
Journal of the North for Basic and Applied Sciences, Vol. (8), Issue (1),  (May 2023/ Shawwal 1444 H)  46-62 

 

 

 
 

 
 

 46 

KINGDOM OF SAUDI ARABIA 
Northern Border University (NBU) 

Journal of the North for Basic & Applied Sciences  ( JNBAS) 
p -  ISSN / 7022-  1658 :   e-ISSN: 1658 - 7014 

www.nbu.edu.sa 
s.journal@nbu.edu.sa 

 

Self-cleaning Construction Material for Water 
Depollution Using Photo-catalytic Degrdation of 
Crystal Violet by ZnO-nanoparticles Catalyst 
 
Yahya Alassaf   
 
(Received 28/3/2023 ; accepted 31/5/2023) 
 
 
Abstract: The role of self-cleaning building materials in reducing water pollution besides their durability has attracted a lot of 
consideration. The inclusion of this material is now more important than ever due to the dramatic increase in domestic and 
industrial pollution sources that degrade water quality. The application of photo-catalytic self-cleaning concrete to remove 
organic impurities from water is the major consideration of this work. Using a response surface methodology (RSM), the 
experimental design for nanoparticle synthesis was optimized. The effect of stirring speed, the temperature and the 
concentration of zinc acetate on the nanoparticles diameter were studied. A Box-Behnken (BB) design with three factors and 
three center points was used. The size of the synthesized particles is most significantly influenced by temperature. The 
degradation results of the pollutant model (Crystal Violet (CV)) are carried out for different sizes of synthesized particles (14.2 
nm, 16.8 nm, 19 nm) and an average particle size of commercial ZnO (50 nm). The results show that decreasing the particle 
size from 50 nm to 14.2 nm improves the maximum conversion rate by 33% and accelerates the reaction rate by 28%. The 
concentration of pollutant decreases gradually to reach the values of 4.30 mg/L, 1.80 mg/L, and 0.85 mg/L for the respective 
times 5min, 10min and 23min. The maximum conversion rate achieved is 91.5%. Finally, to validate the numerical model 
simulating the self-cleaning concrete paving block, a comparison of the experimental and modeled reaction rates was 
established. The modeling results accurately matched the experimental results. 
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 يئوضلا يزیفحتلا للحتلا مادختساب هایملا ثولت ةلازلإ فیظنتلا ةیتاذ دییشت داوم
  ZnO ةیونانلا تامیسجلا زفحم ةطساوب يلاتسیركلا جسفنبلل

 
 فاسعلا حلاص ىیحی
 
 )ـھ1444/11/11 يف رشنلل لبقو ؛1444/9/6 يف رشنلل مدق(
 

 

 نلآا داوملا هذھ جاردإ حبصأ .مامتھلاا نم ریثكلا اھتناتم بناج ىلإ هایملا ثولت لیلقت يف فیظنتلا ةیتاذ ءانبلا داوم رود بذتجا دقل :ثحبلا صلختسم
 ةیتاذ ةناسرخلا قیبطت ربتعی .هایملا ةدوج نم للقت يتلا ةیعانصلاو ةیلزنملا ثولتلا رداصم يف ةلئاھلا ةدایزلا ببسب ىضم تقو يأ نم ةیمھأ رثكأ
 نیسحت مت ، (RSM) ةباجتسلاا حطس ةیجھنم مادختساب .لمعلا اذھل يسیئرلا رابتعلاا ءاملا نم ةیوضعلا بئاوشلا ةلازلإ يئوضلا زیفحتلا تاذ فیظنتلا
 .ةیونانلا تامیسجلا رطق ىلع كنزلا تلاخ زیكرتو ةرارحلا ةجردو كیرحتلا ةعرس ریثأت ةسارد تمت .ةیونانلا تامیسجلا قیلختل يبیرجتلا میمصتلا
 مت .ةرارحلا ةجردب ةریبك ةجردب ةعنصملا تامیسجلا مجح رثأتی .ةیزكرم طاقن ثلاثو لماوع ةثلاث عم Box-Behnken (BB) میمصت مادختسا مت
 )رتمونان 19 ، رتمونان 16.8 ، رتمونان 14.2( ةبكرملا تامیسجلا نم ةفلتخم ماجحلأ (Crystal Violet (CV)) تاثولملا جذومن للحت جئاتن ءارجإ
 لدعم نسحی رتمونان 14.2 ىلإ رتمونان 50 نم تامیسجلا مجح لیلقت نأ جئاتنلا ترھظأ .)رتمونان 50( يراجتلا ZnO نم تامیسجلا مجح طسوتمو
 و رتل / مجم 1.80 و رتل / مجم 4.30 میق ىلإ لصیلً ایجیردت ثولملا زیكرت ضفخنی .٪28 ةبسنب لعافتلا لدعم عرسیو ٪33 ةبسنب ىصقلأا لیوحتلا

 يددعلا جذومنلا ةحص نم ققحتلل ، ارًیخأ .٪91.5 وھ ھقیقحت مت لیوحت لدعم ىصقأ .ةقیقد 23 و قئاقد 10 و قئاقد 5 تاقولأا لكل رتل / مجم 0.85
 جئاتنلا عم ةقدب قباطتت ةجذمنلا جئاتن .ةجذمنلاو ةیبیرجتلا لعافتلا تلادعم نیب ةنراقم ءارجإ مت ، فیظنتلا ةیتاذ ةیناسرخلا فصرلا ةلتك يكاحی يذلا
  .ةیبیرجتلا
 
 ةجذمنلا ،ةباجتسلاا حطس ةیجھنم ،يئوضلا زفحملا ،ةیونانلا تامیسجلا ،ةیناسرخلا فصرلا ةلتك ،يتاذلا فیظنتلا  :ةیحاتفم تاملك

 .ةاكاحملاو
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1.  INTRODUCTION 
 
Self-cleaning construction materials have 
attracted exceptional attention for their 
inescapable role in water and air pollution control 
and their durability (Awadalla, Zain, Kadhum, & 
Abdalla, 2011; Paolini, Borroni, Pedeferri, & 
Diamanti, 2018; Qualharini, Stolz, Martini, 
Polesello, & da Silva, 2023; Xia et al., 2023). The 
integration of this type of material has become 
more urgent with the huge increase in the sources 
of domestic and industrial pollution affecting air 
and water quality (Deng, 2021; Karpińska & 
Kotowska, 2019; Singh, Yadav, Kathi, & Singh, 
2022). In order to eliminate any residual pollution 
from surface water, it is necessary to apply 
advanced oxidation techniques (AOT) which can 
be envisaged for the destruction of traces of 
residual pollution (Lee & Park, 2013; Pattnaik, 
Sahu, Poonia, & Ghosh, 2023; Yao et al., 2023). 
Among these techniques we can cite: Ozonation, 
the use of UV rays and photo-catalysis. Zinc oxide 
nanoparticles, is considered one of the most 
important photo-catalyst for organic pollutant 
degradation (Mishra, Pandey, & Fosso-Kankeu, 
2023; Wouters et al., 2023). In the other hand, the 
water scarcity in Saudi Arabia is one of the most 
important contemporary problems and is of great 
interest at the research level. The strategic studies 
of the Ministry of Environment, Water and 
Agriculture in KSA showed the urgent need to 
rationalize the demand for water, which was 
estimated at more than 25 billion cubic meters 
with an annual increase of 8% (Alrwis et al., 2021; 
Baig, Alotibi, Straquadine, & Alataway, 2020). It 
is in this approach that the national and 
international demand for the development of 
adequate water treatment techniques and the use 
of self-cleaning material has become a major 
preoccupation (Hassan, Yilbas, Al‐Sharafi, Sahin, 
& Al‐Qahtani, 2020; Wu et al., 2021). Many of 
discovered pollutants, especially persistent 
organic pollutants POPs, are not degradable by 
conventional water treatment methods. 
Consequently, it is necessary to apply advanced 
oxidation (AOT) such as photo-catalysis. 
Advanced oxidation process (AOP) relies on the 
production of highly reactive oxidative species, 
particularly OH° radicals, in particular because of 

its non-selectivity (Gaur, Dutta, Singh, Dubey, & 
Kamboj, 2022; Iqbal, Yusaf, Usman, Hussain 
Bokhari, & Mansha, 2023). Advanced treatment 
of water is mainly based on photo-catalysis which 
encompasses a variety of reactions including 
decomposition processes of chemical species 
(Caudillo-Flores, Muñoz-Batista, Fernández-
García, & Kubacka, 2022; V. Singh et al., 2022). 
When it is exposed to UV radiation, the photons 
are absorbed and an electron migrates to the 
conduction band leaving a hole in the valence 
band (Van Thuan et al., 2022). Modern photo-
catalytic applications involve doping with 
fluorescent nanoparticles. It promotes the 
reduction of the electron-hole recombination 
phenomenon and enhance catalytic efficiency. 
The significant specific surface area (surface to 
volume ratio) of nanomaterials improves the 
adsorption of contaminants and the degradation of 
pollutants (Napoli, Uriarte, Garrido, Domini, & 
Acebal, 2022; Ningthoujam et al., 2022; Song et 
al., 2022). ZnO is frequently applied to reduce 
water pollution through advanced oxidation 
processes and is widely employed as a semi-
conductor photo-catalyst (Abukhadra, 
AlHammadi, Khim, Ajarem, & Allam, 2022; 
Modi et al., 2022). The majority of nanoparticles 
qualities are closely correlated with its size and 
shape. By using a series of hydrolysis-
condensation reactions, metal alkoxides, which 
are primarily composed of a metal atom encircled 
by simple alkyl groups, are converted into 
nanoparticles. Due to a phenomenon known as 
"quantum confinement," the major property of 
semiconductor nanocrystals is that their band gap 
can be altered in accordance with their size 
(Ahamed, Ahamed, Kumar, & Sivaranjani, 2022; 
Torres-Torres & García-Beltrán, 2022). The gap 
widens and the energy levels are constrained to 
discrete values as a result of the charge carriers' 
need to take more kinetic energy in order to 
penetrate the nanocrystal. The energy structure 
transitions from a band structure to a discrete level 
structure as a result of the nanometric size of the 
nanocrystals (El-Morsy, Awwad, Ali, & Menazea, 
2022; Kalyani & Dhoble, 2023). Thus, the 
properties of the nanoparticles are intermediate 
between those of the bulk material and those of the 
molecular compounds, and the theory of the 
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molecular orbitals is more suited to describe them 
than the valence band (BV) and conduction band 
(BC) of solid semiconductors (Gul et al., 2022; 
Lvov, Potemkin, & Stremoukhov, 2023).  
The main problem in this research concerns the 
remove of organic pollutants from water using 
photo-catalytic self-cleaning concrete. The 
enhancement of the catalyst for photo-catalytic 
degradation, like natural ZnO, is based on the use 
of nanoparticles in order to stabilize the catalyst 
and to avoid electron-hole recombination 
phenomena in the semiconductor. In this work, an 
addition of catalyst (ZnO) doped by nanoparticles 
on the concrete was carried out. The synthesis of 
nanoparticles passes through several preparation 
stages such as dissolution, centrifugation and 
extraction of nanoparticles based on ZnO. Then, 
concrete blocks are prepared by introducing the 
synthesized photo-catalyst on its surface. A series 
of photo-catalytic tests are carried out choosing 
Crystal Violet (CV) as the typical pollutant. 
Finally, a modeling of the catalytic degradation is 
performed using the finite element method. 
 
2.  MATERIAL AND  METHODS  
 
The preparation of self-cleaning concrete paving 
block takes place in several stages. The first stage 
consists of synthesizing the activated 
nanoparticles. The structure and crystallinity of 

the prepared nano-powders were analyzed by X-
Ray Diffraction (XRD) utilizing D8 Advance 
Bruker diffractometer (Liu, Liu, Yu, Copeland, & 
Wang, 2023). The catalyst thus prepared will be 
deposited on the surface of the concrete paving 
block. To test the self-cleaning efficiency of the 
concrete, several photo-catalytic tests were 
performed.  
 
2.1 Preparation of ZnO nanoparticles 
 
ZnO nanoparticles were prepared using the sol-gel 
method. Zinc acetate dehydrate Zn-
(CH3COO)2,2H2O, was dissolved in a mixture of 
deionized water/ethanol and by adding NaOH 
under agitation.  
Then the solution obtained is placed under 
centrifugation at 3000 rpm for 5 min and the 
supernatant is then filtered to recover the particles 
in suspension in addition to those already 
decanted by centrifugation. Finally, the 
synthesized nanoparticles are dried and calcined 
at 500°C.On the other hand, a response surface 
methodology was used to optimize the 
experimental conduct of nanoparticle synthesis. 
The effect of stirring speed, the temperature and 
the concentration of zinc acetate on the 
nanoparticles diameter were studied. The 
nanoparticle synthesis steps are described in the 
figure1: 

 

 
Figure 1: ZnO nanoparticle synthesis steps. 

 
The tables 1 groups the experimental 

conditions for the synthesis of ZnO nanoparticles. 
A Box-Behnken (BB) design with three factors 
and three center points was used. 
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Table1: Design Summary- Box-Behnken (BB) Design. 
 

Box-Behnken (BB) design: 3 factors and 3 center points 

Experimental design Graphical representation 

Factors 3 Replicates 1 

 

Base runs 15 Total runs 15 

Base blocks 1 Total blocks 1 

 
In this design the factors studied (concentration of 
zinc acetate, temperature, and stirring speed) are 

considered as continuous variables and are 
grouped in table 2: 
 

 
Table 2: ZnO nanoparticles synthesis factor design. 

 
StdOrder RunOrder [Zn-(CH3COO)2,2H2O] 

(mmol/L) 
Temperature 

(°C) 
Stirring time 

(hr) 
13 1 0.25 65 3.5 
7 2 0.10 65 5.0 
11 3 0.25 50 5.0 
9 4 0.25 50 2.0 
6 5 0.40 65 2.0 
8 6 0.40 65 5.0 
2 7 0.40 50 3.5 
5 8 0.10 65 2.0 
10 9 0.25 80 2.0 
1 10 0.10 50 3.5 
15 11 0.25 65 3.5 
12 12 0.25 80 5.0 
3 13 0.10 80 3.5 
4 14 0.40 80 3.5 
14 15 0.25 65 3.5 

2.2 Characterizations of ZnO NPs 
 
The produced nanoparticles structure and 
crystallinity were examined using X-ray 
diffraction (XRD) on a D8 Advance Bruker 
diffractometer with Cu-K radiation (λ = 0.15406 
nm) at an accelerating voltage of 40 kV in the 20–

80° range. Using Scherer's equation (1), the mean 
crystallite size (dp) value has been calculated 
(Hossain, Jahan, & Ahmed, 2023). 
𝒅𝒑 = 𝑲	𝝀

𝜷	𝒄𝒐𝒔𝜽 (1) 
Where λ is the wavelength (λ = 0.154056 nm), β 

is the full width at a half-maximum (FWHM) (ie. 
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Broadening of the peak), θ is the corresponding 
diffraction angle, and K the shape constant. 
2.3 Photo-catalytic activity tests 
 
The photo-catalytic degradation of the pollutant -
Crystal Violet (CV)-, is carried out on the surface 
of the concrete paving block. The concrete paving 
block is placed in the reactor containing an initial 
concentration of 10 mg.L-1. The first step consists 
in the adsorption of the pollutant on the surface of 
the block for 30 min in the dark. Then a UV lamp 
is used to irradiate the surface of the block 
containing the photo-catalyst and the 

concentration is measured at the outlet of the 
reactor every 2 min. The concentration is 
determined using a Thermo Scientific Evolution 
300 UV-Visible spectrophotometer.Finally, the 
degradation efficiency (X) of the nanoparticles 
was estimated by the following equation (2): 
𝑿 = 𝑪𝟎*𝑪𝒇

𝑪𝟎
 (2) 

Where C0 and Cf are the initial and the final 
concentration of CV. 

 
The experimental device used is represented by 
the figure2. 

 
 

 
Figure 2: Experimental device of photo-catalytic degradation of (CV) on the surface of the concrete paving block 

 
 

. 
3. RESULTS AND DISCUSSION 
 
3.1 Results of experimental design 
 
The experimental methodology proposed later 
(table 2) was applied. The nanoparticle synthesis 
experiments were performed in the order specified 
by RunOrder (Run order). This order allow to 

conduct the experiment in random sequence and 
so to reduce the potential for bias. 
For each synthesis experiment, the average 
particle diameter is estimated from the 
characterization by X-ray diffraction (XRD) and 
Scherer's equation (1) as mentioned in section 2.2. 
By way of illustration, X-ray diffraction (XRD) 
characterization of the nanoparticles synthesized 
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in the 7th experiment is represented by the figure 
3. 

 

 
Figure 3: X-ray diffraction (XRD) characterization of ZnO nanoparticles in the 7th experience. 

 
X-ray diffraction (XRD) characterization of ZnO 
allow to deduce the values of FWHM and then to 
calculate the average diameter of ZnO particles. It 
should be noted that the excessive reduction in the 
size of the particles can lead to the dissolution of 
the nanoparticles in the synthesis solution and 

complicates the solid-liquid separation.The 
average value of the diameter of the nanoparticles, 
in 7th experience, is equal to 18 nm. The same 
experimental protocol was applied to the other 
conditions as shown in Table 3.  

 
 

Table 3: Results of ZnO nanoparticles diameter. 
 

StdOrder RunOrder [Zn-(CH3COO)2,2H2O] 
(mmol/L) 

Temperature 
(°C) 

Stirring time 
(hr) 

dp 
(nm) 

13 1 0.25 65 3.5 16 
7 2 0.1 65 5 16.9 
11 3 0.25 50 5 17 
9 4 0.25 50 2 18 
6 5 0.4 65 2 17.5 
8 6 0.4 65 5 15.5 
2 7 0.4 50 3.5 18 
5 8 0.1 65 2 18 
10 9 0.25 80 2 16.4 
1 10 0.1 50 3.5 19 
15 11 0.25 65 3.5 16 
12 12 0.25 80 5 14.2 
3 13 0.1 80 3.5 16.8 
4 14 0.4 80 3.5 15.2 
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14 15 0.25 65 3.5 16 

A comparison of the term's p-value to the 
significance level can show whether there is a 
statistically significant relationship between the 
response and each factor in the model. The null 
hypothesis is that there is no association between  

the term and the response because the term's 
coefficient is equal to zero. The significance value 
(alpha) in this study is set at 0.05. The results of 
the experimental design regression and Pareto 
chart are shown in figure 4. 

 
 

 
Figure 4: Experimental design regression and Pareto chart. 

 
The Pareto chart of the standardized effects shows 
that all study factors (temperature, stirring time, 
and zinc acetate concentration) are significant. 
Moreover temperature-stirring time and 
concentration-stirring time interactions are also 
significant as factors influencing nanoparticle 
size. 
The temperature is the most significant factor on 
the size of the synthesized particles. Indeed, the 
increase in temperature promotes the solubility of 
the precursor (zinc acetate) and accelerates the 
appearance of nanoparticles. Other research 

works have mentioned that the addition of NaOH 
also promotes the dissolution of the initially 
poorly soluble zinc acetate in the water-ethanol 
mixture.  
For a fixed added quantity of NaoH, temperature 
is the most significant factor and therefore 
controls the process of nanoparticle synthesis. 
However, it should be noted that Pareto chart 
makes it possible to judge the significance of the 
studied factors without showing if the variation of 
each factor will be beneficial to the minimization 
of the sizes of synthesized nanoparticles. For this, 
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a separate analysis of the evolution of the response 
(size of the particles) according to each factor was 

carried out. The results are represented by the 
figure 5. 

. 
Figure 5: Main effects plots on the nanoparticles size. 

 
Figure 5 shows that increasing the concentration 
of zinc acetate promotes a reduction in particle 
size until a limit value of 0.3 mmol/L is reached, 
which corresponds to a particle size equal to 15.9 
nm. Beyond this concentration, the nanoparticle 
size begins to increase. Consequently, the 
concentration of zinc acetate is not beneficial in 
reducing the size of nanoparticles for a value 
greater than 0.3 mmol/L. The increase in 
temperature and stirring time promotes the 
reduction in particle size throughout the 
experimental variation range. They follow a linear 
variation trend. 

On the other hand, the analysis of the interactions 
represented by figure 6, makes it possible to 
understand the impact of the simultaneous 
variation of the factors. To analyze the effects of 
interactions the following points have to be 
considered. 

- The parallel lines mean the absence of interaction. 
The farther the lines are from being parallel, the 
stronger the interactions. 

- As an example, the intersection between column 1 
and row 2 indicates the interaction between [Zn-
(CH3COO)2, 2H2O] and temperature ([Zn-
(CH3COO)2,2H2O]*Temperature). 
 



Journal of the North for Basic and Applied Sciences, Vol. (8), Issue (1),  (May 2023/ Shawwal 1444 H) 
    

 55 

 
Figure 6: Interaction effects plots on the nanoparticles size. 

Figure 6.a and 6.c show the presence of a weak 
[Zn-(CH3COO)2,2H2O]*Temperature interaction. 
This interpretation is consistent with the Pareto 
chart. Based on the variation of the particle size as 
a function of the concentration of zinc acetate for 
different temperatures, we can deduce that the 
increase in temperature favors the reduction in the 
size of the particles without however interacting 
clearly with the Zinc acetate concentration. 
Similarly, the interaction (CH3COO)2,2H2O]*stirring 
time (figures 6.b and 6.e) is weak but more 
important than the previous interaction. Indeed 
Pareto chart shows that this interaction is slightly 
higher than the starting point of significance. 

On the other hand, we notice a strong interaction 
between the temperature and the stirring time 
represented by figure 6.d and 6.f. the particle size 
decreases with increasing temperature and stirring 
speed of 2 and 5h. However, it is noted that the 
particle size is kept constant in the temperature 
range between 65 and 80 and for a stirring speed 
of 3.5h. In this temperature range the effects are 
compensated. 
To better represent the impact of the interactions 
on the final size of the nanoparticles, the analysis 
of the contours of the factors is represented by 
figure 7. 

 
 

 
Figure 7: Contour plots of interaction effects on the nanoparticles size. 

 
Figure 7 shows the ranges of concentration, 
temperature and agitation time allowing to 
minimize the size of the particles. It is noted that 
green light zone (15nm<dp<16nm) corresponds to 
the most favorable zone for minimizing the size of 
the particles. For cost and experiment time, an 
experimental point on the border of this area may 
be chosen. The same observation was concluded 
for the variation of the stirring time as a function 
of the concentration. 

On the other hand, the areas in blue are 
experimental conditions to be avoided. For the 
variation of stirring time as a function of 
temperature, a new dark green zone appears and 
gives a particle size of less than 15 nm for large 
values of temperature and stirring time. 
Finally, an optimization of the operating 
conditions aimed to minimizing the size of the 
nanoparticles was performed. The optimization 
results are grouped in the table 4. 
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Table 4: Optimization results. 

 
Solution [Zn-(CH3COO)2,2H2O] Temperature Stirring time dp Fit 

1 0.327273 80 5 13.8967 

The particle size fuction of (temperature (T), stirring time (S.t), and zinc acetate concentration (Z.A)) is given 
by the regression model equation 3. 
 
𝒅𝒑 = 𝟏𝟎. 𝟓𝟔 + 	𝟒𝟕. 𝟕𝟖	[𝒁. 𝑨] + 	𝟎. 𝟏𝟓	𝑻 + 	𝟐. 𝟓𝟓𝑺. 𝒕 − 	𝟎. 𝟕𝟐	[𝒁. 𝑨] ∗ 𝑻 − 𝟖. 𝟖𝟗	[𝒁. 𝑨] ∗ 𝑺. 𝒕

−	𝟎. 𝟎𝟒	𝑻 ∗ 𝑺. 𝒕 + 	𝟎. 𝟏𝟏	[𝒁. 𝑨] ∗ 𝑻 ∗ 𝑺. 𝒕        (3) 

 
The results of the prediction of the minimum particle size value using the regression model (equation 3) is 
illustrated in Table 5. 
 

Table 5: Confidence and prediction intervals of the optimum result. 
 

Response Fit SE Fit 95% CI 95% PI 
dp 13.897 0.137 (13.545, 14.248) (13.381, 14.412) 

For the optimal particle size value (13.897nm), the standard error of the fit (SE) is very low (0.137). 
Consequently, the regression model used is reliable for the prediction of the particle size as a function of the 
operating conditions. On the other hand, with a confidence level (CL) of 95%, the confidence interval 
contains the mean of the population of the operating conditions considered. Likewise, the prediction interval 
indicates that with a 95% of chance one response will be contained in the interval of the chosen operating 
conditions (variables)(Greenland et al., 2016). For the two confidence indicators, the intervals are small and 
therefore the prediction is reliable. 
 
3.2 Photo-catalytic tests of concrete paving blocks 
 
The synthesized nanoparticles are placed on the 
surface of the concrete paving block. Five deposition 
steps are carried out by drying the blocks each time 
at 60°C for 2 hours. Then a photo-catalytic test is 
carried out to evaluate the self-cleaning efficiency of 
concrete paving block using a model organic 
pollutant (Crystal viloet). The experimental photo-

catalytic protocol is described in section 2.3. The 
degradation results of the pollutant model (CV) are 
carried out for different sizes of synthesized particles 
(14.2 nm, 16.8 nm, 19 nm) and an average particle 
size of commercial ZnO (50 nm). The maximum 
conversion rate (X) reached for each chosen particle 
size is shown in Figure 8. 
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Figure 8: Maximum conversion rate (X) reached for each chosen particle size. 

Figure 8 shows that the maximum conversion rate 
reached increases with the reduction in the size of 
the photo-catalyst particles. Indeed, the reduction 
in the size of the particles increases the specific 
surface of the concrete paving block: If we 
compare the shape of the photo-catalyst (ZnO) to 
a spherical particle, the relation of the specific 
surface (Ssp) according to the size of the particle 
(r) is given by the equation 4 (Hariharan, 2006): 
𝑺𝒔𝒑 =

𝟑
𝝆𝒓 (4) 

In the other hand, the effect of particle size on the 
UV radiation penetration of photo-catalyst is a 
significant factor to consider. Studies have found 
that smaller particles are more effective, allowing 

more radiation penetration and therefore allowing 
for better catalytic performance (Chen et al., 2018; 
Corma, Martınez, & Martınez-Soria, 2001; Lv et 
al., 2023; W. Wang et al., 2023). This is due to the 
larger surface area in contact with the UV 
radiation, which increases the reaction rate, 
resulting in improved photo-catalytic 
performance. The particle size of a photo-catalyst 
is therefore an important factor in optimizing UV 
radiation penetration and maximizing its catalytic 
efficiency(Roy, Mondal, & Mitra, 2023; Y. Wang 
et al., 2022). 
In addition, the rate of photo-catalytic degradation 
is analyzed by the temporal evolution of the 
conversion rate of (CV) as shown in Figure 9. 

 

 
Figure 9: Temporal evolution of the conversion rate of (CV) 

. 
Figure 9 shows that in addition to its effect on 
overall conversion rate, particle size also affects 
the reaction rate. Indeed, the temporal evolution 
of the rate of conversion rate for the particles size 
of 50 nm shows that the maximum conversion rate 
is reached after 40 min. The smaller the size, the 
greater the reaction rate becomes. The conversion 
times of (CV) are 32 min, 26 min and 23 min for 
the particle sizes 19nm, 16.8nm and 14.2nm 
respectively. The results show that decreasing the 
particle size from 50 nm to 14.2 nm improves the 

maximum conversion rate by 33% and an 
acceleration of the reaction rate by 28%. 
Therefore, decreasing the particle size is an 
effective way to enhance the conversion rate as 
well as the rate of reaction, thus allowing for 
shorter reaction times with higher yields. This is 
because decreasing the particle size increases the 
surface area of the reactants, resulting in more 
collisions and better mass transfer between 
phases. This can be especially beneficial when 
dealing with low solubility reactants since smaller 
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particles will have a greater chance of coming into 
contact with each other. 
The second approach in this section concerns a 
numerical simulation by COMSOL 
Multiphysics©. This simulation is based on the 
finite element method allowing a numerical 
resolution of the transport and diffusion equations 
of the pollutant (CV) (equation 5), and of the 
catalytic degradation reaction at the surface of 
concrete paving blocks. 
 
𝝏𝑪
𝝏𝒕
+ 𝜵. 𝑱 + 𝒖. 𝜵𝑪 = 𝑹		𝒂𝒏𝒅			𝑱 = −𝑫𝜵𝑪 (5) 

 
With: 
C the pollutant concentration (CV) at the concrete 
paving block surface, 

U: the flow velocity of the pollutant on the 
concrete paving block surface, 
A: the speed of the reaction on the surface of  
concrete paving block, 
D: the coefficient of the pollutant diffusion (CV). 
To solve the differential equation (Eq5) by finite 
element method, a temporal and spatial 
discretization was performed. The geometry was 
designed with the real dimensions of the concrete 
paving block (figure 10.a). Then a parametric 
study of the mesh of the geometry was developed 
and allowed to choose the shape and the size of 
elements represented by figure 10.b. The 
numerical resolution with a total number of 
elements of 306175, ensured the simulation with 
reasonable computation time (30min) and 
accuracy. 

 
 

 
Figure 10: Geometry and mesh of simulated concrete paving block. 

 
The concentration profile at the surface of the 
concrete paving block is estimated, by simulation, 

as a function of time for the minimum particle size 
(14.2 nm) as represented by figure 11. 
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Figure 11: Concentration profiles at the surface of the concrete paving block. 

Figure 11 shows that the average concentration at 
the surface for t=0min is equal to 10mg/L. Then 
the concentration decreases gradually to reach the 
values of 4.30mg/L, 1.80 mg/L, and 0.85 mg/L for 
the respective times 5min, 10min and 23min. The 
maximum conversion rate achieved is 91.5%. 
The uniformity of the concentration at the surface 
can be explained by the step that controls the 
photo-catalytic degradation process: the reaction 

rate is faster than the transport of the pollutant on 
the catalyst and therefore the pollutant degrades 
rapidly compared to its residence time crossing 
the surface. 
Finally, to validate the numerical model 
simulating the self-cleaning concrete paving 
block, a comparison of the experimental and 
modeled reaction rates was established as 
represented by figure 12. 

 

 
Figure 12: Concentration profiles at the surface of the concrete paving block. 

 
For the diameter of 50 nm, the simulation results 
fit the experiments correctly. For smaller particle 
sizes, simulation results show slightly higher 
conversion rates than experiments (2 to 3%). This 

difference can be explained by the perfect 
homogeneity of the dispersion of the photo-
catalyst, on the concrete paving block, in 
simulations against slight defiance in the real 
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dispersion of the photo-catalyst in the 
experiments.  
 
 4. CONCLUSION 
 
The application of photo-catalytic self-cleaning 
concrete to remove organic impurities from water 
was the main concern of this work. Photo-catalyst 
nanoparticles was used in order to stabilize the 
catalyst and avoid electron-hole recombination 
events in the semiconductor. The produced photo-
catalyst is then applied to the surface of the blocks 
of concrete blocks. The experimental conduct of 
nanoparticle synthesis was optimized using a 
response surface methodology (RSM). The effect 
of stirring speed, the temperature and the 
concentration of zinc acetate on the nanoparticles 
diameter were studied. A Box-Behnken (BB) 
design with three factors and three center points 
was used. For each synthesis experiment, the 
average of particles diameter is estimated from the 
(XRD) characterization and Scherer's equation. 
All research parameters (temperature, stirring 
duration, and zinc acetate concentration) are 
significant, as shown by the Pareto chart of the 
standardized effects. Moreover, relationships 
between temperature and stirring time and 
concentration and stirring time are significant 
factors. The size of the synthesized particles is 
most significantly influenced by temperature. In 
fact, when the temperature increases, the 
precursor (zinc acetate) becomes more soluble and 
the emergence of nanoparticles occurs faster. It 
should be highlighted that the most effective zone 
for reducing particle size corresponds to the green 
light zone (15nm-dp-16nm). The variation in 
stirring time as a function of concentration was 
found to behave similarly. 
For the optimal particle size value (13.897nm), the 
standard error of the fit (SE) is very low (0.137). 
Consequently, the regression model used is 
reliable for the prediction of the particle size as a 
function of the operating conditions. 
The degradation results of the pollutant model 
(CV) are carried out for different sizes of 
synthesized particles (14.2 nm, 16.8 nm, 19 nm) 
and an average particle size of commercial ZnO 
(50 nm). The temporal evolution of the conversion 
rate for the particles size of 50 nm shows that the 

maximum conversion rate is reached after 40 min. 
The smaller the size, the greater the reaction rate 
becomes. The results show that decreasing the 
particle size from 50 nm to 14.2 nm improves the 
maximum conversion rate by 33% and an 
acceleration of the reaction rate by 28%. 
Therefore, decreasing the particle size is an 
effective way to enhance the conversion rate as 
well as the rate of reaction, thus allowing for 
shorter reaction times with higher yields. 
The concentration profile at the surface of the 
concrete paving block is estimated, by simulation, 
as a function of time for the minimum particle size 
(14.2 nm). The average concentration at the 
surface for t=0min is equal to 10mg/L. Then the 
concentration decreases gradually to reach the 
values of 4.30mg/L, 1.80 mg/L, and 0.85 mg/L for 
the respective times 5min, 10min and 23min. The 
maximum conversion rate achieved is 91.5%. The 
uniformity of the concentration at the surface of 
concrete paving block can be explained by the step 
that controls the photo-catalytic degradation 
process: the reaction rate is faster than the 
transport of the pollutant on the catalyst and 
therefore the pollutant degrades rapidly compared 
to its residence time crossing the surface. 
Finally, to validate the numerical model 
simulating the self-cleaning concrete paving 
block, a comparison of the experimental and 
modeled reaction rates was established. For the 
diameter of 50 nm, the simulation results fit the 
experiments correctly. For smaller particle sizes, 
simulation results show slightly higher conversion 
rates than experiments (2 to 3%). This difference 
can be explained by the perfect homogeneity of 
the dispersion of the photo-catalyst, on the 
concrete paving block, in simulations against 
slight defiance in the real dispersion of the photo-
catalyst in the experiments. 
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