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ABSTRACT 

The purpose of this research is to use a factorial experimental design to disinfect total coliform bacteria present in 

treated urban wastewater using solar disinfection processes. The multilevel factorial design (4
3
2

1
) was used to study the 

influence of factors and interaction between factors on total coliform removal. The four factors considered were Solar 

energy, Volume of Sample, Exposure time and type of reactor at two markedly different levels: solar energy (1100,1300, 

1500 and 1700 W.h/m
2
), volume of sample (0.2,0.5,1 and2L), exposure time (0.5,1,2 and 3 hrs.) and type of reactor (Open 

air and Solar reactor). The experimental results of the solar disinfection process were analyzed statistically using the 

student’s t -test, analysis of variance, F -test, and lack of fit to define the most important process variables affecting total 
coliform removal. It is observed that the type of reactor is the variable with the greatest influence on the response factor 
(percentage of total coliform removed), although other variables also have a significant influence. Furthermore, a 
mathematical model (regression equation) has been obtained taking into account the influence of variables of total coliform 
removal. The model adequately describes the total coliform removal from treated urban wastewater using solar 

disinfection. 
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INTRODUCTION 

Water is one of the Oman’s main challenges, as 

demographic growth and economic diversification will 

result in annual double-digit growth in water demand in 

the coming years. At present drinking water consumption 

is nearly 200 million cubic meter (MCM) per year, 

agriculture consumes approximately 1,600 MCM, and 

industrial consumption is 130 MCM in Oman. According 

to reports, Oman's population could nearly double by 

2040, necessitating a slew of development projects, the 

majority of which are water-related. The country's potable 

water demand would skyrocket, reaching 300 MCM of 

domestic water by then. However, to curtail the current 

and future water scarcities it is important for cities to 

employ Water Treatment Plants (WWTPs) technologies as 

a means of ensuring sustainable utilization of water 

through reuse of treated wastewaters mostly from 

domestic, urban and industrial sources [1-3]. Wastewater 

reuse may provide a new and stable source of water for 

agriculture, industrial processes, and some domestic uses 

that do not require potable water. 

Given the public health and environmental 

concerns associated with the reuse of treated wastewater, it 

is critical to ensure that the physical, chemical, and 

microbial characterization parameters of the wastewater 

meet local and international standards based on the reuse 

option of interest [4-6]. 

Guidelines and specific national policies for 

reclaimed water quality and reuse limit the loads of several 

waterborne pathogens, including fecal coliforms and E. 

coli [7-12]. The maximum allowed concentrations of 

microbial agents vary depending on the final use of the 

reclaimed water; they are more restrictive for urban and 

agricultural uses and less restrictive for industrial, 

recreational, and environmental uses. For E. coli and 

coliforms, the guidelines for water recycling established 

by various water authorities for unrestricted irrigation are 

as follows, in terms of CFU per 100 mL:<1 as defined by 

the USEPA [7],<1000 as defined by the WHO [8], <10 as 

defined by Italian rules [9], <1 as defined by Australian 
guidelines [10] and <100 as defined by Spanish 
regulations [11].In the Sultanate of Oman, fecal coliform 

bacteria (per 100 mL) in treated wastewater should be less 

than 200 and 1000, respectively, for reuse in restricted and 

unrestricted irrigation. [12]. 

Activated sludge is commonly used to treat urban 

wastewaters, which is then treated in sedimentation 

systems (secondary treatment). These wastewater effluents 

may be discharged to surface waters or used for restricted 

irrigation and industrial applications, depending on the 

regulations in each area or country. It's apparent that an 

efficient tertiary treatment of effluents is essential, based 

on the microbiological quality standards stated by different 

agencies. Most urban wastewater effluents contain high 

levels of fecal bacteria, among other pollutants. Most 

typically, bacteria levels are reported as E. coli, Total 

Coliforms (TC), and fecal coliforms (FC).  

Disinfection of wastewater is currently carried 

out using a variety of physicochemical treatment 

approaches, including chlorine, UVC and Ozone. 

Although chlorine is a very strong oxidant and has a 

residual effect, it may react with natural organic matter 

(NOM) to form carcinogenic halogenated disinfection by-

products (DBP), such as trihalomethanes (THMs) and 

haloacetic acids (HAA) [13-15]. The use of UVC has 

limited efficiency against very resistant pathogens [15], it 
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has a non-residual effect, and it requires high capital costs 

and high operation and maintenance costs. In order to 

overcome these constraints, other technologies for the 

elimination of water pathogens are being researched. 

In recent years, researchers have paid close 

attention to the effect of solar radiation on the survival of 

sewage bacteria in treated wastewater. Several studies 

have found that sunlight is harmful to bacterial pathogens 

in water [18-20]. 

Oman's climate is hot and dry in the interior and 

hot and humid along the coast, with clear skies all year. 

These climatic conditions are ideal for using natural solar 

radiation to disinfect treated wastewater. To the best of our 

knowledge, no research on solar disinfection of treated 

urban wastewater has been carried out in Oman. The aim 

of this work is to apply a multi-level factorial design of 

experiments in the disinfection of total coliform present in 

treated urban wastewater by mean of solar disinfection 

process. The experimental design methodology is used to 

assess the effect of solar energy, sample volume, exposure 

time, and reactor type on bacterial inactivation. 

Furthermore, one common goal of results analysis is to 

obtain a mathematical model that directly correlates the 

response factor with the most influential variables and 

accurately describes the process. 

 

MATERIALS AND METHODS 

 

Treated Urban Wastewater Sample 

The treated urban wastewater used in this 

research was collected from a sewage treatment plant 

located close to University of Nizwa. Wastewater was 

sampled between post-secondary clarifying and 

chlorination processes. The collected treated urban 

wastewater was characterized in accordance with the 

procedures outlined in the standard methods for water and 

wastewater examination [21] and is shown in table 1. 

Treated wastewater fails to meet Omani agricultural reuse 

standards for COD, BOD, and total coliform bacteria 

(Table-1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table-1. Characteristics of the treated urban wastewater. 
 

Parameter Value 

Agriculture 

reuse standard 

in Oman [12] 

Temperature 
o
C 18 -- 

pH 7.4 6-9 

Turbidity, NTU 30 --- 

COD, mg/l 244 200 

Total Suspended 

Solids, mg/l 
140 15 

TON 17 -- 

BOD, mg/L 166 20 

Total Coliform 

Bacteria (MPN/100 

ml) 

24190 1000 

 

Testing for Total Coliforms 

Treated wastewater samples before and after the 

solar disinfection were tested for total coliforms using the 

Colilert-18 test which uses a proprietary Defined Substrate 

Technology (DST) nutrient indicators ONPG and MUG to 

detect coliforms and E. coli. Coliforms use their β-

galactosidase enzyme to metabolize ONPG and change it 

from colorless to yellow.  The limit of detection is <1 

coliform per 100 mL of water. 
 
Solar Radiation and Air Temperature Measurement 

Campbell Scientific, USA made pyranometer 

sensor (model CMP 10-L) with sensitivity of 7 to 14 

V/W/m
2 

and a HygroVUE10 Digital Temperature and 

Relative Humidity Sensor with M12 Connector were 

mounted near the experiment site to measure solar 

radiation and air temperature during experimentation. 

 

Solar Disinfection 

Solar disinfection experiments were conducted in 

the daytime (9:00 am to 3:00 pm) at the University of 

Nizwa initial campus during the middle of January, April, 

July, and October 2020 to cover all of Nizwa's climatic 

seasons.  The University of Nizwa is located at 

22° 54' 38.1"N;57° 40' 20.1"E. Samples were exposed to 

natural solar radiation in a 2-litre capacity rectangular 

shallow (10 cm height) borosilicate glass basin. In addition 

to being exposed to solar radiation in the open air, glass 

basin with sample were also placed in a rectangular solar 

reactor made of aluminium reflectors. Total coliform 

inactivation was checked on samples subjected to solar 

radiation at regular time intervals. 

 

Factorial Design of Experiments 

In this study multi-level factorial design (4
3
 2

1
) 

was used to develop a predictive mathematical model and 

to infer the significance between the factors and levels. In 

two level factorial design, each variable assumes two 

values or levels. Windows Version of MINITAB 19 was 

used to perform the factorial design of experiments. The 
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variables considered in this study were: Solar energy 

(W.h/m
2
), Volume of Sample (L), Exposure time (Hr), and 

type of reactor. Percentage of total coliform removed was 

considered as dependents factor (response). Table-2 shows 

the four parameters and their respective levels for the two-

level factorial experiment. A total of 256 experiments (in 

replicate) were carried out for multi- level factorial 

experimentation. 

 

Table-2. Levels of variables for multilevel level factorial experimentation. 
 

Variable Level, 1 Level, 2 Level, 3 Level, 4 

Solar Energy (Wh/m
2
) 1100 1300 1500 1700 

Volume(L) 0.2 0.5 1 2 

Exposure time (Hrs.) 0.5 1 2 3 

Type of Reactor Open air reactor Solar Reactor  

 

RESULTS AND DISCUSSIONS 

Table-3 shows the design matrix obtained with 

the MINITAB for multi- level experimentation. It contains 

the experimental conditions as well as the results obtained 

in each experiment in terms of the percentage of total 

coliform removed. 

 

Table-3. Design matrix for multi-level factorial experiment. 
 

Assay 
Solar Energy 

(Wh/m
2
) 

Volume(L) Time (Hr) Reactor 
Percentage of Total 

coliform Removed 

1 1100 0.2 0.5 Open air Reactor 35 

2 1100 0.2 0.5 Solar Reactor 55 

3 1100 0.2 1 Open air Reactor 48 

4 1100 0.2 1 Solar Reactor 75 

5 1100 0.2 2 Open air Reactor 67 

6 1100 0.2 2 Solar Reactor 99 

7 1100 0.2 3 Open air Reactor 87 

8 1100 0.2 3 Solar Reactor 99 

9 1100 0.5 0.5 Open air Reactor 19 

10 1100 0.5 0.5 Solar Reactor 45 

251 1700 2 1 Open air Reactor 56 

252 1700 2 1 Solar Reactor 94 

253 1700 2 2 Open air Reactor 82 

254 1700 2 2 Solar Reactor 99 

255 1700 2 3 Open air Reactor 90 

256 1700 2 3 Solar Reactor 99 

 

 
 

Figure-1. Main effects plots for efficiency based on multi-level experiments. 
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Figure-2. Interaction plots for efficiency based on multi-level experiments. 

 

Figure-1 and 2 represents the effect of each 

variable and interaction between variables on the response 

factor percentage total coliform removed (efficiency). It is 

observed that variables solar irradiation, volume and type 

reactor has very positive effect on total coliform removal, 

where as volume of sample has negative effect. After 

estimating the main effects of the factors, an analysis of 

variance (ANOVA) was used to determine the significant 

factors influencing removal efficiency. In Table-4 the sum 

of squares used to estimate the factors’ effects and the F -

ratios (Fo) defined as the ratio of the respective mean-

square-effect and the mean-square-error. Since F0.05,127,255 

= 1, all effects having Fo higher than 1 have statistical 

significance in two level factorial design. From the P 

values defined as the smallest level of significance leading 

to rejection of the null hypothesis it appears that the main 

effect of each factor and the interaction effects are 

statistically significant when P< 0.05[22]. 
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Table-4.Analysis of Variance - full model fit for multi-level factorial design. 
 

Source DF Adj SS Adj MS F-Value P-Value 

Irradiation 3 53280 17759.9 6938.63 0.000 

Volume 3 26183 8727.5 3409.75 0.000 

Time 3 62848 20949.4 8184.72 0.000 

Reactor 1 28424 28423.9 11104.93 0.000 

Irradiation*Volume 9 7053 783.7 306.17 0.000 

Irradiation*Time 9 2211 245.7 95.99 0.000 

Irradiation*Reactor 3 692 230.8 90.18 0.000 

Volume*Time 9 606 67.4 26.32 0.000 

Volume*Reactor 3 458 152.6 59.62 0.000 

Time*Reactor 3 1877 625.7 244.47 0.000 

Irradiation*Volume*Time 27 1794 66.5 25.96 0.000 

Irradiation*Volume*Reactor 9 534 59.4 23.20 0.000 

Irradiation*Time*Reactor 9 1917 213.0 83.22 0.000 

Volume*Time*Reactor 9 572 63.6 24.84 0.000 

Irradiation*Volume*Time*Reactor 27 789 29.2 11.41 0.000 

Error 128 328 2.6   

Total 255 189567    
 

Fo = MSFACTOR /MSERROR; R
2 

=0.99.83; R
2
 adj. = 0.99.66 

 

Relative importance of the individual and 

interaction effects in multi- level factorial design is shown 

by the Pareto chart of the standardized effects in Figure-3. 

In order to identify whether the calculated effects were 

significantly different from zero, Student’s 𝑡 -test was 

performed and horizontal columns in Pareto chart showed 

these values for each effect. The minimum statistically 

significant effect magnitude for 95% confidence level is 

represented by the vertical line in the chart. For a 95% 

confidence level the 𝑡 value was equal to 2.0. The factors 

Irradiation, volume, time, reactor, and the interaction 

between these factors are significant according to the F-

test and the student's t-test. However, in comparison to the 

other factors, the type of reactor is the most significant. 

  
 

Figure-3. Pareto chart of effects for multi-level 

experimentation. 

 

Equation (1) is the predictive mathematical model 

(regression equation) for solar disinfection based on multi- 

level factorial experimentation. 

 

Efficiency = 

68.135 - 18.979 Irradiation_1100- 8.354 Irradiation_1300 + 9.857 Irradiation_1500 

+ 17.475 Irradiation_1700+ 12.615 Volume_0.2 +6.248 Volume_0.5+…+….+…. 
- 4.334 Irradiation*Volume*Time*Reactor_1700 2.0 3.0 1                                      (1) 

 

Figure-4 compares the experimental percentage 

of total coliform removal obtained with the solar 

disinfection process to the theoretical values obtained 

using the regression equation (eq.1) that describes the 
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solar disinfection process. As can be seen, regression 

equation developed based on multi-level factorial 

experimentation is capable of reproducing the behavior of 

solar disinfection, and thus inactivation values can be 

approximated without the need for experiments. 

Rodriguez-Chueca et al.,[23] observed a similar trend by 

applying a factorial design in the disinfection of E-Coli 

present in treated urban wastewater using Fenton and 

photo-Fenton processes. 

 

 
 

Figure-4. Comparison between experimental and theoretical solar disinfection efficiency values 

obtained with mathematical model. 

 

CONCLUSIONS 

Without a doubt, the factorial experiment design 

method is a good technique for studying the influence of 

major process parameters on response factors by 

significantly reducing the number of experiments and thus 

saving time, energy, and money. The use of a factorial 

design allowed for the identification of the most important 

parameters for the removal of total coliform bacteria from 

urban treated wastewater using solar disinfection. 

According to the Pareto graph, the type of reactor had the 

most significant effect on total coliform removal. Total 

coliform removal efficiency is also affected by volume, 

time, and irradiation/solar energy. 

The predictive mathematical model developed 

based on the Pareto chart's influential variables and 

interactions demonstrated the ability to predict the 

behavior of the solar disinfection treatment process. 
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