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Abstract: Microbial treatment of recycled concrete aggregate (RCA) may improve the quality of the
aggregate, and enhance its use in the production of structural concrete and promote the recycling
of concrete waste. The mortar phase of the RCA is responsible for the poor performance of the
aggregate. Treating the old adhered mortar or removing it from the natural aggregate (NA) is an
option to make RCA beneficial for the production of quality recycled aggregate concrete (RAC).
Removing the adhered mortar from recycled concrete aggregate using silicate-solubilizing bacteria
was investigated. The bacteria could synthesize the silicates in the calcium silicate hydrate phase
of the cement paste leading to the breakdown of the old adhered mortar. Four SSB strains were
tested for survivability and activity in an alkaline medium to simulate the concrete environment. The
Serratia marcescens bacterial strain, which survived the environment, was inoculated into screw-cap
glass vials containing recycled concrete aggregate fragments and glucose-enhanced nutrient broth
and then incubated for 14 days. Partial removal of the old adhered mortar was observed based on
the weight lost from the RCA. The S. marcescens bacterial strain could survive the alkaline concrete
environment and solubilize the silicates present in cement paste resulting in the removal of the old
adhered mortar.

Keywords: recycled concrete aggregate; silicate-solubilizing bacteria; recycled aggregate concrete;
Serratia marcescens; old adhered mortar

1. Introduction

Concrete is the most popular construction material, with annual global production of
about 32 billion tons [1]. The growth in concrete production indicates a substantial increase
in the consumption of virgin natural aggregates (NA) and the generation of concrete waste,
which poses economic and environmental problems.

The consumption of NA is expected to grow proportionally to the growth in concrete
production. In 2020, global aggregate production was about 50 billion tons [2], and this
amount is expected to grow annually [3]. Mining and transporting large quantities of
aggregate creates large quarry pits and causes heavy traffic and high energy consumption,
negatively impacting the environment and economy [4].

Further, concrete waste generated from construction and demolition (C&D) signifi-
cantly contributes to solid waste that pollutes the environment. The global C&D waste
generated in 2018 was over 3 billion tons [5], with a significant portion ending up in landfill.
Using recycled concrete aggregate (RA) in the production of recycled aggregate concrete
(RAC) is a sustainable alternative in the construction industry worldwide [6–8].

The use of RA in producing RAC for structural applications has been investigated for
over two decades. However, the poor properties and performance of the RA due to the
adhered old mortar have limited its use for unbounded applications such as filler material
in shorelines and roads, and base and subbase material in pavement construction [5,9–11].
The presence of the adhered mortar makes RA more porous with a higher water absorption
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capacity than NA and reduces its strength by about 24% [9]. As a result, RAC has a
higher absorption capacity and shrinkage and lower density and strength [12,13] relative to
ordinary concrete. Since the porosity of RAC is about twice that of ordinary concrete made
of NA (NAC) [14], the former is prone to damage caused by several factors: ingression
of aggressive chemicals, such as sulfates and chlorides, alkali–silica reaction, and freeze–
thaw cycles.

For RAC to be accepted as a structural material, its properties should be comparable to
that of ordinary concrete. This could be achieved by either improving the quality of the old
mortar or removing it from the NA. Several studies reported that the performance of RAC
could be improved by treating RA. Pre-socking RA in acid could reduce water absorption
and improve the strength and resistance to the freeze–thaw effects of RAC [15–18]. A
reduction in water absorption and improvement in the strength of RAC was also observed
using a thermal treatment of RA in which the aggregate was heated to a maximum tem-
perature of 800 ◦C or microwaved to induce thermal stress that reduced the layer of the
old mortar [19,20]. However, this method is energy intensive. Impregnation of RA with
polymers such as polyvinyl alcohol [21,22], siloxane emulsion [23–25], paraffin wax [24],
bituminous emulsion [26,27], and waste cooking oil residue [28] were investigated, and
permeability reduction was observed in the RAC. Another treatment method investigated
includes the immersion of RA in a pozzolanic slurry to enhance the pozzolanic reaction in
the old mortar and improve the stiffness and strength of the aggregate when the reaction
product fills up the pores and heals the microcracks. Some of the pozzolanic materials
investigated include silica fume solution [29–32], sulphoaluminate cement paste [33,34],
cement slurry containing slag [35], fly ash [32–36], and nanomaterials [22,37–52]. Generally,
slump and porosity reduction and strength gain were reported. Porosity reduction in RAC
was also reported when the RA was subjected to accelerated carbonation curing, in which
the aggregate is cured in CO2 under pressure [42,53–56]. Biotreatment of RA relies on the
ability of bacteria to survive the concrete environment and synthesize calcium carbonate
to fill up the pores in the old mortar [57–59]. Some treatment methods could improve a
specific property of the RAC but could also have serious side effects. Silicate treatment
could harm the durability of the RAC by enhancing the alkali–silica reaction [60]. Some
treatment methods have prolonged curing time and compatibility issues or can promote
corrosion in reinforcing bars by lowering the alkalinity of the concrete pore solution.

Generally, these studies have made considerable progress in improving the perfor-
mance of the treated RAC relative to that of the untreated. Since the properties of the treated
RAC are not comparable to the natural aggregate concrete (NAC), the desired outcome to
recycle concrete in abundance and use RAC for structural applications has not yet been fully
achieved. Therefore, more research is needed to overcome the barriers to recycling concrete
waste in larger quantities. Complete replacement of NA with RA could be envisioned if the
old mortar could be removed using a simple, cost-effective, and environmentally friendly
method. This paper presents the results of a study conducted to remove the old mortar
from the NA in RA using bacterial treatment. Unlike the bio-deposition method discussed
above, which improves the old mortar by depositing solid calcium carbonate into the pores,
this paper presents the use of bacteria in removing the old mortar. This method, defined
as a process of surface modification using microorganisms to enhance the separation of
one mineral from another [61–63], was applied to remove the adhered mortar from the
RA as the result of the bacterial effect in breaking down the calcium silicate hydrate (CSH)
present in cement paste.

Microorganisms play a significant role in the process of weathering rocks and the
formation and biodegradation of minerals [64]. In biogeochemical cycles of silicates, some
microorganisms actively transform polymerized silica into the simplest form [65]. Various
silicate-solubilizing bacteria (SSB) such as Bacillus mucilaginosus, Bacillus megaterium, Bacillus
flexus, Pseudomonas sp., and Pseudomonas fluorescens dissolve silicates present in soil and
release minerals such as potassium, calcium, and magnesium [66]. Several studies have
reported on the effectiveness of SSB in removing silicate from various minerals, such
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as bauxite [67,68], nickel ore [69], and pyrolusite [70]. Though the exact mechanism of
desiliconization of materials by SSB remains unclear, acid hydrolysis, enzymatic hydrolysis,
and formation of extracellular polysaccharides are some suggested mechanisms [71–73]. In
an experimental study on the effect of silicate bacteria on magnesite ore, it was observed
that the concentration of silicate in the ore was significantly reduced [74], indicating the
effectiveness of the bacteria under favorable conditions. Bacteria are ubiquitous in nature
and can be found in extreme environments, of which concrete should be considered one,
due to the increased alkalinity and low water activity. A study found that concrete of
varying composition and location was found to have predominantly bacterial DNA [75].
This suggests endolithic bacteria are able to survive in concrete and could be a source of
SSB. Based on the above statement, the authors investigated the effect of SSB in removing
the adhered mortar of the RA by dissolving the silicate present in the C-S-H phase of the
cement paste.

2. Materials and Methods
2.1. Materials
2.1.1. Concrete

Since the main objective of this investigation was to test if the SSB could solubilize the
silicate in the CSH phase of the cement paste, any strength but uncontaminated Portland
cement concrete was used. Thus, concrete samples were collected from a local concrete
waste plant. The concrete waste samples were washed, air-dried and crushed into a
maximum aggregate size of 1 inch. Some aggregates were crushed into powder.

2.1.2. Bacterial Strains

The bacterial strains used in this experiment include Serratia marcescens, Citrobacter
freundii, Pseudomonas stutzeri, and Bacillus megaterium. These commercially available bacte-
rial strains are capable of solubilizing silicate minerals. They were selected because their
biosafety level was assigned to BSL-1, the lowest level of health concern. The bacterial
strains were grown in glucose-enriched nutrient broth (GNB) (Table 1).

Table 1. Composition of glucose-enriched nutrient media.

Ingredient Amount Per Liter

Difco powdered nutrient broth 8 g
α-D(+)-Glucose 100 g

Bromothymol Blue (BTB) 48 mg
Optional: Agar (for plates) 15 g

2.1.3. Bunt and Rovira Medium

Bunt and Rovira medium (BR) was used to identify SSB, and the composition is shown
in Table 2.

Table 2. Composition of Bunt and Rovira Medium, pH 7.0 ± 0.5.

Ingredient Amount Per Liter

Peptone 10 g
Glucose 20 g

Magnesium chloride 0.1 g
Ferric chloride 0.01 g
Yeast extract 1 g

Ammonium sulphate 0.5 g
Disodium hydrogen phosphate 0.4 g

Agar 20 g
Insoluble magnesium trisilicate 0.25% of the volume
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2.2. Tests

The experimental procedure followed in the study is summarized in the flowchart
shown in Figure 1.
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2.2.1. Identifying Silicate-Solubilizing Bacteria (SSB)

Bunt and Rovira medium was used to visually differentiate bacteria that can solubilize
the silicate compound found in the agar plates. The first step was to determine if there were
any environmental SSB on the recycled concrete aggregate (RA) fragments or if lab strains
would be necessary to achieve the desired effect. Unsterilized RA was introduced into the
nutrient broth and incubated for 24 h. Then, 0.1 mL of the solution was inoculated to Bunt
and Rovira agar, and the plates were incubated for 24 h at 30 ◦C. Silicate solubilization is
detected as a clearing effect on the agar medium, and any such organisms can be isolated
and identified. Based on the results from the RA fragments, lab strains of bacteria were
used. The bacteria S. marcescens, Pseudomonas stutzeri, Citrobacter freundii, and Bacillus
megaterium were tested. The lab strains were chosen due to their ecological niche and
potential to solubilize silicate. Each organism was streaked onto the Bunt and Rovira
medium and incubated at 30 ◦C for 24 h. Although the final incubation temperature was
set at 25 ◦C for the experimental trials, 30 ◦C was used initially to allow for faster growth
due to the temperature preference of the samples used. After incubation, the media was
evaluated for the zone of clearance (CZ) around each colony. Any clearing would indicate
the solubilization of the magnesium trisilicate in the medium.

2.2.2. Selection of Bacteria

Bacterial strains that were able to produce the cleared zone were then reisolated
and used for further testing to determine efficacy. Serratia marcescens, C. freundii, and
B. megaterium were used for this next step. Each of the three silicate-solubilizing lab isolates
was then grown on five Bunt and Rovira agar plates to determine the relative sizes of the
cleared zones. The diameters of these zones including the colony were measured, and the
largest average diameter relative to colony size was used to determine the isolate with the
highest solubilization index as described in previous studies [76]. A time course was not
considered, as all plates were incubated for 24 h. The organism with the highest ratio of
solubilization would be used for further trials.
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2.2.3. Identifying Favorable Environment

Since concrete is alkaline, the next step was to check if the introduction of the RA
would raise the pH value of the solution to a level that exceeds the survival threshold
for the chosen isolate. The lab strain S. marcescens can survive up to a pH of 9 [77]. The
experiment was set up in 100 mL Erlenmeyer flasks containing nutrient broth with added
glucose to a concentration of 10%. The medium was adjusted to a pH of 7 using 0.1 M
hydrochloric acid, and bromothymol blue (BTB) was used as a pH indicator. Twenty flasks
containing glucose medium were prepared. A total of 5 grams of mechanically powdered
RA was added to the ten flasks, and 5–10 g of RA fragments was added to the other
ten flasks. The flasks were sampled every hour for the first 8 h and then every 24 h for
seven days. The pH values of the solutions were monitored via pH indicator dye with
limited-range pH test strips. Serratia marcescens were then inoculated into the cultures to
verify survivability in the medium. Growth was monitored via spectrophotometry and
plate counts of colony-forming units (CFUs), which were taken every 24 h for 7 days.

2.2.4. Silicate Solubilization Test

To investigate whether the bacterial fermentative process was crucial for the degra-
dation of the RA, 0.1 mL of S. marcescens was inoculated into 75 mL screw-cap glass vials
containing 5 g of RA fragments and 50 mL of GNB with BTB; the vials were incubated
aerobically and anaerobically at room temperature (22–25 ◦C), and the RA samples were
weighed every 24 h. The testing period for each sample was set to 14 days. Each sample’s
dry weight was measured before and at the end of each testing period. The sample was
removed from the vial and weighed to avoid disturbing any bacterial attachment to the
surface of the RA. The same procedure was followed for the control sample, which was
prepared without introducing S. marcescens, to assess the effects of the medium and the
sample removal technique on the results.

Due to the chemical makeup of cement paste with calcium silicate products, it was
necessary to check whether the bacteria were solubilizing the calcium oxide or the silica
components of the cement paste. Using testing procedures similar to RA treatments with
S. marcescens, roughly 5 g samples of calcium carbonate were tested by replacing the RA.
The measurements were taken every 24 h, and dry weights before and after the incubation
were established. A cell-free control test of the calcium carbonate was run concurrently to
ensure that the medium and measuring methods were not affecting the calcium carbonate.

2.2.5. Supernatant-Only Trial

A cell-free supernatant (CFS) was isolated from the medium to check that the bacteria
were responsible for solubilizing the silicates. The supernatant would contain any soluble
products, such as the acid produced by the bacteria without the cells. Thus, S. marcescens
was added to 50 mL of GNB in vials with RA fragments of 5–10 g in weight. The RA
was introduced to check if any specific products would precipitate in the presence of
calcium silicate. The vials were then incubated without interruption at room temperature
for seven days. On the seventh day, the medium was vacuum filtered with Millipore filter
paper to prevent the bacteria from being transferred to the new sterile containers. Heat or
chemical means were not used to preserve any proteins or other labile products that might
be contained within the supernatant. After filtration, the CFS was added to sterile tubes
with 5–10 g of sterile RA fragments. The pH of the CFS was, on average, 3.5 ± 0.5. An
unpaired single-tailed t-test was performed to analyze whether the supernatant affected
the no-supernatant control. This process was completed with six replicates to mirror the
original testing parameters.

3. Results
3.1. Identification of Bacteria

The four bacterial strains inoculated onto Bunt and Rovira agar plates and then incu-
bated for 24 h at 30 ◦C were visually assessed for silicate solubilization [78]. Pseudomonas
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stutzeri did not produce any cleared zone, so it was characterized as incapable of solu-
bilizing silicate and excluded from the list. Bacillus megaterium, Citrobacter freundii, and
Serratia marcescens produced a clearing effect on the media. Each bacterium was inoculated
via a needle to produce single-point colonies and then incubated for 24 h to provide a
quantitative metric to differentiate the three bacteria. Each replicate was then measured
via the diameters of the colony and the cleared zone, as shown in Figure 2. All colonies
grew. As the bacterial cells multiplied, a clearance zone was produced, indicating sili-
cate solubilization. As shown in the figure, to determine the solubilizing index (SI) the
diameter of the cleared zone (black line) was then divided by the diameter of the colony
(white line) to obtain an average metric for comparing bacterial samples. The average
of each bacterium was taken, and the bacteria with the highest solubilizing index was
determined to be S. marcescens. Citrobacter freundii and B. megaterium were excluded from
further investigation.
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Figure 2. Clearing effect of Serratia marcescens in Bunt and Rovira medium. The black arrow indicates
the diameter of the cleared zone. The white arrow indicates the diameter of the bacterial colony.
These measurements are used to determine the solubilizing index of the bacteria.

3.2. Favorable Environment for Bacteria

The pH in the flasks that received the powdered RA immediately reached 11 ± 0.5
(Figure 3) and maintained the range for 7 days; however, the pH in the flasks that received
fragmented RA reached 9 ± 0.5 after 1 h and maintained the range for 7 days. After the
S. marcescens were inoculated into the cultures, the spectrophotometry and plate count of
colony-forming units (CFUs) revealed that the bacteria survived in the flasks containing the
fragmented RA but not in those with the powdered RA. In the flasks where S. marcescens was
reisolated, the average pH dropped to 3–5 due to bacterial acid production from glucose.
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3.3. Silicate Solubilization

The RA fragments that were inoculated with S. marcescens gained an average of 0.5 g
during the initial weighing, possibly due to the RA’s moisture. The wet weights of the
RA fragments were measured daily, and the dry weights at the end of the test. During
incubation, sediment was observed in the bottom of the treatment vials, as shown in
Figure 4a. It was necessary to determine whether the sediment was from the RA or cell
debris precipitated from the media. Using a Pasteur pipette, the sediment was observed in
a glass slide without stains at 400X magnification (Figure 4b) and determined to be from
the fragmented RA. Based on the recorded measurements (Table 3), the average weight loss
in the vials inoculated with S. marcescens was 0.409 g over 14 days, equivalent to a 7.87%
loss in weight. The average rate of weight loss was determined by dividing the average
weight loss by the total testing period of 14 days, which resulted in about 0.03 g per day.
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Figure 4. Concrete solubilization micrograph: (a) Unidentified sediment in the bottom of the flask;
(b) RA sediment identified using light microscopy.

Table 3. S. marcescens experimental data.

Culture ID 1 2 3 4 5 6 7 8 9 10

Starting Mass (g) 5.28 5.76 5.76 5.23 4.31 5.28 5.76 5.23 4.31 8.05
Final Mass (g) 4.94 5.46 5.58 4.89 3.86 4.63 5.24 4.74 3.76 7.81

∆ Mass (g) 0.34 0.30 0.21 0.34 0.45 0.65 0.52 0.49 0.55 0.24
∆ Mass (%) 6.44 5.21 3.63 6.50 10.44 12.31 9.03 9.37 12.76 2.98

Average ∆ Mass (g) 0.409
Average ∆ Mass (%) 7.87

Similarly, the uninoculated control samples without S. marcescens had an average
weight loss of 0.04 g over the 14 days or 0.003 g per day, as shown in Table 4. The average
percentage lost in control was less than 1%. Figure 5 shows the average daily weight of
three replicate samples with S. marcescens and the control sample. At the end of the testing
period, the weight loss was higher in the samples with the bacterial strain.

Table 4. No-cell control experimental data.

Culture ID C1 C2 C3 C4 C5 C6 C7 C8

Starting Mass (g) 5.10 5.59 4.79 4.55 4.65 4.34 5.96 5.96
Final Mass (g) 5.07 5.58 4.72 4.47 4.63 4.29 5.90 5.94

∆ Mass (g) 0.03 0.01 0.07 0.08 0.02 0.05 0.06 0.02
∆ Mass (%) 0.59 0.18 1.46 1.76 0.43 1.15 1.01 0.34

Average ∆ Mass (g) 0.04
Average ∆ Mass (%) 0.86
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Figure 5. Average daily weight of RA with S. marcescens.

Statistical analysis was performed on the results through GraphPad Prism 9 (Graph-
Pad Software, San Diego, CA, USA). Unpaired t-tests and analysis of variance (ANOVA)
were performed to determine the effect that S. marcescens and its derivative tests had on
the RA relative to the control. An unpaired one-tailed t-test was used to assess for a sig-
nificant difference between the groups. The p-value was found to be significant at <0.0001
thresholds, suggesting that S. marcescens was affecting the RA fragments.

3.4. Testing Calcium Carbonate

Calcium carbonate was used as an alternative substrate control because it exists in a
solid state like concrete, and any change in the mineral would likely be due to a change
in its calcium content. The control calcium carbonate sample lost an average of 0.02 g
or 0.001 g per day in dry weight. The S. marcescens treatment was observed to have an
average loss of 0.07 g or 0.005 g per day in dry weight, which was much less than that
of the fragmented RA. An unpaired one-tailed t-test was used to evaluate if there was a
significant difference between the control and S. marcescens treatment. The p-value obtained
was <0.0001, as shown in Figure 6. The values in the figure show the differences in the
pre and post treatment dry weights from each replicate. The treatment that included
S. marcescens had a larger incidence of variance across the replicates than the uninoculated
control group. The p-value of the unpaired single-tailed t-test represents the difference
between the two groups and is significantly different.
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3.5. Performance of Supernatant

The supernatant-only control groups had an average change in weight of 0.03 g and a
percentage loss of 0.5%, as shown in Table 5. This test was to check whether the bacteria
produced any additional metabolic products that could influence the rate of breaking down
of the silicates. No significant change in the weight of the samples was observed, indicating
no other component beyond the effect observed in the standard tests.

Table 5. Supernatant-only controls experimental data.

Culture ID 1 2 3 4 5 6

Starting Mass (g) 6.69 5.01 6.80 4.45 4.70 7.63
Final Mass (g) 6.66 4.97 6.77 4.43 4.69 7.58

∆ Mass (g) 0.03 0.04 0.03 0.02 0.01 0.05
∆ Mass (%) 0.45 0.80 0.44 0.45 0.21 0.66

Average ∆ Mass (g) 0.03
Average ∆ Mass (%) 0.50

The results of the t-test found that the supernatant was not statistically different than
the cell-free control, with a p-value of 0.1556 (Figure 7a). The same method was performed
on data from the treatment with S. marcescens present. The p-value was <0.0001 (Figure 7b),
with the cell-free supernatant showing a significant difference between the two groups.
This suggests that the supernatant is missing a crucial component for the degradation of
concrete. The values shown are the differences in the pre and post treatment dry weights
from the trials. The results were evaluated using an unpaired one-tailed t-test.
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4. Discussion

Concrete encroaches on natural spaces due to development from the construction
area to a landfill as waste. One possible solution for enhancing concrete recycling is the
bioremediation of concrete waste using SSB. In this study, it was demonstrated that certain
laboratory strains of bacteria were able to solubilize silicate compounds. Furthermore,
these bacteria could reduce the weight of the RA by about 10% in 14 days.

Pastore et al. [79] studied the effects of SSB on silicon and phosphorus from bedrock
and determined how the phosphorus concentration correlated to the microorganisms in
the environment. They found that soil rich with SSB had an average lower pH value
and higher concentrations of silicate, which conforms with the observation in this study
that pH and acid production are essential to solubilizing silicate. When S. marcescens was
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introduced into the vials, the pH value changed from 7 to 3, which resulted in a more
considerable weight loss of the RA fragments. It is currently unknown or not explored in
this study whether the interaction between concrete and SSB is limited to producing acids
that cause weathering.

In addition to enhancing concrete recycling by removing the adhered mortar, bacteria
could benefit the environment by converting insoluble silicate minerals to a usable form
that plants could use. Kang et al. [80] found that rice plants had more robust growth in
fields with SSB. Higher silicate concentrations offered biotic and abiotic tolerances to crops.
Chandrakala et al. [81] stated that most silicate compounds that plants use are introduced
through irrigation water if not otherwise supplemented. The silicate concentration in soil
biomass is depleted as the crop grows and is only partially replenished with watering.
Adding more silicate sources to soil and SSB to help break it down could improve crop
production, especially in areas that have been over-farmed to the point that the biomass
cannot support growth. Concrete, which is currently seen as waste, could be utilized to
replenish these environments depending on the rest of its makeup.

According to Solé et al. [77], when S. marcescens ferments glucose, it produces excess
lactic, acetic, citric, and pyruvic acids. Their study aimed to identify whether production
of prodigiosin, a tripyrrole bright-red pigment characteristic of this species, was inhibited
through an abundance of glucose in the environment during fermentation. The results
showed that, in a high-glucose environment, S. marcescens is capable of rapid extracellular
acidification and that the primary end products were lactic acid and acetic acid. This
explains the rapid decline in pH during the incubation and why S. marcescens had marginal
success in solubilizing the concrete. The medium used in the experiments was nutrient
broth enriched with a 10% concentration of glucose, which was an extremely high concen-
tration that could inhibit the metabolism and growth of some bacteria [77]. S. marcescens
might have rapidly fermented the additional glucose and converted it to acids that could
solubilize the silicates in the RA.

Interestingly, the cell-free supernatant did not significantly affect the RA. This could
be explained by the lower acid concentration found in the supernatant than in the acid-only
trials. The RA and medium itself could have buffered the effects of the weak concentrations
of acids found in the supernatant. Another possible explanation could be that the bacteria
produced acid near the RA, allowing them to interact before being buffered. During
the trials, it was observed that S. marcescens was making a biofilm on the RA fragments.
Serratia marcescens has been demonstrated to produce biofilms, which can regulate pH
within themselves [82]. The proximity of the biofilm to the RA fragment could mean an
immediate release of the acid on the surface of the RA, leading to the weathering effect
mentioned previously.

Shi et al. [83] tested different concrete and cement paste compositions with nitric and
acetic acid to determine the corrosive effect of acid on the different cement compositions. In
this research, a focus was made on the analysis reported by these researchers on Portland
cement. They used nitric acid with a pH value of 3 and acetic acid with pH values of 3 and
5. They found that acetic acid with a pH value of 3 was the most corrosive to the cement
and had the highest concentrations of calcium and silicate during and after treatment.
This supports the results observed with the concrete samples treated with white vinegar
at a pH of 3. The samples were rapidly degraded when compared to the bacterial trials.
These data, in agreement with those reported by Solé et al. [77], support the idea that
the silicate solubilization observed was likely due to bacterial production of acetic acid
during fermentation.

This study aimed to determine if bacteria are viable for RA treatment and thus enhance
concrete recycling. It was observed that S. marcescens can increase the rate of concrete
degradation. Further investigations are necessary to support the idea of using SSB as a
means of RA treatment. This study focused on small-scale samples; however, it is necessary
to determine if the results can be replicated at a larger scale. An avenue for further research
would be to investigate whether acetic acid production in bacteria could be manipulated to
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accelerate the breakdown of silicate minerals. Lee et al. [84] identified a strain of Enterobacter
ludwigii with enhanced acid production, which supports this possibility.

The limitation of time also needs to be evaluated. Each test was run for 14 days, so time
was a limiting factor. Tests that are not limited by time would give insight into the longevity
of some of the treatments. The bacterial treatment may be a slower method, but the bacteria
could continue to reduce the RA weight with time if they are self-sustaining with enough
glucose and other factors. Finally, the most important aspect is the environmental impact
of these methods. The bacterium that was chosen is ubiquitous but has links to nosocomial
infections [85]. The benefits of recycling concrete could be outweighed by the effects
non-native bacteria have on the environment. An environmental impact study should be
completed prior to widespread implementation.

5. Conclusions

The following conclusions could be drawn from the results obtained in the experimen-
tal study on the effect of SSB on the removal of adhered mortar from the RA.

• S. marcescens bacterial strain can survive the alkaline environment in concrete and
solubilize the silicates present in cement paste.

• SSB are capable of breaking down the CSH phase in cement paste by solubilizing
the silicates.

• Cell-free supernatant did not significantly affect the RA, possibly due to the lower
acid concentration in the supernatant.

• SSB treatment of RA to remove the adhered mortar is effective but a slow process by
only reducing 10% in 14 days. Further investigation is required to speed up the process.

• The results of this research could serve as a basis for further investigation that could
enhance the properties of RAC and the recycling of aggregate.
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