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ARTICLE INFO ABSTRACT

Keywords: Microbial induced calcium carbonate precipitation (MICP) technology has been successfully used
Recycled aggregates to enhance the properties of recycled concrete aggregates. However, the complex source and
Microbial induced carbonate precipitation varied physical and chemical properties of recycled aggregates may have influence on the
(MICP) modification efficiency since microbes are often sensitive to the surroundings. In this study, two
Alkalinity

representative types of recycled aggregates, recycled concrete aggregates (RCA) and recycled
brick aggregates (RBA), were subjected to two kinds of MICP treatments, basic MICP treatment
and sodium alginate (SA) aided MICP treatment. The absorption and desorption of bacteria in/on
aggregates during MICP treatments were quantified. The physical and chemical properties of
aggregates after the bio-treatments were tested, and the influence of alkalinity and pore structure
of aggregates under various MICP treatment methods on treatment efficiency were detailed
investigated. Results indicated that, when the aggregates were subjected to the basic MICP
treatment, the treatment efficiency was more remarkable in RBA, because of its high porosity and
moderate pH (around 8-9), which facilitated the absorption of bacteria in/on aggregates and
urease activity respectively. While under SA-aided MICP treatment, the influence of pore struc-
ture and alkalinity of aggregates on the treatment efficiency was not significant compared with
that under the basic MICP treatment, especially the mass of CaCO3; on the aggregates. The
biogenic CaCO3 generated by SA-aided MICP treatment not only plugged micropores, but also
distributed all over the entire surface of the aggregates, resulting in a sufficient repair of
microcracks. Meanwhile, the surface repair may reduce the influence of pore structure and pH of
aggregates on the precipitation process, thereby reducing the impact of varied physical and
chemical properties of aggregates on the treatment efficiency, which was conducive to the widely
unified application of SA-aided MICP treatment in the modification of recycled aggregate based
on construction solid waste.

Pore structure
Sodium alginate

1. Introduction

Construction and demolishing waste (CDW), which account for almost half of the world’s solid waste, can be recycled as a sus-
tainable and friendly source of building materials [1]. The demand for recycled aggregates is growing worldwide and is expected to
increase from 45 billion tons in 2017 to 66 billion tons in 2025 [2]. However, the old attached mortar on the surface of recycled
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aggregates contains many pores and microcracks, resulting in high porosity and low strength of recycled aggregates [3-5], which
seriously influences the workability, the mechanical performance and durability of recycled concrete [6-8]. Therefore, many inter-
esting methods such as physical grinding [9,10], microwave heating [11,12], and acid soaking [13-15], carbonation and nano-silica
[16,17] were applied to modify recycled aggregates. All these methods could the properties of recycled aggregates, however they also
come with additional costs and risks, for instance energy consumption, introduction of corrosive ions, and low compatibility with
concrete. An environment-friendly and compatible method, Microbial Induced Carbonate Precipitation (MICP), is appropriate for
enhancing the properties of recycled aggregates [18].

The purpose of MICP treatment of recycled aggregates is to plug pores and repair micro-cracks by use of the bacterially induced
carbonate precipitation. One most often used strategy is an immersion-based MICP treatment, which has been demonstrated to be one
of the most efficient way to enhance the properties of recycled aggregates [19]. Generally, the first step of the immersion-based MICP
treatment is to allow bacterial cells to be absorbed on/into the pores of the aggregates, and in the second step, the aggregates with cells
absorbed were transferred into a deposition solution consisting of precipitation precursors. The bacteria absorbed in the aggregates
then start to induce the precipitation of biogenic CaCO3 [19,20]. It can be seen that the MICP treatment efficiency greatly replies on the
number of bacteria in/on the aggregates during the deposition process, which directly determines the precipitated amount of biogenic
CaCOg3 in/on aggregates. Thus, the absorptive number of bacteria in/on aggregates in the first step, as well as the desorption rate of
bacteria into solution phase in the second step, were especially crucial to influence the final treatment efficiency. Therefore, the pore
structure of recycled aggregates has an impact on the treatment efficiency, because it directly influences the adsorption and desorption
of bacteria in/on aggregates. Meanwhile, the urease activity of bacteria are often sensitive to the surroundings, such as alkalinity in the
deposition process [21]. Therefore, recycled aggregates with various pore structure and alkalinity have great influence on the MICP
treatment efficiency.

In practical applications, the recycled concrete aggregates (RCA) and recycled brick aggregates (RBA) are more common and
required to be modified due to the old mortar on RCA and high porosity of RBA. Moreover, the MICP treatment efficiencies of RCA and
RBA vary significantly. It was found in Wang’s research [22] that the decrease of water absorption of RCA was around 9.1 % under the
optimized immersion treatment, which was significantly lower than that of RMA (recycled mixed aggregates of RCA and RBA), about
25 %. In Liu’s research [23], it was found that the mass increase due to the precipitates on RCA (2.5 %) was obviously lower than that
on RBA (5.1 %), which had a discrepant influence on treatment efficiency due to the different physical and chemical properties be-
tween RCA and RBA. Therefore, it is important to investigate the effect of pore structure and alkalinity of aggregates on MICP
treatment efficiency and to optimize the treatment methodology to obtain the highest treatment efficiency.

The commonly used immersion-based MICP treatment (referred to basic MICP treatment as follows) allows the bacterial cells to be
physically absorbed in/on pores of the aggregates in the first step. However, when the bacteria containing aggregates are transferred
into the deposition solution (with precipitation precursors) in the second step, the cells easily released from the open pores into the
solution, resulting in less in-situ precipitation of biogenic CaCO3 on the aggregates. And most of the precipitates are therefore formed
on the upper surface of the aggregates due to gravity effect, while few amount were on the side and bottom surface of the aggregates.
The uneven deposition weakens the modification effect. Thus, in our previous research [24], sodium alginate (SA) was innovatively
used to firmly ‘fix’ cells on the full surface of the aggregates. In the first step, the aggregates were immersed in the mixture of SA and
bacterial solution, and then transferred into a deposition solution (containing equimolar calcium nitrate and urea) in the second step,
so the network structure of Ca-alginate was rapidly formed, and the bacterial cells were evenly coated on the aggregates. The cells act
as nucleation sites of biogenic CaCOs3, and the homogeneous precipitates on the entire surface of the aggregates was thus obtained. The
treatment efficiency was significantly improved.

In this study, to investigate the influence of pore structure and alkalinity of recycled aggregates on MICP treatment efficiency, two

Fig. 1. Appearances of (a) RCA and (b) RBA
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types of aggregates, RCA and RBA, which had different pore structure and alkalinity were used. Firstly, the absorption of bacteria in/on
aggregates during the first step and the desorption of bacteria in saline and calcium solutions was measured, respectively. After that,
the basic MICP treatment and SA-aided MICP treatment were applied to modify these two types of aggregates, and the treatment
efficiency was evaluated in terms of the amount of biogenic precipitates and the decrease in water absorption of aggregates. In
addition, the XRD, TGA, and SEM were applied to characterize the biogenic precipitates, and the MIP was used for characterizing the
porosity and pores structure of RCA and RBA before and after MICP treatments.

2. Materials and methods

2.1. Recycled aggregates

As shown in Fig. 1, two different recycled aggregates, recycled concrete aggregate (RCA) and recycled brick aggregate (RBA), were
used in this study, which were from a local factory in Xi’an, Shaanxi Province. The particle size (10-20 mm) of aggregates were sieved
and used in this research. The physical properties, including apparent density and mass density, were tested according to BS EN 2002
[25]. The apparent density of RCA and RBA were 2620 kg/m? and 2520 kg/m?, respectively; and the mass density of RCA and RBA
were 1810 kg/m® and 1560 kg/m?, respectively. The chemical compositions of RCA and RBA, as shown in Table 1, were tested by X-ray
fluorescence (Bruker S8 Tiger, XRF)

2.2. Bacterial cultivation

A ureolytic bacterial strain, Bacillus sphaericus LMG 22257, was used for this research. The growth medium (abbreviated as UYE
medium) containing urea (20 g/L) and yeast extract (20 g/L) was used, and the pH was adjusted to 8.5 under sterile conditions using 1
M NaOH or HCI solutions. The bacteria were cultivated in UYE medium (28 °C, 130 rpm) for 24 h, and then the bacterial solution was
obtained. Subsequently, the bacterial pellets were harvested by centrifuging (7000 rpm, 10 min) the bacterial solution and the pellets
were resuspended in the same volume of NaCl solution (8.5 g/L). The final concentration of pellet solution was around 5.4 x 10 cells/
mL, which was used in the following experiments.

2.3. MICP treatments of different recycled aggregates

As shown in Table 2, two different recycled aggregates, RCA and RBA, were subjected to two types of MICP treatments, respec-
tively. One was the basic MICP treatment [20] shown in Fig. 2(a). Step 1, the pellet solution was mixed with de-ionized water following
a volume ratio of 1:1, the final concentration of pellet solution was 2.7 x 107 cells/mL. And then, the recycled aggregates (100 g) were
fully immersed in the above pellet solution (100 mL) for 12 h to make the aggregates absorb enough bacteria. Step 2, the aggregates
were taken out and transferred into the deposition solution (100 mL, 0.5 M) consisting of 0.5 M urea and 0.5 M Ca-nitrate for 7 d. The
other type of the treatment was the SA-aided MICP treatment [26] shown in Fig. 2(b). Step 1, the pellet solution was mixed with 0.4 wt
% SA solution following a volume ratio of 1:1, and the final concentration of SA and bacteria in the mixture were 0.2 wt% and 2.7 x
107 cells/mL, respectively. And then the aggregates were immersed into the bacterial pellets-SA mixture (100 mL) for 60 s to ensure
that the surfaces were fully wrapped with a super thin layer of mixture. Step 2, the aggregates were taken out and completely sub-
mersed into the deposition solution (100 mL, 0.5 M) for 7 d. These groups were abbreviated as RCA-Basic group, RCA-SA group,
RBA-Basic group, and RBA-SA group, as shown in Table 2. Nine replicates were performed for each group during step 1, three rep-
licates of which were used in the step 2 and six replicates were used for the next absorption-desorption experiment. The treatment was
carried out at room temperature.

Meanwhile, two control groups were performed on RCA and RBA, respectively, which were abbreviated as RCA-Control and RBA-
Control in Table 2. The aggregates (100 g) were immersed in deposition solution (100 mL, 0.5 M) during the whole treatment process,
approximately 7.5 d. The treatment process for the control group was also carried out at room temperature. The purpose of the control
group was to examine the impact of the whole immersing treatment process on the mass change of the recycled aggregates, as well as
the effect of calcium nitrate solution on the final biogenic precipitates. In previous study [26], the mass of the aggregates after the same
treatment of control group showed a slight increase, which might be from calcium carbonate formed by the dissolution of CO5 from the
air into the calcium ion solution. Three replicates were conducted for each control group.

2.3.1. Absorption of bacteria in/on aggregates

The absorption of bacteria in/on aggregates of RCA-Basic group, RCA-SA group, RBA-Basic group, and RBA-SA group were tested
by measuring the volume and concentration differences of the immersing solution between before and after absorption phase. The
above six replicates were applied for measuring the absorption of bacteria in/on aggregates during step 1. As shown in Fig. 3, before
immersing the aggregates (step 1 in Fig. 2), the volume (V1, mL) and concentration (C1, cells/mL) of the pellets solution/mixture of
pellets and SA were measured by a cylinder and UV spectrophotometry, respectively. After 12 h, the aggregates were taken out, then
three replicates were transferred into saline solution and three replicates were transferred into calcium nitrate solution (0.5 M) in the

Table 1
Chemical compositions (Wt%) of recycled concrete aggregates.
Sio, Na0 Al,05 CaO MgO Fe,03 K20
RCA 44.3 21.0 17.2 8.8 6.5 0.6 1.2

RBA 49.1 15.0 19.8 4.0 8.1 1.8 1.2
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Table 2

Experiments of different MICP treatments on different recycled aggregates.
Abbreviation of each group Aggregates MICP treatment
RCA-Control RCA Control
RCA-Basic RCA Basic
RCA-SA RCA SA-aided
RBA-Contro IRBA Control
RBA-Basic RBA Basic
RBA-SA RBA SA-aided

(a) Basic MICP treatment
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Fig. 3. Diagram of absorption and desorption of bacteria in/on aggregates.
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next experiment, respectively. The volume (V2, mL) and concentration (C2, cells/mL) of the residual pellet solution were measured
and calculated again. The absorption rate can be represented by Eq. (1).

ViIxCl-V2xC2

1
aggregates (g) M

Absorption rate (cells | g) =
2.3.2. Desorption of bacteria in/on aggregates

The dynamic desorption in the saline/Ca®" solution of bacteria from RCA-Basic group, RCA-A group, RBA-Basic group, and RBA-SA
group were obtained by measuring the number of bacteria released from the aggregates, which was determined by the plate counting
method. In the desorption phase, two immersing solutions, saline solution and calcium nitrate solution (0.5 M), were applied and the
above six replicates were used. Three replicates were immersed in saline solution and three replicates were immersed in the Ca?*
solution. The aggregates with fully absorbed bacteria were transferred into saline solution, which can clearly reflect the effect of the
aggregates themselves on the adhesion of bacteria without the disturbance of Ca®", therefore the impact of pore structure and
alkalinity on the desorption of bacteria could be examined. Transferring into the Ca?* solution could simulate the desorption of
bacteria during the process of biological deposition. Many studies have found that calcium ions affect bacterial urease activity. For
instance, previous research discovered that at a bacterial concentration of 107 cells/mL, calcium ion showed an inhibitory effect on
bacterial urease activity. Urease activity was higher in 0.25 M Ca®" solution than that in 0.5 M Ca2* solution [21]. Therefore, in the
real bio-deposition treatment condition (0.5 M cat solution), the detected desorption of bacteria could be lower than that in a saline
solution. As shown in Figs. 3 and 1 mL of immersion solution was taken out at 1, 2, 6, 24 h for plate counting. The counting was the
desorbed bacterial cells at that time, and the desorption rate can be calculated by Eq. (2). To conduct plate counts for each group, serial
dilutions from 10-fold to 10%-fold were measured to ensure a countable number of bacterial colonies formed on the plate. Plates with
final colony counts between 30 and 300 were considered as the valid result. The dilution steps in this experiment were precise, and
multiple parallel count samples (n = 3) were used for each sampling to increase the reliability of the results.

In addition, the pellet solution (100 mL, three replicates) was placed in the room environment during the whole desorption process
as the reference group, the initial and final concentrations of bacteria were measured to calculate the naturally degradation during the
whole absorption and desorption process.

_ desorbed bacteria (cells)

Desorpti te (%) = 100% 2
esorption rate (%) absorbed bacteria (cells) * ’ 2

2.4. Efficiency of MICP treatments

2.4.1. Urea decomposition and pH evolution during the deposition process

The precipitation process of the MICP treatment was monitored by the urea decomposed and pH evolution. The urea decomposed
(mmol/L) and urea decomposition efficiency (%) were calculated by Egs. (3) and (4) [24]. One mole of urea is decomposed into 1 mol
of carbonate ions and 2 mol of ammonium nitrogen. The ammonium nitrogen was measured by a Nessler’s method (TAN) [27].
Samples (3 mL) were taken. Around 1 ml was filtered to remove the cells and maybe precipitates before applying the TAN method. The
rest of the samples (around 2 mL) were taken for the measurement of pH value (BPH-7100). The concentration of ammonia nitrogen
and pH were tested at 2h, 6 h,10h,1d,2d,3d,4d,5d, 6d, and 7 d, respectively.

N — NH} (mg/L) x 60(g/mol)
2 x 14 (g/mol) x 60(g/mol)

(3)

urea decompsed (mmol | L) =

d iti //L) x 1073
urea decomposition efficiency (%) = urea ecom[z)stszzm (;'/121)0 /L) x 100% 4)
.5 (mo

2.4.2. Visualization of the surface of the treated-aggregates
After MICP treatment, the appearance of RCA and RBA was photographed by a camera (Canon PowerShot G7), which showed the
distribution of biogenic precipitates on RCA and RBA.

2.4.3. Mass increase of the treated aggregates

After MICP treatment, the mass increase of aggregates was mainly due to the formed biogenic precipitates, which directly reflected
the efficiency of the MICP treatment. The following Eq. (5) was used to calculate the mass increase of the treated aggregates. All of
masses were weighed after drying in a 40 °C oven till obtaining a stable value.

M, - M

Mass increase (%) = L x 100% (5)

1
Where: M; was the mass of aggregates before MICP treatment, g; My was the mass of aggregates after MICP treatment, g.

2.4.4. X-ray diffraction analysis

The mineral composition of biogenic precipitates on RCA and RBA were qualitatively detected by X-ray diffraction (XRD, Bruker D8
ADVANCQ). Before the test, the biogenic precipitates generated on the dried aggregates after MICP treatment were ground into the
powder of around 200 mesh in porcelain mortar and uniformly mixed. The powder was made into samples with a flat surface for
scanning. The scanning step size was 0.02° and the scanning range was 20-70°.
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2.4.5. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was used to detect the formation of the biogenic precipitates. The preparation of sample powder
was the same as the XRD test. The samples placed on the sample stage of the instrument (METTLER TOLEDO TGA/DSC3+). The
temperature of powder sample was raised from room temperature to 1000 °C at a rate of 10 °C/min under nitrogen. The mass loss of
the sample during heating was recorded and displayed in a mass-temperature graph.

2.4.6. Decrease in water absorption of aggregates

The decrease of water absorption of aggregates could evaluate the efficiency of MICP treatment. The water absorptions of recycled
aggregates before and after treatment (WApefore and WA,fter) were measured according to BS EN 2002 [25]. The following Eq. (6) was
applied to calculate the decrease of water absorption of aggregates. WA decrease was the decrease of water absorption of aggregates
after treatment. WAypefore Was the water absorption of aggregates before treatment (%). WA,¢er was the water absorption of aggregates
after treatment (%).

WA perore — WAdfier

x 100% (6)
WAbefore

WA decrease (%) =

2.4.7. Morphology of the surface of aggregates

Scanning electron microscopy (SEM, ZEISS GEMINI 500) was applied to observe the morphology of the untreated and bio-treated
aggregates under an accelerating voltage of 10 kV. The surface of aggregate was coated with gold before testing. Meanwhile, the
element compositions of different aggregates were determined by an energy dispersive spectrometer (Oxford EDS System).

2.4.8. Pore size distribution and porosity

The pore size distribution and porosity of recycled aggregates before and after MICP treatments were characterized by a mercury
intrusion porosimetry (MIP, Autopore IV 9500). In this study, the ambient temperature was 19 °C, the pressure range was 0.2-60000
psi, and the pore size range was 800 pm to 3 nm.

3. Results and discussion

3.1. Absorption of bacteria in/on aggregates

The absorption rate represents the actual adhesion of bacterial cells number in/to the aggregates. As shown in Fig. 4, under the
basic MICP treatment, the absorption rate of bacteria in RCA-Basic group was 5.63 x 10° cells/g on average, which was only about half
as much as that of RBA-Basic group, 1.11 x 107 cells/g on average. Under same SA-aided MICP treatment, the absorption rate of
bacteria was 1.13 x 107 cells/g on average in RCA-SA group. For RBA, the absorption rate of bacteria was 1.76 x 107 cells/g on
average in RBA-SA group, which was about 56 % higher than that of RCA-SA group. The significant improvement of absorption rate of
bacteria in/on RBA, comparing with RCA, might be due to the different of pore properties between them. The porosity of RBA is
normally higher than that of RCA, and RBA contains more large pores. The more pores there were, the more bacteria could be adsorbed
and retained, and larger pores allowed bacteria to be adsorbed and retained more quickly within the pores. Therefore, the high
porosity and the larger number of large pores in RBA resulted in a higher capacity to adsorb bacteria, in terms of both the quantity of
bacteria adsorbed and the rate of adsorption, compared to RCA.

For the same aggregates, for instance RCA, the absorption rate of bacteria in RCA-Basic group (5.63 x 10° cells/g on average) was
significantly lower than that in RCA-SA group (1.13 x 107 cells/g on average). This indicated that SA-aided MICP treatment can obtain
almost twice the absorption of bacteria than that of basic MICP treatment on RCA. Regarding RBA, the absorption rate of bacteria in
RCA-SA group (1.76 x 107 cells/g on average) was also significantly higher than that in RCA-Basic group (1.11 x 107 cells/g on
average), which improved 59 % under SA-aided MICP treatment. This suggested that the viscous SA could promote more bacterial cells

2.0x107

1.8x107

—

1.6x107

1.4x107

1.2x107
T

1.0x107

=

8.0x10°

6.0x10°

o

Absorption rate (cells/g)

4.0x10°

2.0x10°

0.0 1 1 1 1
RCA-Basic RCA-SA RBA-Basic RBA-SA

Fig. 4. Absorption of bacteria in/on aggregates.
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to adhere to the aggregates.

3.2. Desorption of bacteria from the aggregates

The desorption rate of bacteria within 24 h directly indicated the release of the bacteria from the aggregates to the solution phase
during the bio-deposition process. Theoretically, the optimal residence sites of the bacteria are the pores or the surface of aggregates,
and the bacteria, as the nucleation sites, promote the biogenic CaCOj3 in-situ generated in/on the aggregates. Therefore, the fewer
bacteria releasing into the solution phase, the more precipitates could form in-situ in/on the aggregates. The release of bacteria into the
saline solution can indicate the adhesion property of different aggregates to bacteria under different MICP treatments, without the
interference of Ca?* to bacterial activity. As shown in Fig. 5, in the first hour, the desorption rate of bacteria from the aggregates rose
sharply, reaching 76.7 % in RCA-Basic group, 46.2 % in RCA-SA group, 71.4 % in RBA-Basic group, and 46.6 % in RBA-SA group. At 2
h, the desorption rate continued to increase, and reaching 87.7 % in RCA-Basic group, 72.4 % in RCA-SA group, 72.8 % in RBA-Basic
group, and 65.1 % in RBA-SA group. At 6 h, the increase of desorption rate was apparently slow, only reaching 88.3 % in RCA-Basic
group, 80.6 % in RCA-SA group, 81.9 % in RBA-Basic group, and 70.7 % in RBA-SA group. This could be found that for the RCA-Basic
group and RBA-Basic group, the desorption rate of bacteria at 1 h almost reached their highest value. For the RCA-SA group and RBA-
SA group, from 1 h, the desorption rate increased rapidly and almost reached the highest value till 2 h. And after that, the desorption
rate of bacteria in all groups increased slowly and reached the highest value at 24 h, 90.6 % in RCA-Basic group, 86.6 % in RCA-SA
group, 88.9 % in RBA-Basic group, and 76.3 % in RBA-SA group. It was illustrated that for RCA-Basic group and RBA-Basic group, it
took around 1 h for bacteria almost completely to escape into external saline solution. And for RCA-SA group and RBA-SA group, it
would take 2 h. This difference indicated that most bacteria do not stay longer than 1 h in/on aggregates, relying solely on their
physical adhesion to the aggregates. Adding sticky SA helped the bacteria stick to the aggregates longer, but only for 2 h.

At 24h, it can be seen in Fig. 5 that the final bacterial desorption rate reached to maximum 90.6 % of RCA-Basic group. Also for the
reference group, the concentration of pellet solution (100 mL) decreased from 5.4 x 107 cells/mL to 5.1 x 107 cells/mL, indicating that
the concentration of pellets degraded to 94.4 % within 24h. It can be calculated that only approximately 3.8 % of bacteria stayed in/on
the aggregates, which means that almost all precipitates would form in the solution phase instead of in/on the aggregates, and then fell
down on the top surface of aggregates due to gravity effect. Thus only top surface was covered by the precipitates, and other surfaces
were barely covered [24]. As for RCA-SA group, it can be found that the bacterial desorption rate was lower than RCA-Basic group at all
times, at 2 h, the former (72.4 % on average) was apparently around 80 % of the latter (87.7 % on average). This further indicated that
the viscosity of SA could facilitate bacteria to adhere to aggregates. As the immersing time in saline solution, more bacteria were
gradually desorbed to solution phase, and the final bacterial desorption rate of RCA-SA group reach to 86.6 % on average. This was
because SA merely sticked the bacterial cells on the aggregates, rather than fixing the cells on aggregates. While in the actual
deposition process, the network structure of Ca-alginate would rapidly form when SA was exposed to Ca" (in step 2), which has a firm
fixation effect on bacteria.

Similar results were found in the RBA-Basic and RBA-SA groups, the bacterial desorption rate rose to 88.9 % and 76.3 % on average
at 24 h, respectively. Under same MICP treatments, the desorption rates of RCA were higher than that of RBA. It might be due to the
more suitable pH (around 8-9) and higher porosity of RBA, which was more conducive to the retention of more bacteria in/on the
aggregates.

Fig. 6 shows the desorption of bacteria from the aggregates in the Ca>" solution. It could illustrate the bacterial release in the real
treatment process since during the step 2 of MICP treatment, the aggregates would be immersed in the deposition solution containing
calcium nitrate. Under basic MICP treatment, in the first 2 h, the desorption of bacteria in RCA-Basic group and RBA-Basic group
increased most rapidly, reaching 55.0 % and 51.2 % on average at 2 h, respectively. At 6 h, the desorption of bacteria in RCA-Basic
group and RBA-Basic group grew more slowly, reaching 56.3 % and 53.6 % on average, respectively. And then, the final desorption of
bacteria in RCA-Basic group and RBA-Basic group were 74.6 % and 70.7 % on average, respectively. Under SA-aided MICP treatment,
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Fig. 5. Desorption of bacteria from aggregates in saline solution.
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Fig. 6. Desorption of bacteria from aggregates in Ca®" solution.

before 6 h, the desorption of bacteria in RCA-SA group and RBA-SA group have been rising significantly until reaching 35.7 % and 35.8
% on average at 6 h, respectively. Subsequently, the desorption of bacteria in RCA-SA group and RBA-SA group increased slowly,
reaching 41.8 % and 38.6 % on average at 24 h, respectively. It was found that under same MICP treatment, the desorption of bacteria
maintained the same increase rate regardless of RCA and RBA, indicating the desorption trend of bacteria remained the same. While
the desorption of bacteria in RCA groups always slightly higher than that in RBA groups, which might be that the bacteria were inclined
to stay in the larger pores of RBA and penetrate into deeper pores inside of RBA, thus they were comparatively not readily to desorb
from aggregates.

For RCA, the desorption of bacteria in RCA-SA group was significantly lower than that in RCA-Basic group at all times. The final
desorption rate of bacteria in RCA-Basic group (74.6 % on average) was around 78 % higher than that in RCA-SA group (41.8 % on
average). For RBA, the desorption of bacteria in RBA-SA group was also significantly lower than that in RBA-Basic group at all times.
This was due to the fact that when SA exposed to Ca®", the network structure of Ca-alginate would formed instantly on aggregates,
which played a crucial role in entrapping bacterial cells [26]. This prevented many bacteria from releasing into solution. For example,
at 2 h, the desorption rate of RCA-Basic group and RBA-Basic group reached to 55.0 % and 51.2 % on average, respectively, which were
much higher than the RCA-SA and RBA-SA groups, 20.8 % and 24.5 % on average. This further indicated that the Ca-alginate formed
quickly and prevented around half of bacteria from releasing into solution phase.

In Fig. 6, at 1 h, the desorption rate of bacteria from the aggregates in Ca>" solution apparently increased, only reaching 44.8 % in
RCA-Basic group, 11.8 % in RCA-SA group, 43.9 % in RBA-Basic group, and 13.8 % in RBA-SA group, which were significantly lower
than that in saline solution shown in Fig. 5. And then the desorption rate gradually increased until 6 h, reaching 56.3 % in RCA-Basic
group, 35.7 % in RCA-SA group, 53.6 % in RBA-Basic group, and 35.8 % in RBA-SA group. The difference with the desorption of
bacteria in saline solution in Fig. 5 was that, in Ca?" solution, the desorption rate reached to a stable state at 6 h in RBA-Basic group and
RBA-SA group, even at 24 h in RCA-Basic group and RCA-SA group. And the final desorption rate in RCA-Basic group, RCA-SA group,
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Fig. 7. The urea decomposition of different recycled aggregates under basic and SA-aided MICP treatments.
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RBA-Basic group, and RBA-SA group were only 74.6 %, 41.8 %, 70.7 %, and 38.6 % on average, respectively. While in saline solution,
the desorption of bacteria in all groups reached to a stable state at 1h and at the latest at 2 h. The final desorption rate in RCA-Basic
group, RCA-SA group, RBA-Basic group, and RBA-SA group were 90.6 %, 88,9 %, 86.6 %, and 76.3 % on average, respectively. The
reason might be that, for basic MICP treatment, Ca%* might have a negative effect on bacterial activity. For SA-aided MICP treatment,
the network of Ca-alginate prevented the bacteria from releasing into solution phase. As a result, it can be seen that the release of
bacteria in RCA-Basic group and RBA-Basic group in Fig. 6 were much more durable and had a much lower final desorption rate than
that of Fig. 5.

3.3. Urea decomposition and pH evolution during deposition process

The formulas of bio-precipitation process were shown in Egs. (7) and (8). As shown in Eq. (7), the decomposition of urea depends on
the bacterial urease activity. With the presence of Ca?", the formed CO%~ immediately react with Ca®* to generate biogenic CaCOs, as
shown in Eq. (8). Therefore, the formation rate of biogenic CaCOs, is closely related to the urea decomposition rate. In Fig. 7, in the first
3 d, the urea decomposition rate was the fastest, and after 3 d, the urea decomposition hardly increased, which indicated that the
deposition reaction mainly occurred within the first 3 d. This was consistent with the findings of previous studies [26,28].

Bacterial urease

CO(NH,), 4+ 2H,0 2NH; + COy” 7)

COT + Ca**>CaCO05 | (8)

Under basic MICP treatment, the urea decomposition in RCA-Basic group was lower than that in RBA-Basic group from 1 d to 7 d.
The reason might be that the higher porosity and more suitable alkalinity of RBA absorbed more bacteria to promote the decompo-
sition of urea. In the first 3 d, the urea decomposition in RCA-Basic group and RBA-Basic group increased rapidly, reaching at 313 mM
and 356 mM on average, respectively. After 3 d, the increase of urea decomposition in RCA-Basic group and RBA-Basic were gradually
slow, and the final urea decomposition reached to 334 mM and 389 mM on average, respectively. It indicated that most urea was
decomposed within 3 d. Under SA-aided MICP treatment, the urea decomposition in RCA-SA group was also lower than that in RBA-SA
group. Similarly, in the first 3 d, the growth of urea decomposition was rapid, and after 3 d, the growth of urea decomposition in RCA-
SA group and RBA-SA group gradually stabilized, and the final urea decomposition reached to 381 mM and 402 mM on average,
respectively. For RCA, the urea decomposition in RCA-SA group was significantly higher than that in RCA-Basic group at all times,
which might be that the network structure of Ca-alginate encapsulated more bacteria, and promoting the decomposition of urea. For
RBA, the urea decomposition in RBA-SA group was similarly higher than that in RBA-Basic group at all times.

The amount of bacteria absorbed in/on aggregates in the first step is the crucial factor to influence the urea decomposition in
solution. In Fig. 4, it was shown that the absorption of bacteria was 5.63 x 10° cells/g in RCA-Basic group, 1.13 x 107 cells/g in RCA-
SA group, 1.11 x 107 cells/g in RBA-Basic group, and 1.76 x 107 cells/g in RBA-SA group. It was observed that the decomposition rate
in RBA groups were higher than that in RCA groups from the beginning to end under same MICP treatment. The reason could be that
the physical and chemical characteristics of RBA had a positive effect on the bacterial activity urease, which would be discussed in
detail as follows.

Under the basic MICP treatment, for the different aggregates, it could be calculated that the absorption of bacteria in RBA-Basic
group was around 2 times more than that in RCA-Basic group. Accordingly, in Fig. 7, at 1 d, the urea decomposition in RCA-Basic
group and RBA-Basic group were 129 mM and 189 mM on average, respectively. The difference in urea decomposition was from
the fact that RBA absorbed more bacteria than RCA, which was conducive to the decomposition of urea in solution. The reason might
be that RBA had higher porosity and a pH was more suitable for urease activity. At 3 d, the decomposition of urea continued to rise,
reaching 313 mM in RCA-Basic group and 356 mM in RBA-Basic group, and at 7 d, the final decomposition of urea increased to 334 mM
in RCA-Basic group and 389 mM in RBA-Basic group. It was found that the differences between RCA-Basic group and RBA-Basic group
at 3 d and 7 d were less significant than that at 1 d, which indicated that, due to the higher absorption of bacteria in RBA-Basic group,
the urea decomposition in RBA-Basic group was significantly higher than that in RCA-Basic group in the first 1 d. And the difference of
urea decomposition between RCA-Basic group and RBA-Basic group decreased at 3 d and 7 d, which also indicated that the bacteria
could continue to decompose urea after 1 d.

Under the SA-aided MICP treatment, it also could be calculated that the absorption of bacteria in RBA-SA group was 56 % higher
than that in RCA-SA group. Correspondingly, in Fig, 7, at 1 d, the urea decomposition in RCA-SA group and RBA-SA group were 187
mM and 220 mM, respectively, which was caused by the fact that RBA absorbed more bacteria than RCA due to the higher porosity and
more suitable pH of RBA. At 3 d, the urea decomposition in RCA-SA group and RBA-SA group were 369 mM and 379 mM, respectively.
And at 7 d, the urea decomposition in RCA-SA group and RBA-SA group were 381 mM and 402 mM, respectively. It was found that the
differences, such as absorption of urea and urea decomposition from different aggregates under SA-aided MICP treatment, were less
significant than that under basic MICP treatment, which might be to promote SA-aided MICP treatment to reduce the differences in
treatment efficiency caused by different aggregates.

Comparing the different MICP treatments, the urea deposition under SA-aided MICP treatment was correspondingly higher than
that under basic MICP treatment at all times. According to the absorption rate of bacteria in Fig. 4, the adhered bacteria in/on ag-
gregates under SA-aided MICP treatment were much more than that under basic MICP treatment. For example, the urea decomposition
in RBA-Basic group and RBA-SA group were 189 mM and 220 mM, respectively, which was due to the fact that the absorption of
bacteria in RBA-SA group was 72 % higher than that in RBA-Basic group. This indicated that Ca-alginate network produced by SA-
aided ‘fixed’ more bacteria than that of basic MICP treatment. It can be foreseen that more bacteria can promote more
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precipitation of biogenic precipitates [29].

It was well known that pH value is one of the important factors affecting bacterial urease activity and hence the precipitation of
CaCOs [30]. Thus, the pH value of the deposition solution was monitored during the precipitating process. As shown in Fig. 8, the pH
value in RCA-Control group was around 9 during the whole deposition process, which was higher than that in RBA-Control group
(around 8), indicating that the initial pH of RCA was higher than that of RBA. At 3 d, the pH value of RCA-Basic group and RCA-SA
group increased to 10.24 and 9.92 on average, respectively. Meanwhile, the pH value of RBA-Basic group and RBA-SA group increased
to 8.99 and 8.93 on average, respectively. The rise in pH value was mainly due to the decomposition of urea catalyzed by bacterial
urease and produced NHz/NHZ.

In RCA-Basic group, the pH value increased from 9.02 to 10.27 on average after 7 d. And the pH value in RCA-SA group increased
from 8.84 to 10.1 on average. For the RBA, the pH values increased from 8.03 to 9.15 on average in RBA-Basic group and from 7.92 to
9.16 on average in RBA-SA group. Combined the urea decomposition in Fig. 7, under same basic MICP treatment, the urea decom-
position in RBA-Basic group was always higher than that in RCA-Basic group. And under same SA-aided MICP treatment, the urea
decomposition in RBA-SA group was higher than that in RCA-SA group at all times. This might indicate that differences in the alkalinity
of different aggregates caused differences in urea decomposition. Previous research has found that the optimal pH range for bacterial
growth and spore germination of Bacillus sphaericus LMG 22257 was 7-9 [21]. Moreover, it has been noted that the optimal initial pH
environment using the MICP method was 6.5-9.3 [31], and studies have shown that urease activity was significantly reduced under
acidic (below pH 6) and alkaline (above pH 9) conditions [32]. This indicated that the alkalinity of RBA (around 8-9) has more positive
effect on bacteria than that of RCA, thus producing higher urease activity to promote the decomposition of urea. Nevertheless, the high
porosity of RBA is still the most significant factor influencing the urea decomposition. The more pores in the aggregates, the more
bacteria could be absorbed (meaning the higher the urease activity), thus promoting the decomposition of more urea.

3.4. Visualization of the surface of the treated aggregates

Fig. 9 showed the appearance of RCA after basic and SA-aided MICP treatment. the aggregates treated by basic MICP treatment
were shown in Fig. 9(a) and (b), obvious white precipitates were only found on the top surface of the aggregates, while almost no
precipitates were found on the bottom surface. Differently, in Fig. 9(c), many white precipitates were found on the top surface of
aggregates after SA-aided MICP treatment, and almost similar amount of precipitates were seen in Fig. 9(d) on the bottom surface. This
was because under basic MICP treatment, the bacteria, acted as nucleation sites, were physically absorbed on aggregates. Yet, when the
aggregates were transferred to the deposition solution, the bacteria were easily desorbed and released into the solution environment.
This led to many biogenic precipitates to generate in the solution phase, thus only the top surface was covered with a layer of pre-
cipitates due to gravity. However, the top and bottom surface of RCA after SA-aided MICP treatment were almost covered by pre-
cipitates, which indicated that SA-aided MICP treatment prompted the precipitates in-situ generated on the aggregates. This was
because, during the SA-aided treatment process, the viscous sodium alginate evenly ‘glue’ the bacteria onto the aggregates. When the
sodium alginate contacts with calcium ions, a network structure of calcium alginate rapidly formed, which had a stronger capacity to
encapsulate and fix the bacteria. This facilitated the bacteria acting as nucleation sites, promoting the in-situ formation of calcium
carbonate on the aggregates. This was consistent with the conclusions of previous studies [24,26].

Similar phenomenon could be seen in Fig. 10, the coverage of the precipitates on RBA surface after SA-aided MICP treatment was
much more than that after basic MICP treatment. In addition, it could be observed that the coverage of RBA surface also similar with
that of RCA surface under SA-aided MICP treatment, and the amount of precipitates on RCA and RBA after SA-aided MICP treatment
was intuitively difficult to compare, which indicated that SA-aided treatment method was widely appropriate for various aggregates
and narrowed the difference in distribution of precipitates on different aggregates.
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Fig. 8. The pH evolution of different recycled aggregates under basic and SA-aided MICP treatments.
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Fig. 9. The (a) top surface of RCA after basic MICP treatment, (b) bottom surface of RCA after basic MICP treatment, (c) top surface of RCA after SA-aided MICP
treatment, and (d) bottom surface of RCA after SA-aided MICP treatment.

(a) Basic — top surface (b) Basic — bottom surface

Fig. 10. The (a) top surface of RBA after basic MICP treatment, (b) bottom surface of RBA after basic MICP treatment, (c) top surface of RBA after SA-aided MICP
treatment, and (d) bottom surface of RBA after SA-aided MICP treatment.

3.5. Mass increase of the treated aggregates

The mass increase of aggregates after the MICP treatments was due to the formation of biogenic precipitates, and the amount of
biogenic precipitates were strongly related to the number of bacteria adhered in/on aggregates. As shown in Fig. 11, under same basic
MICP treatment, the mass increase in RCA-Basic group was 3.94 % on average, which was lower than that in RBA-Basic group, 4.59 %
on average. The absorption of bacteria in RBA-Basic group (1.11 x 107 cells/g on average) was twice as much as that in RCA-Basic
group (6.63 x 10° cells/g on average). This directly resulted in that the final decomposition of urea in RBA-Basic group (389 mM
on average) was around 16.5 % higher than that in RCA-basic group (334 mM on average) in Fig. 7. Therefore, the generated biogenic
precipitates (mass increase) in RBA-Basic group were more than that in RCA-Basic group. Under same SA-aided MICP treatment, the
mass increase in RCA-SA group was 4.53 % on average, which was slightly lower than that in RBA-SA group, 4.63 % on average. This
was also related to the high porosity of RBA, which absorbed more bacteria and led to higher decomposition of urea.

11
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Fig. 11. The mass increase of different aggregates under different MICP treatments.

For RCA, the mass increase in RCA-SA group (4.53 % on average) was significantly higher than that in RCA-Basic group (3.94 % on
average). This was due to that fact that the SA could absorb more bacteria in/on aggregates, and the quickly formed network structure
of Ca-alginate in the initial time of deposition process could encapsulated more bacteria in-situ on the aggregates, which could be
demonstrated by the absorption of bacteria in Fig. 4 and the desorption of bacteria in Ca?* solution in Fig. 6. And more bacteria on
aggregates led to a higher decomposition of urea, thus promoting the generation of biogenic precipitates. And for RBA, the mass
increase in RBA-SA group (4.63 % on average) was slightly higher than that in RBA-Basic group (4.59 % on average), which also
related to the viscidity of SA and the formed Ca-alginate in the deposition process.

In addition, it was found that in the difference in mass increase from different aggregates under SA-aided MICP treatment (4.53 %
in RCA-SA group and 4.63 % in RBA-SA group) was apparently less significant than that under Basic MICP treatment (3.94 % in RCA-
Basic group and 4.59 % in RBA-Basic group). And it was found that in Fig. 4 that compared with RBA and RCA, the increase of ab-
sorption of bacteria under SA-aided MICP treatment (about 56 % increase in RBA-SA group compared with RCA-SA group) was less
significant than that under Basic MICP treatment (about 97 % increase in RBA-Basic group compared with RCA-Basic group). This
resulted in that in Fig. 7, the difference of final decomposition of urea between RCA and RBA decreased due to SA-aided MICP
treatment. Based on this, it could be indicated that SA-aided MICP treatment is conducive to narrow the influence from different
aggregates on treatment efficiency.

3.6. Decrease in water absorption of aggregates

The decrease of water absorption of aggregates in Fig. 12 directly shows the efficiency of MICP treatment. The formed precipitates
plugged the pores in aggregates, and resulting in the decrease of water absorption. Under the basic MICP treatment, the decrease in
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Fig. 12. The decrease of water absorption and increase of densities of different aggregates under different MICP treatments.
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water absorption of aggregates in RBA-Basic group was 30.47 % on average, which was much higher than that in RCA-Basic group
(20.63 % on average). Correspondingly, it could be found that the mass increase of treated aggregates in RBA-Basic group (4.59 % on
average) was higher than that in RCA-Basic group (3.94 % on average). This difference in treatment efficiency was mainly caused by
the difference in pore structure between RCA and RBA. Higher porosity of RBA could absorb more bacteria, and promoting the more
urea decomposition, and forming more precipitates to repair pore, thus resulting in higher decrease in water absorption of aggregates.
Moreover, the difference in alkalinity between RCA and RBA was also one of the important factors to influence the efficiency of MICP
treatment, more suitable pH in RBA for bacterial urease activity could promote the decomposition of urea.

Under same SA-aided MICP treatment, it was also found that the decrease in water absorption of aggregates in RBA-SA group was
46.02 % on average, which was much higher than that in RCA-Basic group (32.85 % on average). While the mass increases of RBA-SA
group and RCA-SA group were similar, 4.63 % and 4.53 %, respectively. It implied that more precipitates formed on aggregates did not
represent a higher decrease in water absorption. This might be related to the distribution of precipitates in the pores of aggregates. The
precipitates might be readily formed in the inner pores and large pores in RBA, not the small pores in RCA. The precipitates were only
stacked on the surface of RCA, and this part of precipitates was invalid for the decrease in water absorption of aggregates. SA-aided
MICP treatment could narrow the difference in absorbed bacteria from different pore structure and alkalinity of RCA and RBA, thus
promoting the similar amount of precipitates formed, but the effect on the decrease in water absorption was not consistent.

3.7. XRD

Fig. 13 showed the X-ray diffraction patterns of RCA and RBA under basic MICP treatment and SA-aided MICP treatment, which
was mainly applied to qualitatively test their mineral composition. Calcite and vaterite are the two most common crystal forms of
CaCOg3 [33], and calcite is the most stable crystal form. It can be seen that the characteristic peak of the precipitates was mainly
distributed at 29.75°, which was calcite. The second and third strongest characteristic peaks were vaterite at around 26.98° and
32.72°. The crystallinity in XRD is related to peak strength/peak width. Specifically, the area of the peak indicates the crystal content,
and the larger the area, the higher the crystal phase content.

Under basic MICP treatment, calcite is the most crystalline form of the precipitates, followed by vaterite. Under SA-aided MICP
treatment, similar results could be found that the crystal forms of the precipitates in both RCA-SA group and RBA-SA group were
mainly calcite, followed by the vaterite. However, the difference was that the peak strength of calcite in RCA -Basic group was higher
than that in RBA-Basic group and the peak strength of calcite in RCA-SA group was also higher than that in RBA-SA group.
Furthermore, the peak strength of vaterite in RCA-Basic group was lower than that in RBA-basic group, and the peak strength of
vaterite in RCA-SA group was also lower than that in RBA-SA group. There were two reasons for this difference. On the one hand, due
to high porosity, there were more bacteria adhered to RBA than RCA, it implied that the urease activity in the RBA groups were higher.
The urea decomposition in RBA groups was thus higher than that in RCA groups, and the precipitation rate in RBA groups was faster
than that in RCA groups. Rapid precipitation rate tends to form more vaterite and less calcite [34]. On the other hand, the alkalinity of
RCA is higher than RBA, and the formation of CaCOg crystals under various pH conditions have some differences, which has been
reported that the content of calcite increases with the increase of pH value during the deposition of calcium carbonate [33]. In
addition, for RBA, the peak strength of calcite in RBA-Basic group was apparently higher than that in RBA-SA group. This was due to
the fact that SA-aided MICP treatment could absorb large amount of bacteria, thus promoting more urea decomposition and accel-
erating the precipitation rate, resulting in formation of more vaterite and less calcite. Overall, the differences in calcium carbonate
crystal types in this study primarily due to the difference in the precipitation rate. Variations in pore property, alkalinity, and different
MICP treatment methods led to differences in the amount of bacteria adhered to the aggregates and in urease activity, which in turn
affected the precipitation rate, resulting in differences in the types of calcium carbonate crystals.
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Fig. 13. The XRD of RCA and RBA after basic MICP treatment and SA-aided MICP treatment.
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3.8. TGA

Fig. 14 showed the TG-DSC curves of the precipitates on RCA and RBA under basic MICP treatment and SA-aided MICP treatment.
Calcium carbonate decomposes thermally into calcium oxide and carbon dioxide at the temperature range of 650-800 °C [35], so
CaCOg3 can be identified from the characteristic endothermic peaks in Fig. 14. As illustrated in Fig. 14(a), the characteristic endo-
thermic peak of CaCO3 decomposition of RCA subjected to basic MICP treatment was at 760 °C, and the characteristic endothermic
peak of RCA-SA group shifted to the right, 749 °C. The change of characteristic peak position was mainly resulted from the presence of
unstable forms of CaCOs, such as amorphous or the polymorphs vaterite, as well as the aragonite [36]. The weight loss during
650-800 °C of RCA-Basic and RCA-SA groups were 42.1 % and 40.8 %, respectively, and the CaCO3 contents could be calculated
according to the weight loss during the temperature range of CaCO3 decomposition. The CaCO3 content of RCA-Basic group was 95.7
%, which was slightly higher than that of RCA-SA group, 92.7 %. It might be that the precipitates in RCA-SA group contained a small
account of Ca-alginate. As for RBA in Fig. 14(b), the characteristic endothermic peak of occurred at 751 °C and 743 °C. The weight loss
during 650-800 °C of RBA-Basic and RBA-SA groups were 42.0 % and 41.1 %, respectively, thus the CaCO3 contents of them were 95.5
% and 93.4 %, respectively.

3.9. Morphology of the precipitates

Fig. 15 Fig. 16, and Fig. 17 showed the surface morphology of RCA. As for the untreated RCA in Fig. 15(a) and (b), it could be
observed an apparent micro-crack, with the crack width of around 2-5 pm, and some micropores (about 2-5 pm) were on the surface.
After basic MICP treatment in Fig. 16(a) and (b), the CaCO3 formed on the surface were square and irregular in shape, with a size of
around 5-10 pm. As shown in Fig. 17(a), after SA-aided MICP treatment, some sphere CaCO3 with the size of 5-20 pm were formed on
the surface of RCA, and a large number of bacterial imprints could be observed on the CaCO3. Moreover, it was found in Fig. 17(a) that
the Ca-alginate sheet could be observed, which was caused by drying. Calcium carbonate formed on the Ca-alginate sheet, indicating
that this is a composite coating precipitation. Therefore, for SA-aided MICP treatment, it is necessary to increase the amount of CaCO3
and minimize the amount of Ca-alginate.
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Fig. 14. TD-DSC curves of (a) RCA and (b) RBA under basic MICP treatment and SA-aided MICP treatment.
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Fig. 17. SEM images of RCA treated by SA-aided MICP treatment.

As for RBA, in Fig. 18 (a) and (b), the sizes of micropores (about 30 pm) and microcracks (about 50 pm) were significantly larger
than that of RCA. In Fig. 19 (a), after basic MICP treatment, the CaCO3 formed on the surface were square and irregular in shape, with a
size of around 5-10 pm. Some bacterial imprints could be observed on the RBA surface bio-treated by basic MICP treatment in Fig. 19
(b). Differently, after SA-aided MICP treatment in Fig. 20 (a), the CaCOj3 precipitates were relatively rough and not only sphere, but
also in shape of square and irregular. Moreover, large quantities of bacterial imprints could be found in Fig. 20 (b), which indicated
that Ca-alginate network formed could encapsulate a large number of bacteria on the aggregates. Additionally, it was shown in Fig. 20
(a), there was no obvious Ca-alginate sheet, but more calcium carbonate precipitation comparing with Fig. 17(a), indicating that the
aggregates in RBA-SA group adsorbed more bacteria than that in RCA-SA group, thus decomposing more urea and inducing more
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Fig. 19. SEM images of RBA treated by basic MICP treatment.
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Fig. 20. SEM images of RBA treated by SA-aided MICP treatment.

CaCOs precipitates.

3.10. MIP

Fig. 21 showed the porosity and pore size distribution of aggregates with untreated, SA-aided, and basic MICP treatment. It can be
found in Fig. 21(a) that there was a significantly difference of porosity on untreated RCA and RBA, and the total porosities of them were
respectively 28.3 % and 40.7 % according to the MIP results. After basic MICP treatment, the porosity of RCA and RBA were reduced to
20.4 % and 28.5 %, respectively. After SA-aided MICP treatment, the porosities of RCA and RBA were reduced to 14.8 % and 21.4 %,
respectively, which was significantly lower than the porosity of aggregates under basic MICP treatment.
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Fig. 21. The (a) porosity and pore size distribution of (b) RCA and (c) RBA under different MICP treatments.
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As illustrated in Fig. 21(b), the pore size of untreated RCA was mainly less than 1 pm (micropore), and some of them were around
100 pm (large pores). After basic MICP treatment and SA-aided MICP treatment, the porosities of RCA were significantly decreased,
especially the micropores of 100 pm, which might be because large pores were more readily occupied by bacteria and induce the
formation of CaCO3 [23]. As shown in Fig. 21(c), the pore size distribution of RBA was primarily situated around 1000 nm, and the
highest distribution peak could reach to 0.065 mL/g, significantly larger than RCA, approximately 0.02 mL/g. Some of pores were also
distributed at 100 pm, and the peak of large pore was completely disappeared after MICP treatment, which was similar with the results
of above Fig. 21(b). Due to the formation of CaCO3 after SA-aided MICP treatment, the highest peak of RBA was decreased to 0.04
mL/g, and as for RCA in Fig. 19(b), the highest peak of pore size distribution was decreased from around 0.02 to 0.005 mL/g, which
indicated that SA-aided MICP treatment was more conducive to decrease the porosities of RCA and RBA, as well as refining the pore
size distribution than that of basic MICP treatment.

The difference in physical property between RCA and RBA was the pore structure characteristics, such as porosity and pore size
distribution, which significantly affect the formation of biogenic CaCO3 [37]. The formation of biogenic CaCO3 depends on the
catalysis of ureolytic bacteria, and more bacteria and higher urease activity can decompose more urea to produce more carbonate ions,
thus generating more biogenic CaCO3. RBA with high porosity tends to absorb more bacteria than RCA, resulting in higher urea
decomposition in the precipitation process, and higher mass increase. Also in Fig. 19(a), it can be found that the porosity of RBA was
significantly larger than RCA, and some micropores (less than 100 nm) were appeared in RCA. It has been found that biogenic crystals
were preferential generated around and inside open pores, including surface large pores and micro-cracks [38]. This may be because
large pores and micro-cracks were more likely to be occupied by bacteria acting as nucleation sites and thus repaired by the biogenic
CaCOs.

The function of using sodium alginate (SA) is to encapsulate bacteria on aggregates through the formed Ca-alginate network
structure when exposed to calcium, promote the in-situ formation of biogenic CaCO3 on the aggregates, and achieve complete repair of
the entire surface of aggregates [24]. Compared with the basic MICP treatment, the SA-aided treatment was focused on the surface
repairment, which could be found in Fig. 21(b) and (c) that the surface visible pores (larger than 100 pm) were almost completely
repaired under SA-aided treatment. Therefore, for the difference in pore structure and alkalinity between RCA and RBA, SA-aided
MICP treatment could effectively reduce the impact of these differences on treatment efficiency to a certain extent.

4. Conclusions

In this research, it was demonstrated that pore structure and alkalinity had an important influence on the bio-deposition treatment
efficiency of recycled aggregates. The specific conclusions are as follows.

(1) Due to higher porosity of RBA and the more suitable alkalinity for bacteria, after absorption and desorption processes, the

bacteria adhered on RBA was much higher than that on RCA. The adhered bacteria on aggregates were increased by more than 2

times under basic MICP treatment and more than 3 times under SA-aided MICP treatment. From the perspective of efficiency of

MICP treatments, compared with RCA, the more bacteria adhered to RBA with high porosity and more suitable alkalinity, the

more quantities of CaCO3 generated, and the more significant decrease in water absorption.

For both RCA and RBA, the quantities of formed CaCO3 under SA-aided MICP treatment was higher and more uniform than that

under basic MICP treatment, and the corresponding water absorption decreases more significantly. The maximum decrease in

water absorption (46.02 % on average) occurred in RBA-SA group.

(3) Under SA-aided MICP treatment, the influence of pore structure and alkalinity of aggregates on the treatment efficiency was not
significant compared with that under the basic MICP treatment, especially the mass of CaCOs3 on the aggregates. This concluded
that SA-aided treatment could weaken the influence of pore structure and alkalinity from different aggregates on the amount of
formed biogenic precipitates, which was conducive to the unified application of SA-aided MICP treatment on different types of
recycled aggregates.
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