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Abstract: The plant-derived enzyme induced calcium carbonate precipitation (EICP) can significantly improve the engineering
mechanical properties of sand. However, there is no specification for choosing the parameter value in the specific operation, and the
solidification effect needs to be improved. Based on soybean urease, the effects of temperature, urease concentration, urea
concentration, calcium concentration, pH value, calcium source type and other variables on urease activity and calcium carbonate
precipitation were studied, and the SEM and XRD tests on precipitated calcium carbonate crystals were carried out. On this basis, the
unconfined compressive strength and solidification effect of soybean urease-solidified sand were tested. The results showed that the
urease activity increased linearly with the increase of urease concentration, but there was a temperature threshold. When the
temperature exceeded the threshold, urease activity was completely inactivated, and the threshold decreased with the increase of
urease concentration. Urea concentration and pH value affected urease activity together, and there was an optimum combination, i.e.
the optimum pH value is 7 when urea concentration is 0.1-1 mol/L, and 8 when urea concentration is 1.0-1.5 mol/L. Urease is the
catalyst of a precipitation reaction. The higher the urease concentration was, the more complete the reaction was, and the higher the
precipitation rate of calcium carbonate was. For urea and calcium solutions, the dosage mainly affected the precipitation of calcium
carbonate, and the dosage ratio should be 1:1. The concentration and pH value of urea and calcium solutions can affect the
precipitation of calcium carbonate by affecting urease activity. Different calcium sources had little influence on the amount of
precipitated calcium carbonate. The composition and density of precipitated calcium carbonate crystals from different calcium
sources were basically the same, but the crystal structure was different. The calcium carbonate crystals with calcium chloride as
calcium source are mainly massive, with spherical and spheroidal crystals on the surface and large cementation surface, which can be
used as an ideal calcium source in EICP technology. The unconfined compressive strength of the sand solidified with urease from
soybean and calcium chloride as calcium source was about 6 times that of the sand mixed with coal fly ash. SEM images show that
the precipitated calcium carbonate crystals wrap and bond the sand into a whole, and the solidification effect is ideal.
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neering applications for this technology®!, and the

1 Introduction solidification effect is relatively apparent. However,

Soil is a naturally loose medium, and its improvement
has always been a popular direction in the field of
geotechnical engineering. As conventional improvement
methods (e.g. adding lime, cement, and chemical
reagents) can bring about a certain degree of pollution
to the soil, the groundwater and the surrounding
environment, many scholars have paid more attention
to novel environmentally friendly and economic
solidification materials and methods. In recent years,
microbially induced calcium carbonate precipitation
(MICP) has been rapidly developed. The principle of
this method is that urea is hydrolyzed into carbonate
and ammonium ions by urease catalyzed by the
metabolic activity of microorganisms, and then calcium
carbonate crystals are produced under alkaline conditions
with the participation of external calcium ions to
achieve the solidification effect. Fruitful achievements
have been accumulated in laboratory tests and engi-
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the microorganisms as the source of urease are expensive,
the inoculation and cultivation process is complicated,
and its environmental safety is still unclear(l,

In addition to the metabolism of microorganisms,
urease can also be purchased directly from commercial
urease or extracted from plants, but commercial urease
is more costly. Therefore, Pratama et al.’! extracted
urease from soybean flour to reduce the cost and found
that soybean urease could be used as a substitute for
commercial urease for soil improvement by testing
urease activity, amount of precipitated calcium carbonate,
and strength. Nam et al.[% also extracted urease from
jack bean and found that jack bean urease could be
used as a substitute for commercial urease for crack
repair and strength improvement at a lower cost by
comparing it with commercial urease. Similar research
showed that the engineered properties of plant-derived
urease can replace commercial urease at a much lower
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cost. This has led to the development of plant-derived
enzyme induced calcium carbonate precipitation (EICP).

At present, many studies concerning the feasibility
of EICP in different scenarios have been conducted,
and a series of research results has been obtained. Gao
et al.ll and Almajed et al.l®! found that EICP can
significantly improve the surface strength and wind
erosion resistance of sand through field tests and has
good application prospects in the control and
management of desertification. Li et al.®! compared
and analyzed the effects of EICP and MICP on the
improvement of dispersive soils and found that EICP
was more effective and could be used for the
improvement of hydraulic dam construction materials.
By comparing the solidification effect of EICP with
MICP on sand columns, Hamdan et al.*% found that
the small size of plant-derived urease resulted in less
bio-clogging during solidification and better application
in fine-grained soils. Moghal et al.*! found that EICP
can improve soil properties and pollutant remediation
capacity and has a good applicability in heavy metal
soil improvement by studying the effect of EICP
treatment on swelling and permeability of two Indian
clayey soils, as well as the adsorption response and
desorption effect on heavy metals. Kavazanjian et
al.? found that the small size and high stability of
plant-derived urease allow the EICP to be used in
practical projects such as pile foundations, embankment
support, and soil liquefaction control. Liu et al.l**]
investigated the erosion resistance of EICP-solidified
sands during coastal erosion through model tests, and
the results showed that EICP treatment significantly
reduced the erosion of sand by seawater.

Meanwhile, the solidification processes and
parameters of EICP have also been investigated, and
some results have been achieved. Cui et al.l*! proposed
a low-pH one-phase injection method. The experimental
results showed that this method could significantly
improve the conversion efficiency of calcium ions and
a more uniform distribution of calcium carbonate
compared with the conventional injection method is
obtained. Wu et al.'! tested the activity of soybean
urease at different temperatures and pH values and the
solidification effect of soybean urease on sand samples
of different grain sizes. The results showed that the
optimum pH value of soybean urease was 8, the urease
activity increased with temperature from 15 C to
75 °C, and the solidification effect was the best for
sand samples of 0.25-0.50 mm grain size. Neupane et
al.®! investigated the effects of urea and calcium salt
concentrations on the solidification effect by fixing the
urease concentration, and the optimum combination of
EICP treatment solution was determined.

On the whole, previous studies have focused more
on the feasibility of EICP technology, which has been
verified in the laboratory and in many engineering
scenarios. However, less research has been conducted
on the influence patterns of various factors in EICP
technology and the intrinsic mechanisms of strength
growth, and some consistent conclusions have not
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been obtained yet in the literature. Based on this, a
systematic and comprehensive multivariate experimental
study on the soybean urease was carried out in this
paper, and many variables such as urease concentration,
temperature, pH value, urea concentration, calcium
concentration, pH value of the cementing solution, and
type of calcium source were considered. This study
investigated the influences of experimental variables
on urease activity, amount of precipitated calcium
carbonate, calcium carbonate crystal structure and
unconfined compressive strength (UCS) to provide
foundation for further standardization and promotion
of the EICP technique.

2 Experimental methods

2.1 Experimental principle

Urease was separated from the soybean flour
solution by centrifugal force and was then used to
catalyze the production of carbon dioxide (CO, ) and
ammonia (NH,) from urea, which was hydrolyzed to
ammonium ions (NH;) and hydroxide ions (OH").
Meanwhile, carbon dioxide is dissolved in water to
produce bicarbonate ions (CO3™) and hydrogen ions
(H™). Calcium carbonate precipitation can be formed
under conditions suitable for the reaction of divalent
cations (e.g. calcium ions) to achieve soil solidification.
The reaction equations are written as follows:

CO(NH,), + H,0— 2NH, +CO, (D
2NH, + 2H,0 — 2NH; + 20H" (2)
CO, +H,0 > HCO; +H" 3
HCO; + H" + 20H™ <> CO% +2H,0 €))
Ca® +COZ — CaCO, (5)

2.2 Experimental materials
2.2.1 Urease preparation

The soybeans used in the experiment were
commercially available from Ganzhou, Jiangxi Province,
China, which were non-genetically modified agricultural
products with round and full grains, as shown in
Fig. 1(a). The soybeans were dried and milled into
powder, as shown in Fig. 1(b), and passed through a
sieve with 0.150 mm opening. The soybean powder
was mixed with deionized water and stirred on an
electromagnetic stirrer for 0.5 h, and then centrifuged
in a centrifuge at 3000 r/min for 0.5 h. After
centrifugation, the supernatant was the soybean urease
solution, which must be stored at a low temperature.

Y b

AY L7

(a) Soybean grains (b) Soybean powder
Fig.1 Soybean
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2.2.2 Cementing solution

The cementing solution was a mixture of urea and
calcium source solution. In the calcium carbonate
precipitation test, there were three types of calcium
sources, i.e. calcium chloride, calcium acetate and
calcium nitrate, while calcium chloride was used as
the source of the cementing solution in other variable
tests. In addition, these three calcium sources were
also used in the crystal structure tests for precipitated
calcium carbonate.
2.2.3 Sand

The sand used in this test was the well graded
China ISO standard sand (GB/T 17671-1999)171 with
a relative density ds of 2.652. The effective particle
size d,,, median particle size d,,, average particle
size d., and restricted particle size dy, of the sand
were 0.14, 0.50, 0.76 and 0.90 mm, and the uniformity
coefficient Cy and curvature coefficient C. of the sand
were 6.43 and 1.98.
2.3 Experimental program
2.3.1 Urease activity test

Urea solutions are electrically conductive when
catalyzed by urease, and urease activity can be
obtained by testing the electrical conductivity of the
urea—urease mixture. In combination with the key
conditions in the test, two combined test variables of
urease concentration and temperature, and urea
concentration and pH value were selected.

(1) Urease concentration and temperature

To explore the synergistic effect of urease con-
centration and temperature on urease activity, five
mass concentrations of urease solutions including 20,
40, 60, 80 and 100 g/L were prepared, as shown in Fig. 2.

(a) 20 g/L
Fig.2 Urease solution with different concentrations

(b) 40 g/L (c) 60 g/L (d) 80 g/L (e) 100 g/L

In this test, 3 mL urease solution was taken from
each concentration of urease solution and then mixed
with 27 mL 1.0 mol/L urea solution. The five mixtures
were placed in a constant temperature incubator, and
the temperature was adjusted to 5, 10, 20, 30, 40, 45,
50, 55 and 60 °C in turn. The electrical conductivity of
each mixture was monitored by a conductivity meter
after each temperature level was maintained for 8 min
to deduce the urease activity.

(2) Urea concentration and pH value

To explore the synergistic effect of urea concentration
and pH value, eight concentrations of urea solutions
including 0.1, 0.3, 0.5, 0.7, 0.9, 1.0, 1.3 and 1.5 mol/L
were prepared. For each concentration of urea solution,
eight pH values of 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0 and
11.0 were prepared, making a total of 64 different
combinations of urea solutions with different

Published by Rock and Soil Mechanics, 2022

concentrations and pH values. In this test, 27 mL urea
solutions were mixed with 3 mL of 100 g/L urease
solution, and the electrical conductivity was tested
separately to deduce the urease activity.
2.3.2 Calcium carbonate precipitation test

In combination with the key factors affecting
calcium carbonate precipitation in the experiment, five
test variables including urease concentration, urea
concentration, calcium concentration, pH value of the
cementing solution, and type of calcium source were
selected.

(1) Urease concentration

The urease solutions were prepared at mass
concentrations of 20, 40, 60, 80 and 100 g/L, and a
cementing solution was also made by mixing 1 mol/L
calcium chloride solution with 1 mol/L urea solution
in equal volumes. During the test, 10 mL urease
solution was taken from each concentration of urease
solution to mix with 10 mL cementing solution, and
then the amount of precipitated calcium carbonate was
measured after 1 d. The resting time in Section 2.3.2
was chosen to be 1 d, as the pre-tests have shown that
the urease reacted with the cementing solution in a test
tube, and the reaction rate was rapid, with no
significant change in the amount of precipitated
calcium carbonate after 1 d.

(2) Urea concentration

Twenty concentrations of urea solutions were
prepared, i.e. 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9,
10,1.1,12,13,14, 15,16, 1.7, 18, 1.9 and 2.0
mol/L. Each concentration of urea solution was mixed
with 1 mol/L calcium chloride solution in equal volumes
to produce 20 cementing solutions and a 100 g/L urease
solution was prepared. Then, 10 mL of the cementing
solution was mixed with equal volume of urease
solution, and the amount of precipitated calcium
carbonate in each mixture was measured after 1 d.

(3) Calcium concentration

Eighteen concentrations of calcium chloride solutions
were prepared, i.e. 0.10, 0.15, 0.20, 0.25, 0.30, 0.35,
0.40, 0.50, 0.60, 0.70, 0.80, 0.90, 1.00, 1.10, 1.20, 1.30,
1.40 and 1.50 mol/L. Each concentration of calcium
chloride solution was mixed with 1 mol/L urea
solution in equal volumes to produce 18 cementing
solutions, and a 100 g/L urease solution was prepared.
Then, 10 mL cementing solution was mixed with
equal volume of urease solution, and the amount of
precipitated calcium carbonate in each mixture was
measured after 1 d.

(4) pH value of cementing solution

Since the pH value of the cementing solution and
the urea concentration synergistically affect the urease
activity, three urea concentrations of 0.5, 1.0 and 1.5
mol/L, a 1.0 mol/L calcium chloride solution and a
100 g/L urease solution were prepared. The three
concentrations of urea solution were mixed with
calcium chloride solution in equal volumes, and each
mixture was adjusted to four pH values of 6.0, 7.0, 8.0
and 9.0 to produce a total of 12 cementing solutions.
Then, 10 mL cementing solution was mixed with
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equal volume of urease solution. The amount of
precipitated calcium carbonate in each mixture was
measured after 1 d.

(5) Type of calcium source

The calcium sources used in the above tests were
calcium chloride solutions, but here three calcium
sources including calcium chloride, calcium acetate and
calcium nitrate were selected to investigate the effect of
the different calcium sources on the amount of
precipitated calcium carbonate. Each calcium source
solution was prepared at a concentration of 1 mol/L and
mixed with 1 mol/L urea solution in equal volumes to
form a cementing solution with three calcium sources,
and a 100 g/L urease solution was also prepared. Then,
20 mL cementing solution was mixed with equal
volume of urease solution, and the amount of
precipitated calcium carbonate in each mixture was
measured after 1 d. Three parallel sets of samples were
carried out for each of the three calcium sources, and
the results were averaged.
2.3.3 Crystal structure test of precipitated calcium
carbonate from different calcium sources

To investigate the effect of different calcium
sources on the crystal structure of precipitated calcium
carbonate, the precipitated calcium carbonate described
in the calcium source variable test in Section 2.3.2 was
used to test the morphology, distribution, density and
mineral composition of the calcium carbonate crystals
by SEM and XRD tests. The SEM and XRD tests
were carried out on the precipitated calcium carbonate
in accordance with the specimen requirements.
2.3.4 Sand solidification test with EICP

In this test, the solidification parameters will be
taken as the optimum combination based on the results
of Sections 2.3.1 and 2.3.2. A 100 g¢/L urease solution,
1 mol/L calcium chloride solution (the calcium source),
and 1 mol/L urea solution were prepared. The urea
solution and calcium chloride solution were mixed in
equal volumes to produce a cementing solution with a
pH value of 7. Then, 197 g of standard sand was dried
and molded into a cylindrical specimen of 8 cm in
height and 3.91 cm in diameter. The pore volume of
the specimen was calculated to be 59.35 cm?®, and the
cementing solution and urease solution were taken in
equal volumes at 1.1 times the pore volume, mixed
with the testing sand in succession using the mixing
method, and compacted in layers in a mold. After
compaction, the prepared specimens were maintained
at a constant temperature of 30 “C for 7 d. The UCS
test was then carried out at a loading rate of 1 mm/min.
Two specimens were made for each group and the
average value was taken. Meanwhile, the sand and fly
ash were mixed to prepare a specimen for UCS test
under the same loading conditions as a comparison
test. Finally, SEM tests were carried out on the failed
specimens to obtain the microstructure of the solidified
sand specimen.

https://rocksoilmech.researchcommons.org/journal/vol43/iss11/2
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3 Experimental results

3.1 Urease activity test
3.1.1 Urease concentration and temperature

The variations of urease activity with temperature
for five concentrations of urease solutions are shown
in Fig. 3.

i 0r Urease mass concentration
£ i — 20g/L

? 25 40g/L

S i /| == 60g/L

£ 20 == 80g/L

£ .l = 100 g/L
S 15 g

S

35 G

5 10 20 30 40 45 50 55 >55
Temperature /('C)

Fig.3 Urease activity at different temperatures

It can be seen from Fig. 3 that: (1) There was a
temperature threshold for soybean urease activity.
When the actual temperature exceeded this threshold,
the urease will lose its activity. (2) The temperature
thresholds for 100, 80, 60 and 40 g/L urease solutions
were 40, 45, 50 and 55 C, respectively. One can see
that the temperature threshold was related to the urease
concentration; the greater the mass concentration of
urease solution, the lower the temperature threshold.
(3) Before the inactivation of urease, or when the
temperature is below the threshold, the urease activity
in all five concentrations of urease solutions increased
with the increasing of temperature. (4) When the
temperature was within 30 ‘C, none of the five
concentrations of urease solutions were inactivated.
The urease activity increased linearly with the urease
concentration at the same temperature, as shown in
Fig. 4.

The expressions and coefficients of determination
for relationship between urease activity and urease
mass concentration at 5, 10, 20 and 30 C are given
in Fig. 4, where the slope of the fitting line at 30 C
was the largest, i.e. 2.313 7. The relationship between
urease activity and urease mass concentration is
written as follows:

= o5 C =

Eurele T s

L 2rvnT "0, =17354U,, +0.946 6
2wt R?=0.9947

S 8 U,=12746U,, +0.2553
g 6l R2=0.9897

g 4}

g | U, =0.9885U,,-0.107 8

g R2=0.996 7

-} 0 1 L L 1 L )

0 20 40 60 80 100 120
Urease mass concentration /(g « L™)

Fig.4 Relationships between urease activity and mass
concentration
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U, =2.313 7U,, +1.980 4 (6)

where U, is the urease activity; and U,, is the
urease mass concentration.

The urease activity was significantly influenced by
the temperature. This is mainly because urease is the
protein and increasing the temperature can increase
the rate of enzymatic reaction, but too high
temperature also causes protein denaturation and lead
to enzyme inactivation. Therefore, combining the
above experimental results and the practical application
conditions, it is recommended that the urease con-
centration in the EICP technique should be controlled
at around 100 g¢/L and the temperature at around
30 C.

3.1.2 Urea concentration and pH value

The variations of urease activity with urea pH
value for eight concentrations of urea solutions are
shown in Fig. 5.

Urea concentration

22r
20
18 r
16
14 r
12
10

Urease activity /(mmol - min-t)

3 4 5 6 7 8 9 10 11 12
pH value

Fig.5 Urease activity in different pH environments

One can see from Fig. 5 that: (1) The urease activity
of urea solutions with different urea concentrations
showed a general pattern of increasing and then
decreasing with pH value, thus there was a peak
urease activity and a corresponding optimum pH value.
(2) The optimum pH value was related to the urea
concentration, which was 7 at 0.1-1.0 mol/L urea
concentration and 8 at 1.0-1.5 mol/L urea concentration.
Accordingly, the optimum combination of urea
concentration and pH value can be set.

3.2 Calcium carbonate precipitation test
3.2.1 Urease concentration

At constant parameters of the cementing solution,
urease affects the amount of precipitated calcium
carbonate within a range of concentrations. Herein, the
calcium carbonate precipitation rate was used to
represent this process, and the expression is as
follows:

m!
Cee - (7
where C.. is the calcium carbonate precipitation rate;
m is the theoretical amount of precipiated calcium
carbonate; and m’ is the actual amount of precipiated

Published by Rock and Soil Mechanics, 2022

calcium carbonate. The theoretical amount of precipiated
calcium carbonate (m ) can be calculated by

m=CxV xM (8)

where C is the concentration of the cementing
solution, i.e. the concentration of calcium chloride in
the cementing solution; V is the volume of the
cementing solution; and M is the molar mass of
calcium carbonate, equal to 100.09 g/mol.

Figure 6 shows the variation curve of calcium
carbonate precipitation rate with urease concentration.
It is apparent that the calcium carbonate precipitation
rate was roughly linear with urease concentration
when the urease concentration was in the range of
20-100 g/L. The expression is as follows:

Cer =0.535 5U,, +21.89 (9)

where C. is the calcium carbonate precipitation
rate.

=

o

o
1

@
o
T

Cee =21.89+0.5355U
R?=0.854 21

(2]
o
T

N

o
T

o

N
o

o

20 40 60 80 100 120
Urease mass concentration /(g + L™)

Calcium carbonate precipitation rate /%

Fig.6 Calcium carbonate precipitation rates at different
urease concentrations

3.2.2 Urea concentration

The amount of precipitated calcium carbonate
varies with urea concentration, as shown in Fig. 7. It is
evident that the amount of precipitated calcium
carbonate increased approximately linearly with increasing
urea concentration in the range of 0-1.0 mol/L. When
the urea concentration was in the range of 1.0-
1.5 mol/L, the amount of precipitated calcium carbonate
fluctuated slightly, but remained at a high level overall.
Therefore, to obtain more calcium carbonate precipitated,
the urea concentration must be controlled in the range
of 1.0-1.5 mol/L.

08
o7t
06}
05t
04t
03t
02} I ’
0.1

0.0 05 1.0 15 20

Urea concentration /(mol « L)

Amount of precipitated
calcium carbonate /g

Fig. 7 Amount of precipitated calcium carbonate at
different urea concentrations
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3.2.3 Calcium concentration

The wvariation of the amount of precipitated
calcium carbonate with calcium concentration is
shown in Fig. 8. One can observe that the amount of
precipitated calcium carbonate increased with increasing
calcium concentration. The first peak occurred at a
calcium concentration of 0.35 mol/L and the second
peak occurred at a calcium concentration of 1.0 mol/L.
When the calcium concentration was greater than
1.0 mol/L, the amount of precipitated calcium
carbonate remained at approximately the same level,
at which point the amount of precipitated calcium
carbonate was mainly limited by the amount of CO?",
i.e. the amount of urea in the cementing solution.
Therefore, from an economic point of view, an upper
limit should be set for the calcium concentration, the
size of which should be combined with the amount of
urea in the binder.

08
07} °/°\o—§—o'<"§
06 4

05}

04t /

03}
02t p
01f ©°

Amount of precipitated
calcium carbonate /g

0.0 L L L . L L .
00 02 04 06 08 10 12 14 16
Calcium concentration /(mol « L)

Fig.8 Amount of precipitated calcium carbonate at
different calcium concentrations

3.2.4 pH value of cementing solution

The amount of precipitated calcium carbonate at
different pH values for the cementing solutions
prepared from three urea concentrations is shown in
Fig. 9. The peak amount of precipitated calcium
carbonate was presented in the cementing solutions at
different urea concentrations. This value increased
with increasing urea concentration, but the pH value
corresponding to the peak amount of precipitated
calcium carbonate (optimum pH value) was different,
with the optimum pH value of 7.0 for 0.5 mol/L and
1.0 mol/L cementing solution and 8.0 for 1.5 mol/L
cementing solution, which also verified the results in

0.80 1 Urea concentration
0.75 F =05 mol - Lt
—-1.0mol - L

0.70 1 —--15mol - IT_*1

0.65
0.60
ol i/_.\.\_’.
0.50

0.45 1 1 Il 1 J
5

Amount of precipitated
calcium carbonate /g

pH value

Fig.9 Amount of precipitated calcium carbonate at
different pH values
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Section 3.1.2. Therefore, the pH value of the cementing
solutions should be set according to the urea con-
centration, which is 7.0 when the urea concentration is
less than or equal to 1.0 mol/L and 8.0 when the urea
concentration is greater than 1.0 mol/L.
3.2.5 Type of calcium source

Under the same conditions for all other parameters,
the amount of precipitated calcium carbonate from
three calcium sources is shown in Fig. 10. It can be
observed that the type of calcium source affected the
amount of precipitated calcium carbonate, with
calcium chloride being the largest, calcium acetate the
smallest and calcium nitrate in the middle. This effect
was less obvious in terms of the magnitude of the
values, which fluctuate within 5%. Therefore, for
reasons of efficiency and economy, calcium chloride is
the recommended source.
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Fig. 10 Amount of precipitated calcium carbonate from
different calcium sources

3.3 Crystal structure test of precipitated calcium
carbonate from different calcium sources
3.3.1SEM

(1) Calcium chloride

Calcium carbonate crystals cemented with calcium
chloride as a calcium source were represented by S1.
SEM images at different magnifications are shown in
Fig. 11, with the lower image in Fig. 11(b) being an
enlargement of the circled area above. As can be
observed, the crystals of calcium carbonate were
interconnected to form a predominantly large aggregate
structure with small spherical, sphere-like and massive
crystals of uneven size distributed on the surface of
the large masses.

S1 %500

() 500x

(b) 1 000x
Fig.11 Crystal structure of calcium carbonate with calcium
chloride as a calcium source
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(2) Calcium acetate

Calcium carbonate crystals cemented with calcium
acetate as a calcium source were represented by S2,
and SEM images at different magnifications are shown
in Fig. 12. As can be seen, the precipitated calcium
carbonate crystals were mainly small, relatively
independent spherical and sphere-like crystals, which
were closely distributed and relatively uniform in size,
with contact between the crystals mainly through
point-to-point and face-to-face forms.

(a) 500x
Fig.12 Crystal structure of calcium carbonate with
calcium acetate as a calcium source

(b) 1 000x

(3) Calcium nitrate

The calcium carbonate crystals cemented with
calcium nitrate as the calcium source were represented
by S3, and SEM images at different magnifications are
shown in Fig. 13. It is shown that similar to calcium
acetate, the precipitated calcium carbonate crystals
were predominantly small, relatively independent and
closely distributed crystals with a predominantly
spherical crystal structure, a uniform size, and the
same point-to-point and face-to-face contact between
the crystals.

A comparative analysis of SEM images of
precipitated calcium carbonate crystals from three
calcium sources revealed that the calcium source
affected the crystal structure of precipitated calcium
carbonate, with calcium nitrate producing the most
uniform structure of calcium carbonate crystals and
calcium chloride producing the largest colloidal area
of calcium carbonate crystals.

(a) 500
Fig. 13 Crystal structure of calcium carbonate with
calcium nitrate as a calcium source

(b) 1 000x
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3.3.2 XRD

(1) Composition analysis

The precipitated calcium carbonate crystals were
ground into powder, and 1-3 mg of the sample was
placed in an X-ray diffractometer for physical phase
analysis with the following parameters: emission
current of 40 mA, voltage of 40 kV, scanning range of
26 =10°-90°, scanning speed of 5° per minute and
step size of 0.02°. The diffraction data were imported
into the Jade6 software for analysis, and the mineral
composition corresponding to each diffraction peak
was obtained and identified, as shown in Fig. 14.

8000
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= 9 o Vaterite
5 @ Aragonite
E 4000
S . %
i) . . .
S Calcium acetate
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£ 2000 . .
a Olo ® 288 0e00 @o@alcmm nitrate
M’J@ @Calcium chloride

Fig. 14 XRD diffraction curves of precipitated calcium
carbonate crystals from different calcium sources

The diffraction angles of the precipitated calcium
carbonate crystals from three calcium sources were
slightly different but generally consistent, with the
diffraction angles distributed between 20° and 85°, e.g.
strong diffraction peaks occurred at 26 = 22.969°,
29.418°, 31.260°, 35.983°, 39.339°, 43.166°, 47.064°,
47.489° and 48.401°. The mineral compositions of the
precipitated calcium carbonate crystals from three
calcium sources were generally consistent and mainly
consisted of calcite, sphalerite and aragonite, dominating
by calcite, suggesting that the precipitated calcium
carbonate crystals were a mixture of calcite-based
crystals.

(2) Density analysis

The density of precipitated calcium carbonate
crystals can be calculated by

_NexM,
N, xV,

cell

o) (10

where N, is the Avogadro constant, N, =6.02x
10%; N, is the structural unit in which a cell exists;
V., is the cell volume; and M, is the relative
molecular mass of the crystal.

The density of precipitated calcium carbonate
crystals from different calcium sources can be
calculated using Eqg. (10). The densities of calcium
carbonate crystals generated from calcium chloride,
calcium acetate and calcium nitrate as calcium sources
were 2.703 0, 2.701 3 and 2.703 2 g/cm?, respectively,
with little difference.

The XRD tests showed that the composition and
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density of the precipitated calcium carbonate crystals
from different calcium sources were approximately the
same, with no particularly significant differences,
which again verified that the precipitates were calcium
carbonate crystals.
3.3.3 EICP solidified sand

EICP solidified sand specimens and blended fly
ash—-sand specimens were prepared according to the
test program, as shown in Fig. 15(a). The UCS tests
were conducted on both specimens, and the failure
pattern of the solidified sand specimen is shown in
Fig. 15(b).

B . § | S
(a) Specimen preparation  (b) Failure of specimen

Fig. 15 Solidified sand column

The stress—strain relation curves for the EICP
solidified sand specimens and the blended fly ash—
sand specimens are shown in Fig. 16. The UCS of the
blended fly ash—sand sample was 3.2 kPa, while the
strength of the sand solidified by the EICP technique
was up to 18.5 kPa, with an increase of nearly six
times. Meanwhile, the strain values at the peak stress
of the two sand samples were relatively close, in the
range of 1.8% to 2.3%, and both showed more obvious
brittle damage.

20 1 —o— EICP solidified 1SO standard sand specimen

—o— Blended fly ash-sand specipfitn

15

10

Stress /kPa

00 05 10 15 20 25 30
Strain /%
Fig.16 UCS test

In addition, the microstructure of the EICP-
solidified sand was tested by SEM to better visualize
the solidification effect of the EICP technique, and the
structural images at different magnifications are
shown in Fig. 17. As can be seen, the calcium
carbonate crystals formed by cementation were more
evenly distributed on the surface of the sand and
between the sand grains, bonding the separated grains
into a single unit, and the strength of the solidified

https://rocksoilmech.researchcommons.org/journal/vol43/iss11/2
DOI: 10.16285/j.rsm.2021.7157

sand sample depended on the bonding force between
the crystals and the sand grains and the strength of the
crystals themselves. The cemented calcium carbonate
crystal was mainly massive, with a certain number of
spherical and sphere-like crystals on the surface.

(c) 3200
Fig. 17 Microstructures of solidified sand

4 Conclusions

In this paper, an experimental study was carried
out to investigate the variables influencing urease
activity and calcium carbonate precipitation in EICP
technology, and the microstructure, composition,
density of precipitated calcium carbonate crystals as
well as the UCS of EICP solidified sand were tested.
The following conclusions are drawn:

(1) There was a temperature threshold for urease
activity. When the temperature exceeded this threshold,
urease will be completely inactivated. This threshold
was related to the urease concentration; the greater the
urease concentration, the lower the threshold. Urease
activity increased linearly with increasing urease
concentration at the same temperature when urease
was not inactivated. Urease activity was influenced by
the combination of urea concentration and pH value,
with an optimum pH value of 7 when the urea
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concentration was 0.1-1.0 mol/L and 8 when the urea
concentration was 1.0-1.5 mol/L.

(2) Urease was the catalyst for the precipitation
reaction of the cementing solution, and the higher the
urease concentration, the greater the calcium carbonate
precipitation rate, with a roughly linear relationship
between them. The urea and calcium solutions in the
cementing solution affected the amount of precipitated
calcium carbonate mainly through the amount of
admixture, the admixture ratio should be 1:1, and the
urea concentration and pH value of the cementing
solution can change the amount of precipitated
calcium carbonate by affecting the urease activity. The
type of calcium source will affect the amount of
precipitated calcium carbonate, with the highest
amount of precipitated calcium carbonate occurring
when calcium chloride was used as the calcium
source.

(3) The composition of calcium carbonate crystals
precipitated by different calcium sources was basically
the same, all of them were mainly calcite and
contained a mixture of spherulite and aragonite, and
the crystal densities were basically the same. However,
the crystal structures of calcium carbonate precipitated
by different calcium sources differed greatly. When
the calcium acetate and calcium nitrate were used, the
precipitated calcium carbonate crystals were mainly
spherical and spherulite-like, uniform in size and with
small cementation surfaces. When the calcium
chloride was used, the precipitated calcium carbonate
crystals were mainly massive, with a small number of
spherical and spherulite-like crystals distributed on the
surface of the masses and large cementation surfaces.
The precipitated calcium carbonate crystals with
calcium chloride as a calcium source were predominantly
massive, with a small number of spherical and
sphere-like crystals on the surface of the masses,
which were not uniform in size and had a large
cementation surface. When comparing the amount of
precipitated calcium carbonate, crystal structure and
composition of the three calcium sources, calcium
chloride was found to be the preferred calcium source
for the EICP technique.

(4) The EICP-solidified sand based on soybean
urease and calcium chloride source could achieve a
UCS of 18.5 kPa, which was about 6 times the
strength of the blended fly ash—-sand sample. SEM
images of the solidified sand showed that the
precipitated calcium carbonate crystals wrapped and
adhered to the sand particles to form a unit, which was
a more satisfactory solidification effect.
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