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ABSTRACT 
 
Highly treated wastewater is an important component of water budget in many countries. 
Qatar is a leading country in treating domestic wastewater using advanced technologies 
(granular media filtration (GMF), ultrafiltration (UF), chlorination, and ultraviolet (UV) 
oxidation). Such treated effluent can be used in several options including irrigation. The study 
is introducing comprehensive analyses of the effluent of the three central wastewater 
treatment plants (WWTPs) for chemical pollutants and the mostly used antibiotics. 
Additionally, the study assessed human health risks associated with the exposure to the 
treated wastewater (TWW) via dermal and ingestion routes. Although the origin of domestic 
wastewater is desalinated water (the only source of fresh water), the results show that TWW 
all parameters in general were within the international standards. However, among the 
anions of Cl, F, Br, NO3, NO2, SO4 and PO4, only Cl concentrations were slightly elevated of 
(average 389 mg/L). On the other hand, among all cations, metals and metalloids, only B was 
2.1 mg/L which is higher than the Qatari guidelines for TWW reuse in irrigation of 1.5 mg/L. 
Additionally, Sr and Tl were detected with relatively high concentrations of 30 mg/L and 12.5 
µg/L, respectively. The study found that the low concentrations of all tested metals and 
metalloids don’t pose risks to human health. However, thallium (Tl) presents exposure levels 
above the 10% of oral reference dose (HQ=0.4) for accidental oral ingestion of TWW exposure 
scenarios. The results of antibiotics show that exposure for adults and children to TWW are 
far below the admissible daily intakes set using minimum therapeutic dose and considering 
uncertainty factors. 
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1. Introduction 
 
Water security is one of the global crisis (MacAlister et al., 2023). Its challenge extends to 
several critical sectors (Babuna et al., 2023). Water is linked to health security, food security, 
energy security, sustainability and social stability (MacAlister et al., 2023). It is not surprising 
that treated wastewater (TWW) has been considered in the water budget of many countries 
(Danboos et al., 2023). In addition, the United Nations (UN) World Water Day 2023 has been 
entitled "Accelerating Change to Solve the Water and Sanitation Crisis". This theme 
emphasizes the urgent need for collective action to address the global water and sanitation 
crisis and achieve Sustainable Development Goal 6, which is to ensure access to water and 
sanitation for all by 2030 (Zeitoun et al., 2023). 
 
A simple search on the literature reveals that thousands of studies have been released on 
TWW reuse across the globe over the past 5 decades (Garduño-Jiménez et al., 2023; Hosney 
et al., 2023; Zhang et al., 2023). Several successful local and regional projects have benefited 
from TWW (del Villar and García-López, 2023; Hastie et al., 2023; Wagner et al., 2023). The 
principle emerged from the scientific fact where wastewater has 1% of pollutants and 
removing such percentage returns water to be usable (Grant et al., 2012). Among the many 
pioneering examples is the use of treated water in agricultural production (Zhao Y et al., 
2023), whether related to direct food security (Wani et al., 2023) or through the food chain 
including fodder (Mayor et al., 2023), industrial crops and fibers (Gonçalo-Filho et al., 2023), 
or fertilizing poor areas in seas and oceans and enriching them with nutrients and organic 
matter (Lu et al., 2023). It is well-known practice to see TWW use in various industrial 
processes (Khan et al., 2023), as well as in district cooling systems (Asgari et al., 2023), 
recreation zones (Andrzejak et al., 2023), irrigation of parks and green spaces (Zhao F et al., 
2023), sports facilities (Maréchal et al., 2023), especially golf courses (Candela et al., 2007), 
as well as natural and constructed wetlands (Wu et al., 2023), and protecting and enriching 
biodiversity and maintaining ecosystems (Stach et al., 2023). Finally, and perhaps the most 
difficult and mature option is the reuse of treated wastewater in the production of drinking 
water, as is known in Singapore (Jarin et al., 2023) and Japan (Jin et al., 2023). 
 
However, there remain many known and emerging challenges for TWW reuse, most of which 
are anthropogenic related to the wastes of advanced industries and technologies (Deng et al., 
2024). Examples of such industries include, medical (Yang et al., 2023) and electronics 
(Gulfam-E-Jannat et al., 2023). These technologies have led to a hidden, undeclared battle 
between wastes and removal (treatment/remediation) (An et al., 2023). The features of the 
global battel are summarized in answering the question: Are wastewater treatment 
technologies capable of dealing with emerging contaminants? (Cochran, 2022). Almost daily, 
we identify emerging contaminants and the list has no end (Li et al., 2024). The most advanced 
wastewater treatment systems including membranes, advanced oxidation and disinfection, 
etc. compatible with the appropriate removal of such new and ultra-trace cocktail of 
contaminants? (Meng et al., 2024; Zhu et al., 2024; Karić et al., 2022). 
 
Since these contaminants are produced in many countries and they occur in the wastewater, 
do these countries have the treatment technology to remove them?. Do these countries or 
even international institutions able to rectify, renew and adapt guidelines, regulations, and 
standards for treated wastewater reuse?. Also, among the many challenges is the existence 
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of the infrastructure associated with the entire process from the moment of TWW discharge, 
then to the tools and instrumentation for advanced measurement and analysis of the 
emerging contaminants (Puri et al., 2023). Followed by investigation of the transport and fate 
of these contaminants in different environments and climate conditions (Shi et al., 2024). And 
finally, the extent of the potential risks associated with the presence of these contaminants 
for the short and long terms on the ecological and human health (Zhang et al., 2024; 
Agusiegbe, 2019). 
 
Over the past few years, studies have been conducted on the potential ecological and human 
health risks of contaminants in treated wastewater (Compagni et al., 2020; Shivarajappa et 
al., 2023). Examples include the presence of heavy metals (Ahmed et al., 2023), microplastics 
(Nelis et al., 2023), pesticides (Rapp-Wright et al., 2023), polychlorinated biphenyls (PCBs) and 
polycyclic aromatic hydrocarbons (PAHs) (Liu et al., 2023), pharmaceuticals (Alharbi et al., 
2023), and other endocrine disrupting chemicals (EDCs). The studies used different scientific 
tools especially simulations and modeling (Semerjian et al., 2018; Shakeri and Nazif, 2018). 
 
Reuse of treated wastewater is of paramount importance in water-poor countries, especially 
the countries of the Arabian Gulf (Aljeddani, 2023; Tashtush et al., 2023). However, this option 
is still sensitive and highly complex due to cultural, social, technological and financial reasons 
(Onu et al., 2023). Generally, these countries do not have fresh water resources (Shomar et 
al., 2014), and depend entirely on seawater desalination (Shomar and Rovira, 2023), which is 
a costly process financially and environmentally (Nasrollahi et al., 2023). It is strange that 
these countries have the most advanced technologies in wastewater treatment (Ramadoss et 
al., 2022), but this is not in any way parallel with systems and strategic plans to benefit from 
this highly treated wastewater (Bauer and Wagner, 2022). 
 
The driving force of this study emerged from the Qatar Vision 2030 and Qatar National 
Development Strategy (QNDS 2018-2022); where natural resources should be protected and 
used sustainably. Investment on treating wastewater using the highest technologies should 
lead to secure more water for irrigation and food production. Additionally, the scientific 
hypothesis behind the study is the potential transport of contaminants (especially ultra-trace 
inorganic and mostly used antibiotics) from treated wastewater to the crops and environment 
of arid areas.    
The studies conducted in Qatar during the past two decades showed the treated wastewater 
is with the highest quality (Sherif et al., 2023; Shomar et al., 2020). The current study fills one 
of the gaps on TWW quality and through this study; accurate and comprehensive 
specifications of the treated wastewater generated from the three largest and most 
important plants in Qatar are presented. The results include physical and chemical 
specifications and the most important the mostly used antibiotics. In order to provide a 
comprehensive presentation of the characterization of the treated wastewater and help on 
reuse options in the vital sectors, the study provides an accurate scientific basis for the 
ecological and human health risks associated with the reuse of this water in Qatar as an 
example of the arid countries. The novel elements of the study emerge from the fact that 
broad spectra of people are exposed to treated wastewater depending on the reuse 
scenarios. The study focuses on the routes of dermal and ingestion exposure for both adults 
and children. Calculation and computation tools have been used to show the potential risks 
associated with exposure to treated wastewater in a such arid area.  
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Therefore, the objectives of this study are to (i) characterize the chemical specifications of 
wastewater effluent of the three central wastewater treatment plants in Qatar and (ii) 
investigate the human health risks in adults and children associated with the reuse of this 
treated wastewater using simulation tools.    
 
2. Methodology 
 
2.1. Wastewater treatment plants 
 
According to the Public Works Authority (Ashghal) and site visits of the three major 
wastewater treatment plants (WWTPs), Table 1 summarizes their major characteristics. 
 
Table 1. Major characteristic of the three wastewater treatment plants (WWTPs) in Qatar 

Parameter Doha South WWTP Doha West WWTP Doha North WWTP 

O&M Company VEOLIA SUEZ KSES 

Construction date 2009 2005 2008 

Population served 830,000 650,000 900,000 

Capacity 200,000 m3/day 245,000 m3/day 244,000 m3/day 

Advanced WWT GMF, UF, Chlorination, UV Same Same 

    

    

    

    

 

 
 
2.2. Sampling and analysis 
 
With the support and coordination with the technical team of the Public Works Authority of 
Qatar (Ashghal), an access to the three central wastewater treatment plants (WWTPs) in 
Qatar was obtained (Table 1). The technical team of the three companies supported the 
mission to collect the needed samples of final treated wastewater effluent (September to 
December 2019). Composite samples were collected according to the international standards 
(Ramadoss et al., 2022; Shomar et al., 2020). Details on sample collection, preservation, site 
measurements, transportation and storage have been described intensively (Shomar et al., 
2004; Shomar et al., 2005; Shomar, 2007; Al-Maadheed et al., 2019). Additionally, the 
protocols of quality control (QC) and quality assurance (QA) are well described in these 
references.   
Briefly, a portable kit (Hanna Instruments-USA, HI991301, Woonsocket, RI, USA) was used to 
record the readings of pH, electrical conductivity (EC) and total dissolved solids (TDS) at the 
same time of sample collection in each WWTP. The final treated wastewater effluent 
composite sample of each WWTP was divided into three bottles. The first part was used for 
the determination of total organic carbon (TOC) using (TOC Analyzer-Shimadzu, model TOC-
L, Kyoto, Japan) and anions (Cl, F, Br, NO3, NO2, SO4 and PO4) using an ion chromatograph 
(Dionex ICS-1100, Sunnyvale, CA, USA). The second part of the sample was used for the 
determination of cations, metals and metalloids using an inductively coupled plasma mass 
spectrometry (Agilent 7500ce and 7700x, Santa Clara, CA, USA) (Shomar and Rovira, 2023).  
The last part was preserved, extracted and prepared for the determination of the targeted 
antibiotics using liquid chromatography-mass spectrometry (LC/MS) (SN01757L- Thermo 
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Fisher Scientific Inc., Whatham, MA, USA) connected to LPG-3400XRS Pump (Thermo 
Scientific Dionex UltiMate™ 3000 system LPG-3400XRS Pump P/N 5043.0036). The MS system 
was controlled by the Chromeleon Chromatography Management System and Xcalibur® 
software (P/N 1288120, Revision C) (Al-Maadheed et al., 2019).  
Averages of both COD and BOD5 in effluent samples were recorded from the lab of each 
WWTP. The full list of parameters is given in Table 2 and Table 3.  
 
2.3. Human health risk assessment  
 
Treated wastewater (TWW) can be used in irrigation and food production, industrial 
applications, landscape and recreating, constructed wetlands, district cooling, cleaning, 
construction, groundwater recharge, etc. Population could be exposed to TWW according to 
the reuse options and applications (Semerjian et al., 2018). For adults, exposure could be 
through scenarios of treatment and disposal processes, agricultural applications, urban uses, 
commercial uses, industrial applications, construction and pavement cleaning, sports, etc. 
While generally, children (up to 6 years old) are exposed to TWW in playgrounds and gardens 
leisure activities. For these exposure scenarios both dermal and accidental TWW ingestion 
were considered as exposure pathways. Equations 1 and 2 based on US EPA risk assessment 
guidelines (US EPA, 1989) describe the model for TWW accidental ingestion and dermal 
absorption exposure pathways, respectively. 
 

𝑊𝑎𝑡𝑒𝑟𝑎𝑐𝑐𝑖𝑑𝑒𝑛𝑡𝑎𝑙𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 =
𝐶𝑤𝑎𝑡𝑒𝑟×𝐸𝐹×𝐼𝑅𝑤𝑎𝑡𝑒𝑟×𝐸𝐷

𝐵𝑊×𝐴𝑇
      (1) 

 

𝐷𝑒𝑟𝑚𝑎𝑙𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =
𝐶𝑤𝑎𝑡𝑒𝑟×𝐸𝐹×𝐴𝐹×|×|𝑆𝐴×𝐸𝐷

𝐵𝑊×𝐴𝑇
     (2) 

 
Parameters description and values for each pf the three scenarios are reported in Table 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://www.sciencedirect.com/topics/chemical-engineering/chromatography
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Table 2. Parameters and values of variables used to exposure assessment. 
Abbreviation Description Value Reference 

Cwater Concentration of a pollutant in treated wastewater Table 1 This study 

EF Exposure frequency 
Cleaning (adult) 
Sport (adult) 
Leisure (children) 

 
250 days/year 
104 days/year 
26 days/year 

Semerjian et al., 2018 

IRwater Accidental wastewater intake ratio 
Cleaning (adult) 
Sport (adult) 
Leisure (children) 

 
32 mL/day 
4 mL/day  
10 mL/day 

Semerjian et al., 2018 

ED Exposure duration (adult or children) 20 or 6 years 
 

Semerjian et al., 2018 

AT Average time (adult or children) 20 or 6 years Semerjian et al., 2018 

BW Body weight 
Adults 
Children  

 
70 kg 
15 kg 

Semerjian et al., 2018 

AF Adherence factor of water to skin 6.89 µL/cm2 Gujral et al., 2011 

ABS Absorption factor 
Antibiotic (Organic compounds) 
Metals 
As 

 
0.1 
0.001 
0.03 

Herrero et al., 2019 

SA Skin surface area exposed 
Cleaning (adult; Forearms, hands, head) 
Sport (adult; arms, forearms, and lower legs) 
Leisure (children; hands, forearms and lower legs) 

 
3300 cm2 
4447 cm2 
1400 cm2 

Semerjian et al., 2018 

 
 
To assess the non-carcinogenic risks, hazard quotients (HQ) were calculated dividing each 
exposure by the corresponding oral (RfoD) or dermal (RfdD) reference dose. RfdD were 
calculated dividing RfoD by the corresponding gastrointestinal absorption factor (GIABS) 
(Shomar et al., 2023). RfoD and GIABS were obtained from US EPA (USEPA, 2023).  
 
For antibiotics, admissible daily dose intake (ADI) were calculated using minimal therapeutic 
dose divided by a body weight of 70 kg with an uncertainty factor of one thousand (UF=1,000). 
Uncertainty factor of 1000 is composed of three factors of 10 to cover sensible groups 
(children, elderly), differences between individuals, and therapeutic dose do not mean non 
effect level (Prosser and Sibley, 2015).  
 
3. Results and discussion 
 
3.1. Quality of treated wastewater effluent 
 
The study found excellent agreement among the results of the three WWTPs and Table 3 
summarizes the average findings for the physical and chemical parameters. Generally, most 
of the physical parameters are within the range of high-quality treated wastewater. The 
effluent TWW is neutral and relatively brackish within arid areas average evapotranspiration 
of 2 mm/d in December to a maximum of 10 mm/d in June (Issaka et al., 2017). It is very 
important to confirm that wastewater in Qatar is originated from desalinated water which 
has the highest quality and all quality parameters are very low (Shomar et al., 2013). The 
results of COD and BOD5 are very important indicators for the efficiency of treatment 
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technologies and their low concentrations in the final effluent confirm that such water can be 
used in several applications including irrigation, landscaping, recreation, etc. Although the 
typical average of TOC in the effluent TWW is 1 to 20 mg/L (Park et al., 2022; Wu et al., 2022), 
it has been found to be 34 mg/L in the effluent TWW of the three WWTPs of Qatar. Such 
elevated TOC has been found in the effluent of WWTPs in several locations in the world 
(Wilson, 1993; Ni et al., 2020; Orak et al., 2023). According to these studies and others, the 
major contributors to the elevation of TOC in wastewater effluent are the food and chemical 
industry (Stamper and Semmen, 2012).  
 
The major anions of Cl, F, Br, NO3, NO2, SO4 and PO4 are within the permissible limits of several 
TWW reuse options (Table 3). NO2 was not detected in all samples and this reflects that 
denitrification (nitrate to N2 gas) process is efficient (Shomar et al., 2008). Generally, these 
anions (except for Br, F and NO2) are exceeding their concentrations in the desalinated tap 
water in Qatar (Nriagu et al., 2018). Average concentrations of Cl, NO3, SO4 and PO4 in tap 
water of Qatar were 62, 2, 2 and 1.1 mg/L, respectively. The findings of Al-Yamani et al. (2019) 
showed very similar concentrations for the TWW effluent of Abu Dhabi and the same in Dubai 
(Alsharhan and Rizk, 2020). Limited reuse options such district cooling call for reducing the 
concentrations of nutrients (N and P) and organic matter (OM) to be almost zero 
concentrations to avoid microbial after growth or introducing remediation technologies (e.g. 
ion exchange) for N and P removal (Pinel et al., 2020; Zhou et al., 2022). 
 
 
 
Table 3. Quality parameters of the three WWTPs in Qatar (n=3) 

Parameter Symbol  Unit Average STDEV Qatar Reuse Guidelines 

  pH   7.4 0.8 6-9 

Electrical Conductivity EC  (µS/Cm) 2600 600 750-2000 

Total Dissolved Solids TDS  (mg/L) 1710 376.3 1500 

Total Organic Carbon TOC  (mg/L) 33.89 7.5 - 

Total Carbon TC  (mg/L) 34.52 7.6 - 

Inorganic Carbon IC  (mg/L) 0.6266 0.1 - 

Chemical Oxygen Demand COD (mgO2/L) 18.0 4.0 
150 

Biochemical Oxygen Demand BOD5 (mgO2/L) 2.0 0.4 
10 

Major anions 

Chloride Cl (mg/L) 389 128 40-200 

Fluoride F (mg/L) <0.1 <0.1 15 

Bromide Br (mg/L) 1.2 0.4 - 

Nitrate NO3 (mg/L) 25.3 8.4 
- 

Nitrite NO2 (mg/L) <0.1 <0.1 
- 

Sulfate SO4 (mg/L) 346 114 
400 

Phosphate PO4 (mg/L) 2.8 0.9 
10 

Major cations 

Calcium Ca (mg/L) 150 29 - 

Magnesium Mg (mg/L) 32 6 - 

Sodium Na (mg/L) 213 40 - 
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Potassium K (mg/L) 23 4 - 

Metalloids and metals 

Lithium Li (µg/L) 19.2 4.6 - 

Beryllium Be (µg/L) <0.05 <0.05 - 

Boron B (mg/L) 2.17 0.52 1.5 

Silicon Si (mg/L) 5.85 1.40 - 

Titanium Ti (µg/L) <0.05 <0.05 - 

Aluminum Al (µg/L) 10.1 2.4 15000 

Vanadium V (µg/L) 6.9 1.6 - 

Chromium Cr (µg/L) 4.1 1.0 10 

Manganese Mn (µg/L) 15.1 3.6 50 

Iron Fe (µg/L) 7.7 1.8 1000 

Cobalt Co (µg/L) 1.1 0.3 200 

Nickel Ni (µg/L) 5.8 1.4 200 

Copper Cu (µg/L) 5.2 1.2 200 

Zinc Zn (µg/L) 15.3 3.7 500 

Gallium Ga (µg/L) <0.001 <0.001 - 

Arsenic As (µg/L) 14.1 3.4 100 

Selenium Se (µg/L) 2.5 0.6 - 

Strontium Sr (mg/L) 30.13 7.2 - 

Molybdenum Mo (µg/L) 3.5 0.8 - 

Silver Ag (µg/L) <0.05 <0.05 - 

Tin Sn (µg/L) 0.267 0.06 - 

Cadmium Cd (µg/L) 0.9 0.22 50 

Indium In (µg/L) <0.001 <0.05 - 

Antimony Sb (µg/L) 0.4457 0.11 - 

Barium Ba (µg/L) 14 3.36 2000 

Mercury Hg (µg/L) 0.04 0.01 - 

Thallium Tl (mg/L) 12.47 2.99 - 

Lead Pb (µg/L) 7.6 1.82 100 

Bismuth Bi (µg/L) 0.133 0.03 - 

Uranium U (µg/L) 1.27 0.30 - 

 
 

On the other hand, cations (Ca, Mg, Na and K) are within the permissible limit for reuse 
options and they are very similar to their concentrations in the Gulf Cooperation Council (GCC) 
wastewater effluents (Aleisa and Al-Zubari, 2017; Al Rashed et al., 2023; Qureshi, 2020).  
 
The average concentrations of the tested metals and metalloids are low (Table 3) and all are 
less than the available Qatari guidelines of TWW used for irrigation purposes. Two elements 
only showed elevated concentrations in the effluent of the three WWTPs; boron and 
strontium. While Boron (B) average concentrations in the desalinated tap water of Qatar was 
23 µg/L (Nriagu et al., 2018), its average concentration in the effluent TWW is 2.1 mg/L. Such 
slight elevation needs investigation as the permissible limit of B in the Qatari guidelines for 
reuse is 1.5 mg/L. Boron could enter the WWTP through the industrial wastes where (Kim et 
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al., 2023) mentioned 300 different industries and this could be behind the slight elevation of 
B compared to its concentration in the domestic tap water. It is important to mention that 
although international health authorities (e.g. WHO and USEPA) mentioned that no human 
health risks associated with B in drinking water, B may cause toxicity to crops at high 
concentrations.  
 
Generally, Sr is naturally occurred in water (Theissen and Paces, 2023) and the permissible 
limit of Sr in drinking water is 4 mg/L (ATSDR, 2004). Qatari guidelines have no limit yet for Sr 
in TWW. However, Sr average concentrations in the TWW effluent of the three WWTPs in 
Qatar was 30 mg/L. Such elevated concentrations of Sr in TWW need further investigation in 
terms of sources, transport mechanism to the crops and potential risks.  
 

Table 4 shows the results of major antibiotics in the effluent of the three WWTPs. The findings 
of the study for the three WWTPs agree with the results of Al-Maadheed (2019) which was 
conducted for one plant which is Doha West WWTP (Table 1). This reveals that the treatment 
technologies of the three plants resulted in same quality of the targeted and mostly used 
antibiotics in Qatar. The study of Al-Maadheed (2019) explained the reasons behind the 
selected and consumption of these seven antibiotics. Our study is linking the findings of 
antibiotics in TWW of Qatar, water reuse in irrigation and potential ecological and human 
health risks. The advanced treatment technology in Qatar did not remove all antibiotics 
occurred in WW and such conclusion was also observed in the WWTPs of two Indian states 
(Kotwani et al., 2023). 
 
 
Table 4. Major antibiotics in the treated wastewater effluent of the three WWPs in Qatar 

Antibiotics Unit 
Average 
Influent 

Average 
Effluent 

Effluent 
STDEV 

Removal 
Rate (%) 

Cases of 
wastewater 

Reference 

Clavulanic acid µg/L 99.636 12.51 2.127 87.4 10-20 Pantanella et al., 2020 

Metronidazole µg/L 0.705 0.331 0.056 53.0 3-4 K'oreje et al., 2016 

Amoxicillin µg/L 0.125 0.05 0.009 60.0 0.01–7 Dubey et al., 2023 

Ciprofloxacin µg/L 0.537 0.238 0.040 55.7 0.5-460 Booth et al., 2020 

Tetracycline µg/L 0.218 0.01 0.0017 95.4 0.01–12 Dubey et al., 2023 

Penicillin µg/L 0.11 0.01 0.0017 90.9 0.001-0.02 Wang et al. 2022 

Erythromycin µg/L 0.146 0.01 0.0017 93.2 0.01–4 Dubey et al., 2023 

 

Table 3 shows the average concentrations of the antibiotics in the wastewater of Qatar and 
their ranges in the wastewater of several locations in the world. Averages of clavulanic acid 
in TWW of Qatar were 13 µg/L, which is very close to the findings of Zhang et al. (2009) for 
the effluent of WWTPs in China. Metronidazole averages in the TWW of Qatar were 0.33 µg/L. 
In the study of Yu et al. (2023), metronidazole in WW was 5 mg/L and was 100% removed by 
enzymes and hydroxylation. Over the past few years, amoxicillin in wastewater (averages 
0.01-7 µg/L) was heavily investigated. Amoxicillin sources, transport, kinetics and removal 
were discussed recently by Dias et al. (2023). Moreover, Ajala et al. (2023) found elevated 
amoxicillin concentrations in wastewater and the study used biomass/biochar-based 
adsorbents to remove it. The study of Sagaseta de Ilurdoz et al. (2022) selected three 
antibiotics which are sulfamethoxazole, trimethoprim and ciprofloxacin. The study found that 
reverse osmosis (RO) was able to remove 93 and 99% of these three antibiotics. This may 
explain the presence of ciprofloxacin in the effluent of the WWTPs of Qatar with average 

https://www.sciencedirect.com/science/article/pii/S001393512300470X#bib24
https://www.sciencedirect.com/science/article/pii/S001393512300470X#bib24
https://www.sciencedirect.com/science/article/pii/S001393512300470X#bib24
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concentrations of 0.53 µg/L. Tetracycline has been found in wastewater and aquatic 
environments of several locations in the world (Ding et al., 2023; Liu et al., 2023). According 
to the study of Dubey et al. (2023), tetracycline average concentrations in domestic 
wastewater was 0.01-12 µg/L. Amangelsin et al. (2023) studied the negative impacts of 
tetracycline on the environment and listed the most appropriate technologies for removal. 
Finally, according to Mishra et al. (2023), erythromycin was found in the domestic wastewater 
with ranges of 0.01-4 µg/L while our findings in the TWW of Qatar show 0.01 µg/L as averages 
of erythromycin. 
 
3.2. Human health risk assessment of metals, metalloids and antibiotics 
 
Regrading metals and metalloids accidental ingestion were clearly the main exposure routes 
due to lower absorption factor compared with antibiotics. Again, cleaning activities using 
treated wastewater followed by children leisure in gardens and parks presented highest 
exposure. All metals and metalloids presented HQ for all scenarios and routes far the unity 
except for Thallium (Tl). Thallium present mean values of HQ above 0.1 (HQ=0.4) for 
accidental ingestion for commercial, industrial and urban cleaning pavement activities.  
 
Regrading antibiotics, the highest exposure scenario is accidental ingestion during 
commercial, industrial, and urban cleaning due to higher exposure days a year and ingestion 
rates (Figure 1). Second highest exposure levels scenario was children accidental ingestion 
during garden and park leisure activities. Clavulanic acid followed by Metronidazole 
presented the highest exposure levels. However, all antibiotics presented HQ between 4 to 8 
orders of magnitude lower than their respective ADI.  
 

 
Figure 1. Antibiotic exposure through dermal absorption and accidental ingestion during the 
use of treated wastewater and acceptable daily intakes  
 
 

https://www.sciencedirect.com/science/article/pii/S001393512300470X#bib24
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Despite any human health adverse effects are expected to happen taking into account the 
present results, more research is needed regarding how intestinal microbiota are affected by 
antibiotics accidentally consumed due to use of TWW in pavement cleaning or irrigation of 
gardens, sport field or even irrigation in agriculture (Compagni et al., 2020). In addition, 
special focus should be paid to multiple antibiotic resistant microorganisms’ presence in 
gardens and parks as a potential threat to human health (Zagui et al., 2022).  
 
Finally, other chemical and biological pollutants associated to TWW should be consider to 
complete human health risk assessment of use of TWW such as pharmaceuticals, personal 
care products, illicit drugs, and microplastics (Qin et al., 2015; Dronjak et al., 2023; Miino et 
al., 2023).  
 
 
4. Conclusion 
 
Qatar invested in the construction of the state-of-the-art wastewater treatment plants. The 
three central WWTPs serve more than 2,300,000 inhabitants in the Capital Doha and 
surrounding. They have the highest treatment technologies and able to produce high quality 
effluents. They showed very similar quality in terms of physico-chemical characteristics, 
anions, cations, metals, metalloids and the targeted mostly-used antibiotics in the country. 
All parameters characterized in this study were very low and all within the international 
guidelines and standards where Qatar does not have standards for all parameters yet. Two 
parameters only (Cl and B) showed slightly high concentrations and expected sources are 
associated with the original source of TWW which is desalinated water as well as the high 
evaporation rates of the open lagoons of the WWTPs.  
  
Despite metals, metaloids and antibiotics levels detected in treated wastewater, non-human 
health risks are found (HQ<1) due to the potential exposure to these contaminants via dermal 
and ingestion routes (e.g. cleaning, pavements, irrigation of gardens and parks, playgrounds 
in adults and children). However, for thallium (Tl) hazard quotient (HQ) exposure during 
cleaning pavements were above 10% of oral reference dose and more investigation should 
be conducted in order to consider other exposure sources that may pose risks to workers. 
Antibiotics exposure in all scenarios considered were quite below the admissible daily intake 
based on the minimum therapeutic dose and considering uncertainty factors (UF=1000). 
 
In this very arid region, further investigations on a long-term strategy are still needed on the 
water-soil-plant-health interlinkages and contaminant transport under natural and 
anthropogenic influences of the reuse technology options. Although the country owns the 
most advanced wastewater technologies and beside the chemical contaminants, special care 
should be given to the microbial contaminants and potential risks.   
 
 
 
 
 
 
 



12 
 

Acknowledgement  
 
The authors gratefully thank Ashghal for the access to the treatment plants. Special thanks to 
the technical teams of the companies at the plants for facilitating the visits and securing the 
wastewater samples. Thanks to Hussein Abu Halaweh for the discussion and information.  The 
outstanding support of Maria Victoria Navarro (Inorganic analysis) and XXX (Organic analysis) 
is highly appreciated. Special thanks to Sergey Rashkeev and Yousef Salamin for assistance in 
editing and improving the language of the manuscript. Joaquim Rovira was supported by a 
Miguel Servet contract (CP22/00062) funded by Instituto de Salud Carlos III (ISCIII) and 
cofounded by Fondo Social Europeo Plus (FSE+). 
 
Ethical approval 
 
This article does not contain any studies with human or animals performed by any of the 
authors.  
 
Funding 
 
No external funding support has been received for this article. 
 
Data availability 
 
The dataset produced for this study is available within this article. 
 
Declaration of Competing Interest  
 
The authors declare that they have no known competing financial interests or personal 
relationships that could have appeared to influence the work reported in this paper.  
 
 
Authorship Contribution 
 
Basem Shomar led the research project, coordinated with the relevant officials in Ashghal and 

wastewater Treatment Plants to get the samples and the data. He organized the sampling 

campaigns and gave instructions for sample preservation and analysis in Qatar and Germany. 

He drafted the manuscript and he is the corresponding author.  

Joaquim Rovira carried out the risk calculations, wrote the relevant sections, and reviewed 

the manuscript. 

 

 

 

 

 



13 
 

References 
 
Agusiegbe, U.M., 2019. Human Health Risk Assessment of Exposure to Emerging 
Contaminants (Pharmaceuticals and Personal Care Products) in Drinking Water Supply in Non-
Sewered Communities. PhD thesis, University of York. 
 
Ahmed, R., Abuarab, M., Ibrahim, M., Baioumy, M., Mokhtar, A., 2023. Assessment of 
environmental and toxicity impacts and potential health hazards of heavy metals pollution of 
agricultural drainage adjacent to industrial zones in Egypt. Chemosphere 318, 137872. 
https://doi.org/10.1016/j.chemosphere.2023.137872 
 
Ajala, O.O., Akinnawo, S.O., Bamisaye, A., Adedipe, D.T., Adesina, M.O., Okon-Akan, O.A., 
Adebusuyi, T.A., Ojedokun, A.T., Adegoke, K.A., and Bello, O.S., 2023. Adsorptive removal of 
antibiotic pollutants from wastewater using biomass/biochar-based adsorbents. RSC 
Advances 13, 4678-4647.  
https://doi.org/10.1039/d2ra06436g 
 
Aleisa, E., Al-Zubari, W., 2017. Wastewater reuse in the countries of the Gulf Cooperation 
Council (GCC): the lost opportunity. Environ. Monit. Assess. 189, 553. 
https://doi.org/10.1007/s10661-017-6269-8 
 
Alharbi, O., Jarvis, E., Galani, A., Thomaidis, N., Nika, M-C., Chapman, D., 2023. Assessment of 
selected pharmaceuticals in Riyadh wastewater treatment plants, Saudi Arabia: Mass 
loadings, seasonal variations, removal efficiency and environmental risk. Sci. Total Environ. 
163284, 
https://doi.org/10.1016/j.scitotenv.2023.163284 
 
Aljeddani, GS., 2023. Reusing Sewage Effluent in Greening Urban Areas: A Case Study of: 
Southern Jeddah, Saudi Arabia. Sustainability 15, 645.  
https://doi.org/10.3390/su15010645 
 
Al-Maadheed, S., Goktepe, I., Latiff, A., Shomar, B., 2019. Antibiotics in Hospital Effluent and 
Domestic Wastewater Treatment Plants in Doha, Qatar. Journal of Water Process 
Engineering, 28, 60-68.  
https://doi.org/10.1016/j.jwpe.2019.01.005 
 
Al Rashed, M., Sefelnasr, A., Sherif, M., Murad, A., Alshamsi, D., Aliewi, A., Ebraheem, A., 2023. 
Novel concept for water scarcity quantification considering nonconventional and virtual 
water resources in arid countries: Application in Gulf Cooperation Council countries. Sci. Total 
Environ. 882, 163473. 
https://doi.org/10.1016/j.scitotenv.2023.163473 
 
Alsharhan, AS., Rizk, ZE., 2020. Treated Wastewater: Quality Concerns and Potential Uses. In: 
Water Resources and Integrated Management of the United Arab Emirates. World Water 
Resources, Vol 3. Springer, Cham. 471-497.  
https://doi.org/10.1007/978-3-030-31684-6_15 
 



14 
 

Al-Yamani, W., Green, S., Pangilinan, R., Dixon, S., Shahid, S., Kemp, P., Clothier, B., 2019. The 
impact of replacing groundwater by treated sewage effluent on the irrigation requirements 
of Al Ghaf (Prosopis cineraria) and Al Sidr (Ziziphus spina-christi) forests in the hyper-arid 
deserts of Abu Dhabi. Agricultural Water Management. 214, 28-37. 
https://doi.org/10.1016/j.agwat.2018.12.031 
 
Amangelsin, Y., Semenova, Y., Dadar, M., Aljofan, M., Bjørklund, G., 2023. The Impact of 
Tetracycline Pollution on the Aquatic Environment and Removal Strategies. Antibiotics. 12(3), 
440.  
https://doi.org/10.3390/antibiotics12030440 
 
An, W., Li, X., Ma, J., Ma, L., 2023. Advanced treatment of industrial wastewater by ozonation 
with iron-based monolithic catalyst packing: From mechanism to application. Water Res. 235, 
119860. 
https://doi.org/10.1016/j.watres.2023.119860 
 
Andrzejak, T., Raje, H., LaFleur, G., Willis, J., Boopathy, R., 2023. Water quality and antibiotic 
resistance in the recreational waters. Bioresource Technol. 370, 128546. 
https://doi.org/10.1016/j.biortech.2022.128546 
 
Asgari, G., Khazaei, M., Seidmohammad, A., Mansoorizadeh, M., Talebi, S., 2023. Reclamation 
of treated municipal wastewater in cooling towers of thermal power plants: Determination 
of the wastewater quality index. Water Res. Ind. 100207. 
https://doi.org/10.1016/j.wri.2023.100207 
 
ATSDR, 2004. Toxicological profile for strontium. Agency for Toxic Substances and Disease 
Registry. Atlanta, GA: U.S. Department of Health and Human Services, Public Health Service. 
https://www.atsdr.cdc.gov/toxprofiles/tp159.pdf 

 
Babuna, P., Yang, X., Tulcan, R., Dehui, B., Takase, M., Guba, B., Han, C., Awudi, D., Li, M., 
2023. Modeling water inequality and water security: The role of water governance. J. Environ. 
Manag. 326, 116815. 
https://doi.org/10.1016/j.jenvman.2022.116815 
 
Bauer, S., Wagner, M., 2022. Possibilities and Challenges of Wastewater Reuse—Planning 
Aspects and Realized Examples. Water 14, 1619.  
https://doi.org/10.3390/w14101619 
 
Booth, A., Aga, D., Wester, A., 2020. Retrospective analysis of the global antibiotic residues 
that exceed the predicted no effect concentration for antimicrobial resistance in various 
environmental matrices. Environment International. 141, 105796. 
https://doi.org/10.1016/j.envint.2020.105796 
 
Candela, L., Fabregat, S., Josa, A., Suriol, J., Vigués, N., Mas, J., 2007. Assessment of soil and 
groundwater impacts by treated urban wastewater reuse. A case study: Application in a golf 
course (Girona, Spain). Sci. Total Environ. 374, 26-35. 
https://doi.org/10.1016/j.scitotenv.2006.12.028 

https://wwwn.cdc.gov/TSP/ToxProfiles/ToxProfiles.aspx?id=656&tid=120


15 
 

Cochran, K., 2022. Mass Spectrometric Investigation of Removal/Transformation of Emerging 
Contaminants for Safer Potable Wastewater Reuse. (Doctoral dissertation). Retrieved from 
https://scholarcommons.sc.edu/etd/6886 
 
Compagni, R.D., Gabrielli, M., Polesel, F., Turolla, A., Trapp, S., Vezzaro, L., Antonelli, M., 2020. 
Risk assessment of contaminants of emerging concern in the context of wastewater reuse for 
irrigation: An integrated modelling approach. Chemosphere 242, 125185. 
https://doi.org/10.1016/j.chemosphere.2019.125185 
 
Danboos, A., Sharil, S., Hamzah, F., Yafouz, A., Huang, Y., Ahmed, A., Ebraheem, A., Sherif, M., 
El-Shafie, A., 2023. Water budget-salt balance model for calculating net water saving 
considering different non-conventional water resources in agricultural process. Heliyon 9, 
e15274. 
https://doi.org/10.1016/j.heliyon.2023.e15274 
 
Darwish, M., Hassabou, A., Shomar, B., 2013. Using Seawater Reverse Osmosis (SWRO) 
Desalting System for Less Environmental Impacts in Qatar. Desalination, 86, 600-605.   
https://doi.org/10.1016/j.desal.2012.09.026  
 
del Villar, A., García-López, M., 2023. The Potential of Wastewater Reuse and the Role of 
Economic Valuation in the Pursuit of Sustainability: The Case of the Canal de Isabel 
II. Sustainability 15, 843.  
https://doi.org/10.3390/su15010843 
 
Deng, Z., Zhao, B., Li, S., Li, Z., Zhang, S., Zhang, K., Zhu, Z., 2024. An efficient CuZr-based 
metallic glasses electrode material for electrocatalytic degradation of azo dyes. J. Environ. Sci. 
136, 537-546. 
https://doi.org/10.1016/j.jes.2022.09.010 
 
Dias, I., Mourão, L., Andrade, L., Souza, G., Viana, J., Oliveira, S., Alonso, C., 2023. Degradation 
of antibiotic amoxicillin from pharmaceutical industry wastewater into a continuous flow 
reactor using supercritical water gasification. Water Research 234, 119826. 
https://doi.org/10.1016/j.watres.2023.119826 
 
Ding, C., Zhu, Q., Yang, B., Petropoulos, E., Xue, L., Feng, Y., He, S., Yang, L., 2023. Efficient 
photocatalysis of tetracycline hydrochloride (TC-HCl) from pharmaceutical wastewater using 
AgCl/ZnO/g-C3N4 composite under visible light: Process and mechanisms. Journal of 
Environmental Sciences. 126, 249-262. 
https://doi.org/10.1016/j.jes.2022.02.032 
 
Dronjak, L., Exposito, N., Sierra, J., Schuhmacher, M., Florencio, K., Corzo, B., Rovira, J., 2023. 
Tracing the fate of microplastic in wastewater treatment plant: A multi-stage analysis of 
treatment units and sludge. Environmental Pollution 333, 122072. 
https://doi.org/10.1016/j.envpol.2023.122072 
 

https://doi.org/10.3390/su15010843


16 
 

Dubey, M., Vellanki, BP., Kazmi, AH., 2023. Removal of emerging contaminants in 
conventional and advanced biological wastewater treatment plants in India-a comparison of 
treatment technologies. Environmental Research. 218, 115012. 
https://doi.org/10.1016/j.envres.2022.115012 
 
Garduño-Jiménez, AL., Durán-Álvarez, JC., Ortori, C., Abdelrazig, S., Barrett, D., Gomes, R., 
2023. Delivering on sustainable development goals in wastewater reuse for agriculture: initial 
prioritization of emerging pollutants in the Tula Valley, Mexico. Water Res. 119903. 
https://doi.org/10.1016/j.watres.2023.119903 
 
Gonçalo-Filho, F., Ferreira-Neto, M., dos Santos Fernandes, C., da Silva Dias, N., Holanda, JS., 
Barros-Júnior, AP., de Medeiros, JF., da Silva Sá, FV., 2023. Domestic Sewage Effluent 
Increases Plant Growth, Yield, and Fiber Quality of Cotton Cv. BRS 335. J. Nat. Fibers 20, 1.  
https://doi.org/10.1080/15440478.2022.2146914 
 
Grant, S., Saphores, JD., Feldman, D., Hamilton, A., Fletcher, T., Cook, P., Stewardson, M., 
Sanders, B., Levin, L., Ambrose, R., Deletic, A., Brown, R., Jiang, S., Rosso, D., Cooper, W., 
Marusic, I., 2012. Taking the “Waste” Out of “Wastewater” for Human Water Security and 
Ecosystem Sustainability. Science 337, 681-686. 
https://doi.org/10.1126/science.1216852 
 
Gulfam-E-Jannat, S., Golui, D., Islam, S., Saha, B., Rahman, S., Bezbaruah, A., Iskander, S., 2023. 
Industrial Water Demand and Wastewater Generation: Challenges for Bangladesh’s Water 
Industry. ACS EST Water 
https://doi.org/10.1021/acsestwater.3c00023 
 
Hastie, A., Otrubina, V., Stillwell, A., 2023. Identifying Opportunities for Nonpotable Water 
Reuse Based on Potential Supplies and Demands in the United States. ACS EST Water 3, 311-
321. 
https://doi.org/10.1021/acsestwater.2c00341 
 
Herrero, M., Rovira, J., Nadal, M., Domingo, J., 2019. Risk assessment due to dermal exposure 
of trace elements and indigo dye in jeans: Migration to artificial sweat. Environmental 
Research 172, 310-318. 
https://doi.org/10.1016/j.envres.2019.02.030 
 
Hosney, H., Tawfik, M., Duker, A., van der Steen, P., 2023. Prospects for treated wastewater 
reuse in agriculture in low- and middle-income countries: Systematic analysis and decision-
making trees for diverse management approaches. Environ. Develop. 46, 100849. 
https://doi.org/10.1016/j.envdev.2023.100849 
 
Issaka, A., Paek, J., Abdella, K., Pollanen, M., Huda, A., Kaitibie, S., Goktepe, I., Haq, M., 
Moustafa, A., 2017. Analysis and Calibration of Empirical Relationships for Estimating 
Evapotranspiration in Qatar: Case Study. J. Irrig. Drain Eng. 143, 2. 
https://doi.org/10.1061/(ASCE)IR.1943-4774.0001106 
 

https://doi.org/10.1016/j.watres.2023.119903
https://doi.org/10.1080/15440478.2022.2146914
https://doi.org/10.1126/science.1216852
https://doi.org/10.1021/acsestwater.3c00023
https://doi.org/10.1021/acsestwater.2c00341


17 
 

Jarin, M., Dou, Z., Gao, H., Chen, Y., Xie, X., 2023. Salinity exchange between 
seawater/brackish water and domestic wastewater through electrodialysis for potable 
water. Front. Environ. Sci. Eng. 17, 16.  
https://doi.org/10.1007/s11783-023-1616-1 
 
Jin, L., Sun, X., Ren, H., Huang, H., 2023. Hotspots and trends of biological water treatment 
based on bibliometric review and patents analysis. J. Environ. Sci. 125, 774-785. 
https://doi.org/10.1016/j.jes.2022.03.037 
 
Karić, N., Maia, A., Teodorović, A., Atanasova, N., Langergraber, G., Crini, G., Ribeiro, A., Đolić, 
M., 2022. Bio-waste valorisation: Agricultural wastes as biosorbents for removal of (in)organic 
pollutants in wastewater treatment. Chem. Eng. J. Adv. 9, 100239. 
https://doi.org/10.1016/j.ceja.2021.100239 
 
Khan, Z., Chowdhury, S., Mitra, B., Mozumder, M., Elhaj, A., Salami, B., Rahman, M., Rahman, 
S., 2023. Analysis of industrial symbiosis case studies and its potential in Saudi Arabia. J. 
Cleaner Prod. 385, 135536. 
https://doi.org/10.1016/j.jclepro.2022.135536 
 
Kim, K-C., Kim, N-I., Jiang, T., Kim, J-C., Kang, C., 2023. Boron recovery from salt lake brine, 
seawater, and wastewater – A review. Hydrometallurgy 218, 106062. 
https://doi.org/10.1016/j.hydromet.2023.106062 
 
K'oreje, K.O., Vergeynst, L., Ombaka, D., De Wispelaere, P., Okoth, M., Van Langenhove, H., 
Demeestere, K., 2016. Occurrence patterns of pharmaceutical residues in wastewater, 
surface water and groundwater of Nairobi and Kisumu city, Kenya. Chemosphere 149, 238-
244. 
https://doi.org/10.1016/j.chemosphere.2016.01.095 
 
Kotwani, A., Kapur, A., Chauhan, M., Gandra, S., 2023. Treatment and disposal practices of 
pharmaceutical effluent containing potential antibiotic residues in two states in India and 
perceptions of various stakeholders on contribution of pharmaceutical effluent to 
antimicrobial resistance: a qualitative study. J. Pharm. Policy Pract. 16, 59. 
https://doi.org/10.1186/s40545-023-00562-z    
 
Li, C., Zhong, H., Wu, J., Meng, L., Wang, Y., Liao, C., Wang, Y., He, Y., 2024. Migration 
mechanism and risk assessment of per- and polyfluoroalkyl substances in the Ya'Er Lake 
oxidation pond area, China. J. Environ. Sci. 136, 301-312. 
https://doi.org/10.1016/j.jes.2022.12.008 
 
Liu, Y., He, Y., Liu, Y., Liu, H., Tao, S., Liu, W., 2023. Source identification and ecological risks 
of parent and substituted polycyclic aromatic hydrocarbons in river surface sediment-pore 
water systems: Effects of multiple factors. Sci. Total Environ. 858, 159921. 
https://doi.org/10.1016/j.scitotenv.2022.159921 
 



18 
 

Liu, D., Gu, W., Zhou, L., Lei, J., Wang, L., Zhang, J., Liu, Y., 2023. From biochar to functions: 
Lignin induced formation of Fe3C in carbon/Fe composites for efficient adsorption of 
tetracycline from wastewater. Separation and Purification Technology. 304, 122217. 
https://doi.org/10.1016/j.seppur.2022.122217 
 
Lu, X., Yu, W., Chen, B., Ma, Z., Chen, G., Ge, F., An, S., Han, W., 2023. Imbalanced 
phytoplankton C, N, P and its relationship with seawater nutrients in Xiamen Bay, China. 
Marine Pollution Bulletin 187, 114566. 
https://doi.org/10.1016/j.marpolbul.2022.114566 
 
MacAlister, C., Baggio, G., Perera, D., Qadir, M., Taing, L., Smakhtin, V., 2023. Global Water 
Security 2023 Assessment. United Nations, University Institute for Water, Environment and 
Health, Hamilton, Canada. 
https://inweh.unu.edu/wp-content/uploads/2023/03/Global-Water-Security-Assessement-2023_F.pdf 

 
Maréchal, M., Correc, O., Demelas, C., Couzinet, A., Cimetière, N., Vassalo, L., Gérardin, F., 
Boudenne, J.-L., 2023. Characterization and chlorine reactivity of particulate matter released 
by bathers in indoor swimming pools. Chemosphere 313, 137589.  
https://doi.org/10.1016/j.chemosphere.2022.137589 
 
Mayor, Á., Beltran, E., Cortina, J.L., Valderrama, C., 2023. Nitrogen flow analysis in Spain: 
Perspectives to increase sustainability. Sci. Total Environ. 858, 160117. 
https://doi.org/10.1016/j.scitotenv.2022.160117 
 
Meng, X., Désesquelles, P., Xu, L., 2024. Decomposition mechanisms of nuclear-grade cationic 
exchange resin by advanced oxidation processes: Statistical molecular fragmentation model 
and DFT calculations. J. Environ. Sci. 135, 433-448. 
https://doi.org/10.1016/j.jes.2023.01.024 
 
Miino, MC., Macsek, T., Halešová, T., Chorazy, T., Hlavínek, P., 2023. Pharmaceutical and 
narcotics monitoring in Brno wastewater system and estimation of seasonal effect on the 
abuse of illicit drugs by a wastewater-based epidemiology approach. Science of The Total 
Environment 891, 164386. 
https://doi.org/10.1016/j.scitotenv.2023.164386 
 
Mishra, S., Singh, AK., Cheng, L., Hussain, A., Maiti, A., 2023. Occurrence of antibiotics in 
wastewater: Potential ecological risk and removal through anaerobic–aerobic systems. 
Environmental Research 226, 115678. 
https://doi.org/10.1016/j.envres.2023.115678 
 
Nasrollahi, M., Motevali, A., Banakar, A., Montazeri, M., 2023. Comparison of environmental 
impact on various desalination technologies. Desalination 547, 116253. 
https://doi.org/10.1016/j.desal.2022.116253 
 
Nelis, J., Schacht, V., Dawson, A., Bose, U., Tsagkaris, A., Dvorakova, D., Beale, D., Can, A., 
Elliott, C., Thomas, K., Broadbent, J., 2023. The measurement of food safety and security risks 
associated with micro- and nanoplastic pollution. TrAC Trends Anal. Chem. 161, 116993. 

https://doi.org/10.1016/j.desal.2022.116253


19 
 

https://doi.org/10.1016/j.trac.2023.116993 
 
Ni, J., Shi, H., Xu, Y., Wang, Q., 2020. A Comparison of the Mechanism of TOC and COD 
Degradation in Rhodamine B Wastewater by a Recycling-Flow Two- and Three-dimensional 
Electro-Reactor System. Water 12, 1853.  
https://doi.org/10.3390/w12071853 
 
Nriagu, J., Xi, C., Siddique, A., Vincent, A., Shomar, B., 2018. Influence of Household Water 
Filters on Bacteria Growth and Trace Metals in Tap Water of Doha, Qatar. Scientific Reports, 
8, 1-16. Article number: 8268.  
https://doi.org/10.1038/s41598-018-26529-8 
 
Onu, MA., Ayeleru, OO., Oboirien, B., Olubambi, PA., 2023. Challenges of wastewater 
generation and management in sub-Saharan Africa: A Review. Environmental Challenges 11, 
100686. 
https://doi.org/10.1016/j.envc.2023.100686 
 
Orak, C., Öcal, B., Yüksel, A., 2023. Treatment of Sugar Industry Wastewater by Using 
Subcritical Water as a Reaction Media. ChemistrySelect 8, e202203300. 
https://doi.org/10.1002/slct.202203300 
 
Pantanella, F., Lekunberri, I., Gagliardi, A., Venuto, G., Sànchez-Melsió, A., Fabiani, M., 
Balcázar, JL., Schippa, S., De Giusti, M., Borrego, C., Solimini, A., 2020. Effect of Urban 
Wastewater Discharge on the Abundance of Antibiotic Resistance Genes and Antibiotic-
Resistant Escherichia coli in Two Italian Rivers. Int J Environ Res Public Health. 17, 6813.  
https://doi.org/10.3390/ijerph17186813  
 
Park, J., Kim, S., Noh, J., Bae, Y., Lee, J., Maeng, S., 2022. A shift from chemical oxygen demand 
to total organic carbon for stringent industrial wastewater regulations: Utilization of organic 
matter characteristics. Journal of Environmental Management. 305, 114412. 
https://doi.org/10.1016/j.jenvman.2021.114412 
 
Pinel, I., Moed, D., Vrouwenvelder, J., van Loosdrecht, M., 2020. Bacterial community 
dynamics and disinfection impact in cooling water systems. Water Research 172, 115505. 
https://doi.org/10.1016/j.watres.2020.115505 
 
Prosser, R., Sibley, P., 2015. Human health risk assessment of pharmaceuticals and personal 
care products in plant tissue due to biosolids and manure amendments, and wastewater 
irrigation. Environment International 75, 223-233. 
https://doi.org/10.1016/j.envint.2014.11.020 
 
Puri, M., Gandhi, K., Kumar, MS., 2023. Emerging environmental contaminants: A global 
perspective on policies and regulations. J. Environ. Manag. 332, 117344. 
https://doi.org/10.1016/j.jenvman.2023.117344 
 
Qin, Q., Chen, X., Zhuang, J., 2015. The Fate and Impact of Pharmaceuticals and Personal Care 
Products in Agricultural Soils Irrigated With Reclaimed Water.  

https://doi.org/10.1002/slct.202203300
https://doi.org/10.1016/j.jenvman.2023.117344


20 
 

Critical Reviews in Environmental Science and Technology, 45:13, 1379-1408,  
https://doi.org/10.1080/10643389.2014.955628 
 
Qureshi, AS., 2020. Challenges and Prospects of Using Treated Wastewater to Manage Water 
Scarcity Crises in the Gulf Cooperation Council (GCC) Countries. Water 12, 1971.  
https://doi.org/10.3390/w12071971 
 
Ramadoss, R., Al-Shukri, M., Shomar, B., Ilyin, V., Vincent, A., 2022. Substantiation of 
Propitious “Enzybiotic” from two Novel Bacteriophages Isolated from a Wastewater 
Treatment plant in Qatar. Scientific Reports, 9, Article number: 9093.  
https://doi.org/10.1038/s41598-022-13171-8 
 
Rapp-Wright, H., Regan, F., White, B., Barron, L., 2023. A year-long study of the occurrence 
and risk of over 140 contaminants of emerging concern in wastewater influent, effluent and 
receiving waters in the Republic of Ireland. Sci. Total Environ. 860, 160379. 
https://doi.org/10.1016/j.scitotenv.2022.160379 
 
Sagaseta de Ilurdoz, M., Jaime Sadhwani, J., Vaswani Reboso, J. 2022. Antibiotic removal 
processes from water & wastewater for the protection of the aquatic environment - a review. 
Journal of Water Process Engineering. 45, 102474. 
https://doi.org/10.1016/j.jwpe.2021.102474  
 
Semerjian, L., Shanableh, A., Semreen, M., Samarai, M., 2018. Human health risk assessment 
of pharmaceuticals in treated wastewater reused for non-potable applications in Sharjah, 
United Arab Emirates. Environ. Inter. 121, 325-331. 
https://doi.org/10.1016/j.envint.2018.08.048 
 
Shakeri, H., Nazif, S., 2018. Development of an algorithm for risk-based management of 
wastewater reuse alternatives. Journal of Water Reuse and Desalination 8, 38-57.   
https://doi.org/10.2166/wrd.2016.168 
 
Sherif, M., Abrar, M., Baig, F., Kabeer, S., 2023. Gulf Cooperation Council countries' water and 
climate research to strengthen UN's SDGs 6 and 13. Heliyon 9, e14584. 
https://doi.org/10.1016/j.heliyon.2023.e14584 
 
Shi, T., Li, R., Fu, J., Hou, C., Gao, H., Cheng, G., Zhang, H., Jin, S., Kong, L., Na, G., 2024. Fate 
of organophosphate esters from the Northwestern Pacific to the Southern Ocean: 
Occurrence, distribution, and fugacity model simulation. J. Environ. Sci. 137, 347-357. 
https://doi.org/10.1016/j.jes.2023.03.001 
 
Shivarajappa, Surinaidu, L., Gupta, P., Ahmed, S., Hussain, M., Nandan, M.J., 2023. Impact of 
urban wastewater reuse for irrigation on hydro-agro-ecological systems and human health 
risks: A case study from Musi river basin, South India. HydroResearch 6, 122-129. 
https://doi.org/10.1016/j.hydres.2023.03.001 
 

https://doi.org/10.1080/10643389.2014.955628
https://doi.org/10.2166/wrd.2016.168


21 
 

Shomar, B., Yahya, A., Müller, G., 2004. Potential use of treated wastewater and sludge in the 
agricultural sector of the Gaza Strip. Journal of Clean Technologies and Environmental Policy, 
6, 128-137.  
https://doi.org/10.1007/s10098-003-0228-5  
 

Shomar B, Yahya A, Müller G. 2005. Chemical characterization of soil and water from a 
wastewater treatment plant in Gaza. Soil and Sediment Contamination: an International 
Journal, 14, 309-327.  
https://doi.org/10.1080/15320380590954042 
 
Shomar B. 2007. Sources of Adsorbable Organic Halogens (AOX) in Sludge of Gaza. 
Chemosphere 69, 1130-1135. 
https://doi.org/10.1016/j.chemosphere.2007.03.074 
 
Shomar, B., Osenbrück, K., Yahya, A., 2008. Elevated Nitrate Levels in the Groundwater of the 
Gaza Strip: Distribution and Sources. Sci. Total Environ. 398, 164-174.  
https://doi.org/10.1016/j.scitotenv.2008.02.054  
 
Shomar, B., Rovira, J., 2023. Probabilistic Human Health Risk Assessment of Trace Elements in 
Ballast Water Treated by Reverse Osmosis Desalination Plants. Marine Pollution Bulletin, 188, 
114667.  
https://doi.org/10.1016/j.marpolbul.2023.114667 
 
Shomar, B., Sankaran, R., Rovira, J., 2023. Mapping of trace elements in topsoil of arid areas 
and assessment of ecological and human health risks in Qatar. Environmental Research 225, 
115456. 
https://doi.org/10.1016/j.envres.2023.115456 
 
Shomar, B., Al-Darwish, K., Vincent, A., 2020. Optimization of Wastewater Treatment 
Processes Using Molecular Bacteriology. Journal of Water Process Engineering, 33, 101030.  
https://doi.org/10.1016/j.jwpe.2019.101030 
 
Shomar, B., Darwish, M., Rowell, C., 2014. What does Integrated Water Resources 
Management from Local to Global Perspective Mean? Qatar as a Case Study, the Very Rich 
Country with No Water. Water Resources Management, 28, 2781-2791.  
https://doi.org/10.1007/s11269-014-0636-9 
 
Stach, T L., Sieber, G., Shah, M., Simon, S A., Soares, A., Bornemann, TLV., Plewka, J., Künkel, 
J., Becker, C., Meyer, F., Boenigk, J., Probst, AJ., 2023. Temporal disturbance of a model stream 
ecosystem by high microbial diversity from treated wastewater. MicrobiologyOpen, 12, e1347. 
https://doi.org/10.1002/mbo3.1347 
 
Stamper, A., Semmen, K., 2012. Advanced Water Quality Evaluation for Zoo Veterinarians. 
Editor(s): R. Eric Miller, Murray Fowler, Chapter 25 - Fowler's Zoo and Wild Animal Medicine, 
W.B. Saunders. 195-201. 
https://doi.org/10.1016/B978-1-4377-1986-4.00025-1 

 



22 
 

Tashtush, FM., Al-Zubari, WK., Al-Haddad, AS., 2023. The Use of Non-Conventional Water 
Resources in Agriculture in the Gulf Cooperation Council Countries: Key Challenges and 
Opportunities for the Use of Treated Wastewater. In: Choukr-Allah, R., Ragab, R. (eds) 
Biosaline Agriculture as a Climate Change Adaptation for Food Security. Springer, Cham. 
https://doi.org/10.1007/978-3-031-24279-3_14 
 
Theissen, K., Paces, J., 2023. Climate-driven mid- to late Holocene hydrologic evolution of arid 
wetlands documented by strontium, uranium, and oxygen isotopes from Lower Pahranagat 
Lake, southern Nevada, USA. Quaternary Research, 113, 52-68.  
https://doi.org/10.1017/qua.2022.72 
 
US EPA, 1989. United States of America Environmental Protection Agency Risk assessment 
guidance for superfund volume I: Human Health Evaluation Manual EPA/540/1-89/002. 
 
US EPA, 2022. United States of America Environmental Protection Agency. Regional Screening 
Levels (RSLs) - Generic Tables. 
https://www.epa.gov/risk/regional-screening-levels-rsls-generic-tables 
 
Wang, C., Mantilla-Calderon, D., Xiong, Y., Alkahtani, M., Bashawri, Y.M., Al Qarni, H., Hong, 
P.-Y., 2022. Investigation of Antibiotic Resistome in Hospital Wastewater during the COVID-
19 Pandemic: Is the Initial Phase of the Pandemic Contributing to Antimicrobial Resistance? 
Environ. Sci. Technol. 56, 15007-15018. 
https://doi.org/10.1021/acs.est.2c01834 
 
Wagner, T., Nelson, K., Binz, C., Hacker, M., 2023. Actor Roles and Networks in Implementing 
Urban Water Innovation: A Study of Onsite Water Reuse in the San Francisco Bay Area. 
Environ. Sci. Technol.  
https://doi.org/10.1021/acs.est.2c05231 
 
Wani, N., Rather, R., Farooq, A., Padder, S., Baba, T., Sharma, S., Mubarak, N., Khan, A., Singh, 
P., Ara, S., 2023. New insights in food security and environmental sustainability through waste 
food management. Environ. Sci. Pollut. Res.   
https://doi.org/10.1007/s11356-023-26462-y 
 
WHO, 2022. Guidelines for drinking-water quality: fourth edition incorporating the first and 
second addenda. Geneva: World Health Organization; Geneva. Licence: CC BY-NC-SA 3.0 IGO. 
Wilson, F., 1993. Kinetics and reaction order in rotating biological contactors using TOC, 
Water Research. 27, 1423-1429. 
https://doi.org/10.1016/0043-1354(93)90022-A 
 
Wu, H., Wang, R., Yan, P., Wu, S., Chen, Z., Zhao, Y., Cheng, C., Hu, Z., Zhuang, L., Guo, Z., Xie, 
H., Zhang, J., 2023. Constructed wetlands for pollution control. Nat. Rev. Earth. Environ. 4, 
218-234. 
https://doi.org/10.1038/s43017-023-00395-z 
 

https://www.epa.gov/risk/regional-screening-levels-rsls-generic-tables
https://doi.org/10.1021/acs.est.2c01834
https://doi.org/10.1021/acs.est.2c05231


23 
 

Wu, C., Jiang, Q., Luciano, P., Sun, Y., Du, Y., Zhang, T., Du, D., 2022. Strategy of optimizing 
anaerobic digestion of cassava distiller wastewater using a novel automatic biological 
incubation system. Journal of Environmental Management. 305, 114384. 
https://doi.org/10.1016/j.jenvman.2021.114384 
 
Yang, K., Guo, J., Møhlenberg, M., Zhou, H., 2023. SARS-CoV-2 surveillance in medical and 
industrial wastewater-a global perspective: a narrative review. Environ. Sci. Pollut. Res. 
https://doi.org/10.1007/s11356-023-26571-8 
 
Yu, X., Mao, C., Wang, W., Kulshrestha, S., Zhang, P., Usman, M., Zong, S., Hilal, MG., Fang, Y., 
Han, H., Li, X., 2023. Reduction of metronidazole in municipal wastewater and protection of 
activated sludge system using a novel immobilized Aspergillus tabacinus LZ-M. Bioresource 
Technology. 369, 128509. 
https://doi.org/10.1016/j.biortech.2022.128509 
 
Zagui, GS., Andrade, LN., Sierra, J., Rovira, J., Darini, ALC., Segura-Muñoz, S., 2022. 
Plastisphere as a pathway for antimicrobial-resistant bacteria spread to the environment: 
New challenge and open questions. Environmental Research 214, 114156. 
https://doi.org/10.1016/j.envres.2022.114156 
 
Zeitoun, M., Kayal, N., Vij, S., Türk D., Cullman, J., 2023. Why negotiate water problems when 
we can deliberate water solutions?. Nat. Water 2731-6084.   
https://doi.org/10.1038/s44221-023-00071-y 
 
Zhang, Y., Marrs, CF., Simon, C., Xi, C. 2009. Wastewater treatment contributes to selective 
increase of antibiotic resistance among Acinetobacter spp. Sci Total Environ. 407, 3702-3706.  
https://doi.org/10.1016/j.scitotenv.2009.02.013 
 
Zhang, D., Dong, X., Zeng, S., Wang, X., Gong, D., Mo, L., 2023. Wastewater reuse and energy 
saving require a more decentralized urban wastewater system? Evidence from multi-
objective optimal design at the city scale. Water Res. 235, 119923. 
https://doi.org/10.1016/j.watres.2023.119923 
 
Zhang, S., Zhao, M., Li, S., Yang, R., Yin, N., Faiola, F., 2024. Developmental toxicity assessment 
of neonicotinoids and organophosphate esters with a human embryonic stem cell- and 
metabolism-based fast-screening model. J. Environ. Sci. 137, 370-381. 
https://doi.org/10.1016/j.jes.2023.02.022 
 
Zhao, F., Yang, L., Tang, J., Fang, L., Yu, X., Li, M., Chen, L., 2023. Urbanization–land-use 
interactions predict antibiotic contamination in soil across urban–rural gradients. Sci. Total 
Environ. 867, 161493. 
https://doi.org/10.1016/j.scitotenv.2023.161493 
 
Zhao, Y., Gao, J., Wang, Z., Zhang, Y., Cui, Y., Guo, Y., Wu, Z., 2023, Metatranscriptome 
Revealed the Efficacy and Safety of a Prospective Approach for Agricultural Wastewater 
Reuse: Achieving Ammonia Retention during Biological Treatment by a Novel Natural 
Inhibitor Epsilon-Poly-l-Lysine. Environ. Sci. Technol.  57, 2538-2547. 

https://www.nature.com/articles/s44221-023-00071-y#auth-Danilo-T_rk


24 
 

https://doi.org/10.1021/acs.est.2c06977 
 
Zhou, Q., Sun, H., Jia, L., Wu, W., Wang, J., 2022. Simultaneous biological removal of nitrogen 
and phosphorus from secondary effluent of wastewater treatment plants by advanced 
treatment: A review. Chemosphere 296, 134054. 
https://doi.org/10.1016/j.chemosphere.2022.134054 
 
Zhu, Z., Qian, W., Shang, Z., Ma, X., Wang, Z., Lu, W., Chen, W., 2024. Efficient elimination of 
carbamazepine using polyacrylonitrile-supported pyridine bridged iron phthalocyanine 
nanofibers by activating peroxymonosulfate in dark condition, 
J. Environ. Sci. 137, 224-236. 
https://doi.org/10.1016/j.jes.2022.10.046 
 

https://doi.org/10.1021/acs.est.2c06977

