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A B S T R A C T   

Background: Trihalomethanes (THMs) are the most dominant fraction of all the byproducts 
formed during chlorination of water. Disinfection by product (DBP) formation in water is a 
function of numerous factors, including pH, temperature, residual chlorine, source water char
acteristics, and organic matter. No study has determined the THM level in the drinking water 
supply of Addis Ababa, Ethiopia. 
Methods: A cross-sectional design was conducted to collect water samples in the water supply 
distribution networks of Addis Ababa, Ethiopia. Twenty-one (21) sampling stations yielded a total 
of one hundred twenty (120) samples of drinking water. The sample handling and collection 
procedures were carried out in accordance with USEPA guidelines. A DB-5 capillary column was 
used to separate the THMs, which were detected using GC-ECD (gas chromatography-electron 
capture detector). Spectrophotometric and in situ methods were used for physicochemical pa
rameters. Redundancy analysis (RDA) was used for data analysis of trihalomethanes and envi
ronmental variables using CANOCO 4.5. 
Results: The mean concentration of total trihalomethanes in drinking water in Addis Ababa was 
76.3 μg/L. The concentration of chloroform in the drinking water supply in Addis Ababa, 
Ethiopia, ranged between 4.03 and 79.4 μg/L. The mean total THMs in the Legedadi and Gefersa 
water supply systems were 77.4 μg/L and 69.66 μg/L, respectively. The residual chlorine, 
phosphates, UV absorbance at 254 nm, and combined chlorine had positive correlations with 
THM formation. However, electron conductivity had a negative correlation with THM formation. 
Conclusions: Chloroform contributed the most to TTHMs in nearly all samples. The residual 
chlorine, UV absorbance, phosphate and hardness as calcium, and electron conductivity were 
found to be the main predictors determining the abundance and distribution of trihalomethanes. 
The monitoring and regulation of the THMs is required on a regular basis to analyse trends and 
guide the water treatment and distribution system.  
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1. Background 

Chlorination is one of the most commonly used methods to disinfect drinking water and to control biofouling in water treatment 
utilities. The water treatment plants in Addis Ababa are designed as conventional water treatment facilities, employing six key pro
cesses: aeration, screening, coagulation, sedimentation, filtering, and chlorine disinfection [1]. Among the many chemical approaches 
for disinfection, chlorination is the most familiar method worldwide. This could be due to its [1] demonstrated effectiveness against a 
wide variety of bacteria [2], ideal oxidizing potential [3], accessibility at a relatively cheaper cost, and [4] capacity to provide residual 
chlorine throughout the water supply network, unlike UV disinfection [2,3]. However, numerous disinfection by-products (DBPs) are 
produced due to the interaction between chlorine and natural organic substances [4]. To date, more than a thousand halogenated DBPs 
have been reported [5]. The most well-known organic DBPs include trihalomethanes (THMs), haloacetonitriles, haloacetic acids, 
emerging organic DBPs and halo ketones (HKNs) [6–8]. The harmful inorganic DBPs, also recognized as oxy halide DBPs, include 
bromates (BrO3− ), chlorite (ClO2− ), and chlorate (ClO3− ) [9–11]. Organic DBPs have attracted the attention of researchers due to 
their regular discovery and harmful effects [12]. Due to the presence of chlorination by products in the treated water, prolonged 
exposure to chlorinated water raises the risk of cancer, mutation, kidney and liver damage, retarded fetal growth, congenital dis
abilities, and possibly miscarriage [3,13–20]. 

Disinfection by products, such as THMs and HAAs (haloacetic acids), are produced when chlorine undergoes a substitution reaction 
with organic matter, such as fulvic acids, humic acids, proteins, and amino acids [21,22]. DBP formation in water is a function of 
numerous factors, including pH, temperature, residual chlorine, source water characteristics, and organic matter [11] [3,11,23]. THMs 
are indicated as the most dominant fractions of all the by-products formed in the chlorination procedure. THMs are a class of DBPs that 
include chloroform (CHCl3), bromodichloromethane (CHCl2Br), bromoform (CHBr3) and chlorodibromomethane (CHClBr2) [24]. 

THMs were regulated shortly after their discovery in disinfected drinking water, with total trihalomethanes (TTHMs) having a 
maximum contaminant limit (MCL) of 100 μg/L [25]. The MCL for TTHMs was lowered to 80 μg/L by D-DBP rule stage 1, while the 
MCLs for haloacetic acids (HAAs), bromate, and chlorite were set at 60, 10, and 1000 μg/L, respectively [26]. 

The water treatment facilities in Ethiopia utilize chlorine to disinfect the water before it is distributed to the general public. 
However, DBPs in water supplies have not been measured by Ethiopian water utilities, particularly in Addis Ababa. Ethiopia’s drinking 
water supply networks also do not have a system in place to monitor and regulate DBPs. Furthermore, the water treatment facilities in 
Ethiopia did not set the maximum allowed concentrations (MAC) for total THMs and additional DBPs. Therefore, this study aimed to 
explore the concentrations of THMs along with various water quality factors in the networks that provide drinking water in Addis 
Ababa, Ethiopia. 

2. Methods 

2.1. Study setting and period 

Addis Ababa is the capital city of Ethiopia. Geographically, the city is located 9◦01′29″ to the north and 38◦44′48″ to the east. Addis 
Ababa is the largest city in Ethiopia, with a projected population of 3,434,000 in 2017 [27]. The city government of Addis Ababa 
obtains its water sources from both groundwater and surface water sources. There are three main dams used to collect run-off water to 

Fig. 1. Sampling points of the water samples in Addis Ababa, Ethiopia, 2022.  

N. Tafesse et al.                                                                                                                                                                                                        



Heliyon 9 (2023) e19446

3

store in the dams, which serve as surface water sources for water supply. The Legedadi dam is located 18 km to the west of Addis 
Ababa, as are the Gefersa dam, 25 km to the east; the Dire dam, 10 km to the north of the Legedadi dam; and the Akaki groundwater 
(Akaki well field)) [28]. 

A total of seven surface water reservoirs, two surface water sources and seventy households (36 HHs and 34 HHs from the Gefersa 
and Legedadi water supplies, respectively) were selected for surface water sampling. For groundwater sampling, five boreholes and 
thirty-five households were chosen (Figs. 1 and 2). Since the water sources are used just once a year and are distributed through a 
closed system, the samples taken at any time are believed to be consistent throughout the year. The closed system here implies no 
continuous filling of the dam. Here, the assumption is that the source water enters the dam once per year.. Samples were collected from 
June 1 to July 30, 2022. 

2.2. Study design 

A cross-sectional study design was conducted in the water supply distribution networks of Addis Ababa. 

2.3. Sample size determination 

In Addis Ababa, Ethiopia, distribution networks were used to gather 120 samples of drinking water from 21 sampling stations. 
Legedadi, Gefersa, and underground water sources were the three sampling locations (Fig. 1). Each sampling location yielded forty 
water samples. The samples were taken from untreated, conventionally treated waters and from different distribution network points 
of usage. 

2.4. Location of sampling points 

The primary requirements for choosing the sampling points were that they be spread out at different distances from the treatment 
facility, that at least one point represents the distribution system’s extreme and that they all be supplied directly by the plant itself, 
excluding the influence of any re-chlorination facilities. Each locality must be taken into account uniquely when choosing sampling 
places, although the following standard criteria are frequently used [29]:  

• Sampling stations should be chosen so that the samples taken are representative of the various water sources used by the general 
public. 

Fig. 2. Selected sampling points for water collection, Addis Ababa, 2022.  
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• When choosing the number of sampling sites, it is important to take into account the linkages or branches in a piped distribution 
system as well as the distribution of the population.  

• Using strategically placed sampling locations, water from reservoirs and other sources must be able to be tested. The placement of 
the sampling stations should take into account the number of residents served by each water source in systems with several water 
sources [30]. 

2.5. Sample collection and storage for physicochemical analysis 

Water samples were taken from three sampling areas in Addis Ababa, Ethiopia. A clean 350-mL plastic polyethylene bottle was used 
to collect the water samples and was carried to the laboratory in an icebox to avoid unusual changes in water quality. Prior to sampling, 
all bottles were washed and rinsed thoroughly with distilled water. Standard methods [31] were followed for sample collection and 
preservation (Table 1). The physicochemical analysis of water was performed in the Addis Ababa Sewerage and Sanitation Authority 
(AAWSA) laboratory. 

2.6. Sample collection and storage for trihalomethane analysis 

The USEPA protocol and practice for sample collection and handling were followed [32]. Duplicate water samples were properly 
collected from the raw water source, directly after chlorination (DAC), and from the distribution network and tap waters. The sample 
containers had a total volume of 125 mL and had a screw cap with Teflon-facing silicon septa. A sodium thiosulfate (Na2SO3 (0.5% 
w/v) solution was added to the sample containers (to quench residual chlorine). The sampling point was opened for approximately 
3–5 min before sampling to ensure that the water came directly from the distribution system. 

The sample container was filled in such a way to minimize the headspace so that no air bubbles passed through the sample as the 
bottle was filled and tightly sealed after collection. The sample containers were filled in such a way to minimize the headspace so that 
no air bubbles passed through the samples as the bottles were filled and tightly sealed. A sampling blank filled with THM-free reagent 
water was added to the list of samples to be analysed. Samples were transported to the laboratory using an ice bag and stored at 4 ◦C 
until analysis. 

2.7. Chemicals 

Certified reference material of EPA 501/601 THM calibration mix (200 μg/mL each of chloroform (CF), chlorodibromomethane 
(DBCM), bromodichloromethane (BDCM), and bromoform component in methanol) was purchased from Sigma‒Aldrich, Germany. 
Solvent (pentane) of GC grade was purchased from Sigma‒Aldrich, Germany. 

2.8. Sample analysis 

The concentrations of THMs in the collected samples were determined following EPA Method 551.1 with some modifications. In 
brief, 2 mL of pentane was vigorously shaken with 10 mL of the sample to extract the THMs. The extract was transferred into 2 mL vials, 
and 2 μL of it was injected into the GC-ECD system, which was placed in a Varian autoinjector model CP 8400 and then injected into a 
Varian CP-3800 gas chromatography (GC) system in the Ethiopian Agriculture Authority (EAA), quality and safety assessment centre, 
physicochemical laboratory, and services division. 

The THM concentrations in the samples were determined using EPA Method 551.1 [33] with minor modifications. Ten millilitres of 
the water sample were violently mixed with 2 mL of pentane to extract the THMs. The extract was placed in 2 mL vials, and 2 μL of it 
was then injected into a Varian CP-3800 gas chromatography (GC) system in the Ethiopian Agriculture Authority’s (EAA) quality and 
safety assessment centre, physicochemical laboratory, and services division. This system was mounted in a Varian autoinjector model 
CP 8400. 

The THMs were separated by an Agilent 122–5032 GC Column DB-5 (30 m × 0.25 mm × 0.25 μm) capillary column and detected by 
an electron capture detector (ECD) set at 290◦. The carrier gas was nitrogen set at a flow rate of 1.5 mL/min, while the makeup gas was 
nitrogen set at a flow rate of 1.5 mL/min, and the makeup gas was nitrogen set at a flow rate of 40–60 mL/min. The oven temperature 
was programmed at 40 ◦C isothermal for 5 min, then ramped to 250 ◦C at a rate of 15 ◦C and kept at this temperature for 2 min. 

The matrix-matched calibration approach was used to calculate the concentrations of THMs using the previously indicated 

Table 1 
Methods of determination for physicochemical analysis of water, Addis Ababa, Ethiopia, 2022.  

Parameter Method 

Organic Constituents, UV-Absorption of UV-absorbance (UV-254) Method 10,054 [30] 
Residual chlorine Insitu measurement [31] 
Chloride Method 8113 [30] 
EC, TDS Insitu measurement [31] 
PH and Temperature Insitu measurement [32] 
Nitrate (hardness) Method 8039 [30]  
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standard mixture of THMs. With the aforementioned setup, the GC was used for more than 12–14 h, and the background was 
constantly checked. After the baseline was stabilized, depending on the signal, the detector current was raised from 0.0 to 0.5–1.0 nA. 
As soon as the GC signal stabilized, the blank was run several times without any injection, and once the baseline stability had increased, 
1 μL of pentane was injected for the THM measurement. 

2.9. Quality control and assurance 

Prior to analysing the samples that were collected, the applied analytical method, in accordance with the Eurachem guide, was 
confirmed in terms of linearity, recovery, minimum detection limit (MDL), and repeatability [34]. The smallest concentration of 
trihalomethanes at which a given level of confidence can detect them is known as the limit of detection (LOD). Matrix-matched samples 
of the four mixed standards were generated at a concentration of 10 μg/L (one tenth of the MAC; maximum permissible concentration) 
in seven independent replicates to calculate the LOD. The LOD was then established as LOD = 3 X SD after each sample was inde
pendently measured seven times, and the standard deviation (SD) of each measurement was calculated. Ten spiked samples are put 
through the complete analytical process, from extraction to analysis, as part of an LOD investigation [35]. 

During method verification, as internal quality control, blank samples and water samples fortified with THM compounds of interest 
at six working ranges were prepared as matrix-matched calibrants. As a result, three batches of matrix-matched calibrants were created 
over the course of three days (days 1–3). For determination of recovery and precision, nine [9] spiked samples each in triplicate were 
prepared by spiking blank samples at 0.5, 1.0 and 1.5 times the concentrations of the MACs. Each batch of verification samples is 
accompanied by matrix-matched reference standards fortified at the MAC level post spiked on the water matrix (after the sample has 
undergone all necessary preparations) and a true blank, a reagent blank, which is devoid of any target analytes, to prevent 
false-positive results and guarantee that the system is functioning properly. While test samples were created and analysed in duplicate, 
quality control samples were prepared and analysed in triplicate in this investigation (Table 2). 

2.10. Statistical analysis 

The collected data were entered into Excel spreadsheets, validated, cleaned, and exported to Statistical Package for Social Sciences 
(SPSS) version 23 for analysis. A comparison of THM results from previous related studies was used (Table 3). Canonical corre
spondence analysis (CCA) or redundancy analysis (RDA) was used for data analysis of trihalomethanes and environmental variables 
using CANOCO 4.5 [2]. Detrended correspondence analysis (DCA) was used to check the gradient lengths. During the interpretation of 
the results, the statistical significance of a variable was based on a p value between 0.05 and <0.01. 

3. Results 

3.1. Characteristics of raw water samples 

The results of the characterization of raw water samples collected from the two treatment plants together with the groundwater 
samples are reported in Table 4. The data include determination of pH, temperature, combined chloride, UV absorbing (UV-254), total 
dissolved solids (TDS), and residual chlorine. The temperature ranged from 19.7 ± 2.5 to 22.7 ± 1.5, and the pH values of the raw 
water samples taken from the two water treatment plants were between 7.22 and 7.7. The chloride concentrations in the Gefersa and 
groundwater water samples were above the recommended limits [42]. It ranged from 4 ± 3.5 (Legedadi dam) to 10.9 ± 4.9 mg/L 
(Gefersa dam). The highest TDS level was detected from the groundwater source, which was 105 ± 4.5 mg/L. 

3.2. Number of measurements below detection limits 

The number of measurements recorded below the detection limits for CHCl3, CHCl2 Br, CHBr2 Cl, and CHBr3 were 28.3%, 37%, 
57.5%, and 94.2%, respectively. The presence of certain THMs was below the LOD of the method employed (Table 5). 

Table 2 
Method Verification parameters, Addis Ababa, Ethiopia, 2022.  

Parameter Trihalomethanes (THMs) 

CHCl3 CHCl2 Br CHBr2 Cl CHBr3 

Retention time (min.± 5%) 4.21 5.48 7.55 9.95 
Linearity correlation coefficients (r2) 0.989 0.993 0.989 0.995 
Recovery (%) 88.4–109.6 90.8–109.6 85.6–112.4 99.3–114.1 
MDLa or LOD (μg/L) 1.37 1.73 1.92 1.67 
Repeatabilitya (%) 6.18 3.58 6.79 6.41 

MDL, Method Detection Limit; a for seven replicates. 
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3.3. Trihalomethane concentration 

The mean concentrations of CHCl3, CHCl2 Br, CHBr2 Cl and CHBr3 in the drinking water were 54.9, 10.7, 7.70 and 3.02 μg/L, 
respectively. The maximum concentration of CHCl3 was 79.40 μg/L, and the minimum was 4.3 μg/L. The total mean concentration of 
trihalomethanes was 76.3 μg/L (Table 6, Fig. 3, Fig. 4). 

3.4. Distribution of each trihalomethane in the water supply system of Addis Ababa 

The mean CHCl3 in the Gefersa reservoirs and Gefersa tap waters were 62.4 μg/L and 60.4 μg/L, respectively. The mean total THMs 
in the Gefersa reservoirs and Gefersa tap waters were 76.7 μg/L and 78.07 μg/L, respectively. Similarly, the mean CHCl3 values in the 
legedadi reservoirs and legedadi tap waters were 49.6 μg/L and 59.2 μg/L, respectively. The mean total THMs in the legedadi res
ervoirs and legedadi tap waters were 62.2 μg/L and 77.1 μg/L, respectively. The lowest THM concentration was recorded in the 
groundwater supply system (15.5 μg/L). In addition, the Gefersa water supply system recorded relatively higher mean levels of TTHMs 
compared to others. Very low bromoform was recorded only from the groundwater supply system (Table 7). 

The highest concentration of TTHMs (97.4 μg/L) was observed in Gefersa tap water. Comparatively, the Legedadi water supply 
system contributed a lower concentration of THMs than the Gefersa supply system (Fig. 5). 

3.5. Ordination analysis 

The data set was first examined in CANOCO for Windows version 4.5 using a detrended correspondence analysis (DCA) to see if a 
linear or unimodal kind of response was evident along environmental gradients [43]. Since all environmental gradients were shorter 

Table 3 
Trihalomethanes levels found in drinking water samples in previous studies worldwide.  

Study drinking water samples, n Site (country) CHCl3(μg/ 
l) 

CHBrCl2 
(μg/l) 

CHCl2Br 
(μg/l) 

CHBr3(μg/ 
l) 

TTHMs (μg/l) 

Water samples, n = 3 [36] water treatment plants (WTPs) in Nigeria 950.57 BD BD BD 950.97 
Water samples, n = 1667 [5] Water samples from twenty-three 

Egyptian governorates over a three-years 
period 

40.5 19.5 10 16.01 86.01 

Water samples, n = 175 [11] Sea, open reservoir water samples, and 
soil in India 

– – – – 151.62–198.25 

Water samples, n = 3 [37] sea, river, and reservoir – – – – 18.8 (river), 21.5 
(reservoir) 

Water samples, n = 35 [38] Water samples were collected at the 
Riviere du Poste (RP) and Mont Blanc 
(MB), southern part of Mauritius     

20.3 

samples from randomly selected 
taps in each water zone [39] 

United Kingdom water company in the 
north of England 

36.6 8.0 2.8 NS* 46 

Water samples, n = 72 [40] Hamadan Province, Iran, two water 
treatment plants 

– – – – 10 to 26 

Two sampling sites were selected 
(drinking and nondrinking 
water samples [41] 

Abadan, Khuzestan province (Iran) – – – – 98.1 to 8.88  

Table 4 
Summary statistics for raw water samples collected from the two water treatment plants, Addis Ababa, Ethiopia, 2022.  

Type of water source PH Temperature (◦C) TDS (mg/L) UV-254 (Abs/cm− 1). chloride (mg/L) NO3-(mg/L) Res. Cl (mg/L) 
(0.2–0.5 mg/L) 

Legedadi RWa 7.785 ± 0.28 22.7 ± 1.5 63 ± 3 89 ± 3.2 4 ± 3.5 6.1 ± 2.9 0.00 
Gefersa RW 7.22 ± 0.28 19.7 ± 2.5 69 ± 4.2 93.6 ± 2.3 10.9±4.9%WSORL 3.2 ± 4.1 0.00 
Groundwater source 7.68 ± 0.05 19.54 ± 0.21 105 ± 4.5 85.24 ± 0.49 10.04 ± 0.22 0.53 ± 0.06 0.05  

a Raw water %WSORL = percentage of water source out of recommended limit. 

Table 5 
Detection number of trihalomethanes in drinking water in Addis Ababa, Ethiopia, 2022.  

Name of the variable Number of measurements below detection limit (%) Number of measurements above detection limit (%) 

CHCl3 34 (28.3) 86(71.7) 
CHCl2Br 76(63) 44(37) 
CHClBr2 69 ( 57.5) 51 ( 42.5) 
CHBr3 113( 94.2) 7( 5.83)  
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Table 6 
Total trihalomethanes and drinking water supplies in Addis Ababa, Ethiopia, 2022.   

Mean Concentration μg/L (95% CI) Min (μg/L) Max (μg/L) 

CHCl3 54.93(50.97–58.53) 4.3 79.40 
CHCl2 Br 10.66(9.74–11.53) 2.42 19 
CHBr2 Cl 7.70(6.83–8.53) 2.22 13.1 
CHBr3 3.02(2.83–3.21) 2.7 3.21 
TTHMs 76.31    

Fig. 3. Mean trihalomethanes in drinking water in Addis Ababa, Ethiopia, 2022.  

Fig. 4. Chromatogram of a standard mixture of THMs, Addis Ababa, Ethiopia, 2022 Chromatogram for a water sample: CHCl3 (tR = 4.212); 
CHBrCl2 (tR = 5.485); CHBr2Cl (tR = 7.55); CHBr3 (tR = 9.959). 
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than 2 standard deviation units, redundancy analysis (RDA) was then applied. Trihalomethanes were regarded as response variables in 
all RDA studies, while environmental factors were regarded as predictor variables (Table S2). 

A preliminary analysis was performed to test multicollinearity in the environmental variables. Variables with a variance inflation 
factor of 5 were removed from the analysis (Table S1). Seven environmental aspects were selected as independent variables using a 
stepwise forward selection method. Prior to analysis, trihalomethanes and environmental data were log-converted [log(x+1)] to 
reduce variance. Using Monte Carlo permutations, the statistical significance of the eigenvalues and THM-environment correlations 
produced by the RDA was examined. 

4. Results 

Trihalomethanes appear to respond linearly to environmental gradients, according to the results of the detrended correspondence 
analysis (DCA), which indicated a gradient length less than 2 standard deviation units [43]. Trihalomethanes and the chosen envi
ronmental parameters were shown to be significantly correlated (p 0.05) for both the first axis and all canonical axes combined (Fig. 6). 
According to the first two axes of the RDA biplot of trihalomethanes and environmental variables, 99.6% of the variance in the 
trihalomethane data and 97.5% of the variation in the correlation and class averages of trihalomethanes with regard to the envi
ronmental variables were explained. 

The eigenvalues of the first two axes were 0.527 and 0.012, respectively. The trihalomethane-environment correlation in this 
ordination was 0.784 and 0.327 for the first two axes, respectively. An electron conductivity-related gradient was seen on the first axis 
of the RDA ordination. Trihalomethanes and this axis had a positive correlation (r = 0.784, p 0.05). The combined chlorine, calcium- 
based hardness, and UV absorbance were all defined by the second canonical axis. 

5. Multivariate analysis 

The initial two axes of the RDA biplots explained 99.6% of the variation in environmental data and 53.9% of the total variation in 

Table 7 
Comparison of each trihalomethane in the water supply system of Addis Ababa, Ethiopia, 2022.   

Gefersa reservoirs  
(95% CI) 

Gefersa tap waters  
(95% CI) 

Legedadi reservoirs  
(95% CI) 

Legedadi tap water  
(95% CI) 

Groundwater WS  
(95% CI) 

CHCl3 62.4(53.1–77.0) 60.4(56.1–64.2) 49.64(36.2–63.4) 59.2(55.75–63.07) 8.36(5.98–10.72) 
CHBr Cl2 8.61(7.00–9.65) 11.04(9.81–12.29) 12.6(8.30–15.3) 10.08(8.60–11.60) 3.8(2.7–4.9) 
CHClBr 2 5.69(1.13–8.04) 6.63(5.29–7.93) – 7.80(6.68–8.95) – 
CHBr3 – – – – 3.02(2.77–3.21) 
TTHMs 76.7 78.07 62.24 77.08 15.25 
Mean TTHMs 77.4 69.66 15.25 

*WS: water supply. 

Fig. 5. Percentage contribution of each THM species to TTHMs. LRow = Legedadi row water, LR = Legedadi reservoir, LTW = Legedadi tap water, 
GTW= Gefersa tap water, GRW = Gefersa Reservoir water, and GDW = Groundwater. 
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trihalomethanes (Table 8). With correlation coefficients of 0.78 and 0.33 for the first and second axes, respectively, the RDA ordination 
demonstrated a high link between trihalomethanes and environmental variables. Trihalomethanes and residual chlorine, UV absor
bance, phosphate, and hardness as calcium had a positive correlation with trihalomethane species. THM species except bromoform had 
negative correlations with electron conductivity. Combined chlorine and turbidity had a positive relationship with Trihalomethanes. 
Furthermore, bromoform and combined chlorine do not show correlations (Fig. 6). 

6. Discussion 

This is the first study to assess the THM concentration in the water supply in Addis Ababa, Ethiopia. The typically obtained 
chromatogram depicts a sharp, well-separated, and resolved peak for each of the THM compounds (Fig. 4). Matrix-matched six-point 
calibrations were created (S 3–6). The limit of detection (LOD) was 1.67 μg/L. This figure is within the USEPA’s detection thresholds, 
which for THMs range from 0.1 to 2.5 μg/L and vary across laboratories and time [44]. The correlation coefficients (r) were higher than 
0.989 for all standards, which signifies a good linear response factor for the different THM compounds in the concentration range. The 
mean recovery ranged from 85.6 to 114.1%, which falls in the acceptable range (80%–120%) set by EPA method 551.1(45) and 
showed good accuracy of the method. The repeatability of the procedure (3.58%–6.79%) values were within the EPA method 551.1 
guidelines. (<15%) [45] and showed the method’s good precision. 

The total mean concentration of trihalomethanes in water sources in Addis Ababa was 76.3 μg/L. This concentration is below the 
USEPA MCL of 100 μg/L [46] and the Shubra El-Khima Water Treatment Plant, Cairo, Egypt, which was between 29.07 and 86.01 μg/L 
(5). However, the THM values observed in this study were higher than those reported for studies in the cities of Hamadan and 
Tuyserkan in western Iran in 2016–2017, which were 47.5 μg/L(40). This dissimilarity could be due to differences in methodological 
and geographical characteristics. Certain THMs were present but at levels below the LOD of the method used. This may be because the 
water samples were not treated, which prevented them from being subjected to chlorination reactions. These results are comparable 
with those of similar studies performed in other nations [47,48]. 

The average number of THMs in the Gefersa reservoirs and Gefersa tap waters were 76.7 μg/L and 78.07 μg/L, respectively. 
Likewise, the average total THMs in the legedadi reservoirs and legedadi tap waters were 62.2 μg/L and 77.1 μg/L, respectively. These 
findings could be because drinking water is carried over long distances from the treatment plants to the reservoirs and then to local tap 
waters. To guarantee that there is residual chlorine in the water supply system, the water is chlorinated after each water booster pump. 
This chlorine addition increased the reaction time, which in turn increased the concentration of the various THM species and, ulti
mately, the concentration of TTHMs. 

The mean total THMs in the Gefersa and Legedadi water supply systems were 77.4 μg/L and 69.66 μg/L, respectively. However, a 
smaller THM concentration was recorded in the groundwater supply system (15.5 μg/L). Very low bromoform was recorded only from 

Fig. 6. Redundancy analysis of Trihalomethanes and environmental variables of drinking water supply in Addis Ababa, Ethiopia.  
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the groundwater supply system. These findings are comparable with a related meta-analysis performed by Morris et al. [49], which 
showed that chlorinated surface water has significantly more chlorination by products than chlorinated groundwater (medians of 50.7 
and 0.8 ppb, respectively). Therefore, the consumption of surface water was found to be an indirect proxy of exposure to disinfection 
by products used in associated studies [50,51]. 

In addition, there was a high THM concentration in the Gefersa water supply system compared to the Legedadi water supply system 
in this study. This could be because there is high organic matter in the dam due to the presence of high forestation coverage 
(allochthonous input – such as terrestrial DOM derived from vegetation), fish cultivation and decomposition of fishes and plant 
remnants. Furthermore, this treatment plant is located in the centre of an urban area and is likely to be affected by urbanization 
activities. 

The measurements of bromodichloromethane (CHBrCl2), chloroform (CHCl3), dibromochloromethane (CHBr2Cl) and bromoform 
(CHBr3 Cl) in water samples showed that the only species detected was bromoform (CHBr3) in groundwater supplies (3.2 μg/L). This 
could be because the groundwater wells in the city are deepest (>100 m) and contain natural bromide in the water. This bromide might 
originate from the soil organic content (SOC), as indicated by a related study in which bromoform was the dominant THM produced 
during Cl2 treatment [52]. Furthermore, this distribution of THM species may be explained by the fact that bromine-carbon bonds are 
more resistant to dissociation than chlorine-carbon bonds due to lower dissociation energy [53]. 

CHCl3 was the most frequently detected species in the total THMs, with percentages ranging from 69.6% in Legedadi to 77.4% in 
the Gefersa water supply. CHBrCl2 was found at a percentage of 11.34% in the legedadi water supply. CHBrCl2 appeared at a per
centage of 9.83% in the Gefersa water supply. These findings are comparable with those of previous researchers and demonstrate that 
the species with the greatest representation among all THMs is chloroform [4,5,40,54]. 

Fig. 5 shows different THM species in the drinking water of each area and their contribution to TTHMs. The highest concentration 
of CHCl3 was recorded from Gefersa (79.40 μg/L), while the lowest value was observed from groundwater sources (8.36 μg/L). This 
reflects the fact that the surface water in Addis Ababa contains higher levels of TOC and consumes higher amounts of chlorine for 
disinfection relative to groundwater sources. The pH values of the raw water samples were between 7.22 and 7.78, which is considered 
to be alkaline. This could be due to the addition of only Ca(OH)2 to the treatment plants. There is no practice of adding acids to reduce 
the pH in the treatment plants. 

A fundamental understanding of the concentration of trihalomethanes is important to plan and implement effective tri
halomethanes regulation intervention strategies in drinking water supplies [55]. In the present study, residual chlorine, UV absor
bance, phosphate and hardness as calcium, electron conductivity, combined chlorine and turbidity were found to be the main 
predictors determining the abundance and distribution of trihalomethanes. 

The THM species and residual chlorine had a strong positive correlation in this study. These findings were in line with a related 
study in Jordan and Iran showing that an increase in the value of residual chlorine has positive effects on the formation of THMs [56, 
57]. However, another study performed on the drinking water distribution of Ggaba, Kampala, Uganda [58] indicated that residual 
chlorine had a negative but significant correlation with trihalomethane formation. This could be due to differences in methodology and 
water characteristics. Similarly, a similar related study reported a strong positive correlation between UV absorbance at 254 nm 
(UV254) and the THM formation potential (THMFP) [59]. Related findings from Scottish and Jordan water treatment utilities [57,60] 
and several studies [56,61–63] showed a positive correlation between UV absorbance at 254 nm and total THM formation. 

The presence of phosphate was significantly associated with the formation of trihalomethanes in this work. This might be due to the 
presence of phosphate in the plumbing systems (a certain proportion of which is ductile iron pipe (DCI) in the water supply network in 
Addis Ababa), which promoted a more significant growth of biofilm and led to an increased level of THMs [64]. In addition, the 
conversion of nonmicrobial carbon into microbial carbon DBP precursors by the biofilms under system conditions encouraged rapid 
bacterial regrowth and had noticeable effects on the kinetics of THM production, particularly when a high initial chlorine dose was 
used [65]. 

The total hardness as calcium had a positive correlation with THMs. This could be the result of the protein unfolding at the higher 
pH and possibly a lack of buffer to mitigate the pH effects of the protein/disinfectant [66]. THM formation showed negative corre
lations with electron conductivity. The causes for the inconsistency in the instances where THM and electron conductivity should be 
correlated may be related to the covariation in operational parameters or to the interaction between those parameters. 

The combined chlorine was negatively associated with THM formation. These findings are similar to the studies in Gipuzkoa 
(Basque Country, Spain) [67,69,70]. The probable reason for the negative correlation is as follows: all-natural organic matter does not 
necessarily result in the formation of disinfectant by products [68,71]. Similarly, there was a significant negative correlation between 
the amount of turbidity and THM formation. This could be because the water turbidity in the investigated treatment plants was not 

Table 8 
Detailed results of the redundancy analysis relating the core metrics of trihalomethanes to the environmental variables.  

Axes 1 2 3 4 Total variance 

Eigenvalues: 0.527 0.012 0.002 0.000 1.00 
Trihalomethanes environmental correlations: 0.784 0.327 0.274 0.192 
Cumulative percentage variance 
of Trihalomethanes data: 52.7 53.9 54.1 54.1  
Trihalomethanes- environmental relation: 97.5 99.6 99.9 100  
Sum of all eigenvalues     1.00 
Sum of all canonical eigenvalues     0.541  
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adequately high after the treatment process. In addition, bromoform and combined chlorine did not show correlations. This could be 
because bromoform was detected only in the groundwater supply in this study. This study used only UV 254 to estimate the organic 
constituents of the drinking water supplies, thus requiring further characterization of the total organic carbon in the water. 

7. Conclusions 

The concentrations of THMs in the drinking water of twenty-one sampling points were measured. Surface water supply networks 
have higher levels of total THMs than the groundwater supply. The average total THM content was lower than the US EPA’s MCL. 
Chloroform contributed the most to TTHMs in nearly all samples, while bromoform contributed the least. In the present study, residual 
chlorine, UV absorbance, phosphate and hardness as calcium, and electron conductivity were found to be the main predictors 
determining the abundance and distribution of trihalomethanes. 

The levels of THMs in the Addis Ababa drinking water supply system are generally below the US EPA and WHO drinking water 
guidelines. However, more attention should be given to TCM, BDCM and DBCM, as they pose high cancer risk even at low levels. Since 
drinking water containing THMs poses health hazards, precautions must be taken to keep these levels in control. Minimizing the levels 
of total organic carbon in the water supply sources should be targeted in the future. The monitoring and regulation of the THMs is 
required on a regular basis to analyse trends and guide the water treatment and distribution system. 
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