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Abstract

Microbially induced calcite precipitation (MICP) refers to the biomineralization process involving the syn-
thesizing of calcium carbonate by microorganisms. The production of urease by urea-hydrolyzing bacte-
ria, which results in carbonate precipitation, is affected by environmental factors including calcium con-
centration, bacterial concentration, pH and temperature. This study aims to investigate some factors
affecting calcite bio-precipitation via the urea-hydrolyzing consortium. A consortium of three urease-
positive, calcite-precipitating strains of Bacillus was selected. XRD analysis of the precipitant confirmed
the polymorph type. The studied factors included bacterial cell count, pH, temperature, urea concentra-
tion, and calcium concentration. In order to identify the optimum range of each studied factor, the dry
weight of the precipitated calcite was measured for all investigated ranges of the studied factors after two
weeks of incubation gravimetrically. A multi-level factorial experiment was designed to investigate the im-
pact of interaction between different levels of factors using the statistical software package MINITAB 17.
Three main factors were selected, bacterial cell count, urea and calcium concentration. The fourth run,
among twelve runs of a multi-level designed experiment, which had the following concentrations (0.3 M
urea, 15 g/l CaCl,.H,0, and low bacterial inoculum (10° CFU/50ml)), precipitated 0.43 g of calcite, while
the rest of the runs precipitated lower dry weights. It was found that there was no significant increase in
the precipitated calcite weight for the performed runs. According to the analysis of factorial design results,
the effect of urea concentration as a factor on precipitation rate in the current study was found to be more
effective than other studied factors.
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1. Introduction referred to as MICCP [3]. During MICCP, organ-
isms can emit one or more metabolic products
(CO32), which react with ions (Ca?") in the environ-
ment, causing mineral precipitation. [4]. Among

the several bacteria metabolic pathways employed

Biomineralization is the production of minerals
by living organisms as a result of the interaction
of their metabolic products with their surround-

ings [1]. Mineral production by several bacterial
species, such as urea-degrading bacteria has been
reported [2]. The synthesis of calcium carbonate
from a supersaturated solution due to the pres-
ence of microbial cells and biochemical activity is
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in MICCP, most research have mostly focused on
bacterial ureolysis [5-7].

Ureolytic bacteria can catalyze urea to carbon-
ate and ammonium which subsequently raises pH
values. When calcium ions exist in the solution
with carbonate and high pH, calcium carbonate
(CaCQOg) is precipitated [7-8]. Biomineralization
can result in formation of anhydrous CaCOj3 poly-
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morphs such as calcite, aragonite and vaterite, as
well as hydrated crystalline phases like monohy-
drocalcite (CaCO3-H,0) and hexahydrocalcite or
ikaite (CaCOs3-6H,0) and amorphous calcium car-
bonate (ACC) [9]. Calcite is the most thermody-
namically stable polymorph of CaCOs3 and the pre-
dominant CaCOsproduct in several MICCPs [10-
13].

The precipitation of calcium carbonate is regu-
lated by four major factors: calcium ion concen-
tration, the quantity of dissolved inorganic carbon
(DIC), the availability of nucleation sites, and pH
[14]. The concentration of urease enzymes (i.e.,
bacteria or urease concentration) and the available
substrate (e.g., urea) are the primary determinants
of urea hydrolysis, whereas calcite precipitation is
related to available Ca*2. [15]. A solution that con-
tains equimolar of urea and calcium would provide
better conversion to calcite [16].

Bacterial cells served as nucleation sites, there-
fore, a higher bacterial cell concentration sup-
plied to the substrate would certainly increase the
MICCP process [11, 12, 17]. The microbial activ-
ity and growth are less sensitive to the temperature
within the ranges of 20 to 30 °C. Increment in tem-
perature after 30 °C does not promote the decom-
position rate any further [16]. Like all other en-
zymes, the urease enzyme is only active at a cer-
tain range of pH. The optimum pH for the urease
enzyme is in the range of 7.5 t0 8.0 [11, 18, 19].

The urease-positive bacteria that are suitable for
MICCP application belong to the genera Bacillus,
Sporosarcina, Spoloactobacilus, Clostridium and
Desulfotomaculum [20]. The aerobic bacteria are
preferable as they release CO, from cell respiration,
and CO, production is paralleled by the pH rise due
to ammonium production. Bacillus sp. is the most
common bacteria used to precipitate calcium car-
bonate in their micro-environment through cat-
alytic conversion of urea to ammonia and carbon
dioxide [17, 21]. The common species of Bacil-
lus used in previous studies were B. sphaericus
[22, 23], B. Megaterium [24], and B. Pasteurii [25,
26]. However, the amount of calcite produced in
MICCP varied with the types of Bacillus strains
[17, 27]. This study aims to investigate some fac-
tors that affect calcite bio-precipitation via urea hy-

drolyzing bacterial consortium.

The MICP technique is an efficient and environ-
mentally safe technology that may be used to solve
a variety of environmental issues, such as heavy
metals and radionuclide remediation, bioconsoli-
dation, biocement, CO, sequestration, and other
applications [28]. Bioremediation has been fre-
quently used for contaminant containment or re-
moval; in this situation, containment will suffice.
MICP can also be used to enhance the effectiveness
ofin-situ bioremediation. Urease is an enzyme that
promotes enhanced calcite precipitation. How-
ever, environmental variables such as calcium con-
tent, bacterial concentration, pH, and temperature
impede the formation of urease by bacteria and
consequently the subsequent carbonate precipita-
tion. MICP can be used to immobilize heavy metals
and radionuclides under optimal conditions. How-
ever, techniques like bioconsolidation and bioce-
mentation demand developments in terms of time
and cost [29].

2. Materials & Methods

2.1. Bacterial isolates

Three bacterial strains precipitating calcium car-
bonate, Bacillus haynesii (OP115674), Bacillus pis-
cis (OP115673) and Bacillus spizizenii (OP115669)
were recovered from dumped limestone wall in Al-
Mu'izz Street, Cairo, Egypt, were used in this study.
In order to compare the calcium carbonate pro-
ductivity of each strain and to their consortium,
an antagonism check was performed before test-
ing their consortium. A dual culture plate assay
was used for assessing the ability of bacteria to in-
hibit each other [30]. The bacterial strains were
grown until reaching the stationary phase in a nu-
trient broth medium and then a fixed inoculum
was streaked as a cross-line alternately on Urea-Ca
Agar [4].

For calcium carbonate productivity, a fixed in-
oculum of each strain (10° CFU/ml) was inoculated
in 50 ml Urea-Ca broth in a pre-weighted 100 ml
conical flask. For the consortium, equal cell counts
of each strain (3.33*10° CFU) were mixed and inoc-
ulated. Two replicates for each inoculum were con-
ducted along with an uninoculated medium as a
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control. The cultures were incubated for two weeks
at 28 °C and 120 rpm. The produced calcium car-
bonate crystals were harvested and washed by cen-
trifugation, dried at 30 °C then weighted to evalu-
ate the dry weight. Attached crystals on the flask
wall were washed and dried also, and the final dry
weights of both the harvested and the attached
were recorded.

2.2. X-Ray diffraction (XRD analysis)

The produced calcium carbonate was powdered
and analyzed using XRD to identify the carbonate
polymorph. This analysis was carried out using a
Philips PW1370 X-ray generator fitted with a PW
1390 channel control, a PW1050 vertical goniome-
ter and a digitizer. X-rays were obtained by apply-
ing a potential of 40 kv and a current of 30mA on a
PW2273/20 copper anode tube. X'Pert High Score
version 2 was used to interpret the X-ray diffraction
pattern.

2.3. Urease Test

Christensen’s medium also called urea agar base
(Oxoid) was used for testing urease production.
The medium was sterilized by autoclaving at 15 psi
for 15 min, while the urea solution was separately
sterilized by filtration using a 0.45 ym syringe fil-
ter [31]. After cooling the medium to 45 °C, asep-
tically urea solution was added to a final concen-
tration of 0.4%. The medium was carefully mixed
by gentle swirling, then it was distributed into ster-
ile test tubes. The bacterial strains were inoculated
on the surface of the medium and then incubated
at 37°C for 72 hrs. Urease production was assessed
through visual observation for color changes from
pale yellow to pink/red.

2.4. Factors affecting calcite bio-precipitation

Six factors that affect calcite precipitation using
the three bacterial strains consortium were studied
using broth culture in a pre-weighted 100 ml coni-
cal flask containing 50 ml of Urea-Ca medium. Bac-
terial counts from 10*to 10'2 CFU, urea concentra-
tions, 0.15, 0.3, 0.6, 0.9 and 2 Molar, calcium chlo-
ride concentrations, 15, 25, 30 and 35 gm/l, ini-
tial pHs, 6, 7, 8 and 9, incubation temperatures at

25, 30, 35 and 40 °C, and dynamic and static incu-
bation were tested. Each factor was studied sep-
arately; all tests were conducted in duplicate, and
the data were averaged. A set of control experi-
ments were carried out under the same conditions
as the test without bacteria. The dry weight of the
produced calcite was evaluated after incubation for
two weeks at 28 °C and 120 rpm. Calcite crystals
were washed and harvested by centrifugation and
dried at 30°C. Attached crystals on the flask wall
were washed with distilled water and dried also,
and the final dry weights of both the harvested and
the attached were recorded.

2.5. Multilevel Factorial Design

Multilevel Factorial Design was applied to inves-
tigate the main effects and interaction of factors at
a different number of levels [32].

Table 1: Runs of theMultilevel Factorial Design

Run urea CaCl, Bacterial Cell
Code conc. (gm/1) Count (CFU)
(M)

1 0.3 15 10*

2 0.3 15 104

3 0.3 25 108

4 0.3 25 10%

5 0.15 15 108

6 0.15 15 104

7 0.15 25 108

8 0.15 25 10%

9 0.6 25 108

10 0.6 25 104

11 0.6 15 108

12 0.6 15 104

Three key factors were chosen, bacterial cell
count, urea concentration and calcium chloride
concentration, which can be controlled on larger
scales. In this experiment, the design investigated
the effects of the initial bacterial cell count (2 lev-
els: 10 and 10% CFU), urea concentration (3 lev-
els: 0.15, 0.3 and 0.6 M) and calcium chloride con-
centration (2 levels: 15 gm/l, 25gm/1) on the final
CaCOg3 dry weight, using statistical software pack-
age MINITAB 17. Twelve runs were tested as shown
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in Table (1); all runs were conducted in duplicate,
and the data were averaged. A set of control ex-
periments were carried out under the same condi-
tions without bacteria. Dry weights were evaluated
as described in section 2.1 and control adjustment.

3. Results and Discussion

3.1. Microbially Induced Calcium Carbonate Pre-
cipitation (MICCP)

Microbially Induced Calcium Carbonate Precip-
itation (MICCP) is applied in a variety of fields,
including heavy metal and radionuclide remedia-
tion and atmospheric CO, sequestration. MICCP
has evolved as an effective and environmentally
friendly approach to limestone restoration and
conservation. Furthermore, the same technique
may be utilized to enhance soil and sand quality;
MICCP uses are not limited and can be used to
develop safe and environmentally stable products
[33- 37].

In this study, three bacterial strains precipitating
calcium carbonate, Bacillus haynesii (OP115674),
Bacillus piscis (OP115673) and Bacillus spizizenii
(OP115669) were involved. It was recommended
that spore-forming bacteria were more suitable for
MICCP applications. Many studies used different
species of Bacillus to precipitate calcium carbonate
[38-40]. The dual culture method was done for as-
sessing the ability of bacteria to inhibit each other
[30]. The results showed that there was no antag-
onism among the tested isolates; hence a consor-
tium of the three isolates is possible to be applied
(Photo 1).

Figure (1) shows the differences in the final yield
of CaCOs precipitated by the three bacterial strains
in comparison to their consortium. It was found
that the consortium precipitated more CaCO3 than
each strain separately. B. spizizenii precipitated
less than 0.1 g,B. haynesii precipitated 0.27 g while
B. piscis and consortium precipitated 0.57 and 0.73
g CaCOs, respectively. Consequentially, the con-
sortium was selected to study factors. Davis et
al., [41] discovered Bacillus subtillis that produces
rhombohedral calcite crystals and Dick et al., [42]
compared B. sphaericus and B. lentus for calcite
production.

CaCOs;(g)

0.5
0.4
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0.1
. ]
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Bacillus haynesii B. spizizenii Consortium

Figure 1: Dry weight of the CaCO3 produced by the three bac-
terial strains in comparison to their consortium. Error bar in-
dicates standard deviation.

3.2 X-Ray Diffiaction (XRD aralysis)

Bacterial cells provide nucleation sites (hetero-
geneous nucleation) that affect the specific types
of minerals formed [4]. The results of XRD analy-
sis determined the polymorph of the precipitated
calcium carbonate. The consortium of the three
bacterial strains was confirmed to precipitate pure
calcite. Figure (2) showed XRD patterns of pure
calcite and Table (2) showed identified patterns of
the XRD patterns. Despite extensive studies on
bacterial carbonatogenesis, little is known about
what the cause(s) of polymorph selection is during
bacterial calcium carbonate mineralization. It has
also been suggested that the phase and morphol-
ogy of calcium carbonate are bacterial (or strain)-
specific [9, 43- 45]. Ercole et al . [46], showed
that EPS isolated from B. firmus and B. sphaeri-
cus induce the precipitation of calcite. Tourney
and Ngwenya [47], indicated that dissolved or-
ganic carbon (DOC) released from EPS produced
by B. liqueniformis complexes Ca ions and favors
calcite precipitation over vaterite.

3.3. Urease Test

Calcium carbonate bio-precipitation has a dif-
ferent mechanism; the urease test was done as a
confirmatory test on the mechanism of precipita-
tion. The selected bacterial strains were tested for
urease production. After incubation for 3 days at 28
°C, the three strains were able to change the Chris-
tensen’s media slants from yellow to a pink color in-
dicating urease production (Photo 2).
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Photo 1: Antagonism test of the three bacterial strains on Urea-Ca-agar medium.
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Figure 2: XRD pattern of pure calcite the selected bacterial
consortium

For calcium carbonate precipitation in a
medium containing urea, a specific concentra-
tion of urea acts as a nitrogen source to support
the growth of the urease-producing isolates [48,
49]. One mole of urea is hydrolyzed to produce
one mole of ammonia and one mole of carba-
mate, which is then spontaneously hydrolyzed to
produce another mole of ammonia and carbonic
acid [11]. In water, these two products (NHs and
H,CO3) are further equilibrated to generate bicar-
bonate, two moles of ammonium, and two moles
of hydroxide ions. The hydroxide ions raise the
pH, which can cause the bicarbonate equilibrium
to change, resulting in the creation of carbonate

Table 2: Identifiedpatterns of the XRD patterns.

Visible Ref. Code Score Compound Displacement Scale Chemical
Name [°2Th.] Factor Formula
* 01-086-2334 88 Calcite -0.032 0.975 Ca (CO3)2
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ions[21].

3.4. Factors influencing MICP efficiency

The activity of urease and the amount of calcite
precipitation are based on several environmental
factors. Indeed, many factors affect urease ac-
tivity and calcite precipitation, including bacteria
type, bacteria cell concentrations, pH, tempera-
ture, urea, and calcium concentrations [14, 15, 50,
51]. The following results show the effect of several
factors on calcite precipitation using the selected
consortium.

3.4.1. Bacterial cell count:

Bacterial cells served as nucleation sites for
CaCO3 precipitation; also urea hydrolysis has
a direct relationship with bacterial cell counts
[11]. Inoculation of different bacterial counts
(CFU) showed variations in the precipitated calcite
weight (g). High and very low cell concentrations

Photo 2: Urease production of the selected bacte-
rial strains on Christensen’s medium.

caused lower calcite precipitation. Results showed
that 108 CFU/ 50 ml was the optimum cell con-
centration that precipitated the highest calcite up
to 0.74 g as shown in Figure (3). Increasing the
concentrations of bacterial cells from 10* to 108
cells increased the amount of calcite precipita-
tion via increases in the urease concentration for
urea hydrolysis [12, 52]. Therefore, urea hydrolysis
has a direct relationship with bacterial cell con-
centrations [50]. Increasing the concentrations of
bacterial cells to more than 108 cells didn’t increase
calcite precipitation. The increase in the number
of cells releases a high amount of ammonia due
to urea hydrolysis, which is detrimental to most
bacterial cells [53].

0.2
0.1
0—-_- mm BN e .

10712 10711 10710 1079 1078 1077 1076 1075 1074 control
Bacterial cell count (CFU/ 50 ml)

Figure 3: Dry weight of the precipitated calcite by different
bacterial cell counts (CFU). Error bar indicates standard de-
viation.

3.4.2. Urea Concentration

The hydrolysis of urea by urease not only in-
creases the pH but also uses it as a nitrogen and
energy source [11, 37, 48]. Urea is considered the
substrate for urease enzyme so the hydrolysis of
urea mainly depends on the urea concentration.
Increasing the urea concentration resulted in in-
creases in calcite precipitation from 0.9 M urea to
0.67 g. It was noticed that a further increase in
urea concentration of more than 0.9 M showed a
reduction in precipitated calcite. It is assumed that
an increase in urea concentration requires an in-
crease in calcium ion concentration. The same as-
sumption was obtained by Nemati et al., [16] who
concluded that a solution containing equimolars of
both reactants would provide better conversion to
calcite. Compared with the control (uninoculated),
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the inoculated consortium precipitated higher cal-
cite by increasing the urea concentration except for
2M urea (Figure 4).
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Figure 4: The precipitated calcite by the tested consortium
at different urea concentrations (M). Error bar indicates stan-
dard deviation.

3.4.3. Calcium concentration

Calcite precipitation is dependent on the con-
centration of Ca?* and CO3?~ in the solution. Ca®*
is not likely utilized by metabolic processes but ac-
cumulates outside the cell, where it is readily avail-
able for CaCOs3 precipitation [3]. Calcium chlo-
ride was used as the calcium source in this study,
The effect of different concentrations of calcium
salt studied on the bio-precipitation rate of calcite
is shown in Figure (5). High and low concentra-
tions of calcium chloride cause a low precipitation
rate. The concentration of 25 g/l shows the opti-
mum calcium salt weight that resulted in the best
productivity of calcite (0.66 g). Silver et al. [54],
proved that treatment containing 25 g/1 of calcium
chloride was better than 30 and 35 g/l. The same
results were obtained by Okwadha and Li, [52] and
De Muynck et al. [33] reported that the best urea
and CaCl concentrations for calcite precipitation
were 0.5 and 0.25 M, respectively.

3.4.4. PH

Calcite precipitation is influenced by pH be-
cause the urease enzyme will only be active at pH
values specific for urea hydrolysis. The initial pH
value of the growth medium is considered a key
factor, as shown in Figure (6). pH at 6, 7, and 8
showed a linear relationship and gradual increase
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2
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0 “m- - - “m- = | |
15 20 25 30 35
Ca-conc. (g/L)
Treatment control

Figure 5: Dry weight of the precipitated calcite by the tested
consortium at different calcium concentrations (g). Error bar
indicates standard deviation

in the final dry weight in comparison to their con-
trols but pH 9 showed the highest elevation in the
treatment and control (uninoculated) as well. A
high pH is very important for ammonia produc-
tion by urea hydrolysis. At pH 9, both treatment
and control precipitated approximately the same
dry weight of calcite indicating the chemical pre-
cipitation was not enzymatically. Many investiga-
tors have reported that the optimum pH for urease
is 8.0, above which the enzyme activity decreases
[11, 53]. Atlower pH than 7, the carbonate will tend
to dissolve rather than precipitate [11], [56-58]. In
contrast, Mobley et al., [59] and Stabnikov et al .
[60], found that the optimum pH was nearly neu-
tral.
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Figure 6: Dry weight of the precipitated calcite by the tested
consortium at different pH values. Error bar indicates stan-
dard deviation
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3.4.5. Temperature

Temperature is the main factor affecting enzy-
matic activity, like other enzymatic reactions, The
catalysis of urea by urease is temperature depen-
dent. The effect of five temperatures has been ex-
amined. Figure (7) showed the optimum precipita-
tion rate at room temperature, which was ranging
between 17 to 23°C during the experiment; it pre-
cipitated 0.34 g calcite. While a lower rate of pre-
cipitation (lower than 0.05 g) was obtained at lower
and higher temperatures. These results are in line
with most of the reported optimum temperatures
for urease activity, which ranged between 20 and 37
°C [52]. Mitchel and Ferris[34] reported that the
urease activity increased by about 5 and 10 times
when the temperature increased from 15 to 20 °C
and 10 to 20 °C, respectively.

0.4
0.35 I
0.3
2025 Z
o3
s 02
=
£0.15
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0.1
I
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o Lmem N | i
20 room 25 30 35
Temp.(°C)
Treatment = contol

Figure 7: Dry weight of the precipitated calcite by the tested
consortium at different temperature values (°C).

3.4.6. Static and dynamic incubation

Dynamic incubation improves the distribution
of oxygen and nutrients and makes the growth ho-
mogenous. Static incubation is costly, and effec-
tive while shaking conditions are not applicable on
larger scales. To compare the two conditions, two
sets were conducted, one using shaking at 120 rpm
and the other statically incubated. Dynamic incu-
bation showed a slight difference in the final dry
weight than the static incubation (Figure 8). The
dry weight of the precipitated calcite was 0.3 and
0.25 from dynamic and static incubation, respec-
tively.

0.35

03
0.25
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Dry Weight (g)
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Figure 8: Dry weight of the precipitated calcite resulted from
static versus dynamic incubation at 120 rpm.

3.5. Multilevel Factorial Design

Three main factors that can be controlled on
larger scales, bacterial cell concentration, urea
concentration, and calcium salt concentration,
were chosen to investigate the interaction of the
factors. Dry weights of the precipitated calcite
resulting from the interaction between the tested
factors are illustrated in Figure (9). As displayed
in the results, the increase in urea and CaCl, con-
centrations to a certain limit led to an increase in
calcite precipitation. On the other hand, high bac-
terial concentration retarded the effect on precipi-
tation. According to the obtained results, only run
4, which consisted of 0.3 M urea, 15 g CaCl,.H,0
and 10* CFU bacterial cell count-precipitated 0.43
g calcite, while the rest runs precipitated lower
weights. Interaction between factors has been
studied also by Al Qabany et al., [51] who obtained
similar results.

Control = Treatment

0.5

0.45
0.4 I
5035
= 03 .
t) ..
2 0.15 = _ _
0.1 = e
= -
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Nl F FriirrEFEl Il
1 2 3 4 5 6 7 8 9 10 11 12

Runs

Figure 9: Dry weight (g) of the precipitated calcite resulted
from 12 multi-Factorial design runs.
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Table 3: Response Surface Regression: Treatment vs urea concentration(M), CaCl, (g/1), Inoculum Log (CFU)

Factors Coef. t-value p-value
Urea Conc 0.0212 0.42 0.697
CaCl, -0.0183 -0.44 0.684
Bact. Cell count -0.0253 -0.6 0.578
Urea Conc.*CaCl, -0.0147 -0.3 0.782
Urea Conc.* Bact. Cell Count -0.0174 -0.35 0.745
CaCl, * Bact. Cell count -0.0333 -0.8 0.467
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Figure 10: Contour Plot and Surface Plot of Dry weight (g) vs CaCl, (g/1), urea concentration (M) and hold continuous variable

of bacterial cell count at 10° CFU.

Higher concentrations not only result in thicker
calcite matrices but possibly also give a faster de-
cline in bacterial activity because the urea becomes
less available to the encapsulated microbial cells to
hydrolyze. As displayed in Figures (10) the increase
in urea and CaCl, concentration increased calcite
precipitation. On the other hand, urea concentra-
tion higher than 0.5 M has retarded effect on pre-
cipitation even with a high amount of CaCl,. Ta-
ble (3) demonstrated the Response Surface Regres-
sion of the precipitated calcite versus urea conc.
(M), CaCl2 (g/l), bacterial inoculum. The statis-
tical analysis illustrated that there was no signifi-
cant increase in precipitated calcite weight for the
performed runs. The highest p-value was 0.782 for
(urea concentration and calcium chloride concen-
tration), and 0.745 for (urea concentration and bac-
terial inoculum) respectively, confirmed that the
effect of urea concentration on the precipitated dry

weight is higher than that of the other two tested
facto,s.

4, Conclusion

In conclusion the Microbially Induced Calcium
Carbonate Precipitation (MICCP) technology is
used in various fields of application for solving var-
ious environmental problems such as heavy metal
removal, radionuclide immobilization, bioconsol-
idation, soil grouting, and CO, sequestration; the
promising, effective results and the facility of ap-
plication made it the technology of choice for such
environmental purposes. However, the production
of urease by bacteria and thus the resulting car-
bonate precipitation is inhibited by environmental
factors including calcium concentration, bacterial
concentration, pH, and temperature. Studying
the factors affecting MICP for optimization and
for better understanding the interaction between
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different levels of studied factors on the selected
strains of Bacillus, the spore-forming bacteria are
suitable for MICCP applications in different fields.
The tested bacterial consortium was found to be
more effective in calcite precipitation than each
strain separately, which enhances their compati-
bility and applicability in nature. Urea hydrolysis
is an easy, efficient, and applicable mechanism for
calcium carbonate precipitation. In the present
study, bacterial cell count, urea concentration,
and calcium concentration can be controlled on
a larger scale as key factors affecting the MICP
process. According to the analysis of factorial de-
sign results, the effect of urea concentration as a
factor on precipitation rate in the current study
was found to be more effective than other studied
factors.
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