, to meet the aforementioned goal, carbon capture and storage (CCS) technologies
are considered to offer the greatest potential for CO, mitigation from industrial sites.

According to a recent study, CICP improves soil characteristics by precipitating car-
bonate minerals between soil particles in an environmentally friendly method [3]. It entails
capturing carbon dioxide (carbon sink) and producing carbonate minerals as a result (e.g.,
siderite, magnesite, and calcite). The carbonate minerals are environmentally safe and have
the potential to physically and chemically bind soil particles. The developed CICP and
their application in soil improvement is a promising result for new efforts because carbon
dioxide is a contributing factor to the major global warming projected in future decades.

In 2015, the United Nations adopted the 17 Sustainable Development Goals (SDGs)
to address global challenges and achieve a better and more sustainable future for all
by 2030 [26]. By exploring the applications and implications of MICP and CICP in soil
treatment, this study helps contribute to SDGs related to water quality, soil stability, climate
action, and responsible consumption and production. MICP not only provides a sustainable
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and environmentally friendly technology, but it also has the potential to fulfill SDG 6 (Clean
Water and Sanitation) by producing carbonate ions and contributing to water quality
improvement. Furthermore, the biomineralization process in MICP can help achieve SDG
15 (Life on Land) by improving soil stability and minimizing soil erosion, thereby assisting
in the maintenance of terrestrial ecosystems. CICP, on the other hand, offers the potential for
carbon capture and storage (CCS), which directly aligns with SDG 13 (Climate Action). By
capturing CO, and converting it into stable carbonate minerals such as siderite, magnesite,
and calcite, CICP can assist in reducing greenhouse gas emissions and mitigating climate
change impacts. Furthermore, CICP presents an opportunity to repurpose industrial waste
materials, addressing SDG 12 (Responsible Consumption and Production) by promoting
the recycling of waste and the efficient use of resources. Understanding the structure and
morphology of carbonate crystals formed through these processes can pave the way for
sustainable and eco-friendly geotechnical solutions, aligning with global efforts to achieve
the SDGs. This study aims to evaluate the structure and morphology of precipitated
minerals using two different methods (i.e., microbial activity and CO, reactions), the use of
the minerals to improve soil properties and analysis of the minerals produced and of the
soil properties.

2. Materials and Methods
2.1. Microbial Induced-Ammonium Free Carbonate Production

The Sporsarcina pasteurii (PTCC 1645), a urease-producing bacterium, was used in this
study. S. pasteurii was grown in NHy-YE, a medium made up of 20.0 g yeast extract in
100 mL distilled water, 10.0 g (NH4)2SO4 in 100 mL distilled water, and 800 mL Tris-buffer
0.13 mol-L~1! (pH = 9.0). The pH was measured before autoclavation. After that, the
materials were autoclaved separately (121 °C for 15 min), cooled, and then blended in
an Erlenmeyer flask. The bacteria medium was cultured at a pH of 9.0, which is ideal
for the growth of S. pasteurii. The bacteria were thereafter moved to the medium broth
in an incubator (30 °C) and shaken at 200 rpm under aerobic conditions for 3 days. The
bacterium was extracted from an overnight culture by centrifugation (Sartoriun AG, sigma
3-18 K, Gottingen, Germany) at 8000 x g for 10 min with an optical density of 1.6 at 600 nm
(about 108 cells-mL 1) (Labomed UVD 2950).

To prepare a free carbonate solution, 100 mL urea (1 M) was added to 100 mL of the
bacterial culture. The bacteria were exposed to the urea and produced carbonate ions
(CO527) according to Equation (1).

urease enzyme
- s

CO(NH,), + 2H,0 CO32~ +2NH, . (1)

To separate the carbonate-producing bacteria, after 2 days, the solution was cen-
trifuged at 10,000 x g for 8 min. The remaining solution (supernatant) was collected with
a pipette and passed through a Millipore HPLC Syringe Filter (0.25 um). The concentra-
tion of carbonate ion in the cementation solution was measured by Thomas Combination
Carbonate Ion-Selective Electrode (ISE). The standard solution was prepared with dried
NH4ClI at a concentration of 2000 mg NH3-N/L. The phenol-hypochlorite method was
used as a basis for comparison. This colorimetric method was very simple and rapid and
successfully used for the determination of ammonia and nitrogen in the tested solution [7].

In the next step, natural zeolite (sodium—potassium form, Pars Chemical industry,
Tehran, Iran) was used to reduce to reduce the concentration of ammonium ions according
to the method developed by Keykha et al. [2]. In this study, different masses of zeolite
powder were added to carbonate solution and remained for 3 days. The solution was then
passed through filter papers and the ammonium concentration was measured using an
Orion ion-selective ammonia probe (model no. 9512HPBNWP).
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2.2. CO; Induced-Carbonate Production

To produce free carbonate ions (CO32~) in this study, a 2.5 kg industrial cylinder of
CO; gas and sodium hydroxide (NaOH) were used.

Free carbonate ions (CO32~) were produced through laboratory-scale carbon capture
technology [27]. Alkaline metal oxides and alkaline earth metal oxides, which easily react
with CO; to form carbonates, are candidates for solid CO, absorbents. To prepare free
carbonate ions (CO327), the CO, gas was injected into a solution of sodium hydroxide
(2 M) at a5 mL-min~! rate for a period of 72 h [3,7]. In this process, when CO, reacts
with water, in the presence of sodium hydroxide (NaOH), it forms Na,COj3 according to
Equations (2)-(4).

CO, + NaOH + 2H,0 — NaHCOj (aq), 2)
NaHCO; (aq) + NaOH (aq) — NayCOs, 3)
Na;CO3; — 2Na+ (aq) + CO3%™ (aq). (4)

The concentration of carbonate ions was eventually measured by Thomas Combination
Carbonate Ion-Selective Electrode (ISE) at the end of the process. Before measurement,
samples and standards should be aqueous and at the same temperature. In an analytical
procedure, buffer solutions must be added to samples and standards before measurement.
After addition of the buffer solution, all samples and standards should fall within the pH
4.8 to 5.2 ranges so that all bicarbonate and carbonate are converted to carbon dioxide and
possible interferences are minimized.

2.3. Carbonate Minerals Production

A schematic diagram of the carbonate mineral precipitation techniques is shown in
Figure 1. The chemical characteristics of the used materials (i.e., FeSO4, MgSO,, and CaCl,)
are listed in Table 1.

MICP method || CICP method

_M_J

[I-‘ree carbonate ions {CD;I{] ]

e |

Carbonate mineral produoction

[ FeCOs I CaCOs J[Mg(:ﬂz. ][Cl—mwm:

SEM, EDS, XED
analysis

Figure 1. Schematic diagram of carbonate mineral production.
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Table 1. Chemical properties of used reagents.

Reagents Concentration Cation:Carbonate Ratios
FeSO,-7H,0 1M Fe?*:CO32~ 1:1
MgSO4-7H,0 1M Mg2*:CO3%~ 1:1
CaCl,-2H,0 1M Ca?+:CO3%2~ 1:1

MgSO,/CaCl, 1M Mg?* /Ca?*:CO32~ 1:1

In this study, the carbonate minerals were precipitated by adding Fe?*, Mg?*, and Ca?*
ions to free carbonate ions (CO32™~) produced by microbial-induced carbonate precipitation
(MICP) and CO»-induced carbonate precipitation (CICP). FeCO3 was precipitated by adding
ferrous sulfate solution to free carbonate ions (CO3%~) produced by microbial-induced
carbonate or CO,-induced carbonate precipitation (Equation (5)). MgCO3 was precipi-
tated by adding magnesium sulfate solution to free carbonate ions (CO32~) (Equation (6)).
CaCO3 was precipitated by adding calcium chloride solution to free carbonate ions (CO32™)
(Equation (7)).

FeSO; (aq) + CO32~ (aq) — FeCOs3, (5)

MgSOy (aq) + CO32~ (aq) — MgCOs3, (6)

CaCl, (aq) + CO32~ (aq) — CaCOs3, 7)

MgSO4(aq) + CaCl; (aq) + CO52~ (aq) = CaCOs3 + CaMg (CO3),. (8)

In addition, a blend of magnesium sulfate and calcium chloride with 1:1 ratio was
added to free carbonate ions (CO327) to precipitate CaMg(COs3), (Equation (8)). These
equations represent hypotheses about mineral precipitation. The carbonate solutions
were centrifuged at 8000x g for 10 min and eventually filtered by filter paper to obtain
a condensed carbonate mineral mass with moisture contents in the range of 30%—40%.
The produced carbonate minerals from two different methods (Microbial-induced mineral
carbonates and CO;-induced mineral carbonates) were used for SEM analysis and soil
engineering properties in the next steps.

2.4. SEM, EDS and XRD Analysis

Microstructural analyses of selected samples were conducted using scanning electron
microscopy (SEM) (TESCAN MIRA2, magnification: 50-200,000), energy-dispersive X-ray
spectroscopy (EDS) (MIRA3TESCAN-XMU), and X-ray diffraction analysis (XRD) (Philips
PW1730). The size, shape, and arrangement of the mineral crystals were examined using
scanning electron microscopy (SEM) on the various mineral products from MICP and CICP.
The dry powder specimens were gold-coated to make them conductive. For these trials,
accelerating voltages were chosen between 2 and 10 kV. EDS analysis was performed on
specimens at the same time with the same instrument. XRD was performed to identify the
crystalline phases in the cement-stabilized matrix. XRD curves were obtained using Cu Ko
radiation (A = 1.5406 A) with a voltage of 30 kV and a current setting of 30 mA.

2.5. Green Soil Improvement Using Carbonate Minerals

In this experiment, clean Firoozkuh silica sand with a uniformity coefficient of 2.74, a
specific gravity of 2.65, and maximum and minimum void ratios of 0.90 and 0.57, respec-
tively, was used (Figure 2).

The soil specimens were prepared by mixing condensed carbonate minerals. To obtain
condensed carbonate minerals, the suspensions were centrifuged at 8000x ¢ for 10 min
and then filtered by filter paper [7]. The suspension of carbonate minerals was used as
soil-stabilizing agents in the unconfined compression tests.
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Figure 2. Particle size distribution of Firoozkuh silica sand.

Unconfined Compressive Strength Testing

The unconfined compression strength (UCS) test was used for obtaining the approxi-
mate strength of the soil specimens. To perform the UCS test, the pre-weighed amount of
sand was mixed with a suspension of carbonate minerals and placed in the two-piece split
mold by slightly tamping to obtain a homogenous specimen of 50 mm diameter and 100 mm
length by the dry density of about 19.2 kN-m~3. Before the UCS tests, the specimens were
allowed to cure at room temperature for 7 days. The samples were tested with a 0.04 MPa/s
loading rate at a constant strain rate of 1.5 mm-min~!. The UCS tests were repeated three
times for each type of mineral and production method. The accuracy analysis was per-
formed for parallel tests. The UCS was taken as the peak stress with the corresponding axial
strain at failure in the stress—strain curve (ASTM D2166/D2166M-16, 2016) [28].

The carbonate mineral percentage of the samples was determined by using an acid-
washing technique [2]. The soil samples were soaked into the 100 mL acid solution (HCl
5 M) for 1 h. The dissolved carbonates and acid wash solution were filtered through a filter
paper (2 in) three times, allowing the dissolved salts to be rinsed from the soil while the
soil was retained. Before and after the acid washing technique, the oven-dried mass of the
soil samples across the specimen was measured by digital scales. The mass of carbonate
minerals was calculated as the difference between the two observed masses.

3. Results and Discussion
3.1. Induced Carbonate Production (CO32~)

The microbial-induced and CO,-induced carbonate ions (CO32~) were compared
in Figure 3. Average values of 42.1 and 34.8 g-L~! were obtained for CICP and MICP
methods, respectively.

The effect of zeolite treatment on ammonium concentration for MICP to generate an
ammonium-free carbonate solution is shown in Figure 4. The ammonium content of the
solution was initially around 1.39 g-L~!, as seen in the figure. After 15 percent zeolite
treatment, the ammonium concentration dropped to an average of 3.4 x 1072 g-L~1. The
concentration meets the requirement specified by some drinking-water standards (e.g.,
lower than 5 x 10~% g-L~!, Australian Drinking Water Guidelines and Guidelines for
Drinking-water Quality Management for New Zealand, 2016).
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Figure 3. The concentration of CO32~ for MICP and CICP.
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Figure 4. The concentration of ammonium per different zeolite percentage.

3.2. Carbonate Mineral Production

Carbonate minerals precipitated by MICP and CICP techniques are shown in Figure 5.
The results demonstrate that the carbonate minerals precipitated by CICP had higher
values than those precipitated by MICP. The largest carbonate minerals content was FeCOj3
(55 g-'L~1) and Ca-Mg (CO;) (58 g-L~!) precipitated by the CICP. The precipitation of
CaCOj3 and Ca-Mg (CO3) in MICP were identical (25 g-L’l). In MICP, the highest level
of carbonate precipitation was found in FeCO; (40 g-L~!), whereas the lowest level was
found in MgCO;3 (8 g-L~1). As can be seen from the results in Figure 5, MICP deposited
fewer carbonate minerals than CICP. It is generally accepted that this microbial activity can
be influenced by several physicochemical and biological parameters, and it is correlated to
both metabolic activities and cell surface structures [29,30]. Multiple studies revealed that
fresh bacterial cells are an essential step to keep the fast rate of precipitation, as desirable
in certain applications [31]. CICP is a method based on the fixation of CO; in the form of
inorganic carbonates, also known as ‘mineral carbonation’. Since carbonate is the lowest
energy state of carbon, these carbonation reactions are exothermic, and the formation of
carbonates is favored at low temperatures and low pressures [32].
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Figure 5. Carbonate minerals precipitation by MICP and CICP methods.

3.3. Carbonate Mineral Characterization

Figure 6 illustrates the crystal morphology of CaCO3 which was produced by MICP
and CICP methods. As can be seen, the CaCOj crystals have been grown spherical with
diameters of 2-7 um in MICP (Figure 6a), while crystals were in rhombohedral shape and
smooth with diameters of 2-6 um in CICP (Figure 6b). Figure 7 shows EDS and XRD
analysis of CaCOj3 deposition. The EDS layered image presents the distribution of C, O,
and Ca elements in the test area that proved the importance of carbonate phases and the
CaCO3 compound in the sample. The result of XRD justified vaterite minerals (Figure 7a)
and calcite (Figure 7b) in MICP and CICP, respectively. Previous studies presented that
the morphology of CaCOj is dependent on additives such as CO, and Ca?*, which are
precipitated in three anhydrous polymorphic modifications (calcite, aragonite, and vaterite)
and mostly calcite [33]. MICP is largely dependent on metabolic processes by ureolytic
bacteria that influence crystal growth [34-37]. It has also been reported that the amino acid
(Glu and Asp) in the urease enzyme favored the formation of vaterite [38].

L2=7.81 um

S [+ WD: 8.997 mm VEGAWTESCAN SEM MAG: 1.50 kx WD: 8.038 mm VEGAWTESCAN

SEMHV:2000K/  Det SE 20pm # SEMHV: 2000k Det SE 5um s
Date(midly): 12/14/20 Vac: Hivae razil Date(misny 1214120 Vac: Hivac rez 4

Figure 6. SEM morphologies of CaCO3; mineral (a) spherical shape by MICP (b) rhombohedral shape
by CICP.
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Figure 8 shows the crystal morphology of FeCOj3, which was produced by MICP and
CICP methods. There was a similar polycrystalline shape (spherical) for both of them. The
particle size of FeCOj3 in MICP was with diameters of 0.5-3 pm while the particle size was
bigger (2-6 um) in CICP. Figure 9 shows the EDS analysis of FeCO3 samples. The EDS
spectrum evidently denoted the occurrence of C, O, and Fe atoms in the sample, which
proved the importance of carbonate phases and FeCO3 compounds in the sample. The
XRD analysis was conducted on the precipitated FeCO3; however, it did not reveal the
presence of pure siderite minerals. The result was justified by the presence of siderite
minerals with other compounds such as quartz, calcite, gypsum, and magnesite in this
study. Several factors might have hindered the correct detection of pure siderite minerals
in the XRD analysis. One possible reason is the presence of impurities or other minerals in
the sample, which could have overlapped with the characteristic peaks of siderite, making
it challenging to distinguish. Additionally, the particle size of the sample might have been
too small, resulting in weak diffraction signals.

1

L3 =257 um

_ 12=2.96 um

Y

} TN ¢ & 4% v ol
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Figure 8. SEM morphologies of FeCO3 mineral with spherical shape in (a) MICP and (b) CICP.
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Figure 9. EDS and XRD of FeCO3 mineral: (a) Siderite by MICP and (b) Siderite by CICP.

Less information is available concerning the mineralization or morphogenesis of
iron carbonates (siderite). This is probably because natural siderite is often associated
with other coexisting elements (e.g., Mn, Mg, and Ca) and contains a small amount of
hematite (Fe;O3) due to partial oxidation in natural air [39,40]. The biological aspects of
iron biomineralization have been investigated by studying iron-bearing biominerals, owing
to their significance in identifying microbe-sediment-water interactions as well as mineral
and biogenic origins [41,42].

Figure 10 shows the crystal morphology of Ca-Mg(CO3), which is produced by a
mixture of magnesium and calcium ions with free carbonate ions (CO3%7). As can be seen
from the figure, there was a botryoidal crystal shape of Ca-Mg(COs3) in the MICP and CICP
methods. There was just one main difference between the shape and size of the crystals
in both methods. Ca-Mg (CO3) was precipitated with diameters of 5-16 um and 2-5 pm
in MICP and CICP, respectively. Minerals were deposited at a larger size in MICP than
in CICP, as can be seen clearly. Figure 11 shows EDS and XRD analyses of Ca-Mg (COs3)
samples. The EDS spectra present the distribution of C, O, Mg, and Ca elements in the test
area. It is proven that the importance of carbonate phases and Ca-Mg (CO3) compounds
in the sample. XRD analysis of samples showed Ca-Mg (COj3) deposition as dolomite in
MICP (Figure 11a) and high-Mg calcite in CICP (Figure 11b), respectively.

13=529um (Q)

L4 =474 um I

: EgS

L5 = 16.23 um

SEMMAG:1.50kx  WD:10.98 mm Lo v 010000 T VEGALTESCAN
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Figure 10. SEM morphologies of Ca-Mg (CO3) mineral with botryoidal shape by (a) MICP and (b) CICP.
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Figure 11. EDS and XRD of Ca-Mg (CO3) minerals (a) Dolomite by MICP (b) High-Mg calcite by CICP.

Previous laboratory research revealed that aerobic bacteria may have a role in the
creation of high-magnesium calcite and dolomite, in the microenvironment around the
cell [43,44]. Numerous field and laboratory studies claim that microbes catalyze nucleation
and growth of dolomite and high-magnesium calcite by altering the chemistry of their
environments through metabolic activity at temperatures common in low-temperature
geologic environments (25-60 °C) [45,46]. Gonzdlez-Mufioz et al. [47] found that Mg
probably plays a key role in the development of the morphologies of the precipitates since
these morphologies had never been observed in the absence of Mg. The precipitated CaCO3
in seawater changes from calcite to aragonite, which is experimentally determined as a
function of temperature and additives. Precipitation of high-Mg calcite and dolomite is
largely dependent on the Mg:Ca ratio over a relatively small temperature range in an
aqueous solution [48]. In conclusion, the morphology, type, and size of calcium magnesium
carbonate minerals are influenced by the chemical and biochemical environments in CICP
and MICP.

Figure 12 illustrates the crystal morphology of MgCOj3, which was produced by MICP
and CICP methods. As can be seen, the needle-shaped crystals of MgCO3 were arranged
radially by MICP and CICP. There was a main difference between the sizes of the crystals
in both methods. The thickness of needle-shaped crystals was 1-10 pm in MICP, whereas
thicker crystals of about 5-20 pm precipitated in CICP. It was clearly shown that the
potential of CICP to precipitate MgCOs crystals is greater than that of MICP. Figure 13
shows EDS and XRD analyses of MgCQOj3 samples. The EDS spectrum evidently denoted
the occurrence of C, O, and Mg atoms in the sample, which proved the importance of
carbonate phases and the MgCO3 compound in the sample. The result of XRD shows the
mineralization of nesquehonite for both methods (Figure 13). Previous studies presented
that magnesium carbonate (as hydrate) can display four different morphologies during
the reaction process, such as needle, sheet, rose, and nest-like, with different carbonation
temperatures [49,50]. Chen et al. [50] presented that at lower temperatures, magnesium
carbonate hydrate was prone to display needle-like morphology and, with increasing
temperature, became sheet-like with tended crystallites, rose-like particles, and a nest-
like structure. A previous study showed the same mineral (nesquehonite) with similar
morphologies in MICP [51] and CICP [52].
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The mean size distribution of minerals was measured in SEM images. Figure 14
shows the average size of carbonate minerals produced by MICP and CICP methods.
As can be seen from the results, the average size of crystals was larger in CICP, which
was smaller than in MICP. For the Ca-Mg experiment, the result showed an exception.
The results showed that the highest average crystal size was for nesquehonite (CICP),
8 um in length and the lowest size was for calcite and siderite (MICP), 3 um. In this
work, CICP demonstrated a great capacity for precipitating carbonate minerals with more
minerals and larger crystals. The results of the measurement of precipitated mineral sizes
showed differences in distribution size in mineral precipitation. It seems that a wide
range of mineral sizes in some carbonate depositions was due to laboratory conditions and
reagents. The minerals that develop during biomineralization are frequently characterized
by low crystallinity, structural well-ordering, and a limited size range [41]. Under the
same environmental conditions, biologically induced mineralization is not always equal
to inorganic mineralization, and the minerals are expected to contain crystal-chemical
characteristics that are indistinguishable from those of minerals formed by inorganic
chemical reactions. However, cell walls of bacterial surfaces, including biofilms, dormant
spores, and slime sheaths, can act as important sites for the adsorption of ions for growth
and nucleation minerals [53].

12.0
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Figure 14. The average size of precipitated carbonate minerals by MICP and CICP methods.

Bacteria operate as nucleation sites in the MICP process, whereby calcium carbon-
ate precipitates alongside the bacteria. Because different bacterial species are capable
of precipitating varying numbers, sizes, forms, and types of carbonate crystals from the
same synthetic medium, the composition of the growth media or culture may also have
an impact on the crystal morphology. Indeed, many factors affect urease activity and
calcium precipitation including bacteria type, bacteria cell concentrations, pH, temperature,
urea, and calcium concentrations [54]. The carbonation rate is affected by variables in the
CICP process, including temperature, carbon dioxide pressure, and reaction time that are
systematically changed [55].

A summary of the characterization of carbonate minerals produced by MICP and
CICP techniques is shown in Table 2. In both procedures, all carbonate minerals were
precipitated in various sizes, shapes, and types. As mentioned, MICP is largely dependent
on metabolic processes and cell surface structure of ureolytic bacteria that influence crystal
growth and shape, providing a favorable way to accumulate minerals to be recovered for
applied purposes, and may modify carbonate mineral structures. The different products of
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their metabolism, such as proteins (especially enzymes), polysaccharides, and other EPS,
and the charged groups embedded in their microbial cell walls, by interacting with anions
and cations, affect the crystal properties and chemical composition of the minerals [56]. As
mentioned in the text, previous studies showed that the amino acid in the urease enzyme
favored the different formations of carbonate minerals such as calcite and vaterite [38]. It is
also reported that bacteria can adsorb magnesium on their membranes during dolomite
formation [47], while calcite precipitation is induced by preferential adsorption of calcium
that affects the shape of deposited calcite.

Table 2. Characterization of produced carbonate minerals by MICP and CICP.

Name Method Type of Mineral Size (um) Mineral Shape
MICP Vaterite 2-7 Spherical
Calcium carbonate
CICP Calcite 2-6 Rhombohedral
MICP Siderite 0.5-3 Spherical
Ferrous carbonate
CICP Siderite 2-6 Spherical
Magnesium calcium MICP Dolomite 5-16 Botryoidal
carbonate CICP High-Mg calcite 2-5 Botryoidal
Magnesium MICP Nesquehonite 1-10 Radial-needle
carbonate CICP Nesquehonite 5-20 Radial-needle

Under the same environmental conditions, chemical mineralization, such as CO,-
induced carbonate precipitation, is simple and just influenced by chemical ingredients, temper-
ature, and pH [57] which can also be the main factors in biologically induced mineralization.

Less information is available concerning the use of other carbonate minerals for soil
improvement. The solubility of carbonate minerals decreases by more than two orders of
magnitude on transformation from Ca to Mg-rich [58]. Mg carbonates such as magnesite
and dolomite are semi-soluble and hydrophilic [59]. Long et al. [60] showed that the
increase of Mg ions in Mg-containing calcite improves the mechanical properties of biogenic
minerals. As well, ferrous carbonate has low solubility in an aqueous solution [61]. It
seems that carbonate minerals with substitution elements such as Mg and Fe affect the
behavior of treated soil. Depending on the polymorph of CaCOj3 crystals (i.e., calcite,
vaterite, or aragonite), the strength of biocemented soil can be affected [20,21]. It appears
that calcite crystals with rhombohedral shapes and botryoidal high-Mg calcite in CICP
have the capability of interlocking due to their surface roughness.

3.4. Unconfined Compressive Strength

Figure 15 shows the results of the UCS tests carried out on carbonate mineral-treated
soil. As can be seen from the figure, the treated specimens with condensed Ca-Mg(CO3) and
FeCOj minerals, produced by the MICP method gained about 58.5 kPa and 63.0 kPa UCS
strength, respectively. Moreover, MgCQOj3 minerals, produced by the MICP method, had the
lowest strength of about 25 kPa. The treated specimens with CaCOj3 content gained higher
compressive strength compared to the specimens with MgCOs3 content in this study. The
treated specimens with the CICP method gained higher compressive strength compared
to the specimens treated with the MICP method. According to the data, the minerals
produced by the CICP method have a 15 to 28 percent higher compressive strength than
those produced by the MICP method.

The results of UCS showed that siderite and dolomite/high-Mg calcite had more
efficiency in soil strength, as it seems to be because of the stability of Fe and Ca-Mg
carbonate crystals. The siderite-treated soil with CICP had slightly more strength than
MICP, which may be due to the larger particle size of the crystals. Similarly, it was observed
for nesquehonite and calcite-treated soils. On the other hand, the higher strength of high-
Mg calcite in CICP would be related to the shape and particle size of the minerals [62].
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The strength of calcite-treated soil in CICP was slightly higher than that of vaterite-treated
soil in MICP, which may be related to the mineral phase. The UCS result of treated soil
with nesquehonite minerals showed a lower strength than other carbonate minerals in this
study. However, Nesquehonite (because of its needle structure) had higher efficiency in clay
soil in a previous study [3]. Moreover, the increased thickness of nesquehonite minerals
precipitated by CICP would lead to a slightly larger strength of the treated soil samples.

90
4 | @MICP BCICP

70 - 72 {}_TN
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Figure 15. Unconfined compressive strength of treated specimens with different carbonate minerals.

According to earlier research, the strength of MICP-treated soil is significantly influ-
enced by the characteristics of CaCOj crystals, such as size and shape [63-65]. The internal
friction angle in treated soil will gradually change to reflect the roughness of the particle
surfaces. Additionally, it appeared that rhombohedral crystals were more stable than
spherical crystals (or polycrystalline), which, in turn, were more stable than precipitates
with irregular shapes [66]. The differences in the size of the crystals would, in turn, affect
the engineering properties of MICP-treated samples, such as permeability, stiffness, and
strength [64]. The stiffness and strength of MICP-treated soils may be improved more
effectively by the formation of bigger crystals at narrow pore throats that can bind soil
particles [65]. Further work involving using different carbonate minerals in real soil appli-
cations will be useful for determining a relationship between the treatment process and the
engineering properties of CICP and MICP-treated soils.

As in the case of the MICP and CICP techniques, CO, and bacteria can quickly produce
significant concentrations of carbonate minerals. Applying these methods to stabilize soil
as a building material by the precipitation of carbonate minerals [1,3,7,8] will thus be a
substantial advancement of this research. However, the investigation of different aspects
of these mechanisms should be assumed. Applying CO, injection for in situ carbonate
precipitation may have some disadvantages. Consuming a large volume of water for CO,
capture is the most disadvantageous. Also, to obtain a benefit in situ soil improvement
needs to precipitate appropriate carbonate precipitation by CO,. To improve soil quality,
the direct injection of CO, through precipitation cycles may be necessary, although it can
be time-consuming and costly. MICP processes involve a series of biochemical reactions
that are affected by many factors, including bacterial species, the concentration of bacteria,
the concentration of cementation solution, pH, temperature, grouting method, and soil
properties that can make soil improvement applications difficult. In addition, MICP is
not 100% environmentally friendly, as ureolysis plays a significant role in precipitation-
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generating by-products, including ammonium and nitrate. These compounds are toxic and
thus hazardous both to human health and indigenous microbial communities, especially at
high concentrations.

Therefore, using the produced carbonate minerals as a powder for mixing and injection
application for ground improvement can be suggested. In this process, the carbonate
minerals are made from both mechanisms (i.e., MICP and CICP) and then used for soil
improvement. The application of carbonate mineral powder has advantages, while in situ
operations may be difficult and have some disadvantages.

4. Conclusions

Microbial-induced carbonate precipitation and CO,-induced carbonate precipitation
methods were used to create free carbonate ions (CO3%7). The various carbonate minerals
were precipitated by adding Fe?*, Mg?*, and Ca?* ions to carbonate ion (CO32") solutions.
The amount of carbonate minerals by CICP was higher than those precipitated by MICP,
according to the findings. The most carbonate minerals value FeCOj3 (55 g-L~!) and Ca-
Mg (CO3) (58 g-L~1) by CICP method were obtained while, these value were for FeCOj
(40 g.L7!) and Ca-Mg (CO3) (25 g-L~!) in MICP method.

Vaterite (CaCO3), siderite (FeCOs3), nesquehonite (MgCO3(H;0O)3), and dolomite
(CaMg(CO3),) were produced in MICP. Calcite (CaCOj3), siderite (FeCOj3), nesquehonite
(MgCO3(H20)3), and high-Mg calcite (CaMg(COs3),) were produced in CICP. Vaterite and
calcite had spherical and rthombohedral shapes, respectively. Moreover, siderite was pre-
cipitated in a spherical shape in both methods. Dolomite and high-Mg calcite showed
botryoidal shape in MICP and CICP. Nesquehonite was deposited as needle-shaped crys-
tals. Furthermore, larger crystals were observed in the CICP method. As well, crystals were
smaller with the CICP method than with the MICP method in the Ca-Mg experiment, as an
exception. The results showed the largest average size of crystals was for Nesquehonite (i.e.,
8 um length) by CICP, and the lowest size was for calcite and siderite (i.e., 3 um) by MICP.

The UCS results demonstrated an Increase in strength for soils treated with siderite and
high-Mg calcite/dolomite over calcite/vaterite and nesquehonite-treated soils. Mineral-
treated soils in CICP were marginally stronger than MICP, likely due to larger crystal
particle sizes or particle interlocking.

The novelty of this study is an investigation of comparing carbonate precipitations in
CICP and MICP methods. While previous studies focused on microbial-induced carbonate
minerals, the results of this research showed a strong potential for CO,-induced carbonate
minerals in new characterizations and an environmentally friendly deposition.
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