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Abstract 10 

In this study, anti-corrosion concrete for sewage system was developed with nano TiO2 (NT) 11 

and reactive powder concrete (RPC). The corrosion resistances of NT modified RPC 12 

(NTMRPC) in high concentration enhanced sewage were investigated from the perspectives of 13 

biological, physical and chemical corrosion resistances, respectively. In addition, mechanical 14 

properties of NTMRPC after sewage corrosion were also studied. Research results indicated 15 

that NT can endow RPC with antimicrobial property through their microorganism 16 

biodegradation properties. The inhibition and elimination rates of NTMRPC to its surface 17 

microorganisms were 37.35% and 80.93%, respectively. After sewage corrosion, the surface 18 

roughness, mass loss and deterioration depth of RPC were decreased by 62.57%, 15.48% and 19 

18.44% due to the NT inclusion, respectively. In addition, the pH values of RPC in the 20 

deterioration depth ranges of 0-3 mm and 3-6 mm were increased by 11.45% and 23.62%, 21 

respectively. NT can restrain the strength deterioration of RPC in high concentration enhanced 22 

sewage. This may be due to the improved sewage biological anti-corrosion performances of 23 

RPC by inhibiting/eliminating the microorganisms on the surface of RPC as well as the 24 

enhanced sewage physical/chemical anti-corrosion performances of RPC by improving the 25 

compactness of RPC.  26 

Keywords: Nano titanium dioxide; Reactive powder concrete; Sewage; Corrosion resistance 27 

mechanisms; Microorganism biodegradation 28 
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1. Introduction 30 

Urban sewage conduit network is an important infrastructure for urban sewage collection and 31 

transportation, ensuring the city’s routine operation. With the rapid development of the world 32 

economy, domestic sewage discharge is increasing year by year. In 2014, China's annual 33 

domestic sewage discharge was 44.5 billion cubic meters, while in 2019 it was 55.5 billion 34 

cubic meters. Therefore, expanding the sewage conduit network and extending its service life 35 

are critical. However, due to the long-term corrosion of microorganisms, acidic substances and 36 

alkaline substances in sewage, the durability of concrete structures in urban sewage conduit 37 

network has become increasingly problematic[1-3]. According to reports, nearly 10% of sewage 38 

conduits in Los Angeles, USA are subjected to significant corrosion[4]. The annual maintenance 39 

cost for the Germany’s whole urban damaged sewage conduit network is expected to be 100 40 

billion Euros[4]. The main cause leading to the corrosion of concrete structures in sewage 41 

conduit networks has found to be the microorganisms in sewage by analyzing the corrosion 42 

area[5-8]. Therefore, designing an anti-corrosion concrete, in particular an antimicrobial-43 

corrosion concrete, is crucial for developing high corrosion resistance sewage system. 44 

Recently, antimicrobials modified concrete was proposed to inhibit/eliminate the 45 

microorganisms on the concrete surface through the biodegradation performance of 46 

antimicrobials, so as to reduce the biological acid generation and the contact probability 47 

between biological acid and concrete[9-11]. In this way, the corrosion effect of microorganisms 48 

on concrete can be reduced and the corrosion resistance of concrete in sewage can be improved. 49 

However, adding antimicrobials into concrete usually has negative effects on the mechanical 50 

properties of concrete, limiting the development and application of that type of concrete to some 51 

extents[10].  52 

Antimicrobials are classified into two groups based on the bactericidal mechanisms: ion 53 

dissolution antimicrobials and oxidation antimicrobials. Ion dissolution antimicrobials usually 54 
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contain Ag+, Cu2+, Zn2+ and other dissolving metal ions, which can inhibits/interferes with the 55 

metabolic activity and enzyme activity of microorganisms[12-13]. Oxidation antimicrobials (such 56 

as TiO2 and ZnO) can generate reactive oxygen species (ROS) and hydroxide free radicals to 57 

inhibit/eliminate microorganisms[14-15]. Compared with oxidation antimicrobials, ion 58 

dissolution antimicrobials are less effective in the long term, and the metal ions dissolved are 59 

usually toxic to humans/water resources. As a type of oxidation antimicrobials, nano TiO2 (NT) 60 

has the advantages of long-term sterilization, harmless to humans/water resources, broad-61 

spectrum antibacterial activity, fast sterilization speed, high sterilization rate, low cost, etc[16-62 

17]. NT has also been identified with inhibition/elimination effect on bacteria/microorganisms 63 

such as Sulfate-reducing bacteria[18], Staphylococcus aureus[19-20], Escherichia coli[19-22], 64 

Bacillus subtilis[19-20], Aspergillus[23], Salmonella[24], Pseudomonas aeruginosa[25], 65 

Enterobacter cloacae[26], Micrococcus luteus[27], Pneumoniae[28], Aeromonas hydrophila[29], etc. 66 

This effect works not only under ultraviolet light environment and natural light[20, 21, 26, 28], but 67 

also under fluorescent light, even dark environment[19, 27, 30-33]. For example, Adams et al.[19] 68 

reported that NT with a particle size of 66 nm and concentration of 1 g/L has significant 69 

inhibition effect on the growth of Bacillus subtilis under the dark environment. Chen et al.[33] 70 

found that NT could destroy microorganisms through direct contact even in the dark 71 

environment, and after 24-hour contact the elimination rates of NT on Escherichia coli and 72 

Staphylococcus aureus could reach 100% and 99.5%, respectively. Kangwansupamonkon et 73 

al.[27] observed that after 24 hours of exposure to apatite-coated TiO2 suspensions under dark 74 

conditions, the amount of Staphylococcus aureus and methicillin-resistant Staphylococcus 75 

aureus decreased by 22.6% and 38.7%, respectively. These findings suggest that the 76 

antimicrobial property of NT is not due to its photocatalysis under ultraviolet and visible light. 77 

Olivi et al.[34] pointed out that the ROS production in nanomaterials is not dependent with 78 

photocatalytic activation. This is in agreement with the Jenkins et al.’s findings[35]. These results 79 
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suggest that the antimicrobial property of NT may be derived from ROS released by NT in the 80 

absence of light. Furthermore, it has been revealed that nanomaterials can change the genomic 81 

and proteomic characteristics of microorganisms via contact[36-40]. For example, after contacting 82 

with gold nanoparticles and carbon nanotubes, the levels of stress-response proteins involved 83 

in protecting against DNA and membrane damage in Escherichia coli are significantly 84 

increased[38-40]. This may be another reason for the inhibition/elimination effect of NT on 85 

microorganisms via contact. In addition, Jenkins et al.[35] observed that the antimicrobial 86 

property of NT is mediated by cellular impedance induction and microorganisms penetration 87 

via contact. Therefore, NT may improve the biological anti-corrosion performances of concrete 88 

in sewage by inhibiting/eliminating the microorganisms on the concrete surface. 89 

Reactive powder concrete (RPC) is one kind of high performance concrete developed in 90 

1990s. It offers the benefits of high compactness, strength and durability[41, 42]. Taking RPC in 91 

lieu of ordinary concrete in an urban sewage conduit network could improve the service life 92 

and lower the maintenance cost in the long run, and eventually reduce the life cycle cost of the 93 

urban sewage conduit network. Furthermore, some studies have shown that NT can increase 94 

the compactness of RPC. Han et al.[43] found that NT could promote cement hydration and 95 

increase the polymerization degree of C-S-H gel, thus improving the compactness of RPC. To 96 

evaluate NT on the compactness of RPC, Li et al.[44] established the compactness model of RPC 97 

and NT modified RPC (NTMRPC), and found that NT increased the compactness of RPC 98 

matrix and reduced the porosity of RPC matrix from 9.04% to 6.96%. Han et al. [45] also found 99 

that NT could improve the compactness of RPC matrix by using scanning electron microscope 100 

observation. Therefore, NT are promising additives for further improving the sewage biological 101 

anti-corrosion performances of RPC by inhibiting/eliminating the microorganisms on the 102 

surface of RPC, as well as improving the sewage physical/chemical anti-corrosion 103 

performances of RPC by increasing the compactness of RPC, and ultimately improving the 104 
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anti-corrosion properties of RPC in sewage environment. However, the corrosion resistance of 105 

NTMRPC against sewage environment is rarely reported. In addition, because different types 106 

of NT have different antimicrobial properties[46], it is necessary to study the sewage corrosion 107 

resistances of NTMRPC with different types of NT. Currently, the addition of NT could increase 108 

the cost of RPC preparation by around 20%. With the development progress of nanotechnology, 109 

the price of industrial grade NT will continue to fall. When NTMRPC are manufactured at a 110 

large scale, the preparation cost of NTMRPC will be further reduced. In addition, poor corrosion 111 

resistance of sewage system prepared by ordinary concrete requires high maintenance costs, 112 

resulting in a significant increase in the whole life cycle cost of sewage systems. For example, 113 

the annual maintenance cost of the Germany’s whole urban damaged sewage conduit network 114 

is estimated at 100 billion Euros[4]. Hence, the application of NTMRPC for sewage pipes is 115 

economically viable, considering the whole life cycle costs.  116 

The current investigation aims to develop NT-engineered RPC for use in high corrosion 117 

resistance sewage systems, benefiting from the antimicrobial properties of NT to inhibit the 118 

corrosive effects of microorganisms on concrete under sewage action, the excellent durability 119 

and mechanical properties of RPC, and the modification effect of NT to the durability and 120 

mechanical properties of RPC. Two types of NTMRPC including anatase phase NT modified 121 

RPC and silica surface treated rutile phase NT modified RPC were fabricated, cured in water 122 

for 28 days and then placed in high concentration enhanced sewage for 14 months. The sewage 123 

corrosion resistance of NTMRPC was evaluated through the inhibition/elimination effect on 124 

microorganisms, surface roughness, mass loss, deterioration depth, pH values of different 125 

deterioration depths, microstructure and mechanical properties of NTMRPC corroded by high 126 

concentration enhanced sewage. In addition, the effects of two types of NT on the corrosion 127 

resistance of NTMRPC were compared.  128 

2. Experimental schemes 129 



 

6 

2.1 Materials and specimen preparation 130 

Based on the mix proportion of reactive powder concrete (RPC)[47], the materials used for 131 

the fabrication of NTMRPC in this paper include ordinary Portland cement (Grade 42.5), silica 132 

fume with a size range of 0.1-0.3 μm, grade II fly ash, quartz sand with a size range of 0.12-133 

0.83 mm, RHEOPLUS 411 Polycarboxylic acid superplasticizer and NT. Two types of NT 134 

including 5 nm anatase phase NT and 20 nm silica surface treated rutile phase NT were selected 135 

for the following reasons. Firstly, the crystal structures of anatase phase NT have more defects 136 

and mispositions, which can yield more oxygen vacancies to capture photoelectrons than rutile 137 

phase NT 
[44]. Secondly, silica surface treated rutile phase NT can be self-dispersed in RPC by 138 

electrostatic repulsive force, so as to improve the properties of RPC[45]. Thirdly, it has been 139 

proved that anatase phase NT with a particle size of 5 nm and silica surface treated rutile phase 140 

NT with a particle size of 20 nm have positive effects on improvement of the mechanical 141 

properties and microstructure of RPC[43-44]. Table 1 lists the properties of two types of NT. The 142 

mix proportions of NTMRPC were listed in Table 2. The water to binder ratio was set at 0.24, 143 

and NT were used to replace cement with contents of 3 wt.% and 5 wt.%. The amount of 144 

superplasticizer was adjusted to achieve similar workability of all composites tested, primarily 145 

based on the NT content. The preparation process of NTMRPC is as follows: (1) Mix water, 146 

NT and superplasticizer at a speed of 140±5 r/min for 20 seconds. (2) Add the silica fume to 147 

the mixer and then stir at speed of 140±5 r/min for 1 min. (3) Add fly ash and cement to the 148 

mixer and mix at speed of 140±5 r/min for 2 min and speed of 285±10 r/min for 2 min, 149 

respectively. (4) Add sand to the mixer and then stir at speed of 140±5 r/min for 1 min and 150 

speed of 285±10 r/min for 4 min, respectively. (5) Pour the mixture into a mould of 4 cm ×4 151 

cm ×16 cm, and then place the mould on the vibration table to perform compaction and 152 

eliminate air bubbles. (6) Demould specimens after they were conditioned at a temperature of 153 

20±1ºC and 95% relative humidity for 24 hours. (7) Cure specimens in water at 20±1ºC for 28 154 
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days. The NTMRPC specimens were divided into two groups (group A, group B) for different 155 

treatments. After cured in water for 28 days, the specimens in group A and group B were 156 

disposed in water and high concentration enhanced sewage for 14 months, respectively. In order 157 

to accelerate the corrosion test, high concentration enhanced sewage was used for the 158 

immersing experiment of specimens. To prepare the high concentration enhanced sewage, the 159 

activated sludge from the sedimentation pool of Qiaoxi Sewage Treatment Plant in 160 

Shijiazhuang City (China) was selected as the parent, and then water and nutrients (glucose, 161 

starch, peptone, urea, etc.) were added to ensure the growth of microorganisms. The chemical 162 

oxygen demand (COD) value of high concentration enhanced sewage was tested by a multi-163 

parameter water quality analyzer. The chemical oxygen demand (COD) value of high 164 

concentration enhanced sewage was about 6000 mg/L which is nearly 20 times of that of 165 

ordinary sewage. It should be noted that the high concentration enhanced sewage immersion 166 

experiments were performed to investigate the corrosion resistance of NTMRPC to sewage in 167 

the current study. Figure 1 depicts the schematic diagram of sewage reactor. The sewage reactor 168 

is equipped with a stainless steel heater and an agitator to maintain a constant sewage 169 

temperature of 30 ºC and a constant sewage flow rate of 900 r/min, respectively[11]. The initial 170 

pH of the sewage in the sewage reactor is around 7.3 and after 10 days the pH of the sewage in 171 

the reactor would drop to around 5.4. 10 days is set as a sewage change cycle. At each change 172 

cycle, half of the sewage in the reactor is replaced to bring the pH of sewage back to around 7.3 173 

and a certain amount of nutrients is added into the reactor. The sulfate content and dissolved 174 

oxygen content in high concentration enhanced sewage were 255 mg/L and 24.5 mg/L, 175 

respectively. The NTMRPC specimens were placed on a built-in stainless steel shelf for the 176 

corrosion test.  177 

Table 1.  Properties of two types of NT 178 



 

8 

Type Phase 
Surface 

treatment 

Diameter 

(nm) 

Specific surface 

area (m2/g) 

Silica 

content (%) 

Zeta 

potential 

(mV) 

T1 Anatase  - 5 ≥280 - -12.6 

T2 Rutile Silica coated 20 ≥40 < 4% -21.9  

 179 

Table 2.  Mix proportions of NTMRPC 180 

Specimen notation Cement Silica fume Fly ash Sand Water Content of 

NT (wt.%) 

A-C0 1.000 0.313 0.25 1.375 0.375 - 

A-T1-1 0.971 0.313 0.25 1.375 0.375 3 

A-T1-2 0.952 0.313 0.25 1.375 0.375 5 

A-T2-1 0.971 0.313 0.25 1.375 0.375 3 

A-T2-2 0.952 0.313 0.25 1.375 0.375 5 

B-C0 1.000 0.313 0.25 1.375 0.375 - 

B-T1-1 0.971 0.313 0.25 1.375 0.375 3 

B-T1-2 0.952 0.313 0.25 1.375 0.375 5 

B-T2-1 0.971 0.313 0.25 1.375 0.375 3 

B-T2-2 0.952 0.313 0.25 1.375 0.375 5 

Note: A and B represent specimens which are placed in water and sewage respectively. C0, T1 181 

and T2 represent the control RPC, anatase phase NT modified RPC and silica coated rutile 182 

phase NT modified RPC, respectively. 183 

 

Figure 1. Schematic diagram of sewage reactor. 

 184 

2.2 Test methods 185 

2.2.1 Microbial viability in biofilms 186 

A live/dead cell fluorescence staining kit was used to determine microorganisms viability in 187 

biofilms[10, 48]. The specific test method is as follows: Firstly, the staining solution Calcein AM 188 

and Ethidium-1 in the live/dead cell fluorescence staining kit were uniformly mixed in a 1:1 189 

volume ratio in a dark environment, and the mixed staining solution was diluted for 200 times 190 

in a centrifuge tube with distilled water. Secondly, the diluted staining solution was centrifuged. 191 
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Thirdly, the micropipette was used to remove an appropriate amount of staining solution from 192 

the biofilm, and the stained biofilm was incubated at 37 ºC for 15 minutes. Finally, FV-1000 193 

Two-photon confocal scanning laser microscopy was used to observe the living/dead 194 

microorganisms in the biofilms. In order to assure the accuracy of tests, four separate test points 195 

were selected for each sample, and the average living/dead microorganisms value of these four 196 

test points was taken as the final result, provided that the difference between the average and 197 

the maximum/minimum values was less than 15%. The living microorganisms in the biofilms 198 

would turn green when excited by 488 nm blue light, while the dead microorganisms would 199 

turn red. Calcein AM and Ethdium-1 would not fluoresce before being exposed to 200 

microorganisms. It would react with enzymes in living microorganisms to form Calcein 201 

fluorescent molecules after entering the cells. Therefore, living microorganisms can be 202 

identified by Calcein fluorescent molecules. However, Ethdium-1 is incapable of entering living 203 

microorganisms. It can only enter dead microorganisms and fluoresce with gene fragments 204 

inside microorganisms. Hence, Ethdium-1 can be used to detect dead microorganisms.  205 

2.2.2 Surface roughness 206 

The surface morphology and roughness of NTMRPC were characterized by VHX-600E ultra 207 

depth of field three-dimensional microscope. To ensure measurement accuracy, five test points 208 

of each specimen were selected for the surface roughness test, and the average value was taken 209 

as the final surface roughness of the specimen.  210 

The surface roughness of NTMRPC was calculated according to the profile height of 1600 211 

points on the sample’s surface.  212 

                            (1) 213 

where Ra, L, x and y represent the surface roughness of specimens (μm), the length of the test 214 

area (100 μm in this paper), measuring distance (μm) and the profile height of specimens in the 215 

0

1
y

L

Ra dx
L
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test area (μm), respectively.  216 

2.2.3 Mass loss 217 

NTMRPC specimens were took from the sewage corrosion device every month, the biofilms 218 

attached to the surface of NTMRPC were removed and then NTMRPC were rinsed with clean 219 

water. The weights of NTMRPC were then measured after wiping away the residual water on 220 

the NTMRPC surface. There are 3 specimens in each group, and the average mass loss of the 3 221 

specimens was taken as the final mass loss of each group, provided the difference between 222 

average and the maximum/minimum values was less than 15%. 223 

2.2.4 Deterioration depth 224 

The deterioration depth of NTMRPC was measured according to JTJ 270-98 standard 225 

(Testing Code of Concrete for Port and Waterway Engineering) in China. Firstly, the specimen 226 

was cut from the 4 cm × 4 cm cross section, and the debris and powders on the cross section 227 

were cleaned using a brush and tiger skin blowing. After that, 1% phenolphthalein solution was 228 

dropped onto the cross section of the specimen (The color region of phenolphthalein solution 229 

was between 8.2-9.8). After contacting with phenolphthalein solution, the degraded area and 230 

undegraded area of NTMRPC would turn to colorless and purplish red, respectively. The 231 

deterioration depth at each point of the NTMRPC’s cross section could be measured once the 232 

boundary between the degraded area and undegraded area was obvious. Each group contains 233 

three specimens with a minimum of 16 measurement points per specimen. The average value 234 

of the deterioration depth was taken as the final deterioration depth, provided that the difference 235 

between average and the maximum/minimum values was less than 15%, and the deterioration 236 

depth was accurate to 0.01mm.  237 

                                    (2) 238 
1

n

i

i

d

d
n
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where d, di and n represent the average deterioration depth of NTMRPC (mm), the deterioration 239 

depth at each point of the cross section of NTMRPC (mm) and the number of measurement 240 

points, respectively.  241 

2.2.5 pH value of specimens at different depths 242 

For NTMRPC cutting and grinding, a JZ-25 vertical drilling machine was used with a 243 

measured step size of 3 mm[49]. The specific method for pH test is as follows: Firstly, the 244 

powders were collected from different depths within the specimens. In order to ensure the pH 245 

test accuracy, the powders were taken at eight locations on four measurement surfaces of the 246 

specimen and 20 mm away from the edge of the specimen. At each location, the powders were 247 

collected by layer, with layer depths ranging from 0-3 mm to 3-6 mm. Secondly, the powders 248 

were dried in an oven at 80℃ for 24h. The dried powders were sieved using an 80 μm sieve. 249 

Thirdly, 0.5 g of powders were well mixed with 50 ml of deionized water in a beaker. To prevent 250 

steam from escaping, the beaker was then covered with a plastic wrap and kept in a water bath 251 

at a constant temperature of 80℃ for 24 hours. Finally, the solution was filtered through a 0.45 252 

μm filter, and the pH value of the filtered solution was determined using a PHS-3E table acidity 253 

meter[11]. There are 3 specimens in each group, and the average pH value of the 3 specimens 254 

was taken as the final mass loss of each group, provided that the difference between average 255 

and the maximum/minimum values was less than 15%. 256 

2.2.6 Microstructure 257 

Field emission scanning electron microscope (Nova Nano SEM 450, American FEI Ltd.) was 258 

used to investigate the microstructure of the deterioration region of NTMRPC. The high voltage 259 

(HV) and work distance (WD) of SEM were 5.00 kV and 5.4 mm, respectively.  260 

2.2.7 Mechanical property 261 

The flexural and compressive strengths of NTMRPC were measured usingWDW-200E 262 

universal electronic testing machine according to GB/T17671-1999 (Method of testing cements 263 
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determination of strength-ISO) of China. The loading rate for flexural and compressive strength 264 

tests were 0.05 mm/min and 1.2 mm/min, respectively. The average flexural/compressive 265 

strength value of three specimens in each group was regarded as the final value if the difference 266 

between average strength value and the maximum/minimum strength was less than 10%. 267 

3. Results and discussion 268 

3.1 Biological corrosion resistance of NTMRPC in high concentration enhanced sewage 269 

The concrete surface in sewage usually forms a covering layer of micrometers or even 270 

millimeters due to the attachment of microorganisms, which is called ‘biofilm’. Biofilm is the 271 

main aggregation site for microorganisms in sewage, and the density of microorganisms in 272 

biofilm is usually 5-6 orders of magnitude higher than that in the suspended state of sewage. 273 

Therefore, the number of microorganisms and the distribution of dead/alive microorganisms in 274 

the biofilm on the surface of NTMRPC in sewage will directly affect the corrosion resistance 275 

of NTMRPC.  276 

The morphology of microorganisms in sewage is shown in Figure 2. It can be observed from 277 

Figure 2 (a-b) that the green microorganisms (living) move around in the biofilm, while the red 278 

microorganisms (dead) remain stationary. High-throughput sequencing technology was used to 279 

test the sewage during the same period. It was found that the sewage mainly contained 280 

Bacteroidetes, Proteobacteria and Firmicutes, and the relative abundance of the three 281 

microorganisms accounted for about 85%[50]. Bacteroidetes include Thiobacillus, Desulfovibrio 282 

and Xanthomonas desulfurization, etc., among which Thiobacillus is one of the most common 283 

bacteria in nature. Desulfovibrio and Xanthomonas desulfurization are both Sulfate reducing 284 

bacteria, and their metabolite sulfuric acid is the main cause of microbial degradation of RPC. 285 

Escherichia coli, which is contained in Proteobacteria, could release organic acids and carbon 286 

dioxide in the metabolic process, causing acid degradation and carbonization of RPC. As shown 287 

in Figure 2 (c), the ellipse-shaped microorganism in the biofilm is Sulfate reducing bacteria, 288 
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and the rod-shaped microorganism is Escherichia coli[5].  289 

The effect of NT on the living/dead distribution of microorganisms in the biofilm on the 290 

surface of RPC was investigated using image analysis method, as shown in Figure 3, which 291 

includes image separation, shadow correction, gray scale conversion and target measurement[51]. 292 

 
Figure 2. Morphology of microorganisms in sewage. 

 293 

 

Figure 3. The procedure for calculating the number of (living/dead) microorganisms in the 

biofilm using image analysis. 

 294 

The inhibition and elimination rates of NTMRPC to microorganisms can be calculated by 295 

Equations (3)-(5)[10]: 296 

1 x
rate

1

A A
I 100

A
%


 

                             (3) 

297 
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x

x

x x

D
E = 100%

D + A


                          (4) 

298 

rate 1 xE E E                                   (5)
 299 

where Irate, Erate, A1, Ax, Dx, E1 and Ex represent the inhibition rate of NTMRPC to 300 

microorganisms, elimination rate of NTMRPC to microorganisms, proportion of living 301 

microorganisms on the surface of control RPC (B-C0), proportion of living microorganisms on 302 

the surface of NTMRPC, proportion of dead microorganisms on the surface of specimen, death 303 

rate of microorganisms on the surface of control RPC (B-C0) and death rate of microorganisms 304 

on the surface of NTMRPC, respectively. 305 

The alive/dead distributions of microorganisms in the biofilm on the surface of NTMRPC 306 

are illustrated in Figure 4. As illustrated in Figure 4, the addition of NT significantly reduced 307 

the amount of living microorganisms on the RPC surface, indicating that NTMRPC had a 308 

considerable inhibitory impact on microorganisms. In addition, the inhibitory impact of silica 309 

surface treated rutile phase NTMRPC on microorganisms is greater than that of anatase phase 310 

NTMRPC.  311 

   

   

Living microorganisms Living microorganisms Living microorganisms 

Dead microorganisms Dead microorganisms Dead microorganisms 
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(a) B-C0 (b) B-T1-1 (c) B-T2-1 

Figure 4. Living/dead distribution of microorganisms in biofilms on the surface of 

NTMRPC corroded by sewage 

 312 

The distributions of microorganisms on the surface of NTMRPC corroded by sewage are 313 

listed in Table 3. The amounts of living microorganisms on the surface of B-T1-1, B-T1-2, B-314 

T2-1 and B-T2-2 are 0.63%, 0.66%, 0.35% and 0.18%, which are 31.19%, 28.19%, 61.59% 315 

and 80.93% lower than that of B-C0, respectively. In addition, the elimination rates of B-T1-1, 316 

B-T1-2, B-T2-1 and B-T2-2 on the microorganisms reach 25.66%, 15.05%, 37.35% and 317 

35.07%, respectively. Figure 5 shows a schematic diagram of biological corrosion resistance of 318 

NTMRPC.  319 

Table 3. The distributions of microorganisms on the surface of NTMRPC corroded by sewage 320 

Specimen notation B-C0 B-T1-1 B-T1-2 B-T2-1 B-T2-2 

Dx (%) 0.49±0.05 1.23±0.52 0.81±0.38 1.09±0.24 0.52±0.21 

Ax (%) 0.92±0.40 0.63±0.10 0.66±0.75 0.35±0.09 0.18±0.02 

Ex (%) 38.25 63.91 53.31 75.61 73.32 

Erate (%) - 31.19 28.19 61.59 80.93 

Irate (%) - 25.66 15.05 37.35 35.07 

 321 

 

Figure 5. Schematic diagram of biological corrosion resistance of NTMRPC. 

 322 

The minimum proportion of living microorganisms on the surface of NTMRPC is only 0.18%, 323 

which is less than that of copper phthalocyanine modified concrete (0.21%), sodium bromide 324 

modified concrete (0.45%), zinc oxide modified concrete (0.73%), sodium tungstate modified 325 

concrete (0.81%) and dodecyl dimethyl benzyl ammonium chloride modified concrete (1.33%) 326 
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degraded in sewage with the same COD (6000 mg/L) in reference[11]. The inhibition rate of 327 

NTMRPC on the microorganisms can reach up to 37.35%, which is higher than that of dodecyl 328 

dimethyl benzyl ammonium chloride modified concrete (11.36%), sodium bromide modified 329 

concrete (12.21%) and copper phthalocyanine modified concrete (25.88%). Meanwhile, the 330 

elimination rate of NTMRPC on the microorganisms can reach up to 80.93%, which is higher 331 

than that of dodecyl dimethylbenzyl ammonium chloride modified concrete (42.42%), sodium 332 

tungstate modified concrete (64.94%), zinc oxide modified concrete (68.40%) and sodium 333 

bromide modified concrete (80.52%) in reference[11]. According to references[21, 35, 52-54], NT 334 

mainly inhibits and eliminates microorganisms by dissolving the cell membrane/cell wall of 335 

microorganisms, causing microbial cytopathic changes, limiting the replication ability of 336 

microorganisms and blocking the respiratory system of microorganisms. The mechanisms for 337 

the inhibition and elimination effects of NTMRPC on microorganisms are the sameas those of 338 

NT.  339 

3.2 Physical corrosion resistance of NTMRPC in high concentration enhanced sewage 340 

3.2.1 Surface roughness 341 

The surface morphologies and three-dimensional morphologies of NTMRPC cured in water 342 

are shown in Figure 6. It can be seen that the surface morphologies of NTMRPC cured in water 343 

are relatively flat, and only little volumes of slurry falls from the surface of NTMRPC. In 344 

addition, as evidenced from the three-dimensional morphologies of NTMRPC, the surface 345 

fluctuation of A-C0 is greater than that of A-T1-1 and A-T1-2, and the surface fluctuation 346 

heights of most areas on the surface of A-C0 are higher than 28 μm.  347 
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(d) A-C0 (b) A-T1-1 (c) A-T2-1 

Figure 6. The surface morphology and three-dimensional morphology of NTMRPC in 

water: (a) A-C0, (b) A-T1-1, (c) A-T2-1. 

Figure 7 displays the surface morphologies and three-dimensional morphologies of 348 

NTMRPC treated in high concentration enhanced sewage. It can be seen that the surface of 349 

NTMRPC changes from gray to dark yellow after being corroded by high concentration 350 

enhanced sewage, and there is obvious quartz sand leakage. The exposed aggregate area of B-351 

C0 is obviously larger than that of B-T1-1 and B-T2-1. In addition, there are distinct expansion 352 

cracks on the surface of B-C0[55]. In addition, the surfaces of NTMRPC are uneven with distinct 353 

undulating peaks and gullies after being corroded by high concentration enhanced sewage. 354 

   

   
(a) B-C0 (b) B-T1-1 (c) B-T2-1 

Figure 7. The surface morphology and three-dimensional morphology of NTMRPC in 

Expansion cracks 

Exposed aggregates 

Exposed aggregates Exposed aggregates 

Lens:×100 Lens:×100 Lens:×100 

Lens:×100 Lens:×100 Lens:×100 
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high concentration enhanced sewage. 

 355 

The values of surface roughness of NTMRPC are listed in Table 4. The surface roughness of 356 

NTMRPC increased after being corroded by high concentration enhanced sewage. NT can 357 

decrease the surface roughness of RPC effectively. By adding anatase phase NT with a content 358 

of 3 wt.% and 5 wt.%, the surface roughness of RPC was reduced by 20.12/39.95% and 359 

25.31/62.57%, respectively. The surface roughness of RPC was reduced by 3.75/9.27% and 360 

16.13/39.88% through adding silica surface treated rutile phase NT with a content of 3 wt.% 361 

and 5 wt.%, respectively.  362 

Table 4. The values of surface roughness of NTMRPC 363 

Specimen notation/unit C0/μm T1-1/μm T1-2/μm T2-1/μm T2-2/μm 

A group 23.22 9.33 8.82 9.49 17.33 

B group 40.45 20.33 15.14 36.70 24.32 

 364 

3.2.2 Mass loss 365 

The mass loss of NTMRPC after being corroded by high concentration enhanced sewage is 366 

shown in Figure 8. As can be seen that the inhibiting effects of NT on the mass loss of RPC in 367 

high concentration enhanced sewage gradually appeared after 3 months of sewage corrosion.  368 

 

Figure 8. The mass loss of NTMRPC after being corroded by high concentration enhanced 

sewage. 

 369 

It can be seen from Figure 8 that in the first 9 months of sewage corrosion, the mass loss rate 370 

of NTMRPC gradually increases. The mass loss rate of NTMRPC reaches the maximum when 371 
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the corrosion age is 9 months. After being corroded by high concentration enhanced sewage for 372 

more than 9 months, the mass loss rate of RPC decreased gradually. The mass losses of B-T1-373 

1, B-T1-2, B-T2-1 and B-T2-2 are 56.05g, 53.05g, 56.01g and 59.68g, respectively, which are 374 

7.03%, 12.01%, 7.10% and 1.01% lower than that of B-C0 (60.29g). When the sewage 375 

corrosion age reached 14 months, the mass losses of B-T1-1, B-T1-2, B-T2-1 and B-T2-2 are 376 

63.43g, 60.10g, 63.58g and 69.93g, respectively, which are 10.80%, 15.48%, 10.59% and 1.66% 377 

lower than that of B-C0 (71.11g). When comparing T1 and T2, the inhibiting effect of T1 on 378 

the mass loss of RPC under sewage degradation is higher than that of T2 and increases with the 379 

increasing T1 content, which could be attributed to an increase in the amount of T1 particles 380 

that can be used to inhibit/kill microorganisms. 381 

3.3 Chemical corrosion resistance of NTMRPC in high concentration enhanced sewage 382 

3.3.1 The deterioration depths of NTMRPC in high concentration enhanced sewage 383 

The acid, sulfate and microorganisms, etc. in high concentration enhanced sewage can 384 

penetrate concrete through the pores and cracks in concrete, causing concrete deterioration. The 385 

deterioration depths of concrete in high concentration enhanced sewage can reflect the 386 

deterioration degree of concrete in sewage environment, which is helpful for understanding the 387 

deterioration law of concrete in sewage.  388 

The deterioration depth of NTMRPC after being corroded by high concentration enhanced 389 

sewage for 14 months is shown in Figure 9. The sewage deterioration depths of NTMRPC are 390 

listed in Figure 10. It can be seen from Figure 12 that the deterioration depth on the cross section 391 

of B-C0 reaches 6.67 mm whereas the deterioration depths of B-T1-1, B-T1-2, B-T2-1 and B-392 

T2-2 are only 5.44 mm, 5.81 mm, 5.69 mm and 5.69 mm which was decreased by 18.44%, 393 

12.89%, 14.69% and 14.69% compared with that of B-C0, respectively. This finding is in 394 

agreement with the results of Rahim et al.[56] and Mohseni et al.[57] studies. This phenomenon 395 
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means that NT can enhance the chemical corrosion resistance of RPC against high 396 

concentration enhanced sewage, which may due to the improved compactness of RPC by NT[42].  397 

 

Figure 9. The deterioration depth of NTMRPC after being corroded by high concentration 

enhanced sewage for 14 months. From left to right: cross sections of B-C0, B-T1-1, B-T1-

2, B-T2-1 and B-T2-2.  
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Figure 10. The deterioration depth of NTMRPC 

after being corroded by high concentration 

enhanced sewage for 14 months. 

Figure 11. Average pH values of NTMRPC 

at different deterioration depths. 

 399 

3.3.2 Average pH values at different deterioration depths of NTMRPC  400 

The average pH values at different deterioration depths of NTMRPC after deterioration by 401 

high concentration enhanced sewage are shown in Figure 11. It can be seen that the average pH 402 

value of NTMRPC after deterioration by high concentration enhanced sewage fluctuates 403 

between 6.64 and 7.29, between 7.07 and 8.74 and between 10.54 and 11.20 in the depth ranges 404 

of 0-3 mm, 3-6 mm and 6-9 mm, respectively. Meanwhile, the average pH value of RPC matrix 405 
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under standard curing during the same period is 11.39. Therefore, it can be inferred that 406 

NTMRPC have been exposed to severe corrosion in the depth range of 0-6 mm, and less 407 

corrosion in the depth range of 6-9 mm, respectively. In addition, it can be seen from the Figure 408 

13 that NT are effective in preventing pH reduction of RPC in the depth range of 0-6 mm. The 409 

pH value of RPC can be increased by 11.45% and 23.62% due to the inclusion of anatase phase 410 

NT in the depth range of 0-3 mm and 3-6 mm, respectively. While the pH value of RPC can be 411 

increased by 9.79% and 12.45% due to the inclusion of anatase phase NT in the depth range of 412 

0-3 mm and 3-6 mm, respectively.  413 

Microorganisms in sewage can break down the C-S-H gel in concrete and form a grey white 414 

mud-like thaumasite with no gelling capacity, thus lowering concrete strength (Equation 6)[58]. 415 

Figure 12 shows the dissolution condition of powders at different deterioration depths of 416 

NTMRPC after 24 hours in a water bath at 80 ºC. The powders taken from NTMRPC in the 417 

depth of 0-3 mm were almost completely dissolved, obvious grey white mud-like substances 418 

appeared on the upper layer of the solution (Figure 12 (a)). However, the powder taken from 419 

the depth range of 3-6 mm were partially dissolved and some grey white mud-like substances 420 

appeared on the upper layer of the solution (Figure 12 (b)). The powder taken from the depth 421 

range of 6-9 mm were almost undissolved and the upper layer of the solution was clearest 422 

(Figure 12 (c)). Combined with the deterioration depth results of NTMRPC in Section 3.3.1, 423 

the gray white mud-like substance in the depth range of 0-6 mm of NTMRPC may be 424 

thaumasite with no gelling ability which need to be further confirmed. 425 

3 3 4 2

microorganisms
C-S-H CaCO CaSiO CaSO 15H O         (6) 426 
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(a) 0-3 mm (b) 3-6 mm (c) 6-9 mm 

Figure 12. The dissolution condition of powder at different deterioration depths of 

NTMRPC after 24 hours in a water bath at 80 ºC 

 427 

3.3.3 Microstructures 428 

The microstructures of NTMRPC after being corroded by high concentration enhanced 429 

sewage are illustrated in Figure 13. The biological acids metabolized by aerobic 430 

microorganisms can react with CH crystals, making the internal structure of RPC become 431 

sparse[50]. Furthermore, the biological acids and alcohols generated by microbial metabolism 432 

would hinder the cement hydration reaction, degrade the C-S-H gel, and form a large number 433 

of holes in C-S-H gels inside RPC[4]. Anaerobic microorganisms such as Sulfate reducing 434 

bacteria would reduce sulfate to sulfuric acid through biochemical reactions[59-60]. After that, 435 

sulfuric acid could react with cement components to produce harmful hydration products such 436 

as ettringite and gypsum. When the concentration of SO4
2- is more than 1000 mg/L in RPC, 437 

sulfate could decompose C-S-H gel into thaumasite (CaO·SiO2·CaCO3·CaSO4·15H2O)[55]. The 438 

expansion of thaumasite would cause expansion pressure on concrete and break the bond 439 

between the aggregate and cement paste[61], resulting in the exfoliation of the aggregate and 440 

cement paste in the RPC (Figure 13 (a), 20000×). On the other hand, when the concentration of 441 

SO4
2- is less than 1000 mg/L in RPC, the deterioration of RPC is mainly due to the formation 442 

of expandable ettringite, which causes a large number of micro-cracks in RPC structure[62] 443 

(Figure 13 (b), 1200×). NT has inhibition/elimination effect on microorganisms, which can 444 

improve the biological corrosion resistance of RPC in sewage by microorganism 445 

biodegradation. In addition, NT possesses small size effect, filling effect and self-curing effect, 446 

Obvious grey white 

mud-like substances 

Relatively clear 

Hydration products 

Some grey white 

mud-like substances 
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which can increase the compactness of RPC, reduce the micro cracks in RPC (Figure 13 (c), 447 

1200×), and improve the physical and chemical corrosion resistance of RPC in high 448 

concentration enhanced sewage. 449 

 
Figure 13. Microstructures of NTMRPC after deterioration by high concentration enhanced 

sewage: (a) Cement paste and aggregate in RPC; (b) Micro-cracks in RPC; (c) Denser 

microstructures in NTMRPC. 
 450 

3.4 Mechanical property of NTMRPC after corrosion by high concentration enhanced sewage 451 

The flexural and compressive strengths of NTMRPC after being corroded by high 452 

concentration enhanced sewage for 14 months are shown in Figure 14. It can be seen that NT 453 

has inhibiting effects on the strength deterioration of RPC in sewage environment. The flexural 454 

strength and compressive strengths of NTMRPC in high concentration enhanced sewage are all 455 

higher than that of control RPC. The flexural strengths of B-T1-1, B-T1-2, B-T2-1 and B-T2-2 456 

are 3.13%, 7.58%, 6.43% and 2.80% higher than that of B-C0, respectively. The compressive 457 

strengths of B-T1-1, B-T1-2, B-T2-1 and B-T2-2 are 16.01%, 15.21%, 11.22% and 4.77% 458 

higher than that of B-C0, respectively.  459 
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Figure 14. Flexural and compressive strengths of 

NTMRPC after being corroded by high 

concentration enhanced sewage 

Figure 15. Comparison of performances 

of sewage system made of NTMRPC 

and RPC 

 460 

As shown in Figure 15, incorporating NT in RPC can improve the performances of sewage 461 

system by inhibiting/eliminating the microorganisms on the surface of RPC and improve the 462 

sewage physical/chemical anti-corrosion performances of RPC by improving the compactness 463 

of RPC, and eventually enhance the anti-corrosion properties of RPC in sewage environment. 464 

NTMRPC has the potential to extend the life of the sewage system (such as sewage conduits, 465 

drainage conduits, water purification plant sedimentation tank/filter tank, water purification 466 

systems, hospitals, etc.) that are susceptible to microbial corrosion.   467 

4. Conclusions 468 

Two different types of NT (anatase phase NT and silica surface treated rutile phase NT) and 469 

RPC were combined to fabricate an anti-corrosion concrete for the development of high 470 

corrosion resistance sewage system. After corrosion by high concentration enhanced sewage 471 

for 14 months, the sewage corrosion resistance of NTMRPC was investigated through the 472 

inhibition/elimination effect on microorganisms, surface roughness, mass loss, deterioration 473 

depth, pH value of different deterioration depths, microstructure and mechanical properties of 474 

NTMRPC. In addition, the effects of two different types of NT on the corrosion resistance of 475 

NTMRPC were compared. The main conclusions are as follows:  476 
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(1) NTMRPC can effectively inhibit/eliminate the microorganisms on their surface due to the 477 

microorganism biodegradation property of NT, and then reduce the biological corrosion of 478 

microorganisms to NTMRPC. The antimicrobial property of silica surface treated rutile phase 479 

NTMRPC is higher than that of anatase phase NTMRPC. The inhibition rate and elimination 480 

rate of silica surface treated rutile phase NTMRPC to their surface microorganisms can reach 481 

37.35% and 80.93%, respectively.  482 

(2) After corrosion by high concentration enhanced sewage, the surface of NTMRPC changes 483 

from gray to dark yellow, and there are obvious quartz sands leakage. The surface roughness of 484 

RPC can be decreased by 25.31/62.57% and 16.13/39.88%, and the mass loss of RPC can be 485 

decreased by 15.48% and 10.59% due to the inclusion of anatase phase NT and silica surface 486 

treated rutile phase NT. 487 

(3) NT can enhance the chemical corrosion resistance of NTMRPC in high concentration 488 

enhanced sewage. Anatase phase NT and silica surface treated rutile phase NT can reduce the 489 

deterioration depth of RPC by 18.44% and 14.69%, respectively. In the depth ranges of 0-3 mm 490 

and 3-6 mm, anatase phase NT can increase the pH value of RPC by 11.45% and 23.62%, 491 

respectively. After corrosion by high concentration enhanced sewage, a large number of loose 492 

C-S-H gels, ettringite, gypsum and micro-cracks can be found inside NTMRPC. Meanwhile, 493 

there are exfoliation phenomenon of aggregate and cement paste exists inside NTMRPC. 494 

(4) NT can restrain strength deterioration of RPC in high concentration enhanced sewage. 495 

The flexural and compressive strengths of RPC after being corroded by sewage can be increased 496 

by 7.58% and 16.01%, respectively. This could be related to the following two factors: On the 497 

one hand, due to the microorganism biodegradation properties, NT can reduce the biological 498 

corrosion caused by microorganisms on RPC. On the other hand, NT can improve the 499 

compactness of RPC, thus improving the physical and chemical corrosion resistance of RPC in 500 

high concentration enhanced sewage. Compared with silica surface treated rutile phase 501 
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NTMRPC, anatase phase NTMRPC has higher sewage corrosion resistance and is more suitable 502 

for sewage system. 503 

(5) The application of NTMRPC in sewage conduits, drainage conduits and water 504 

purification plant sedimentation tanks/filter tanks with a large number of microorganisms could 505 

improve the corrosion resistance of the structures, extend the service life of the structures and 506 

lower the life-cycle cost of the structures. In addition, because of the microorganism 507 

biodegradation property of NT, NTMRPC can be utilized in water purification systems to purify 508 

water. The application of NTMRPC to infrastructure such as hospitals, homes, schools and 509 

offices has the potential to kill viruses and prevent them from spreading and multiplying.  510 
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