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Abstract: This study explores the potential of antimicrobial agents in high-performance concrete
(HPC) to combat biodeterioration without compromising compressive strength. Response surface
methodology (RSM) was used to create 21 combinations of nanosized TiO: and ZnO (ranging from
0-2% by weight of cement in HPC). Results show that ZnO negatively impacts compressive
strength as its content increases from 0-2%, while TiOz enhances it by up to 17% with 2% TiO2. By
optimizing TiO2 and varying ZnO within the 0-2% range, compressive strengths between 81-100
MPa can be achieved. The quadratic model, with significant statistical values, accurately depicts
the effects of nanoparticles on compressive strengths.
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1. Introduction

The vulnerability of concrete to biodeterioration, which is brought about by the
growth and spread of microorganisms such as bacteria, fungi, algae, and lichens, has
been recognised as a noteworthy concern that impacts the engineering characteristics of
concrete in diverse settings and circumstances [1-3]. Microbial deterioration is mostly
initiated by the penetration of CO: from the atmosphere into the concrete. The presence
of COg, lowers the alkalinity of the concrete, thereby reducing the pH to values below 9.5
[3-5]. Deterioration of concrete by microorganisms is also common in pipes, oil storage
Academic Editor: Firstname Last- tanks and oil carrying structures because of the sulphuric content of the containing liquid
name [6,7]. Noeiaghaei ef al. [6] claims that any aerobic environment containing sulphur from
oil and fuel spills will also stimulate the growth of sulphur oxidising bacteria (SOB) and
sulphate reducing bacteria (SRB) like Thiobacillii and Desulfovibrio. These group of diverse
bacteria have the capacity to convert sulphur to sulphate in the presence of oxygen,

av which ultimately leads to the formation of sulphuric acid that is deleterious to both re-
inforced and unreinforced concrete [8]. As evidenced by past research results, it has also
been discovered that the deterioration of concrete structures in oil-marine water systems
can also be associated with the mutualistic relationship between aerobic oil-oxidizing
publication under the terms and bacteria (OOB) and SRBs [7,9]
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icides) commonly employed in the agricultural sector. A number of these chemicals were
applied to the surface of the concrete or added to the concrete mixture as an admixture
with the purpose of impeding the proliferation of microorganisms, thus conferring an
antimicrobial property to the concrete. [10-13].

The gradual acceptance of this technology posed a formidable challenge owing to
the inherent hazards that these chemicals pose to both human well-being and the eco-
system. The efficacy of antimicrobial concrete is contingent upon a multitude of factors,
including the antimicrobial agent employed, the nature of the microorganisms under
consideration, and the precise conditions of application. It is of utmost significance to
meticulously contemplate these variables whilst selecting antimicrobial concrete for a
particular application. There exist various antimicrobial agents that are viable for use in
anti-microbial concrete, such as biocides, silver ions, copper ions, heavy metals and their
oxides. The agents operate through the perturbation of the metabolic or reproductive
processes of microorganisms, thereby impeding their ability to proliferate and flourish
on the surface of the concrete. [14-18].

To effectively harness these materials, there is the need to combine two or more of
these materials for adoption as admixtures in concrete production. Up until now,
in-stances where these substances have been implemented, the emphasis has primarily
been on their individual effects, with only a limited number of attempts made to inves-
tigate the combined effects of these antimicrobial agents on the mechanical properties of
concrete [19-21]. The use of Response Surface Methodology (RSM) provides an avenue to
explore this option most especially in situations where several input variables (that is,
independent variables) determines the characteristics or performance measure of a pro-
cess [22,23]. The effectiveness of this approach has been demonstrated by various authors
[22,24,25]. RSM helps to understand individualistic and synergistic relationships between
input fac-tors and output also known as responses.

In view of the foregoing, there remains a knowledge gap regarding the effect of
various combinations of antimicrobial agents on the mechanical properties of
High-Performance Concrete (HPC). As a result, this paper attempts to develop a model
that describes the effects of various combinations of TiO2 and ZnO antimicrobial agents
on the 28-day compressive strength of HPC with a target strength of 80 + MPa. To do this,
RSM was utilized in producing 21 different combinations of TiO: and ZnO within the
range of 0-2% by weight of the cement. The methods, results, and conclusions based on
the experimental work are presented in the following sections.

2. Materials and Methods

Grade 52.5N Ordinary Portland Cement (OPC), Silica Fume (SF), Titanium Oxide
Nanoparticles (TiO2 NPs) anatase 99.5%, Zinc Oxide Nanoparticles (ZnO NPs), coarse
and fine aggregates were used in developing different mixes of HPC. Only the content of
TiO2 NPs and ZnO NPs were varied within the range of 0-2% by weight of the cement.
De-sign Expert software was employed in generating 21 different combinations of TiO:
NPs and ZnO NPs as provided in Table 1 below. The proportioning of both NPs as pre-
sented in Table 1 formed the basis for the replacement of each NPs in the concrete mix.
The compressive strength test was conducted on three (3)100 mm cubes in accordance
with the provisions of ASTM C 39. The average compressive strength of the three (3)
samples after 28 days of curing was obtained as the compressive strength of the concrete.
Model equation for fitting the combined effects of TiO2 and ZnO on the 28-day compres-
sive strength of HPC was developed by using the standard form of the second order re-
sponse surface model provided as equation 1 below. Performance indicators such as
p-value, residual predicted plots, and coefficient of determination (R?) value were used to
assess the performance of RSM model.
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Table 1. Combination of TiO2 and ZnO based on RSM.

Run TiO2 (%) ZnO (%)
1 2 1.33
2 0 2
3 1 0
4 2 2
5 0 0.67
6 0 1.33
7 1 1
8 1.33 2
9 0.67 2
10 0.5 0.5
11 2 0.67
12 1.5 1.5
13 1.5 0.5
14 0 0
15 2 1
16 1.33 0
17 0 1
18 0.5 1.5
19 2 0
20 0.67 0
21 1 2

k
y= 8, +Zﬁi}-xi}- +€, i=12,..,n (1)
i=1

3. Results and Discussion

The individual as well as combined effects of TiO2 and ZnO on the 28-day compres-
sive strength of HPC is depicted in Figures 1-3. From Figures 1 (a)- (b), it can be seen that
as the content of ZnO increased in the mix there was a corresponding decrease in the
compressive strength of the concrete. On the other hand, TiO: had a contrasting effect on
the performance of the compressive strength of the concrete. Samples with 2% TiOz had
as much as 17% enhancement in the compressive strength. The reduction in strength
observed in samples containing ZnO can be attributed to the formation of calcium zinc
hydroxide dihydrate (CaZn2(OH)s-2H20) as a result of the reaction between formation
ZnO and Ca(OH)y, leading to retardation of the concrete[26].

The interactive plots in Figures 2 (a)- (b) revealed that for optimal performance in
compressive strength of HPC with combinations of TiOz and ZnO. A combination of both
NPs with high contents of TiO2 and low contents of ZnO has the potential of obtaining
compressive strengths as high as 100 MPa as indicated by the red curve in Figure 2 (a).
This is validated by the results obtained from the ANOVA in Table 1 which shows that
based on the F-value of 23.4 and low p-values for the model as well as model terms A and
B, both ZnO and TiO: had significant effect on the compressive strength of HPC.

According to [22,27] the probability of low and F- and p- values of such magnitude
being the result of noise is extremely low, at only 0.01%. Therefore, suggesting that the
quadratic model presented as equation (1) and developed based on the experimental
values are well adequate to predict the effects of both NPs on the 28-day compressive
strength of HPC.
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Figure 1. (a) Individual effect of TiO2 on the 28-day compressive strength of HPC (b) Individual

effect of ZnO on the 28-day compressive strength of HPC
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Figure 2. (a) Interactive effects of TiO2 and ZnO on the 28-day compressive strength of HPC (b)
Conversion response surface effects of TiO2 and ZnO on the 28-day compressive strength of HPC

The level of accuracy of this model is depicted by Figures 3 (a)-(b) as well as the R?
value of 0.8863. Low margin of residuals (-3, +3) obtained from the residual-predicted
plot is indicative of a strong agreement between the experimental results and the predic-
tions based on the values obtained from the quadratic equation.

Table 2. Results of ANOVA for effects of TiO2 and ZnO on 28-day compressive strength

Compressive Strength Source SS* df MS** F-value p-value
Model 1833.01 5 366.6 234 <0.0001
A-ZnO 1189.76 1 1189.76 75.93 <0.0001
B-TIO: 548.79 1 548.79 35.02 <0.0001

28-day AB 0.6517 1 0.6517 0.0416 0.8411

A? 38.94 1 38.94 2.48 0.1358

B2 29.65 1 29.65 1.89 0.1891

R? 0.8863

SS*-Sum of squares, MS**-Mean square



Eng. Proc. 2023, 5, x FOR PEER REVIEW

5 of 6

References

28 Days €S

Calor points by value of
28Days €5

casex: ([N o275

Predicted

Predicted vs. Actual Residuals vs. Predicted

28 Days €S

Calor points by value of
28Days €5

cassa: [ o275 "

200

100

Externally Studentized Residuals
]

Actual Predicted

(a) (b)

Figure 3. (a) Validation of experimental values against RSM model (b) Plots of residuals against
predictions from RSM Model.

4. Conclusion

This study employed response surface methodology (RSM) to develop and model
the effects of TiO2 and ZnO antimicrobial agents on the compressive strength of
high-performance concrete (HPC). By exploring a wide range of combinations of both
nanoparticles (NPs), a comprehensive understanding of their individual and combined
effects on HPC's compressive strength was obtained. The findings highlight the im-
portance of optimizing the TiO2 content at 2% while varying the ZnO content accordingly
to achieve the optimum compressive strength. The statistical indices, including p-value,
F-value, R?, and residual plots, collectively indicate the strong performance of the quad-
ratic model in accurately capturing the effects of TiO2 and ZnO on HPC's compressive
strength. Overall, this research enhances the body of knowledge on how TiO2 and ZnO
antimicrobial agents influence HPC's compressive strength, providing valuable insights
for the development of more durable and resilient concrete materials.
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