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Abstract

:

Due to continuous contamination of groundwater by anthropogenic activities, potable water fetches numerous pollutants such as pathogens, pharmaceuticals, and heavy metals, with these being severe health hazards. The main aim of the current study was to develop a hybrid unit based on catalytic ozonation and the filtration process to effectively remove the contaminants in drinking water. To the best of our knowledge, in the current study, the Fe-Zeolite 4A (Fe-Z4A)/O3 process followed by filtration involving rice husk and activated carbons were studied for the first time in order to treat drinking water. In the current investigation, fecal coliforms, arsenic, pharmaceuticals, turbidity, and TDS removal were investigated in a novel hybrid reactor. The results showed 100%, 45%, 40%, 70%, and 95% fecal coliform, arsenic, TDS, paracetamol, and turbidity removal efficiency, respectively. The results further indicated that all the studied drinking water samples followed WHO guidelines and NEQS for drinking water quality after the proposed treatment. Therefore, it is concluded that the proposed hybrid process implies a single unit is highly efficient for drinking water treatment. The designed novel hybrid reactor treatment can be scaled up in the future for household or commercial use.
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1. Introduction


Water covers more than 70% of the Earth’s surface, but only 0.01% of the available freshwater is potable; the remainder is in the form of glaciers and ice [1]. Groundwater is the major source of potable water all around the world. Water is considered safe and healthy when there is no substantial health risk associated with its consumption [2]. For the developed countries, the situation is not alarming as clean drinking water is accessible to 95% of the population and adequate disposal facilities are available for about 90% of the population [3]. According to the United Nations, at least 2.5 billion people in developing countries lack adequate sanitary systems, and over 780 million people lack access to clean drinking water, which is essential for survival [4]. As a result, approximately 2.3 billion people were estimated to be suffering from water-related diseases around the world in 2017, and this figure is expected to be even higher now [5]. In Pakistan, only a few cities have water treatment facilities, but those that do exist are often not completely functional and reported microbial pollution [6]. Currently, in most parts of the country, drinking water has become a major problem, and people in these areas travel 2 to 10 km away from their homes to fetch water. In major cities, such as Lahore, water supply systems have contaminations by arsenic, fluoride, and microorganisms. So, under these conditions, it has become very difficult to have healthy safe water at the household level. The multi-barrier approach is recognized as the best approach to minimize the risks linked with drinking unhealthy water. The multi barrier approach can be implemented at both the household and community levels. Every society mostly uses this basic approach, which involes filtration and disinfection. As the world’s population is growing day by day, freshwater demand is increasing, and the availability of safe drinking water has become a major challenge around the globe. Healthy drinkable water must be free from all pollutants such as pathogens, micropollutants, and organic matter [7].



Over the years, many treatment technologies have been tested for drinking water treatment. Among the conventional treatment technologies, adsorption [8,9], coagulation-flocculation [10], filtration [11], and disinfection by chlorination [12,13] were implied. These technologies have advantages and certain limitations [14,15]. The limitations such as disinfection by-products formation (chlorination), regeneration cost or lack of rapid removal of pollutants (adsorption), removal of selected pollutants on the basis of their size (filtration), sludge production, and pH dependency (coagulation/flocculation) demands the investigation of novel hybrid technologies that may be capable of removing multiple pollutants. Therefore, in recent years, many novel technologies such as a variety of membrane filtration processes [16], oxidation processes [14,17,18], and a combination of conventional and advanced treatment were investigated [19,20,21].



Among the various techniques, catalytic ozonation has gained much success in the last decade. Catalytic ozonation has shown a great advantage towards organics and has been proven to be highly efficient in water treatment [22]. In this process, a catalyst is used to speed up the decomposition of soluble ozone, resulting in highly reactive hydroxyl radicals. These non-selective radicals have a great ability to oxidize refractory and harmful organic compounds into less toxic inorganic materials. Natural zeolites are ion-exchange and sorption materials with exceptional properties. These are economically and environmentally acceptable hydrated aluminosilicate materials. Natural zeolites have a wide range of applications due to their unusual three-dimensional porous structure [23,24]. The efficacy of natural zeolites in various water treatment systems is determined by their physical-chemical properties, which are inextricably linked to their geological origins. As these have a negative charge on their surface, they are cationic exchangers, which have resulted in the isomorphic substitution of silicon by aluminum in primary structural units. Numerous tests have shown that zeolites are very effective at extracting metal cations from water and wastewater. Chen et et al. [25] studied the catalytic ozonation of nitrobenzene ZSM5 zeolites laden with metallic oxides of different metals (Ce, Fe, or Mn). Total organic compounds (TOC) removal efficiencies with NaZSM5-38, HZSM5-38, and NaZSM5-100 were 45.9%, 62.3%, and 59.0%, respectively. In total, there was 39.2% removal by single ozonation. Ikhlaq et al. [26] wanted to highlight the potential of ozonation and its efficiency with ZSM-5 zeolites for removing common water contaminants such as pharmaceuticals, VOCs, and carboxylic acids, as well as ozonation by-products. For the attained efficiency mechanism, the effects of various involved factors such as pH; adsorption; and involvement of hydroxyl radical scavengers, phosphates, and humic acids have also been investigated.



In the current investigation, a detailed study was conducted to remove pathogens, TDS, pharmaceuticals, turbidity, and arsenic from drinking and challenging water in a single unit, implying a combination of conventional and advanced treatment technologies. Moreover, to the best of our knowledge, in this study, we suggested for the first time a combination of catalytic ozonation using zeolite-4A followed by filtration by suggesting rice husk and activated carbon in a single unit. In the current investigation, an effort was made to practically apply the combination of treatment methods to develop a household-type water purification system. This study may bring about economical and environmental benefits and can help to solve water-related issues such as lack of availability of clean water, disease prevention, and quality of water. Moreover, the current study also helps to achieve UN sustainable development goals 3, 6, and 9.



The current study focuses on the development of a novel hybrid unit based on catalytic ozonation and the filtration process to effectively remove the contaminants in drinking water. In the current research, treatment of potable water in Lahore, Pakistan, was performed in a two-stage batch reactor. The first stage treatment was performed by Fe-Z4A catalytic ozonation, and the second stage treatment was through a multi-bed filtration process. In the filtration bed, the three layers consisted of gravel, rice husk, and activated carbon. The removal of pathogens, arsenic, pharmaceutical pollutants, TDS, and turbidity was studied in potable water to make it safe under health considerations.




2. Materials and Methods


The paracetamol and Zeolite 4A were obtained from Sigma Aldrich U.K. All the other chemicals and reagents such as HCl, NaOH, H2SO4, lactose, and EC broth were obtained from Merck Germany. All the chemicals implied in the current investigation were of analytical grade and were used without any further purification.



2.1. Analytical Methods


The potable water parameters such as pH, total dissolved solids (TDS), pathogens (fecal coliforms), and arsenic (As) were measured by “Standard methods for the examination of water and wastewater” [27]. The pH and turbidity of water were measured by Hanna HI-9811 and HACH 2100 P, respectively. The concentrations of arsenic and paracetamol in the water sample were estimated by an atomic adsorption spectrophotometer (AAS) with graphite furnace (PerkinElmer Analyst-800, USA) and high-performance liquid chromatography (HPLC), respectively. An ozone generator (DA-12025-B12, Pakistan) was used for the catalytic ozonation process, and the O3 dose was calculated by the iodometry method [27].




2.2. Water Sampling


Water samples were taken from four [4] different locations in eastern Lahore. The sample sites were selected as



	
Lahore press club housing scheme, Harbanpura (T1);



	
Nazir garden Lahore (T2);



	
Mughalpura Lahore (T3);



	
Taj Bagh Lahore (T4).






All four samples were collected from the WASA water supply. To certify the statistical significance, three samples were collected from each area, making a total of 12 samples. After collecting these samples, they were shifted to the laboratory and stored at 4° temperature. Figure 1 indicates the studied area.




2.3. Initial Characterization of Real Water


The initial characterization of real water is summarized in the Table 1.




2.4. Preparation of Challenging Water


In addition to the mentioned collected samples, challenging water of known concentration was also prepared in the laboratory to check the efficiency of zeolites and filters under study. Combined challenging water with contaminants such as TDS, pathogen, turbidity, and pharmaceutical s was prepared in the lab.




2.5. Experimental Setup


A semi-batch reactor was made from glass that was composed of two sections, each having a 19 L capacity and separated by a glass shield with the only passage for water to move being from the upper section to the lower. The top section consisted of the first stage treatment of water by catalytic ozonation. Z4A catalyst was suspended, and circulation was performed by a circulation pump. The lower section consisted of a multi-bed filter second-stage treatment. The multi-bed filter consisted of three beds consecutively of rice husk, gravel, and activated carbon. Water after stage 1 treatment was allowed to pass through second stage treatment. In each run, 19 L of the sample was taken in the reactor. Following the establishment of the optimal ozone dose, samples were taken for analysis at predetermined intervals. Figure 2 shows the experimental setup.





3. Results and Discussion


3.1. Characterization of Catalyst


Table 2 summarizes the characterization of the catalyst. The surface area and pore size were studied by the BET method using a micromeritics USA ASAP analyzer. In this method, the nitrogen adsorption and desorption studies were conducted, and adsorption isotherms were implied by using nitrogen adsorption at 77 K; finally, surface area and porosities were determined by implying the kelvin equation and BJH method. The pore size of the catalyst was 4 angstrom (Å) or 0.4 nm, and the surface area was 90.55 m2/g. The thermal decomposition temperature of the catalyst was 700 °C. The point of zero charges was 6.5 ± 0.3 by using the mass titration method.




3.2. Effect of Reaction Time


In this study, catalytic ozonation was performed to optimize its reaction time as stage 1 treatment in the upper section of the batch reactor and multi-bed filtration as stage 2 in the lower section for removal of desired pollutants. The removal of pathogens was studied by varying the reaction time of catalytic ozonation from 0 to 60 min, and samples were collected after every 10 min. For analysis, samples with 50 ± 8 MPN/100 mL values of pathogens and those prepared in the laboratory were used. Results (Figure 3) revealed that 100% of pathogens were removed at 30 min. On the basis of the results, 30 min was selected as the optimized reaction time for catalytic ozonation treatment.




3.3. Effect of Catalyst Dose


To analyze the effect of catalytic dose, several experiments were performed in the semi-batch reactor using different doses of catalyst varying from 5 to 20 g. Results (Figure 4) exhibited that as the value of catalyst dose was increased from 5 g to 20 g, reduction in bacteria also increased, but it became stable after 14 min with a maximum reduction of 100% pathogens using 20 g. In the case of a low catalyst dose (5 g), maximum efficiency was achieved after 28 min. With a 10 g dose, 100% removal efficiency was achieved in 24 min. It was also observed that with an increase in dose, the surface area also increased, which led to a reduction in bacteria. So, the results showed that with the increase in catalytic dose, an increase in removal efficiency was achieved. However, due to economical balance, 10 g was used as an optimum amount of catalyst dose.



In catalytic ozonation, active sites of Lewis and Bronsted acidities depend on the pH on the surface of zeolites. Bronsted acids are surface hydroxyl groups and ozone after reaction with these hydroxyl groups produced hydroxyl radicals. These hydroxyl radicals result in the disinfection of bacteria.




3.4. Pathogens Analysis


Samples collected from different areas were analyzed for the removal of pathogens by catalytic ozonation.



The results (Figure 5) show that after catalytic ozonation, all samples reported zero pathogens. The 100% reduction was achieved in 24 min with a catalytic dose of 10 g as compared to simple ozonation in treatment time of 30 min. This could have been due to the production of higher hydroxyl groups as compared to simple ozonation. These hydroxyl groups inactivate the cell walls of pathogens.




3.5. Arsenic Analysis


Figure 6 shows that arsenic values of all samples decreased by a percentage of 38% to 45%. These results depicted that a combination of catalytic ozonation, activated carbon, rice, and gravel was very effective in the treatment of water with arsenic impurities.



The chemistry behind this removal is that firstly arsenic is directly adsorbed on the surface of the zeolite. Secondly, as ozone is an oxidizing agent, it precipitates the arsenic after oxidization, and these precipitates are either adsorbed on the surface of zeolite or move to filters used in the second stage.




3.6. Turbidity Analysis


Turbidity is mainly due to the large numbers of individual particles that caused haziness. Turbid water is always very hard to drink. Samples collected from the field were analyzed for turbidity. There was a significant decrease in turbidity of the water-field-collected samples. Figure 7 shows the results, wherein maximum of 90% turbidity removal was achieved. The results confirmed that a hybrid unit was very effective in the removal of turbidity, which is the basic problem in most cases.




3.7. TDS Analysis


For analysis of TDS, samples were analyzed in a laboratory using a TDS meter. The results (Figure 8) revealed a decrease in TDS, and maximum removal efficiency of 27% was achieved. This was primarily due to the adsorption properties of zeolites that salts were adsorbed and the TDS value decreased. To counter-check the obtained results and achieve removal efficiency, samples prepared in a laboratory of known concentration were also analyzed. The results of these samples also showed similar results to those obtained from field samples.



The reason for this partial removal of TDS is ion exchange. Zeolites also exhibit ion-exchange qualities. Due to this ion-exchange property of zeolites, calcium is replaced by sodium. In this way, the quantity of salts is decreased, which results in a reduction of TDS.




3.8. Analysis of Challenging Water


The above results revealed that the filter hybrid unit was very efficient in the removal of pathogens, arsenic, TDS, and turbidity individually. To check the efficiency of the designed instrument against a sample that has all these contaminants, challenging water was prepared. The samples of known concentration of all contaminants as described earlier were prepared in the laboratory. Thus, challenging water was a sample that has TDS, fecal coliform, turbidity, and paracetamol. Moreover, a laboratory-prepared sample of 0.05 mg/L concentration of paracetamol was analyzed in challenging water. An internal standard procedure was used to detect recognized pharmaceuticals in the sample. The percentage removal efficiencies of pharmaceuticals were estimated using the following formula based on the peak area in the sample and the peak area after treatment:


Pharmaceutical Removal (%) = (Ao − At)/Ao








where



	
Ao = initial concentration;



	
At = final concentration.






This challenging water was treated by the same procedure, and the results are shown in Figure 9.



It has been concluded that the lab prepared challenging water effectively treated by a hybrid unit. The significant removal of TDS, pathogens, and turbidity were 40% (Figure 9a), 100% (Figure 9b), and 95% (Figure 9c), respectively. In addition, Figure 9d depicts the fact that paracetamol was significantly removed (45.5%) by catalytic ozonation. Furthermore, the removal of paracetamol was found at 70% after both stages of treatment. In catalytic ozonation, there are two types of reactions. The first is that molecular ozone is adsorbed on the surface of the catalyst, as well as a pharmaceutical pollutant. Since ozone is an oxidizing factor, the pollutant deteriorated. Secondly, hydroxyl radical as explained earlier also results in the degradation of pollutants.





4. Discussion


In the past, various efforts have been made to treat the drinking water to potable drinking standards. For that, various conventions are applied, such as coagulation, flocculation, adsorption, filtration, and disinfection and advanced treatment methods such as membrane filtration and reverse osmosis to overcome the challenges associated with drinking water treatment. However, these methods have advantages and certain limitations [12,28,29,30,31,32,33,34].



Huiqin Zhang et al. (2020) [29] studied the treatment of drinking water by implying one-step ferrate (VI) treatment; in this investigation, turbidity, dissolved organic carbon, and coliform bacteria were studied as target pollutants in drinking water. The initial turbidity from 11.44 NTU was reduced to less than 2 NTU. In the current investigation, the turbidity was reduced from 23 ± 10 NTU to less than 2 NTU in all tap water samples. Moreover, in the current investigation, higher turbidity containing synthetic challenging water was prepared, and its turbidity was reduced from 95 NTU to less than 5 NTU. This suggested that a combination of zeolite-4A-based catalytic ozonation followed by filtration implying rice husk and activated carbon may be a highly efficient process for drinking water treatment in terms of turbidity removal.



Miren Balnco et al. (2019) [35], Huiqin Zhang et al. (2020) [29], and Ankita Dhillon et al. (2018) [33] studied the removal of pathogens in water by implying TiO2-doped nanofibrous membrane, one-step ferrate (VI) treatment, and bifunctional nanocomposite, respectively. In these investigations, more than 50% removal of pathogens was obtained. In comparison to the mentioned studies, in the current investigation, fecal coliforms were successfully removed (MPN/100 mL = NIL; Figure 5) from all drinking water samples. The catalytic ozonation followed by filtration removed the pathogen rapidly as compared with the above-mentioned technologies. Moreover, the current hybrid process targets multiple pollutants (TDS, turbidity, fecal coliform, pharmaceuticals, and arsenic) in a single unit. In addition to the above, catalytic ozonation may not produce disinfection by-products, unlike conventional treatment methods such as chlorination [12].



The arsenic was removed from drinking water by various conventional and advanced treatment technologies such as adsorption, filtration, and membranes filtration techniques. Recently, L.E. Verduzco et al. (2019) [28] implied an electrodeposition technique using graphene composites; the results indicate that about 70% of arsenic was removed from the water sample. Moreover, nanofiltration [31], polyurethane foam nanocomposites [36], ion exchange, precipitation, adsorption, and pre-oxidation were successfully implied [30]. The current investigation was in agreement with the previous findings where arsenic was successfully removed (less than the national drinking water quality standards and WHO guidelines; 50 ppb and 10 ppb, respectively) from water by suggesting catalytic ozonation leading to the precipitation of As and followed by removal of As via filtration through rice husk and activated carbons.



Pharmaceuticals are among the emerging contaminants that have been found frequently in drinking waters [37]—they may pose a serious threat to human health and may help in the development of antibacterial microbes. Therefore, it is indeed important to remove pharmaceuticals in drinking waters. The drinking water treatment processes mentioned above [12,28,29,30,31,32,33,34] studied various pathogens; however, these studies did not include pharmaceutical removal in drinking water, and therefore there is a need to develop technologies that may remove multiple pollutants in a single unit. In the current investigation, about 70% (Co = 0.05 mg/L) of paracetamol was removed from a water sample in 30 min (Figure 7). Vincenzo et al. (2018) [37] studied the removal of paracetamol in drinking water by suggesting a photocatalytic oxidation process using ZnO-supported polystyrene pallets. It was observed that about 80% of paracetamol was removed in 240 min. Levgen et al. (2020) [38] studied the removal of pharmaceuticals including paracetamol by using magnetic sol–gel-encapsulated horseradish peroxidase and lignin peroxidase as catalyst. The results found that about 60% paracetamol was removed from water at pH = 3. Therefore, the current investigation showed good performance as compared with some recent findings [39,40,41,42,43,44].




5. Conclusions and Future Perspectives


Catalytic ozonation provides more effective results as compared to simple ozonation. Catalytic ozonation in combination with filtration is very effective in removing bacteria; pharmaceuticals; and, to some extent, total dissolved solids. In this work, it was found that about 100%, 45%, 40%, 70%, and 95% fecal coliforms, arsenic, TDS, paracetamol, and turbidity removal efficiency was achieved, respectively. Effective removal is achieved when ozonation in combination with zeolites is carried for 24 min and with a 10 g dose of catalyst. Moreover, it is concluded that the studied parameters followed WHO guidelines and NEQS for drinking water quality. Hence, it is concluded that the studied novel hybrid batch reactor is promising for the treatment of drinking water contaminants. The current study may help to achieve sustainable development goals of united nations (SDGs 3, 6, and 9). The research backs up the idea that using a combination of catalysts and treatment processes improves the removal efficiency of various contaminants. The designed treatment combination can be scaled up in the future for household or commercial use.







Author Contributions


All authors have made substantial contributions to the conception or design of the work; interpretation of data; the creation of new software used in the work; and finally, drafting the work and submitting it after thorough revision. All authors have read and agreed to the published version of the manuscript.




Funding


The authors extend their appreciation to the Deanship of Scientific Research, University of Hafr Al Batin, for funding this work through the research group project number S-1443-0048.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data used to support the findings of this study are included within the article; additional information/data will be available upon request.




Acknowledgments


The authors extend their appreciation to the Deanship of Scientific Research, University of Hafr Al Batin, for the continuous research support. We also appreciate the technical support of the Institute of Environmental Engineering, UET Lahore, Pakistan.




Conflicts of Interest


The authors have no conflicts of interest to declare relevant to this article content.




References


	



Ahmed, T.; Pervez, A.; Mehtab, M.; Sherwani, S.K. Assessment of drinking water quality and its potential health impacts in academic institutions of Abbottabad (Pakistan). Desalin. Water Treat. 2015, 54, 1819–1828. [Google Scholar] [CrossRef]

	



WHO. Guidelines for Drinking-Water Quality; World Health Organization: Geneva, Switzerland, 2011; Volume 216, pp. 303–304. [Google Scholar]

	



Ali, S.S.; Anwar, Z.; Khattak, J.Z.K. Microbial analysis of drinking water and water distribution system in new urban Peshawar. Curr. Res. J. Biol. Sci. 2012, 4, 731–737. [Google Scholar]

	



WHO. Progress on Drinking Water and Sanitation; World Health Organization: Geneva, Switzerland, 2012. [Google Scholar]

	



Programme, W.W.A. Water for People, Water for Life: The United Nations World Water Development Report: Executive Summary; UNESCO: Paris, France, 2003. [Google Scholar]

	



Hisam, A.; Rahman, M.U.; Kadir, E.; Tariq, N.A.; Masood, S. Microbiological contamination in water filtration plants in Islamabad. J. Coll. Phys. Surg. Pak. 2014, 24, 345–350. [Google Scholar]

	



Yaqoob, A.A.; Parveen, T.; Umar, K.; Mohamad Ibrahim, M.N. Role of Nanomaterials in the Treatment of Wastewater: A Review. Water 2020, 12, 495. [Google Scholar] [CrossRef]

	



Cosgrove, S.; Jefferson, B.; Jarvis, P. Pesticide removal from drinking water sources by adsorption: A review. Environ. Technol. Rev. 2019, 8, 1–24. [Google Scholar] [CrossRef]

	



Dotto, G.L.; McKay, G. Current scenario and challenges in adsorption for water treatment. J. Environ. Chem. Eng. 2020, 8, 103988. [Google Scholar] [CrossRef]

	



Kato, R.; Asami, T.; Utagawa, E.; Furumai, H.; Katayama, H. Pepper mild mottle virus as a process indicator at drinking water treatment plants employing coagulation-sedimentation, rapid sand filtration, ozonation, and biological activated carbon treatments in Japan. Water Res. 2018, 132, 61–70. [Google Scholar] [CrossRef]

	



Xu, D.; Bai, L.; Tang, X.; Niu, D.; Luo, X.; Zhu, X.; Li, G.; Liang, H. A comparison study of sand filtration and ultrafiltration in drinking water treatment: Removal of organic foulants and disinfection by-product formation. Sci. Total Environ. 2019, 691, 322–331. [Google Scholar] [CrossRef]

	



Mazhar, M.A.; Khan, N.A.; Ahmed, S.; Khan, A.H.; Hussain, A.; Changani, F.; Yousefi, M.; Ahmadi, S.; Vambol, V. Chlorination disinfection by-products in municipal drinking water–A review. J. Clean. Prod. 2020, 273, 123159. [Google Scholar] [CrossRef]

	



Ghernaout, D. Disinfection and DBPs removal in drinking water treatment: A perspective for a green technology. Int. J. Adv. Appl. Sci. 2018, 5, 108–117. [Google Scholar] [CrossRef]

	



Qi, J.; Ma, B.; Miao, S.; Liu, R.; Hu, C.; Qu, J. Pre-oxidation enhanced cyanobacteria removal in drinking water treatment: A review. J. Environ. Sci. 2021, 110, 160–168. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, S.; Bhattacharya, A. Drinking water contamination and treatment techniques. Appl. Water Sci. 2017, 7, 1043–1067. [Google Scholar] [CrossRef]

	



Luan, H.; Teychene, B.; Huang, H. Efficient removal of As (III) by Cu nanoparticles intercalated in carbon nanotube membranes for drinking water treatment. Chem. Eng. J. 2019, 355, 341–350. [Google Scholar] [CrossRef]

	



Cardoso, I.M.; Cardoso, R.M.; da Silva, J.C.E. Advanced oxidation processes coupled with nanomaterials for water treatment. Nanomaterials 2021, 11, 2045. [Google Scholar] [CrossRef] [PubMed]

	



Liu, R.; Qu, J. Review on heterogeneous oxidation and adsorption for arsenic removal from drinking water. J. Environ. Sci. 2021, 110, 178–188. [Google Scholar] [CrossRef] [PubMed]

	



Deng, L.; Ngo, H.H.; Guo, W.; Zhang, H. Pre-coagulation coupled with sponge-membrane filtration for organic matter removal and membrane fouling control during drinking water treatment. Water Res. 2019, 157, 155–166. [Google Scholar] [CrossRef]

	



Bu, F.; Gao, B.; Yue, Q.; Liu, C.; Wang, W.; Shen, X. The combination of coagulation and adsorption for controlling ultra-filtration membrane fouling in water treatment. Water 2019, 11, 90. [Google Scholar] [CrossRef]

	



Arhin, S.G.; Banadda, N.; Komakech, A.J.; Pronk, W.; Marks, S.J. Application of hybrid coagulation–ultrafiltration for decentralized drinking water treatment: Impact on flux, water quality and costs. Water Supply 2019, 19, 2163–2171. [Google Scholar] [CrossRef]

	



Beltrán, F.J.; Rey, A.; Gimeno, O. The Role of Catalytic Ozonation Processes on the Elimination of DBPs and Their Precursors in Drinking Water Treatment. Catalysts 2021, 11, 521. [Google Scholar] [CrossRef]

	



Margeta, K.; Logar, N.Z.; Šiljeg, M.; Farkaš, A. Natural zeolites in water treatment–how effective is their use. Water Treat. 2013, 5, 81–112. [Google Scholar]

	



Morante-Carballo, F.; Montalván-Burbano, N.; Carrión-Mero, P.; Jácome-Francis, K. Worldwide research analysis on natural zeolites as environmental remediation materials. Sustainability 2021, 13, 6378. [Google Scholar] [CrossRef]

	



Chen, C.; Yan, X.; Yoza, B.A.; Zhou, T.; Li, Y.; Zhan, Y.; Wang, Q.; Li, Q.X. Efficiencies and mechanisms of ZSM5 zeolites loaded with cerium, iron, or manganese oxides for catalytic ozonation of nitrobenzene in water. Sci. Total Environ. 2018, 612, 1424–1432. [Google Scholar] [CrossRef]

	



Ikhlaq, A.; Brown, D.R.; Kasprzyk-Hordern, B. Catalytic ozonation for the removal of organic contaminants in water on alumina. Appl. Catal. B Environ. 2015, 165, 408–418. [Google Scholar] [CrossRef]

	



Eaton, A.D.; Clesceri, L.S.; Rice, E.W.; Greenberg, A.E.; Franson, M.A.H. Standard Methods for the Examination of Water and Wastewater. American Public Health Association, American Water Works Association, Water Environment Federation. Available online: https://beta-static.fishersci.com/content/dam/fishersci/en_US/documents/programs/scientific/technical-documents/white-papers/apha-water-testing-standard-methods-introduction-white-paper.pdf (accessed on 20 July 2022).

	



Verduzco, L.E.; Oliva, J.; Oliva, A.I.; Macias, E.; Garcia, C.R.; Herrera-Trejo, M.; Pariona, N.; Mtz-Enriquez, A.I. Enhanced removal of arsenic and chromium contaminants from drinking water by electrodeposition technique using graphene composites. Mater. Chem. Phys. 2019, 229, 197–209. [Google Scholar] [CrossRef]

	



Zhang, H.; Zheng, L.; Li, Z.; Pi, K.; Deng, Y. One-step Ferrate (VI) treatment as a core process for alternative drinking water treatment. Chemosphere 2020, 242, 125134. [Google Scholar] [CrossRef]

	



Weerasundara, L.; Ok, Y.S.; Bundschuh, J. Selective removal of arsenic in water: A critical review. Environ. Pollut. 2021, 268, 115668. [Google Scholar] [CrossRef]

	



Boussouga, Y.A.; Frey, H.; Schäfer, A.I. Removal of arsenic (V) by nanofiltration: Impact of water salinity, pH and organic matter. J. Membr. Sci. 2021, 618, 118631. [Google Scholar] [CrossRef]

	



Huang, J.; Chen, S.; Ma, X.; Yu, P.; Zuo, P.; Shi, B.; Wang, H.; Alvarez, P.J. Opportunistic pathogens and their health risk in four full-scale drinking water treatment and distribution systems. Ecol. Eng. 2021, 160, 106134. [Google Scholar] [CrossRef]

	



Dhillon, A.; Choudhary, B.L.; Kumar, D.; Prasad, S. Excellent disinfection and fluoride removal using bifunctional nanocomposite. Chem. Eng. J. 2018, 337, 193–200. [Google Scholar] [CrossRef]

	



García-Ávila, F.; Avilés-Anazco, A.; Sánchez-Cordero, E.; Valdiviezo-Gonzáles, L.; Ordonez, M.D.T. The challenge of improving the efficiency of drinking water treatment systems in rural areas facing changes in the raw water quality. S. Afr. J. Chem. Eng. 2021, 37, 141–149. [Google Scholar] [CrossRef]

	



Blanco, M.; Monteserín, C.; Angulo, A.; Pérez-Márquez, A.; Maudes, J.; Murillo, N.; Aranzabe, E.; Ruiz-Rubio, L.; Vilas, J.L. TiO2-doped electrospun nanofibrous membrane for photocatalytic water treatment. Polymers 2019, 11, 747. [Google Scholar] [CrossRef] [PubMed]

	



Tamaddoni Moghaddam, S.; Naimi-Jamal, M.R.; Rohlwing, A.; Hussein, F.B.; Abu-Zahra, N. High removal capacity of arsenic from drinking water using modified magnetic polyurethane foam nanocomposites. J. Polym. Environ. 2019, 27, 1497–1504. [Google Scholar] [CrossRef]

	



Vaiano, V.; Matarangolo, M.; Sacco, O. UV-LEDs floating-bed photoreactor for the removal of caffeine and paracetamol using ZnO supported on polystyrene pellets. Chem. Eng. J. 2018, 350, 703–713. [Google Scholar] [CrossRef]

	



Pylypchuk, I.V.; Daniel, G.; Kessler, V.G.; Seisenbaeva, G.A. Removal of Diclofenac, Paracetamol, and Carbamazepine from Model Aqueous Solutions by Magnetic Sol–Gel Encapsulated Horseradish Peroxidase and Lignin Peroxidase Composites. Nanomaterials 2020, 10, 282. [Google Scholar] [CrossRef]

	



Masood, Z.; Ikhlaq, A.; Akram, A.; Qazi, U.Y.; Rizvi, O.S.; Javaid, R.; Alazmi, A.; Madkour, M.; Qi, F. Application of Nanocatalysts in Advanced Oxidation Processes for Wastewater Purification: Challenges and Future Prospects. Catalysts 2022, 12, 741. [Google Scholar] [CrossRef]

	



Zahid, M.I.M.; Yaseen, N.T.M.; Javaid, U.Y.Q.R. Enhanced Photo—Fenton Degradation of Rhodamine B Using Iodine—Doped Iron Tungstate Nanocomposite under Sunlight. Int. J. Environ. Sci. Technol. 2022, 6, 2022. [Google Scholar]

	



Ikhlaq, A.; Fatima, R.; Yaqub Qazi, U.; Javaid, R.; Akram, A.; Shamsah, S.I.; Qi, F.; Todorova, S.; Lebeau, B.; Blin, J.-L.; et al. Combined Iron-Loaded Zeolites and Ozone-Based Process for the Purification of Drinking Water in a Novel Hybrid Reactor: Removal of Faecal Coliforms and Arsenic. Catalysts 2021, 11, 373. [Google Scholar] [CrossRef]

	



Ikhlaq, A.; Javaid, R.; Akram, A.; Qazi, U.Y.; Erfan, J.; Madkour, M.; Abdelbagi, M.E.M.; Shamsah, S.M.I.; Qi, F. Application of Attapulgite Clay-Based Fe-Zeolite 5A in UV- Assisted Catalytic Ozonation for the Removal of Ciprofloxacin. J. Chem. 2022, 27–30. [Google Scholar] [CrossRef]

	



Javaid, R.; Qazi, U.Y. Catalytic Oxidation Process for the Degradation of Synthetic Dyes: An Overview. Int. J. Environ. Res. Public Health 2019, 16, 2066. [Google Scholar] [CrossRef] [PubMed]

	



Javaid, R.; Qazi, U.Y.; Ikhlaq, A.; Zahid, M.; Alazmi, A. Subcritical and Supercritical Water Oxidation for Dye Decomposition. J. Environ. Manag. 2021, 290, 112605. [Google Scholar] [CrossRef] [PubMed]








[image: Water 14 02357 g001 550] 





Figure 1. Overview of the study area. 
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Figure 2. Cross-sectional view of the designed reactor. 
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Figure 3. Reaction time optimization in catalytic ozonation (initial ozone flow, O3 = 0.9 mg/min; off-gas ozone flow = 0.2 mg/min; O3 consumption = 0.7 mg/min, pH = 7; T = 30 min). 
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Figure 4. Catalyst dose optimization in catalytic ozonation times (O3 = 0.9 mg/min.; catalyst dose = 5, 10, and 20 g and T = 30 min). 
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Figure 5. Pathogen removal by catalytic ozonation (initial ozone flow, O3 = 0.9 mg/min; off-gas ozone flow = 0.1 mg/min; O3 consumption = 0.8 mg/min; catalyst dose = 10 g and T = 30 min). 
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Figure 6. Arsenic removal by hybrid unit (initial ozone flow, O3 = 0.9 mg/min; off-gas ozone flow = 0.1 mg/min; O3 consumption = 0.8 mg/min, catalyst dose = 10 g; activated carbon = 30 g; rice husk = 60 g; T = 30 min). 
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Figure 7. Turbidity removal by hybrid unit (initial ozone flow, O3 = 0.9 mg/min; off-gas ozone flow = 0.3 mg/min; O3 consumption = 0.6 mg/min; catalyst dose = 10 g; activated carbon = 30 g; rice husk = 60 g and T = 30 min). Laboratory prepared. 
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Figure 8. TDS removal by hybrid unit (initial ozone flow, O3 = 0.9 mg/min; off-gas ozone flow = 0.25 mg/min; O3 consumption = 0.65 mg/min; catalyst dose = 10 g; activated carbon = 30 g; rice husk = 60 g and T = 30 min). 
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Figure 9. Analysis of lab-prepared challenging water: (a) TDS, (b) pathogens, (c) turbidity, (d) paracetamol (initial ozone flow, O3 = 0.9 mg/min; off-gas ozone flow = 0.02 mg/min; O3 consumption = 0.88 mg/min, catalyst dose = 10 g; activated carbon = 30 g; rice husk = 60 g and T = 30 min). 






Figure 9. Analysis of lab-prepared challenging water: (a) TDS, (b) pathogens, (c) turbidity, (d) paracetamol (initial ozone flow, O3 = 0.9 mg/min; off-gas ozone flow = 0.02 mg/min; O3 consumption = 0.88 mg/min, catalyst dose = 10 g; activated carbon = 30 g; rice husk = 60 g and T = 30 min).



[image: Water 14 02357 g009a][image: Water 14 02357 g009b][image: Water 14 02357 g009c]







[image: Table] 





Table 1. Initial characterization of water.






Table 1. Initial characterization of water.





	Parameter
	Before Treatment
	After Treatment
	NEQS





	pH
	7 ± 0.3
	7 ± 0.3
	6.5–8.5



	Pathogens
	18 ± 8 MPN/100 mL
	0 MPN/100 mL
	0 MPN/100 mL



	Arsenic
	58 ppb
	32 ppb
	50 ppb



	Turbidity
	23 NTU
	2.5 NTU
	<5 NTU



	TDS
	448 Mg/L
	329 Mg/L
	<1000 mg/L
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Table 2. Properties of Z4A catalyst.
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	Pore Size (A)
	4





	Thermal decomposition (°C)
	700



	Surface area (m2 g−1)
	90.55



	Point of zero charge (pHpzc)
	6.5 ± 0.3



	wt% iron (EDX)
	8.5
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
—i—Before Treatment

—x—After Treatment

25 18 19

L+ k) T4






media/file4.png
Raw Water

AN
y ».

Circulation .

Stage 1 Treatment

P9S80 .
l‘-l ll--l--li-#-l-wj Activated
t 2 F 2

& _ Carbon
*ﬁ &

Stage 2 Treatment






media/file3.jpg





media/file18.jpg
®  [Pahagers Romovan Catrging ot
.
50 N
a
)
5
5
o \ll
‘Before Treatment After Treatment
© by Remoat n Changing o]
100 L
e
Im
.
20 \






media/file22.png
o P S R RS SRR
el BARARAARAAAARARAAR AR AR
N S RS SRR

SRRt

Step 2

Paracetamol Removal (0.05 mg/l)

(d)

S S — — —
o W) g e g\

_ (24,) ASUAIJ T [RAOWINY

Step 1 |Treatment Level|






media/file19.jpg
@

80

70
60
50

40

30

20

10






media/file7.jpg
120

60 ——5g
& = 10g
——20g

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32






media/file10.png
S WV Ao N ®

12
10
-O= Before Treatment
=== A fter Treatment
X X X X
T1 T2 T3 T4






media/file14.png
Turbidity Removal

| Turbidity (NTU)|

T -=j== Before Treatment
12 ==x== A fter Treatment
1.5 ii 1.8
T1 T T3

2
| Samples |






media/file11.jpg
65
60
55
50
45
40
35
30
25
20
15
10

—o—Before Treatment

——After Treatment

1 13

kvl 7} T

£

3

T4






media/file6.png
120

100

80

60

40

20

70






media/file15.jpg
700

600

500

400

300

200

100

== Before Treatment

—x=After Treatment

T T

329

] T+






nav.xhtml


  water-14-02357


  
    		
      water-14-02357
    


  




  





media/file16.png
|TDS (mg/l)|

700

600

500

400

300

200

100

TDS Removal

|

QNI

T I
A 512
490 1 > X
440 44Vl
T 401
==s== Before Treatment 3%9

==X== A fter Treatment

T1

T2 T3 T4
| Samples |






media/file2.png
Overview Map of Study Area

o s ‘.
RaviTown  ghalamar
[‘ < Town
~— '}’ / \ Harbanspura
ke @ @Nazr Garden
~Data Gunj Bakeh -‘.““-9"»""‘" -@" e
. Town ~ ) @msagh Scheme

__Aziz Bhatti Town !,

Wagha Town A

é_;, T "Samanabad ' .
t}; - /. Town 2
\'-""’""— ‘ 7 Gulberg | N =
- " Town | Cantonement > S~
=7 N
x : &
N/ sl S LT Nishtar Town {
A ;:’-* _ Iy g
/j - | i
? \ 3 : L d
egen
¢ Ny o = i
) ~ Y |»7 { ©  Sample Location
L/ _.‘ . : 3 | Town
: 1:290,200 | Town Boundary
0 5 10 20 [ ] River






media/file20.png
| TDS (mg/))|

1600
1400
1200
1000
800
600
400
200

TDS Removal in Challenging Water

Before Treatment

After Treatment






media/file5.jpg
120

100

60

70






media/file1.jpg
Overview Map of Study Area

=
1

oz [
PR =






media/file12.png
|Arsenic (ppb) |

65
60
S5
S0
45
40
335
30
25
20
15
10

Arsenic Removal

38

—0==Before Treatment

=—+== A fter Treatment

1
1
32

15

- - F

Fmmsnses 3 13

9 11

| Samples |






media/file9.jpg
77
20
18
16
14
12
10

owsaaw

18
12
1
—0— Before Tr
~x=After Treatment
x - - X
T1 T2 T3 T4






media/file0.png





media/file8.png
120

100

80

60

40

20

——35g
—— 10g
——20¢g

8§ 10 12 14 16 18 20 22 24 26 28 30 32






media/file17.jpg
(@)

1600
1400
1200
1000
800
600
400
200

933






media/file21.png
(b)

Pathogens Removal in Challenging Water

60
- 52
@ 50 \
= . \
é \
30
g \
gn 20 \
—
Z N\
N\,
0 .
Before Treatment After Treatment
(c) Turbidity Removal in Challenging Water
100 5(
— 80
= \
% 60 \
2 \
— 40 \
20 \
T
0

Before Treatment After Treatment






