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Abstract

To develop high deterioration resistance concrete for marine infrastructures, two types
of nano TiO> (NT) including anatase phase NT and silica surface-treated rutile phase
NT were incorporated into concrete. The fabricated NT modified concrete was then
put into the marine environment for 21 months in this study. The effects and
mechanisms of two types of NT on the deterioration of concrete in the marine
environment were investigated from three aspects, including seawater physical and
biological and chemical actions on concrete with NT. Under the seawater physical
action, the exposed degree of coarse sand particles on the surface of control concrete
is greater than that of concrete with NT. Owing to the microorganism biodegradation
property of NT, the elimination and inhibition rates of concrete with NT on
microorganisms can reach up to 76.98% and 96.81%, respectively. In addition, the
surface biofilm thickness of concrete can be reduced by 49.13% due to the inclusion
of NT. In the aspect of seawater chemical action, NT can increase the pH value inside
concrete by 0.81, increase the degree of polymerization of C-S-H gel, and improve the
interfacial transition zone between cement paste and aggregate in concrete. Compared

to concrete with anatase phase NT, silica surface-treated rutile phase NT is more
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effective in improving the deterioration resistance of concrete in the marine
environment. It can be concluded that incorporating NT can inhibit the deterioration
of concrete in the marine environment.

Keywords: Nano-titanium dioxide; Concrete; Seawater deterioration resistance;

Mechanisms; Microorganism biodegradation

1 Introduction

With the increasing number of offshore infrastructures, such as harbors, offshore
airports, sea bridges, subsea tunnels, etc., there is growing attention to developing
construction materials suitable for the harsh marine environment. As one type of ultra
high-performance concrete (UHPC), reactive powder concrete with the advantages of
excellent mechanical performances and high durability has become one promising
material for infrastructure construction in the marine environment!!-!. However, due
to the long-term actions of the marine environment, the actual service lives of marine
engineering UHPC are far lower than their expected service lives, causing high cost,
manpower and time for maintaining marine structures every year, and the
maintenance costs for marine engineering structures often exceed their construction
costs!¥. Decreasing the deterioration of UHPC by seawater actions is conducive to
improving the service life of UHPC in the marine environment andreducing the
maintenance costs of UHPC structures for marine engineering, which is of important
practical significance.

At present, researchers mainly focus on the deterioration of concrete due to the
seawater physical action (such as surface morphology, mass loss, etc.) and seawater
chemical action (such as expansion rate, pH value, harmful elements penetration

depth, etc.)l!: > ¢ However, seawater has physical and chemical deterioration effects
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on concrete and has biological deterioration effects on concretel’!. Marine
microorganisms (such as Sulfate-reducing bacteria, Thiobacillus, etc.) can convert
SO4*, S and S;05* in seawater to H2SO4 through biochemical reactions®. When
H>SO4 generated by microorganisms comes into contact with concrete, it reacts with
the alkaline substances in concrete to generate CaSO4 with expansion property, and
Al(SOs4)s3, which is easily soluble in water, reduce the pH value inside the concrete
and affect the stability of C-S-H gel™®!%. Meanwhile, CaSO4 generated can continue
to form the expandable product ettringite with the remaining 3CaO-Al,Os3 in concrete,
which further accelerates concrete deterioration. In addition, marine microorganisms
(such as Sulfate-reducing bacteria) can make SO4> ions oxidize the hydrogen and
promote cathodic depolarization to generate corrosion products FeS and Fe(OH),'!],
resulting in hydrogen evolution corrosion of steels inside the concrete. Marine
microorganisms (such as Nitrite bacteria, Nitrifying bacteria, etc.) can convert
ammonia in seawater into nitric acid through biochemical reactions to deteriorate
concrete.

To decrease the deterioration of concrete in the marine environment, some kinds of
methods are adopted. The first method is the usage of mineral admixtures in concrete,
such as silica fume, slag and fly ash, to decrease the deterioration of concrete in
seawater by improving the compactness of concrete!'*!#, However, this method has
limited effect on reducing the seawater physical and chemical deterioration effects on
concrete. Moreover, this method is difficult to decrease the seawater biological
deterioration effect on concrete. The second method is the inclusion of rust inhibitors
[15] Rust inhibitors can inhibit or slow down the electrochemical corrosion of steel by
increasing the corrosion potential and decreasing the density of corrosion current. But

rust inhibitors cannot reduce the seawater chemical deterioration of concrete by



83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

hindering the chloride, and sulfate ions in seawater the concrete and cannot reduce the
seawater biological deterioration of concrete caused by marine microorganisms. In
addition, the anticorrosive coating protection of concrete can also reduce the
deterioration effect of seawater on concrete to a certain extent!!®!”l. However,
anticorrosive coatings have the defects of slow construction progress, poor
compatibility with concrete and high maintenance cost.

Furthermore, some researchers add bactericides into concrete to reduce the
biological deterioration caused by microorganisms based on the bactericidal
performance of bactericides. However, incorporating bactericides often increases the
porosity of concrete, which is not conducive to hindering the seawater physical and
chemical deterioration of concrete. Moreover, bactericides tend to reduce the
mechanical properties of concrete. Hence this method is not beneficial to the
application and popularization!'®!. Therefore, it is necessary to study safety and
environmental modification methods that can increase the concrete compactness and
endow concrete with antibacterial properties.

Adding nano titanium dioxide (NT) into concrete can not only promote the
hydration of cement, improve the polymerization degree and chain length of [SiO4]*
in C-S-H gel, improve the microstructure of concrete, but also increase the

19-21]

compactness of concretel , which is expected to improve the seawater

deterioration resistance of concrete. In addition, NT is a kind of effective antibacterial
agent, which has the advantages of fast sterilization speed, high sterilization rate,
long-term sterilization, insoluble in water, acid and alkali resistance, good chemical

stability, low price, harmless to the human body, comprehensive source, broad-

[22-23

spectrum, etc. 1. Researches have shown that NT has inhibition/elimination effect

on bacteria/microorganisms such as Escherichia coli**?"), Staphylococcus aureus®*
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1 Sulfate-reducing bacteria®, Bacillus subtilis***, Pseudomonas aeruginosa'®,

Aspergillus®Y, Salmonella®", Enterobacter cloacae™, Aeromonas hydrophila'®,
PneumoniaeB, Micrococcus luteus™, etc. Maness et al.?®! found that TiO; increase
the malondialdehyde (an indicator of lipid peroxidation) production per gram of
Escherichia coli from 1.1 nmol to 2.4 nmol after 30 min of light exposure. This
showed that TiO> could lead to the occurrence of lipid peroxidation in Escherichia
coli, damaging the cell membrane of Escherichia coli, blocking membrane dependent
respiration activities, and eventually leading to the death of Escherichia coli. Ibafieza
et al.l*?! found that the elimination rate of Enterobacter cloacae by 100 mg/L TiO>
after 40 minutes of ultraviolet light irradiation could reach more than 99%. Kim et
al.[?*! reported that NT with the particle size of 226 nm and concentration of 230 mg/L
has an elimination effect on Bacillus subtilis. Venieri et al.l*¥ stated that the
elimination rate on Pneumoniae by NT with the particle size of 21 nm and
concentration of 250 mg/L after 15 minutes of sunlight exposure could reach more
than 99%.

NT has the inhibition/elimination effect on microorganisms under the ultraviolet
light environment and wunder natural light/fluorescent light/faint light/dark
environment®®381. Chen et al.l*) carried out a series of experiments to investigate the
antibacterial property of NT under fluorescent lamps, and the results revealed that NT
has strong antibacterial activity under fluorescent lamps, and their inhibition rates on
the mycelial growth, sporulation and spore germination of Colletotrichum
gloeosporioides could reach 30.84%, 39.70% and 86.70%, respectively. Xu et al.[*"]
added 1 wt.% NT into polyethylene plastic film and studied the microbial eliminating
performance of NT modified plastic film under natural light, fluorescent lamp and

faint light for 2 hours. The experimental results showed that the elimination rates of
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NT modified plastic film against Bacillus subtilis could reach 97%, 95% and 93%,
respectively. Meanwhile, Xu et al.[*”) tested the microbial elimination rates of NT
modified plastic film through the contact for 24 hours, and observed that the NT
modified plastic film has 99.97% against Escherichia coli and 99.97% against
Staphylococcus aureus and 97.42% against Bacillus subtilis, respectively. According
to the finding of Adams et al.*¥| NT with a particle size of 330 nm and a
concentration of 1 g/L presents a significant inhibition effect on the growth of
Bacillus subtilis under the dark environment. Meanwhile, Chen et al.*”) investigated
that NT could eliminate microorganisms through direct contact even under the dark
environment, and after contact with each other for 24 hours, the elimination rates of
NT on Escherichia coli and Staphylococcus aureus could reach 100% and 99.5%,
respectively. The observation of Kangwansupamonkon et al.?*! indicated that the
amount of Staphylococcus aureus and methicillin-resistant Staphylococcus aureus
decreased by 22.6% and 38.7%, respectively, after 24 hours of exposure to apatite-
coated TiO2 suspensions under dark conditions. These research results overturn the
common opinion that the antimicrobial property of NT is due to the photocatalysis of
NT under ultraviolet light and visible light. According to the references!*!**?!, the
adhesion of microorganisms to nanomaterials would directly affect the viability of
microorganisms. This may be the reason why NT can inhibit and eliminate
microorganisms through contact with microorganisms. In addition, it has been
revealed that nanomaterials can change the genomic and proteomic characteristics of
microorganisms. For example, after being contacted with gold nanoparticles and
carbon nanotubes, the levels of stress-response proteins which is involved in
protecting against DNA and membrane damage in Escherichia coli are significantly

increased*-**). These findings are in agreement with the results of the research by
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Maness et al.l?®l. Of note, Olivi et al.*®! pointed out that the reactive oxygen species
(ROS) production of nanomaterials is independent of photocatalytic activation.
What’s more, the research published in Nature Communications in 2020 also confirms
that the oxidative stress of bacteria is independent of the photocatalytic activation of
NT® 1t pointed out that the antimicrobial property of NT is mediated by induction
of cellular impedance, penetration and oxidative stress!*’). Therefore, no matter
whether light exists in the environment, NT features an inhibition/elimination effect
on microorganisms. Moreover, NT has been proposed to be widely used in teeth and
bone repair materials due to its promising properties (such as chemically stable,

48511 Hence, NT is a promising additive to reduce the

biocompatible and non-toxic)'
seawater physical/chemical deterioration effects on UHPC by improving the
compactness of UHPC and reducing the seawater biological deterioration effect on
UHPC by inhibiting/eliminating the microorganisms on the surface of UHPC, and
eventually inhibiting the deterioration of UHPC in the marine environment. However,
there are no relevant reports about the effect of NT on the deterioration of UHPC in
the marine environment so far. In addition, the property of NT would affect the
inhibition and elimination effects of NT modified UHPC (NTMUHPC) on the
microorganisms, which may also influence the impact of NT on the deterioration of
UHPC in the marine environment.

Based on the above analysis, two types of NTMUHPC (including anatase phase NT
modified UHPC and silica surface-treated rutile phase NT modified UHPC) have
been prepared, cured in water for 28 days and then placed into the marine
environment for 21 months. The seawater deterioration effect on NTMUHPC was

investigated through the surface morphology, surface biofilm thickness,

inhibition/elimination effect on surface microorganisms, pH values and relative
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element contents of UHPC deteriorated by seawater. In addition, the effects and
mechanisms of two types of NT on the deterioration of UHPC in the marine
environment were also explored in this paper.
2 Experimental schemes
2.1 Materials and specimen preparation

The mix proportion used in this research was based on the mix proportion of
reactive powder concretel’). Reactive powder concrete is a kind of UHPC without
coarse aggregate. The materials used to produce UHPC were P-O 42.5R cement,
silica fume having a size range of 0.1-0.3 um, grade II fly ash, quartz sand having a
size range of 0.12-0.83 mm, RHEOPLUS 411 Polycarboxylic acid superplasticizer
and NT. Two types of NT were selected; one is anatase phase, the other is silica
surface-treated rutile phase. The reason for choosing the anatase phase NT is that the
NT of the anatase phase has a larger bandgap (3.2eV) than that of the rutile phase
(3.0eV), which is helpful to improve the photocatalytic antibacterial performance of
NT under the light. The reason for choosing silica surface-treated rutile phase of NT is
that coated with silica can improve the light absorption and dispersion performance of
NT, which is helpful to improve the photocatalytic antibacterial performance of NT
under the light. The properties of the two types of NT were listed in Table 1. The mix
compositions of NTMUHPC were listed in Table 2. The water to binder ratio was
fixed at 0.24, and NT was used to replace cement with a content of 3 wt.% and 5 wt.%.
The amount of superplasticizer was adjusted to achieve similar workability of all
composites tested, mainly depending on the contents of NT used. The specimens with
the size of 40 mm>40 mmx>160 mm were fabricated according to the preparation of
the process demonstrated in Figure 1. In this experiment, there are two groups (group

A, group B) of NTMUHPC. Each group consisted of 5 notations of specimens (CO,
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T1-1, T1-2, T2-1 and T2-2), and there are three specimens in each notation of
specimens. After being cured in water for 28 days, the specimens in group A and
group B were put into water and seawater for 21 months, respectively. The specimens
in Group B were placed in Boots Reef, Jinzhou District, Dalian City, Liaoning
Province, China.

Table 1. Properties of two types of NT

. Specific Silica Zeta
Surface Diameter !

Type Phase treatment (nm) surface area content potential
(m*/g) (%) (mV)
Tl Anatase - 5 > 280 - -12.6
T2 Rutile  Silica coated 20 > 40 <4% -21.9

Table 2. Mix compositions of NTMUHPC

Specimen  Cement Silica Fly Sand Water SP Content of

notation fume ash (%)  NT (wt.%)
A-CO 1.000 0.313 0.25 1.375 0.375  0.500 -
A-TI1-1 0.971 0.313 0.25 1.375 0.375  0.709 3
A-T1-2 0.952 0.313 0.25 1.375 0.375  0.786 5
A-T2-1 0.971 0.313 0.25 1.375 0.375  0.709 3
A-T2-2 0.952 0.313 0.25 1.375 0.375  0.786 5
B-CO0 1.000 0.313 0.25 1.375 0.375  0.500 -
B-TI1-1 0.971 0.313 0.25 1.375 0.375  0.709 3
B-T1-2 0.952 0.313 0.25 1.375 0.375  0.786 5
B-T2-1 0.971 0.313 0.25 1.375 0.375  0.709 3
B-T2-2 0.952 0.313 0.25 1.375 0.375  0.786 5

Figure 1. Preparation of NTMUHPC

2.2 Test methods
2.2.1 Biofilm thickness

The specific test method of biofilm thickness is as follows!>?l: Firstly, the biofilms
on the surface of NTMUHPC immersed in seawater were clipped with forceps and

placed in the petri dish carefully. The biofilms in the petri dish were washed
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repeatedly with buffer solution to clean the sediments on the surface of the biofilms.
Secondly, the biofilms were stained with Rhodamine red B solution, and the biofilms
were rinsed with buffer solution after staining. Finally, confocal scanning laser
microscopy was used to test the morphologies of the biofilms. The porosity of the
biofilms fitted the thicknesses of the biofilms at different depths®*. To ensure the
accuracy of the test, four different test points were selected for each biofilm, and the
average thickness value of four test points was taken as the final biofilm thickness.
2.2.2 Microbial viability in biofilms

The viability of microorganisms in biofilms was tested by the live/dead cell

fluorescence staining kit!!8: 34

. The specific test method is as follows: Firstly, the
staining solution Calcein AM and Ethidium-1 in the live/dead cell fluorescence
staining kit were uniformly mixed in a 1:1 volume ratio in a dark environment, and
the mixed staining solution was diluted 200 times in centrifuge tube with distilled
water. Secondly, the diluted staining solution was centrifuged. Thirdly, the
micropipette was used to remove an appropriate amount of staining solution to stain
the microorganisms in the biofilm, and the stained biofilm was incubated in an
incubator at 37°C for 15 minutes. At last, FV-1000 Two-photon confocal scanning
laser microscopy was used to observe the living/dead microorganisms in the biofilms.
To ensure the accuracy of the test, four different test points were selected for each
sample, and the average value of four test points was taken as the final result. Excited
by 488 nm blue light, the living microorganisms in the biofilms would appear green,
while the dead microorganisms would appear red. Calcein AM and Ethdium-1 would
not fluoresce before being contacted with microorganisms. After Calcein AM enters

into living microorganisms, it reacts with enzymes to form Calcein fluorescent

molecules. Therefore, living microorganisms can be detected by Calcein fluorescent
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molecules. Ethdium-1 cannot enter into living microorganisms. It can only enter into
dead microorganisms and fluoresce with gene fragments inside microorganisms.
Hence, Ethdium-1 can be used to detect dead microorganisms.
2.2.3 Surface morphology

After removing the biofilms on the surface of the specimens, the surface
morphologies of the specimens were tested by a 3D ultra-depth of field microscope.
2.2.4 pH value of specimens at different depths

The JZ-25 vertical drilling machine was selected to cut and grind, and the measured
step size of the specimens was 3 mm!*>. The specific method of pH test is as follows:
Firstly, the powders were taken at different depths of the specimens. To ensure the
accuracy of the pH test, the powders were taken at eight locations on four measuring
surfaces of the specimen. The locations on each measuring surface were 20 mm away
from the edge of the specimen (as shown in Figure 2). The layer took the powders at
each location, and the depths of layers were 0-3 mm and 3-6 mm, respectively.
Secondly, the powders were dried in an oven at 80°C for 24h. The dried powders were
passed through an 80 um sieve. Thirdly, 0.5 g of powders were well mixed with 50 ml
of deionized water in a beaker. The beaker was then covered with a plastic wrap to
prevent steam from escaping and placed in a water bath at a constant temperature of
80°C for 24 hours. Finally, the solution was filtered by the 0.45 um filter, and the pH

value of the filtered solution was measured with a PHS-3E table acidity meter[>®!,
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Figure 2. Schematic diagram of the locations of the powder in pH test.

2.2.5 Element contents in deteriorated region

SEM-EDS point analysis was used to investigate the element contents in deteriorate
region of NTMUHPC as described in referencel®”). The specific test method of
element contents is as follows: Firstly, the NTMUHPC specimen was cut along the
cross-section by GWS-670 cutter, and a slice of about one millimeter thickness was
cut off from the outer surface of NTMUHPC. Secondly, the slice NTMUHPC was
dried in an oven at 40°C for 24 hours, and the outer surface of the slice NTMUHPC
was marked!®). Finally, the slice NTMUHPC was sprayed with gold and tested by a
field emission scanning electron microscope.
3 Results and discussions
3.1 Deterioration of NTMUHPC under seawater physical action

Figure 3 shows NTMUHPC specimens after 21 months of seawater immersion,
indicating some biofilms and marine organisms are attached to the surface of

NTMUHPC.

(@) : (b)
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Figure 3. The photos of NTMUHPC: (a) A-CO0; (b) B-CO0; (c) B-T1-2; (d) B-T2-2

The surface morphology images of NTMUHPC are shown in Figure 4. The surface
morphologies of NTMUHPC immersed in water are relatively flat, while the color of
the surface morphologies of NTMUHPC immersed in seawater turns dark yellow. As
can be seen from Figure 4b, there are some dark circular spot corrosions on the
specimens' surface; such phenomenon may be caused by biogenic acids produced by
marine organisms on the surface of the specimens. In addition, there are some fine
sands exposed on the surface of specimens due to the seawater scouring action (as
shown in Figure 4c). With the fine sands peeling off gradually, the coarse sands inside
the specimens are exposed (as shown in Figure 4d). In addition, Figure 4 displays that
the exposed degree of coarse sand on the surface of UHPC (B-C0) is greater than that

of NTMUHPC (B-T1-1 and B-T2-1).
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Figure 4. The surface morphology images of NTMUHPC: (a) A-T1-1; (b) B-T1-1; (¢)
B-T2-1; (d) B-CO

3.2 Deterioration of NTMUHPC under seawater biological action

3.2.1 Surface biofilm thickness

In the marine environment, the surface of the concrete structure would be attached
to some biofilms. There may be some marine microorganisms in these biofilms,
which may produce harmful metabolites to concrete. Therefore, the biofilms on the
surface of NTMUHPC would have a certain influence on the deterioration of
NTMUHPC in the marine environment.

The morphologies of the biofilms in the depth range of 0-50 pm on the NTMUHPC
surface were measured by confocal scanning laser microscopy, and the three-
dimensional view of the biofilm was automatically generated. The top view and three-
dimensional view of the biofilm on the surface of UHPC (B-C0) are shown in Figure
5. As illustrated in Figure 5 that the biofilm is generally plate-shaped with an uneven
surface. There are microorganisms and microbial aggregates in the biofilm, and the

aggregates are in irregular distribution.

(a) Top view (b) Three-dimensional view
Figure 5. Top view and three-dimensional view of the biofilm on the surface of
UHPC (B-C0)

14
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Figure 6. Grayscale images of the biofilms on the surface of UHPC (B-CO0)

The greyscale images of the biofilms on the surface of UHPC (B-CO0) are shown in
Figure 6. Figure 6 (a-b) shows some microorganisms, pores and microbial aggregates
in the biofilm. The light transmittance of the microbe aggregation area is lower than
that of other areas in the biofilm, indicating that the biofilm in the microbe
aggregation area is more compact than that in other areas. It can be seen from Figure
6 (c-d) that biofilms are filamentous texture structures. The biofilms can provide

metabolic places and activity channels for some marine microorganisms®?).

(a) 5 um (b) 10 um (c) 15 pm (d) 20 pm (e) 25 um

15
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Figure 7. Images of biofilms on the surface of UHPC (B-CO0) at different longitudinal
depths

The image of biofilms on the surface of UHPC (B-CO0) at different longitudinal
depths is shown in Figure 7. Among them, the upper left corner of Figure 7 is the top
of the biofilm, which is the contact surface between the biofilm and seawater. The
lower right corner of Figure 7 is the bottom of the biofilm, which is the contact
surface between the biofilm and UHPC. Therefore, it can be found from Figure 7 that
the porosity of the biofilm increases from top to bottom of the biofilm, while the
number of microorganisms in the biofilm gradually decreases from top to bottom of
the biofilm. This is mainly because the microorganisms closer to the top of the biofilm
are more likely to obtain metabolizable nutrients from the seawater than the
microorganisms far away from the top®?l. Therefore, if the biofilm is divided into
multiple layers from top to bottom, the layer which is closer to the top is with more
microorganisms, thus achieving higher compactness and lower porosity. Consequently,
in the same marine environment, the greater the thickness of the biofilm is, the greater
the number of marine microorganisms in the biofilm is.

According to references!®-®!l, the porosity of the biofilms can be calculated by the
image recognition method and grey value method. The porosity of the biofilm is
100% when the thickness of the biofilm reaches the maximum. Hence, the biofilm
images at 0-50 um depth were tested by confocal scanning laser microscopy, and the
cubic polynomial was used to fit the porosity of the biofilm at different longitudinal

depths to get the actual thickness of biofilm on the surface of NTMUHPC. To ensure
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the accuracy of the test, the biofilm on the surface of each specimen was measured in
four different locations, and the average value of the four measurements was used as
the final result. The average thicknesses of biofilms on the surface of NTMUHPC are
listed in Table 3. It can be seen from Table 3 that NT can reduce the thickness of the
biofilm on the surface of NTMUHPC. Compared with B-CO, the thicknesses of the
biofilm on the surface of B-T1-1, B-T1-2, B-T2-1 and B-T2-2 are reduced by 10.79
um/17.87%, 24.47 pm/40.53%, 13.51 pm/22.38% and 29.66 um/49.13%, respectively.
This may be due to the inhibition/elimination effect of NT on microorganisms, which
can reduce the number of microorganisms attached to the surface of NTMUHPC, thus
reducing the thickness of the biofilm on the surface of NTMUHPC.

Table 3. The thicknesses of the biofilms on the surface of NTMUHPC

Specimen Thicknesses of the biofilms/um
notation Location1  Location2  Location3 Location 4 Average
B-CO0 81.94 65.59 47.23 46.72 60.37+£14.59
B-T1-1 58.79 49.11 45.97 44.45 49.58+5.58
B-T1-2 42.01 43.98 41.19 16.43 35.90£11.29
B-T2-1 44.08 48.69 48.96 45.71 46.86+2.05
B-T2-2 55.51 15.00 10.20 42.14 30.71£18.80

3.2.2 Inhibition and elimination effect on the surface microorganisms
In order to wverify the inhibition/elimination effect of NTMUHPC on
microorganisms, living and dead microorganisms in biofilms were tested by the test

method in referencel'®!

. The specific testing method and principle have been
introduced in Section 2.2.2. The living/dead microorganisms on the surface of
NTMUHPC immersed in seawater are shown in Figure 8, confirming that the

inclusion of NT can reduce the number of living microorganisms and increase the

number of dead microorganisms on the surface of UHPC significantly.
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Figure 8. Distribution of living/dead microorganisms on the surface of NTMUHPC

immersed in seawater

The distribution of microorganisms on the surface of NTMUHPC immersed in
seawater is listed in Table 4. NT can improve the inhibition and elimination effects of
UHPC on microorganisms in seawater. The proportions of dead microorganisms on
the surface of B-CO, B-T1-1, B-T1-2, B-T2-1 and B-T2-2 specimens are 1.28%,
3.42%, 1.35%, 7.33% and 3.87%, respectively. The proportions of living
microorganisms on the surface of B-C0O, B-T1-1, B-T1-2, B-T2-1 and B-T2-2
specimens are 5.60%, 2.57%, 3.28%, 0.88% and 0.18%, respectively. The inhibition
rate and elimination rate of NTMUHPC to microorganisms can be calculated by
Equation 1-3 below!!®:

— Al_Ax

rate

x100%

E
* D +A )

18



372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390
391

392

393

394

E

we = By —Ey (3)
where i, Erate, A1, Ax, Dx, E1 and Ex represent the inhibition rate of NTMUHPC to
microorganisms, elimination rate of NTMUHPC to microorganisms, the proportion of
living microorganisms on the surface of control UHPC (B-CO0), the proportion of
living microorganisms on the surface of NTMUHPC, proportion of dead
microorganisms on the surface of the specimen, death rate of microorganisms on the
surface of control UHPC (B-C0) and death rate of microorganisms on the surface of
NTMUHPC, respectively. The inhibition rates of B-T1-1, B-T1-2, B-T2-1 and B-T2-2
to marine microorganisms reach 54.08%, 57.40%, 84.31% and 96.81%, respectively.
When the content of T2 is only 3 wt.%, the inhibition rate of NTMUHPC is much
higher than that of 10% NT modified concrete in reference!®?. In addition, it can be
found in Table 4 that the elimination rates of B-T1-1, B-T1-2, B-T2-1 and B-T2-2 on
marine microorganisms reach 38.48%, 17.52%, 70.69% and 76.98%, respectively. It
can be found that except for B-T1-2, the inhibition rate and elimination rate of
NTUHPC on microorganisms increases with the increasing content of N'Ts. It may be
because the size of T1 (5 nm) is too small. When the content of T1 is too high (5
wt.%), T1 fillers are easy to agglomerate inside the UHPC and affect the elimination
rate of NTUHPC to microorganisms.

Table 4. The distributions of microorganisms on the surface of NTMUHPC immersed
in seawater

Specimen notation B-C0 B-T1-1 B-T1-2 B-T2-1 B-T2-2
D« (%) 1.28+0.30 3.42+1.78 1.35£0.67 7.33+1.58 3.87+4.07
Ax (%) 5.60+£1.94 2.57+0.77 2.38+0.32 0.88+0.34 0.18+0.19
Ex (%) 18.61 57.09 36.13 89.30 95.59
Erate (%) - 38.48 17.52 70.69 76.98
Irate (%0) - 54.08 57.40 84.31 96.81

The inhibition and elimination effects of NTMUHPC on the microorganisms are
mainly due to the following aspects. Firstly, NT can produce reactive oxygen species
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(ROS) based on their material composition and surface characteristics/%*l. ROS can
produce oxidative stress in microorganisms and increase the content of oxidative
stress proteins (such as malondialdehyde and 4-hydroxynonenoic acid) and H>O» in
microorganisms. The cumulative effect of oxidative stress proteins and H>O> will
damage the growth of microorganisms, prevent the transmission of film-forming
substances, and block the respiratory system and electronic transport system of

(26, 47, 64, 651 Qecondly, NT can inhibit and eliminate the

microorganisms
microorganisms on the surface of NTMUHPC by the induction of envelope
deformation, cellular impedance, penetration of microorganisms!*® 47661 At last, the
cell membrane and cell wall of microorganisms are mainly composed of proteins,
enzymes, lipids, peptidoglycans, etc. There are a large number of amino acids, peptide

7. The hydroxyl radical

bonds, acylamino, etc unsaturated double bonds exist!
generated by NT under ultraviolet light can attack peptide bonds and amino acids (as
shown in Figure 9), resulting in the chain decomposition of proteins, peptidoglycans,
and phospholipids in cell membranes and cell walls. Therefore, the permeabilities of
the cell membrane and cell wall of microorganisms are affected, and the important
substances such as salts, proteins, and nucleic acids in microorganisms leak out,

eventually leading to the death of microorganisms!®®!,

Figure 9. Reaction formulas of hydroxyl radical attack peptide bond (a) and amino
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The crystal phase, particle size, surface treatment and dispersion property of NT all
affect the photocatalytic antimicrobial activity of NTMUHPC on the
microorganisms!®®). The inhibition and elimination effects of NTMUHPC on the
microorganisms may influence by the following factors:

(1) The light absorption range of NT. The photocatalytic antimicrobial abilities of
NT to microorganisms increase with the expansion of their light absorption range.
According to the literaturel®®!, the bandgap width of rutile phase TiO2 is 3.0eV, and
that of anatase phase TiO; is 3.2eV. The light absorption threshold of different phases

of TiO; can be calculated according to their bandgap width:

Ag=1240/Eg (4)
where A g and Eg represent the light absorption threshold (nm) and the forbidden

bandwidth (eV). The excitation light wavelength of rutile phase TiO; is 413 nm, and
that of anatase phase TiO; is 388 nm. Therefore, the light absorption range of anatase
phase TiO: is larger than that of rutile phase TiO2 when other factors of different kinds
of NT are equal.

(2) The rate of electron-hole recombination on the NT surface. The average time
required for the carrier generated by light excitation of semiconductor material to
diffuse from the material interior to the material surface is 7 "%, The diffusion

coefficient of NT is 2x1072 cm?/s:

r=r2/ D %)
where r and D represent the particle size and particle diffusion coefficient,
respectively.

When the particle size of NT is 30 nm, the diffusion time of photogenerated carriers

from the material interior to the surface is 45 picoseconds (107'2 s). When the particle
21
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size of NT is 5 nm, the diffusion time is only 317 femtoseconds (107'° s). The
recombination time of photoelectrons and holes is on the nanometer scale. Hence, the
probability of photoelectron and holes recombination is very small when the size of
NT particles drops below 30 nm. The reactive oxygen group (‘O?) and hydroxyl
radical (OH) with high redox generated by NT have sufficient time to attack
microorganisms such as bacteria, fungi and viruses, thus improving their inhibition
and elimination effects on microorganisms. In addition, it can be seen from Equation
5, when other factors being equal, the smaller the particle size of NT is, the shorter the
diffusion time of photogenerated carriers is, the faster the rate of redox reaction
between photogenerated carriers and microorganisms is, and the stronger the
inhibition and elimination performances of photogenerated carriers to microorganisms
are.

(3) Adsorption property of NT. The larger the specific surface area of NT is, the
higher the adsorption performance of NT is, and the easier it is to adsorb
microorganisms on its surface, thus improving its elimination effect on
microorganisms!’!), but it is not conducive to improving its inhibition performance
against microorganisms.

Figure 10 shows the vapor adsorption-desorption curves of T1 and T2 at room
temperature with different pressures. It can be seen from Figure 10 that the vapor
adsorption mass of T1 and T2 can reach 211.527 mg/g and 65.728 mg/g, and the
adsorption property of T1 is much higher than that of T2. In addition, it can be seen
from Figure 10 that the relative pressure at the separation part of the adsorption and
desorption curves of T1 is lower than that of T2, indicating that there are more
microporous structures on the surface of T1 than that on the surface of T2UZ,

Therefore, microorganisms are easily absorbed by T1, which is not conducive to
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Figure 10. Vapor adsorption-desorption curves of T1 and T2 at room temperature with
different pressure

(4) Light absorption capacity of NT. The doping and surface treatment methods can
improve the light absorption capacity of NT and then improve the photocatalytic
antimicrobial performances of NT against microorganisms!®’. Ju et al. "l found that
the T2 had better antimicrobial performance than the NT without surface treatment. In
a dark room, 10 mg of T2 and untreated NT were placed into a culture dish containing
10® cfu/mL Staphylococcus aureus, respectively. It was found that there was no
inhibition zone near the untreated NT, while there was an 8-9 mm inhibition zone near
the T2.

In summary, compared with that of T2, the light absorption range of T1 is larger,
the electron-hole recombination rate on the surface of T1 is slower, and the redox
reaction rate between photogenerated carriers produced by T1 and microorganisms is
faster. However, the adsorption capacity of T1 to microorganisms is stronger, which is
not conducive to improving the inhibition performance of T1 to microorganisms. In
addition, T2 has a higher light absorption capacity than that of T1. Therefore, T2 has a
higher inhibition/elimination effect on microorganisms than that of T1.

In addition, the content of NT can also influence the inhibition/elimination effect of
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UHPC on microorganisms'®* 7. On the one hand, the high content of NT would
generate more hydroxyl radicals and reactive oxygen species. On the other hand, the
high content of NT would increase the scattering of light and agglomerate easily in
UHPC. Hence, there is a relative optimal content of NT. When the content of NT was
lower than its relative optimal content, the inhibition/elimination effect of
NTMUHPC on microorganisms increased with the increasing content of NT. When
the content of NT is higher than its relative optimal content, the inhibition/elimination
effect of NTMUHPC on microorganisms decreases with the increasing content of NT.

When the content of T1 increases from 3 wt.% to 5 wt.%, the agglomeration
phenomenon increases due to the poor dispersion performance of T1, leading to a
decrease of 10.61% and 3.00% in the elimination and inhibition rates of NTMUHPC
on the surface microorganisms, respectively. Since T2 can self-disperse through
electrostatic repulsive action!’*7%), the number of effectively dispersed T2 can be
enhanced with the increased content of T2. Therefore, although the elimination rate of
NTMUHPC on microorganisms declines a little when the content of T2 increases
from 3 wt.% to 5 wt.%, the inhibition rate of NTMUHPC on microorganisms is
increased by 19.34%.
3.3 Deterioration of NTMUHPC under seawater chemical action
3.3.1 Average pH values at different deterioration depths of NTMUHPC

Sulphate ions and chloride ions in seawater enter into the specimens through the
pores and cracks on the surface of UHPC, which will cause chemical action to UHPC
and affect the stability of the hydration products inside UHPC. The pH values at
different depths of UHPC can reflect the degree of chemical action and deterioration
degree of UHPC in the marine environment, exposing the evolution law of UHPC in

the marine environment.
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Figure 11 shows the average pH values at different depths of NTMUHPC. As can
be seen from Figure 11, within the depth range of 0-3 mm, the average pH value of
NTMUHPC in the B group is smaller than that of NTMUHPC in the A group. This
may be due to the biological acid produced by the metabolism of marine
microorganisms entering into concrete, thus causing deterioration of the concrete and
reducing the pH value of the concretel”’"”). In addition, the carbon dioxide produced
by the metabolism of microorganisms on the specimen surface may also lead to the
carbonization of the specimen, which in turn results in a decrease in the pH value of
the specimen!®> % The decrease of pH value inside NTMUHPC leads to the
deterioration of the stability of CH crystal produced by cement hydration®!!, which
harms the durability of NTMUHPC. In addition, it can be found from Figure 11 that
NT can effectively prevent the decrease of pH value of UHPC within the range of
degradation depth. T1 and T2 can increase the pH value of UHPC within the depth
range of 0-3 mm by 0.65 and 0.81, respectively. In the depth range of 3-6 mm, the
average pH value of NTMUHPC in the A group is close to that of NTMUHPC in the
B group, indicating that the degradation depth of NTMUHPC in this paper is within

the range of 0-3 mm when the seawater immersion age is 21 months.
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Figure 11. Average pH values at different depths of NTMUHPC in water (A group)
and seawater (B group)
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3.3.2 Element contents in deteriorated region

According to the pH test results, the degradation depth of NTMUHPC immersed in
seawater for 21 months is within the range of 0-3 mm. Therefore, in this paper, the 3
mmx3 mm areas at the edge of the specimens in the B group were selected for the
SEM-EDS test. Each notation of specimens was tested several times to ensure the
accuracy of the test results.

Figure 12 is the functional relationship between the molar ratio of Al/Ca and Si/Ca
in NTMUHPC. AV is the abbreviation for the average value. The abscissa and
ordinate values of the average value (AV) represent the average values of Si/Ca and
Al/Ca, respectively. The data in Figure 12 confirms the presence of C-S-H gel, CH
crystal, and AFM crystals in UHPC because the test data points can be found between
the ideal stoichiometry of UHPC!®!l. The average Si/Ca molar ratio of NTMUHPC
(B-T1-1 and B-T2-1) is higher than that of B-CO, meaning that the degree of

polymerization and chain length of C-S-H gel in NTMUHPC is larger than that of

control UHPC®?,
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Figure 12. The functional relationship between the molar ratio of Al/Ca and Si/Ca in
NTMUHPC: (a) B-C0, (b) B-T1-1, (c) B-T2-1

L}

.0

Figure 13 is the functional relationship between the molar ratio of Al/Si and Si/Ca
in NTMUHPC. The abscissa and ordinate values of AV represent the average values

of Si/Ca and Al/Si, respectively. As shown in Figure 13, the average Al/Si molar ratios
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of NTMUHPC (B-T1-1 and B-T2-1) are higher than that of control UHPC (B-CO0). It
can be seen from Figure 13 that NT could increase the absorption ratio of hydration
products in UHPC to Al, thus decreasing the formation of calcium aluminate

hydration and then reducing the content of ettringite generated by the reaction of

calcium aluminate hydration and sulfate!®?],
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Figure 13. The functional relationship between the molar ratio of Al/Si and Si/Ca in
NTMUHPC: (a) B-CO0, (b) B-T1-1, (c) B-T2-1

The SEM-EDS images of the edge area of B-CO are shown in Figure 14. As
illustrated in Figure 14, Cl, S and Mg elements gradually decrease from the edge to
the interior (from the bottom to the top) in UHPC. This is mainly because Cl, S and
Mg elements diffuse into UHPC through seawater. In addition, there is almost no Ca
element in the Si element aggregation area (sand), which indicates that the content of
C-S-H gel in contact with sand in the B-CO specimen is low, resulting in a small
bonding force between sand and hydration products in B-C0. Therefore, when B-CO is
subjected to force, the interface transition zone between the sand and the hydration

products is prone to crack.

[ re——
1mm

1mm

SEM Ca element Si element
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Figure 14. The SEM-EDS images of the edge area of B-C0
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The SEM-EDS images of the edge area of B-T1-1 are shown in Figure 15,
confirming that the Ca element can be found in the Si element aggregation area (sand).
The content of the Ca element in the interfacial transition zone between sand and
cement paste in B-T1-1 is higher than that in B-CO0. This phenomenon may be due to
the reason that NT has a large specific surface area and surface energy, which can
adsorb on the surface of sand and C-S-H gel, thus connecting the sand and C-S-H gel,
improving the transition zone between sand and cement hydration products, and
eventually improving the seawater deterioration resistance of UHPC.

The SEM-EDS images of the edge area of B-T2-1 are shown in Figure 16. The
content of the Ca element in the interfacial transition zone between sand and cement

paste in B-T2-1 is also obviously higher than that in B-CO.

1
Tmim

Ca element Si element
Figure 15. The SEM-EDS images of the edge area of B-T1-1.
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In order to verify the accuracy of the above phenomena, energy spectrum line scan
tests were carried out on NTMUHPC. As displayed in Figure 17, there is almost no
Ca element in the Si element aggregation area in the control UHPC (B-CO0). However,
for B-T1-1 and B-T2-1, Ca elements can be found in the Si element aggregation area,
which is consistent with the findings of SEM-EDS figures. Meanwhile, this
phenomenon also confirms the previous inference that NT can improve the interface
transition zone between sand and cement hydration products. In addition, it can be
found from Figure 17 that the energy of the Ca element in NTMUHPC (B-T1-1 and
B-T2-1) 1s generally lower than that of B-C0, while the energy of the Si element in

NTMUHPC is generally higher than that of B-C0.
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Figure 17. EDS spectra of calcium and silicon elements at the edge of NTMUHPC
immersed in seawater

3.4 Prospects of NTMUHPC in the marine environment

Figure 18 shows the mechanisms and potential application areas of NTMUHPC.
NT can inhibit/eliminate marine microorganisms on the surface of UHPC, increasing
the compactness of UHPC and eventually reducing the deterioration of UHPC in the
marine environment. NTMUHPC can improve the durability, prolong the life, and
reduce the life cycle cost of harbors, offshore airports, reef buildings, offshore
platforms, sea bridges, subsea tunnels, industrial and civil building foundations other

structures subjected to marine environmental deterioration.
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Figure 18. The mechanisms and potential applications of NTMUHPC in the marine
environment

4 Conclusions

The deterioration of NTMUHPC in the marine environment was studied from three
aspects of seawater physical, biological and chemical actions on NTMUHPC, and the
effects and mechanisms of two types of NT on the deterioration of UHPC in the
marine environment were also explored in this paper. The main conclusions are as
follows:

(1) Under the seawater physical action, the exposed degree of coarse sand particles
on the surface of UHPC is greater than that of NTMUHPC. The NTMUHPC
elimination rate and inhibition rate of surface microorganisms can reach 76.98% and
96.81%, respectively. In addition, the average thickness of the biofilm on UHPC can
be decreased by 49.13% due to the addition of NT, which can reduce the corrosion of
microorganisms on UHPC. NTMUHPC mainly inhibit and eliminate microorganisms

on their surface by decomposing the cell membrane/cell wall of microorganisms,
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causing microbial cytopathic changes, reducing the replication ability of
microorganisms and blocking the respiratory system of microorganisms.

(2) The deterioration depth of NTMUHPC is in the range of 0-3 mm after 21
months of seawater immersion, and NT can increase the pH value of UHPC by 0.81
within the deterioration depth range. NT can promote the decalcification of C-S-H gel,
and increase the degree of polymerization and chain length of C-S-H gel. Meanwhile,
NT can adsorb on the surface of sand and C-S-H gel, thus improving the transition
zone between sand and cement hydration products.

(3) NT can inhibit/eliminate marine microorganisms on the surface of UHPC,
enhancing the compactness and microstructure of UHPC and eventually improving
the seawater deterioration resistance of UHPC. Compared with anatase phase NT,
silica surface-treated rutile phase NT is more effective in reducing the deterioration of
UHPC in the marine environment due to silica surface-treated rutile phase NT having
higher light absorption capacity, lower adsorption capacity, and better dispersion
performance. It can be concluded that NT can inhibit the deterioration of concrete in

the marine environment.
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