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Abstract

:

Pharmaceutical contamination threatens both humans and the environment, and several technologies have been adapted for the removal of pharmaceuticals. The coagulation-flocculation process demonstrates a feasible solution for pharmaceutical removal. However, the chemical coagulation process has its drawbacks, such as excessive and toxic sludge production and high production cost. To overcome these shortcomings, the feasibility of natural-based coagulants, due to their biodegradability, safety, and availability, has been investigated by several researchers. This review presented the recent advances of using natural coagulants for pharmaceutical compound removal from aqueous solutions. The main mechanisms of natural coagulants for pharmaceutical removal from water and wastewater are charge neutralization and polymer bridges. Natural coagulants extracted from plants are more commonly investigated than those extracted from animals due to their affordability. Natural coagulants are competitive in terms of their performance and environmental sustainability. Developing a reliable extraction method is required, and therefore further investigation is essential to obtain a complete insight regarding the performance and the effect of environmental factors during pharmaceutical removal by natural coagulants. Finally, the indirect application of natural coagulants is an essential step for implementing green water and wastewater treatment technologies.
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1. Introduction


The discharge of pharmaceutical waste into the environment poses a threat to both humans and environmental systems. The disposal of these contaminants without proper treatment has resulted in pharmaceuticals being widespread in ecosystems [1]. The presence and accumulation of these emerging compounds harm the ecosystem. Human drugs such as ibuprofen and acetaminophen are continuously accumulating in the environment, resulting in pollutants in water bodies and causing harmful effects [2]. In addition, the mineralization rate of pharmaceuticals such as diclofenac and ibuprofen through photocatalysis is low, resulting in the accumulation of these compounds in the environment [2]. The effluent of wastewater treatment plants is the typical source of pharmaceutical compounds, since the conventional wastewater treatment methods are not designed to remove these micropollutants [3]. Therefore, these harmful chemicals accumulate and contaminate soil, rivers, oceans, and groundwater [4].



Recently, several studies reported the efficiency of the coagulation-flocculation treatment method for pharmaceuticals’ removal, especially in rich organic wastewater [1]. Coagulation-flocculation consists of two steps: (1) the tendency of colloidal particles to form large flocs by destabilization, and (2) settling these large flocs by precipitation. The removal of pharmaceuticals directly by means of the coagulation process is not reported in the literature. The mechanism of pharmaceuticals’ removal by coagulation process is indirect by using colloidal particles as a vehicle for pharmaceuticals [3,5,6].



For many years, chemical-based coagulants such as aluminum sulfate (alum) and poly-aluminum [7,8] have had different environmental effects by producing highly toxic sludge. In addition, the consumption of water contaminated by the residual chemical coagulants may cause neurodegenerative diseases [9]. Thus, the transition towards natural-based coagulants for water and wastewater treatments has gained increasing attention in recent years [10].



Natural coagulants can be produced from natural sources such as plants and animals. Many studies reported several natural sources for extracting natural-based coagulants [11,12]. Natural resources that possess a higher molecular weight may contain a more extended polymer that increases these natural coagulants’ efficiency [13,14,15]. These sources have been extensively studied to treat different types of wastewater, such as textile wastewater, dairy wastewater, and domestic wastewater [16,17]. In addition, coagulants can also be obtained from animal waste such as banes and shells [18]. The main challenge of using natural coagulants in general, especially animal-based coagulants, is their continuous availability for large-scale treatment [18].



Natural coagulants perform better at a wide pH range [19,20,21]. In addition, using natural coagulants does not change the pH of water compared to chemical coagulants. In addition, natural coagulants positively affect the ecosystem and the environment [10,22,23]



The application of natural coagulants has been reported in many studies for domestic and industrial wastewater [24]. However, fewer studies investigated the performance of natural coagulants for emergency pollutant removal. In addition, fewer reviews discussed the use of natural coagulant for pharmaceuticals removal. In line with the aforementioned gaps. These reviews present and discuss the recent natural coagulation method for pharmaceutical removal from water and wastewater. A comprehensive comparison between natural coagulants and chemical coagulants is also presented. Finally, this review highlights the required future research to overcome the shortcomings of using natural coagulants.




2. Fundamental of Coagulation Processes


The coagulation process is used wildly in water and wastewater treatment, as it is effective for removing suspended solids, turbidity, organic matter, oil, chemical oxygen demand (COD), and color [25]. The coagulation process is mainly conducted by adding a coagulant that allows small agglomerate particles (unsettleable fine particles) to form larger flocs that can settle. Coagulation and flocculation are interlinked. Coagulation is the clustering process under high-speed mixing, whereas flocculation is the settling process under gentle mixing. Generally, colloidal particles are negatively charged particles. Thus, coagulation is a chemical process that involves neutralizing these particles in water and wastewater, whereas flocculation is a physical process involving the formation of flakes from neutralized particles during the coagulation process. Thus, large flocs form during coagulation, and they aggregate and settle during flocculation [26].



Generally, the coagulation process depends on operating conditions such as settling time, mixing rate, coagulant type, and dosage. These factors determine the quality of the produced water. In addition, the coagulant dosage must be suitable for a decent suspension of particles, and the mixing speed should be high. The other coagulant properties, such as life span and quality, determine the coagulant’s stability during storage. Following the coagulation-flocculation, the large flocs sink through gravitational settling; this process depends on the settling rate of the particles [27].



The colloidal particles’ sizes range from 0.001 to 1.0 μm due to them being negatively charged and the small size being suspended in water. Four mechanisms are used to destabilize these fine particles using a coagulant; charge neutralization, polymer bridging, sweep flocculation, and double-layer compression (Figure 1).



In the charge neutralization mechanism, the oppositely charged ions are used to attract colloidal particles, and coagulants added to the wastewater will further neutralize the electrical load until it reaches zero zeta potential; as a result, the colloidal particle charge neutralizes, and the electrostatic repulsion decreases or is almost eliminated [28]. Generally, when a chemical coagulant is added to water, a hydrolysis process occurs, producing cationic species which react colloidally. The polymer bridging mechanism takes place when a polymer or polyelectrolyte coagulant with a long chain destabilizes the colloidal particles by making a bridge that forms a connection between them. The polymer coagulant adsorbs multiple particles to the polymer molecule surface [29]. Thus, strong clusters of macro flocs are produced and tied together by bridges. The flocs formed by polymer bridging are flaky with irregular void spaces. The sweep flocculation coagulant traps the colloidal particles and forces them to sink to the bottom. A net-like structure is formed by the hydrolysis process that makes up precipitation of amorphous metal hydroxide. The double-layer compression includes a coagulant that helps the colloidal particles to reduce the repulsion force and assemble. This mechanism works by means of the presence of a high concentration of electrolyte ions around the colloidal; thus, an opposite charge enters the diffused double layer which surrounds the colloids; as a result, the density is increased [30].



The strongest flocs are those formed through polymer bridging, followed by those formed through charge neutralization and sweep flocculation. The flocs formed through charge neutralization are compacted but not strong, because they depend on the physical rather than chemical bonds. Analysis such as initial floc aggregation, the flocculation index, and the relative settling factor indicated that flocs produced by sweep flocculation have good settling behavior but have a slower formation rate. Flocs produced by double-layer compression are bigger due to the high aggregation rate, but their settling behavior is affected by the unnecessary friction force formed between flocs. Moreover, the coagulant’s ionic charge significantly affects the strength of flocs. Divalent ions produce flocs stronger than monovalent ions and require less time to settle. Generally, the dominant coagulation mechanism for natural coagents is charge neutralization [10].




3. Factor Affecting Coagulation Process


Determination of optimum operating conditions is crucial, as an added coagulant is utilized thoroughly to remove the contaminants. Deferent optimal conditions can be achieved for different coagulants. A deep understanding of the reaction between pollutant and coagulant is needed to achieve high performance in addition to decreasing the cost and sludge volume. Many parameters affect the efficiency of the coagulation process for water and wastewater treatments, and these parameters are varied to control the optimal conditions for the highest efficiency. Coagulant dosage, pH, turbidity, mixing speed and time, and temperature are the main operating factors affecting coagulation speed [31]. These factors significantly impact the coagulation process, affecting the effectiveness and efficiency of coagulants in water and wastewater purification processes.



3.1. Coagulant Dosage


The optimal coagulant dosage is an important parameter that entirely controls coagulation reactions. The influence of coagulant dosage can be discussed for three different levels. The optimal coagulant dosage effectively aggregates the colloidal particles in water and wastewater. An underdosage inhabits the proper assembly of colloidal particles, whereas an overdosage pollutes the wastewater and causes an increase in organic load, turbidity, and higher slurry volume, which leads to an increase in the treatment cost [10].




3.2. pH


pH is an acidity/alkalinity measurement that varies between 1 and 14. The pH of water and wastewater is an essential environmental factor, as it affects chemical reactions during the treatment process [32,33]. The amphoteric coagulant molecules’ charge highly influences the pH during the treatment process. In addition, alkalinity, which is defined as the capacity to neutralize acidity, controls the efficiency of the coagulation process. Most chemical-based coagulants, especially ferric-based coagulants, absorb a high percentage of alkalinity. Thus, adding a coagulant to wastewater with low alkalinity produces poor flocs. Additional alkaline agents such as caustic soda, slime, or soda ash should be added to the wastewater to overcome this problem. A pH value differing from the optimum pH produces a mixture of negative and positive charges of amino acids, which decreases the coagulant’s cationic efficiency [29]. Moreover, pH determines the optimum coagulant dosage as it affects the protein molecule ionic charge. Therefore, the optimum pH’s determination and adjustment must be performed before implementing the coagulation process.




3.3. Initial Turbidity


Initial turbidity is an essential factor that affects the coagulation process. The presence of a colloidal particle in water causes turbidity that affects the clarity of the water. Soil, abundant microorganisms, organic matter, decaying matter, colored compounds (pigment and dye), algae, and plankton induce turbidity in water, making it look murky, cloudy, and undesirable. Colloidal particles and turbidity are a challenge in water and wastewater treatment, as the increased rate of turbidity means more pollutant molecules are available, which means a higher number of collisions between the coagulant and pollutants may be produced [34]. More collisions result in sturdier and larger flocs, which settle faster.



On the other hand, a low initial turbidity decreases the collision chance between coagulants and pollutants. As a result, small flocs are formed, which settle slowly. Moreover, a low initial turbidity forms a flake-like structure that needs more time to sink.




3.4. Mixing Speed and Time


The mixing speed and time is an essential operation condition that affects the efficiency of the coagulation process. Rapid mixing is used during the coagulant’s addition to evenly enhance the distribution of coagulant through the wastewater and destabilize the suspended particle, whereas gentle mixing is required to increase the collision between particles to form macro flocs [29]. These two speeds control the entire coagulation process as the efficiency of the coagulation process depends on the speed and time of mixing. Inadequate speed and time may inhabit the homogeneous agglomeration of the particles and increase the floc shear and tear.





4. Natural Coagulants


Recently, natural or green coagulants and their application for water and wastewater treatment have received attention, as they do not conserve alkalinity and maintain pH. In addition, natural coagulants do not add metals to the effluent, as chemical coagulants do; a lower sludge volume is produced, and thus, the cost of disposal is lower [10]. Natural coagulants are classified into plant-based coagulants and non-plant-based coagulants. Plant-based coagulants can be prepared from leaves, seeds, fruit wastes, the bark of trees, and other sources. Plant-based coagulants have been more widely investigated than non-plant-based coagulants due to their greater affordability [22]. A wide range of natural coagulants, such as moringa seeds, banana peel, jatropha curcas, cassava peel starch, watermelon, pawpaw, beans, nirmali seeds, and okra have been studied previously [35].



Natural coagulants in powder forms are usually added directly to wastewater. The preparation methods of natural coagulants depend on their source [36,37,38]. Figure 2 shows the preparation stages for natural powder coagulants from seeds. Oil extraction is an essential step for high oil-content seeds such as Moringa oleifera, which contain 30–40% oil, as when a coagulant made from high oil-content-based seeds is used without oil extraction, the organic matter in the treated wastewater will increase. Table 1 illustrates the main application forms of natural coagulants.



4.1. Plant-Based Coagulant


Natural coagulants are used for water treatment; however, they are not used for industrial wastewater due to their higher costs than chemical coagulants. Generally, natural coagulants effectively treat water or wastewater with low turbidity ranging from 50 to 500 NTU (Nephelometric Turbidity Units). The primary sources of plant-based coagulants are Moringa oleifera, Nirmali seeds, cactus, and tannin. The extracted natural polymers from these seeds are biodegradable and eco-friendly [36]. Anionic polyelectrolytes are extracted from Nirmali seeds; this extract has hydroxyl (-OH) and carboxylic (-COOH) groups, increasing coagulation efficiency. The combination of galactan and polysaccharides extracted from Strychnospotatorum seeds may increase the turbidity removal efficiency up to 80%. The availability of the hydroxyl group (-OH) in the galactan and galactomannan enhances the adsorption process between the surface of colloidal and these polymers; thus, the polymers’ bridging action may increase. The polyelectrolytes neutralize the negative colloidal particles and adsorb onto the surface particles. Natural coagulants possess several functional and charged groups such as -COOH, -NH2, and -OH. Generally, the action of natural polymeric coagulants combines polymer bridging and charge neutralization.




4.2. Animal Base


The source of animal-based coagulants is usually obtained from the exoskeleton of shellfish extracts, animal bone shell extracts, and chitosan. Chitosan is a polymer (cellulose-like biopolymer) with a high molecular weight produced from the deacetylation of chitin, extracted from the shells of crabs, lobsters, shrimps, diatoms, fungi, insects, freshwater and marine sponges, and mollusks. The applicability of using chitosan as a natural coagulant has been studied intensively for wastewater treatment in the agricultural industry, textile industry, food processing industry, paper mills, soap and detergent industry, and other industries [34]. The main advantages of using chitosan as a coagulant are that when added to acidic wastewater, it reacts and produces positive charges that destabilize colloidal particles’ negative charge [37].





5. Pharmaceutical in Water and Wastewater


Pharmaceuticals are a set of developed chemicals used for human and veterinary medication. Recently, they have been classified as ecological contaminants that threaten both humans and environments [50]. Pharmaceuticals include antibiotics, analgesics, both legal and illicit, beta-blockers, steroids, etc., and they have been detected in wastewater treatment plants’ effluents, sediments, sludge, natural waters, groundwater, and drinking water. The presence of pharmaceuticals in the soil may trigger the development of antibiotic-resistant genes [51].



Currently, pharmaceuticals and their biotransformative compounds are bioaccumulating and harmfully affecting the ecosystem. However, these chemicals have been discharged to the environment for a long time, their environmental effects have only been considered recently. Many pharmaceuticals (around 160) have been detected in water bodies in low concentrations. These chemicals are classified as pseudo-persistent pollutants which environmentally persistent and are continuously discharged into the environment at low concentrations. These pharmaceuticals’ eco-toxicological impacts on aquatic and terrestrial life are unknown [52].



5.1. Pharmaceuticals’ Consumption and Fate


The consumption of pharmaceutical compounds has increased dramatically due to many reasons, such as a decrease in production cost and chronic disease treatment demand. As a result, the presence of these compounds has increased. Currently, the environmental management of pharmaceuticals is challenging, as these substances are found in wastewater treatment plants’ effluents in low concentrations (usually in ng/L). Sophisticated analytical apparatuses and complex methods are needed to quantify pharmaceuticals at this low concentration [53].



Pharmaceuticals are generally moved and transported by the demonstrated routes in Figure 3 [54]. After consumption, metabolism in the human body, and extraction, pharmaceuticals usually reach aquatic environments by being discharged in treated domestic wastewater effluents [55]. During this route, pharmaceuticals may go through chemical reactions and transformation, forming by-products, which are sometimes more harmful and persistent than their parent compounds. Most of these compounds are non-biodegradable in conventional treatment methods; as a result, they remain and are discharged through wastewater treatment plants’ effluents into water bodies such as lakes, rivers, and estuaries [56]. In veterinary products, pharmaceuticals reach aquatic systems through subsequent outflow and manure and direct application in aquaculture [57]. Microorganisms may convert the metabolic compounds to their parental form in surface and groundwater [58]. The ecological concern related to pharmaceuticals in water resources is not directly related to their quantity but to their availability and persistence, which directly affects aquatic life through their toxicity and their potential effect on endocrine function [54,59].




5.2. Technologies for Pharmaceutical Wastewater Treatment


Pharmaceutical removal from water and wastewater is challenging due to their low concentration and resistance to degradation. Many technologies have been investigated for pharmaceutical removal from water and wastewater [60]. In this section, the pharmaceutical removal methods are discussed.



Activated sludge systems have been used for domestic and industrial wastewater treatments for a long time. Recently, the efficiency of this conventional treatment method for pharmaceuticals removal was investigated. Ren et al. [61] studied the removal of 21 parimutuels by an activated sludge treatment system. The result show that 14 compounds were biodegradable, whereas seven were non-biodegradable. Thus, activated sludge treatment methods are not efficient in completely removing pharmaceuticals from wastewater, as it is not designed for this type of pollutant. Electrocoagulation is more efficient and effective than chemical coagulation. In electrocoagulation, anodes are used to treat contaminants, and the formed coagulants are used for their degradation. Many studies investigated the use of electrocoagulation treatment methods to remove pharmaceuticals such as dexamethasone, doxycycline hyclate, hydrolyzed peptone, caffeine, sulfamethazine, and cephalexin from wastewater. The results show a high removal efficiency (generally above 90%), indicating that these systems efficiently remove pharmaceuticals [62]. The main advantages of using electrocoagulation treatment are its easy chemical maintenance and high efficiency for colloidal particle removal. However, electricity and sacrificial electrodes are the main drawbacks of using this method, as they need to be replaced [63].



Advanced oxidation processes are effective in removing pharmaceuticals that conventional biological methods cannot remove. Among these methods, the Fenton reaction represents hydroxyl radical formation by a reaction between hydrogen peroxide (H2O2) and Fe (II). The hydroxyl radical is considered among the strongest oxidants that can oxidize a wide range of organic matters with low selectivity [64]. Therefore, Fenton-based reactions are commonly used for degradation emergency contaminants such as pharmaceuticals. pH control is essential for the Fenton reaction; thus, this treatment technology is usually performed at an acidic pH (3–5). The Fenton reaction method is found to be an effective method for a wide range of pharmaceuticals removal such as hydroxylamine, cyclohexanone, pyridine, toluene [65]. Many reports revealed that membrane bioreactor technologies can remove more micropollutants than conventional activated sludge systems due to their high MLSS (Mixed Liquor Suspended Solids) concentration and high sludge retention time, which allow the growth of low growth bacteria [66]. These bacteria can degrade complex organic compounds. The removal of acetaminophen, carbamazepine, mefenamic acid, ibuprofen, diazepam, naproxen, and ketoprofen by a membrane bioreactor was studied. Overall, more than 85% removal efficiency was obtained [67]. The major drawback of membrane bioreactors is the fouling of membranes that need frequent cleaning and sometimes replacement [68].



Photocatalysis is a reaction in which the presence of a catalyst accelerates the photoreaction [69,70,71]. The main advantage of photocatalysis reactions is the need for temperature or pressure or chemical agents such as hydrogen peroxide. However, this method is costly. Titanium oxide is the most studied catalyst for photocatalysis reactions due to its biological and chemical stability, inertness, and low cost compared to highly photoactive semiconductor materials. Titanium oxide can be used many times without losing its photocatalyst activity [72,73]. Nevertheless, the separation of titanium oxide from the reaction matrix is complicated. In addition, the transformation of organic matter is incomplete, and by-products, sometimes with a higher toxicity than parent compounds, are produced. Figure 4 shows the problems of using titanium oxides as a catalyst in photocatalysis reactions for pharmaceutical removal [74]. Ozonation has been used as an advanced treatment in many wastewater treatment plants worldwide to enhance contaminant removal. Ozone is a colorless, unstable gas used as a disinfectant for organic and inorganic pollutants. Two mechanisms are used to degrade organic matter by ozonation; (1) an indirect attack by hydroxyl radicals produced by ozone decomposition, and (2) a direct electrophilic attack by ozone [75]. The main drawbacks of using ozone are the high operational cost; the by-products may be toxic; and that ozone is less soluble in water [68].





6. Application of Natural Coagulants for Pharmaceutical Removal


Recently, green water and wastewater treatment technologies have gained more attention. Among these technologies, natural coagulants are a promising method for wastewater treatment [76]. In this section, the recent advancements made in using natural-based coagulants are presented.



In a recent study, Nonfodji et al. [77] prepared a natural coagulant from Moringa oleifera seeds, and they studied its performance for hospital wastewater treatment. The results indicate that the removal efficacy of turbidity and COD was 64 and 38%, respectively. In a subsequent study, Thirugnanasambandham and Karri [78] compared the COD, turbidity, and color removal by two types of coagulants; a natural coagulant (Azadirachta indica A. Juss) and a chemical coagulant (aluminum sulfate). Remarkably, the results indicate that natural-based coagulants may not only be effective for COD, turbidity, and color removal, but may also be economically competitive, as the operating costs were USD 0.56/m3 and USD 1.73/m3 for natural coagulants and the chemical ones.



In another study, Maharani et al. [79] investigated the removal of COD and BOD from pharmaceutical waste using moringa seed coagulant and tapioca starch coagulant. The results point to high BOD (Biochemical Oxygen Demand) and COD removal for both natural coagulants. For moringa, the BOD and COD removals were 90 and 71%, respectively, whereas for tapioca, they were 95 and 94% for BOD and COD, respectively. These results indicate that natural coagulants might be a promising treatment technology for pharmaceutical waste treatment. Oliva et al. [80] studied the use of rice husk ash functionalized by Moringa oleifera protein for amoxicillin removal from water solutions. They also investigated the effect of operating parameters such as coagulant dosage, initial amoxicillin concentration, and contact time. The results indicate that the used biomaterials are feasible for pharmaceutical removal from water. Olivera [81] examined the potential of using biomaterial extracted from Moringa oleifera for the extraction of diclofenac and oxytetracycline from wastewater. The results show the high potential for pharmaceutical removal from wastewater using biomaterial.



The removal percentages were 88% for diclofenac and 50% for oxytetracycline. Santos et al. [82] examined tetracycline removal from river water by using Moringa oleifera seeds. The results show 50% tetracycline removal efficiency at 0.5 g/L Moringa oleifera dosage. Iloamaeke and Chizaram [83] examined the removal of pharmaceuticals by Phoenix dactylifera seeds-based coagulants. The results show that a maximum removal efficiency of 99.86% was achieved at a 100 mg/L coagulant dosage, a 50 min settling time, and a pH of 2.



Sibartie and Ismail [84] studied the performance of H. Sabdariffa and J. Curcas as a neutral coagulant for pharmaceutical wastewater treatment. The results demonstrate that at a coagulant dosage of 190 mg/L and pH 4, the maximum removal efficiency was achieved for turbidity (5.8%) and COD (30%) by H. Sabdariffa, while J. Curcas works best at pH 3 and a coagulant dosage of 200 mg/L to remove 51% of turbidity and 32% of COD. Table 2 presents the application of natural coagulants to remove different types of pharmaceuticals.




7. The Transition from Chemical to Natural Coagulant: Comparative Evaluation on Performance


The transition from chemical coagulation to natural coagulation can be an important step towards increasing green water treatment technology, reducing health risks and environmental pollution [23]. Natural coagulants can be obtained from plant or animal sources. Natural coagulants were discovered years ago, before chemical coagulant; over the years, the application of natural coagulants decreased due to the development of chemical coagulants. Recently, the rise of green water treatment technology, besides the environmental problems related to chemical coagulants, has motivated the consideration of natural coagulants again. This section presents a comparative discussion of natural and chemical coagulants.



Many studies evaluated the performance of natural coagulants for removing pollutants from water and wastewater; they concluded that natural coagulants can be competitive in terms of removal efficiency [26]. Table 3 presents the comparison performance of natural and chemical coagulants. The combination of chemical and natural coagulants may increase the performance of the coagulation process. In a study, the combination of alum and banana peels removed 94% of turbidity, whereas the use of alum and banana peels alone resulted in turbidity removal efficiency of 73.1 and 65.6%, respectively [85].



The advantages of using natural-based coagulants over chemical ones are: (1) natural coagulants may produce less sludge than chemical coagulant; thus, the environmental sustainability increases, while the sludge handling cost decreases; (2) the natural coagulant dosage is less than that of chemical coagulants; thus, the cost and sludge production is lower; (3) the toxicity of natural coagulants is lower than that of chemical coagulants [86]; and (4) the use of natural coagulants does not require skilled workers, as they have a low health impact and do not represent such as potential environmental hazard [23].



However, natural coagulants have some disadvantages that hinder their widespread use: (1) rapid mixing during the coagulation process induces cell rupture; thus, the organic matter load may increase and react with disinfectants in the following treatment process, resulting in disinfectant by-products [87,88]; (2) the vast majority of natural coagulants are extracted from plants, so the supply of these coagulants may be affected by seasonal production [89]; (3) natural coagulants are bio-based materials; thus, this material can decompose during long-term storage [9]; and (4) some natural coagulants are used as medicines; the high consumption of these materials in water treatment could affect their supply to the medicine sector [10].




8. Recommendation and Future Prospective


All the mentioned disadvantages of implementing natural coagulants for water and wastewater create challenges for future research. The current extraction methods of coagulants from plants and animals are complex; thus, a new reliable and straightforward extraction method should be developed for the easily accessible use of natural coagulants. Some studies reported a higher removal efficiency of chemical coagulants than natural coagulants. However, optimizing the natural coagulant extraction methods can increase the performance of these green coagulants; thus, intensive research is needed in this domain. The utilization of sources for natural coagulant production is a great challenge, as the water and wastewater industries consume many of these coagulants. More research needs to search for new sources, such as inedible plants or/and new medicine plants for natural coagulant production. Further investigations are required to determine the optimum conditions for a green coagulation-flocculation process for various wastewater types. More studies should be conducted to investigate the efficiency of natural coagulants for micropollutants’ removal from water and wastewater.




9. Conclusions


The removal of pharmaceuticals from water and wastewater is challenging due to their low concentration and their resistance to biodegradation. Several studies reported the feasibility of using natural-based coagulants for water and wastewater treatments. The main mechanisms that natural coagulants use for pharmaceutical removal from water and wastewater are charge neutralization and polymer bridging. Plant-based natural coagulants are more affordable than animal-based ones. Although the application of natural coagulants for emergency pollutants, especially pharmaceuticals, is limited in the literature, the available data demonstrate a promising future for these bio-coagulants in this domain. A natural coagulant has advantages over a chemical coagulant as a low dosage is required, less sludge is produced, and low/no toxicity is presented. For the complete transition from chemical coagulants to natural coagulants, further research is required in areas such as developing reliable extraction methods, searching for new natural sources, determining the optimal conditions for pharmaceutical removal, and evaluating the effect of environmental parameters on the process’ performance.







Author Contributions


Conceptualization and Funding, M.Y.D.A.; Writing Original Draft Preparation, A.A. and M.Y.D.A.; Writing—Review & Editing, G.A.M.A., M.J.K.B., S.S.A.A., D.E.N., M.S.S.A. and T.A.M.; validation, M.J.K.B. All authors have read and agreed to the published version of the manuscript.




Funding


The research leading to these results received funding from the Ministry of Higher Education, Research, and Innovation (MoHERI) of the Sultanate of Oman under the Block Funding Program, MoHERI Block Funding Agreement No. MoHERI/BFP/ASU/01/2021. In addition, the authors would like to thank A’Sharqiyah University for partially funding this research through the ASU Seed Fund Project No: ASU-FSFR/COE/01/2020.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kooijman, G.; de Kreuk, M.K.; Houtman, C.; van Lier, J.B. Perspectives of coagulation/flocculation for the removal of pharmaceuticals from domestic wastewater: A critical view at experimental procedures. J. Water Process Eng. 2020, 34, 101161. [Google Scholar] [CrossRef]

	



Aziz, H.A.; Zainal, S.F.F.; Alazaiza, M.Y.D. Optimization of Coagulation-Flocculation Process of Landfill Leachate by Tin (IV) Chloride Using Response Surface Methodology. Avicenna J. Environ. Health Eng. 2019, 6, 41–48. [Google Scholar]

	



Ahmad, A.; Abdullah, S.R.S.; Hasan, H.A.; Othman, A.R.; Ismail, N.I. Plant-based versus metal-based coagulants in aquaculture wastewater treatment: Effect of mass ratio and settling time. J. Water Process Eng. 2021, 43, 102269. [Google Scholar] [CrossRef]

	



Alazaiza, M.Y.D.; Albahnasawi, A.; Ali, G.A.M.; Bashir, M.J.K.; Copty, N.K.; Amr, S.S.A.; Abushammala, M.F.M.; Maskari, T. Al Recent Advances of Nanoremediation Technologies for Soil and Groundwater Remediation: A Review. Water 2021, 13, 2186. [Google Scholar] [CrossRef]

	



Mathuram, M.; Meera, R.; Vijayaraghavan, G. Application of Locally Sourced Plants as Natural Coagulants for Dye Removal from Wastewater: A Review. J. Mater. Environ. Sci. 2018, 2508, 2058–2070. [Google Scholar]

	



Mohd-Salleh, S.N.A.; Mohd-Zin, N.S.; Othman, N. A review of wastewater treatment using natural material and its potential as aid and composite coagulant. Sains Malays. 2019, 48, 155–164. [Google Scholar] [CrossRef]

	



Madiraju, S.V.H.; Kumar, A.; Kuruppuarachchi, L.N. Examination of plant-based coagulants to replace lime and alum for surface water treatment. In Proceedings of the A&WMA’s 112th Annual Conference & Exhibition, Quebec City, QC, Canada, 25–28 June 2019; pp. 1–9. [Google Scholar]

	



Kristianto, H. Recent advances on magnetic natural coagulant: A mini review. Environ. Technol. Rev. 2021, 10, 254–269. [Google Scholar] [CrossRef]

	



Saleem, M.; Bachmann, R.T. A contemporary review on plant-based coagulants for applications in water treatment. J. Ind. Eng. Chem. 2019, 72, 281–297. [Google Scholar] [CrossRef]

	



Owodunni, A.A.; Ismail, S. Revolutionary technique for sustainable plant-based green coagulants in industrial wastewater treatment—A review. J. Water Process Eng. 2021, 42, 102096. [Google Scholar] [CrossRef]

	



Rekha, B.; Sumithra, S. Natural Plant Seeds as an Alternative Coagulant in the Treatment of Mining Effluent. Rekha Sumithra 2020, 6, 15–23. [Google Scholar] [CrossRef]

	



Zaid, A.Q.; Ghazali, S.; Ahmad Mutamim, N.S.; Abayomi, O.O.; Abdurahman, N.H. Assessment of Moringa Oleifera Cake Residues (Mocr) as Eco-Friendly Bio-Coagulant. J. Chem. Eng. Ind. Biotechnol. 2019, 5, 29–38. [Google Scholar] [CrossRef]

	



Neerajasree, V.R.; Varsha Ashokan, V. Treatment of Automobile Waste Water using Plant-Based Coagulants. Int. Res. J. Eng. Technol. 2008, 6, 161–164. [Google Scholar]

	



Jones, A.N. Investigating the Potential of Hibiscus Seed Species as Alternative Water Treatment Material to the Traditional Chemicals. Ph.D. Thesis, University of Birmingham, Birmingham, UK, 2016. [Google Scholar]

	



Iqbal, A.; Hussain, G.; Haydar, S.; Zahara, N. Use of new local plant-based coagulants for turbid water treatment. Int. J. Environ. Sci. Technol. 2019, 16, 6167–6174. [Google Scholar] [CrossRef]

	



Ang, W.L.; Mohammad, A.W. State of the art and sustainability of natural coagulants in water and wastewater treatment. J. Clean. Prod. 2020, 262, 121267. [Google Scholar] [CrossRef]

	



Okoro, B.U.; Sharifi, S.; Jesson, M.A.; Bridgeman, J. Natural organic matter (NOM) and turbidity removal by plant-based coagulants: A review. J. Environ. Chem. Eng. 2021, 9, 106588. [Google Scholar] [CrossRef]

	



Pal, P.; Pal, A.; Nakashima, K.; Yadav, B.K. Applications of chitosan in environmental remediation: A review. Chemosphere 2021, 266, 128934. [Google Scholar] [CrossRef]

	



Jayalakshmi, G.; Saritha, V.; Dwarapureddi, B.K. A Review on Native Plant Based Coagulants for Water Purification. Int. J. Appl. Environ. Sci. 2017, 12, 469–487. [Google Scholar]

	



Deshmukh, S.O.; Hedaoo, M.N. Wastewater Treatment using Bio-Coagulant as Cactus Opuntia Ficus Indica—A Review. Int. J. Sci. Res. Dev. 2018, 6, 711–717. [Google Scholar]

	



Deng, X.; Jiang, W. Evaluating Green Supply Chain Management Practices under Fuzzy Environment: A Novel Method Based on D Number Theory. Int. J. Fuzzy Syst. 2019, 21, 1389–1402. [Google Scholar] [CrossRef]

	



Yusoff, M.S.; Aziz, H.A.; Alazaiza, M.Y.D.; Rui, L.M. Potential use of oil palm trunk starch as coagulant and coagulant aid in semi-aerobic landfill leachate treatment. Water Qual. Res. J. 2019, 54, 203–219. [Google Scholar] [CrossRef]

	



Kurniawan, S.B.; Abdullah, S.R.S.; Imron, M.F.; Said, N.S.M.; Ismail, N.I.; Hasan, H.A.; Othman, A.R.; Purwanti, I.F. Challenges and opportunities of biocoagulant/bioflocculant application for drinking water and wastewater treatment and its potential for sludge recovery. Int. J. Environ. Res. Public Health 2020, 17, 9312. [Google Scholar] [CrossRef] [PubMed]

	



Tawakkoly, B.; Alizadehdakhel, A.; Dorosti, F. Evaluation of COD and turbidity removal from compost leachate wastewater using Salvia hispanica as a natural coagulant. Ind. Crops Prod. 2019, 137, 323–331. [Google Scholar] [CrossRef]

	



Aziz, H.A.; Rahim, N.A.; Ramli, S.F.; Alazaiza, M.Y.D.; Omar, F.M.; Hung, Y.T. Potential use of Dimocarpus longan seeds as a flocculant in landfill leachate treatment. Water 2018, 10, 1672. [Google Scholar] [CrossRef]

	



Bahrodin, M.B.; Zaidi, N.S.; Hussein, N.; Sillanpää, M.; Prasetyo, D.D.; Syafiuddin, A. Recent Advances on Coagulation-Based Treatment of Wastewater: Transition from Chemical to Natural Coagulant. Curr. Pollut. Rep. 2021, 7, 379–391. [Google Scholar] [CrossRef]

	



Sulaiman, M.; Zhigila, D.A.; Umar, D.M.; Babale, A.; Andrawus Zhigila, D.; Mohammed, K.; Mohammed Umar, D.; Aliyu, B.; Manan, F.A. Moringa oleifera seed as alternative natural coagulant for potential application in water treatment: A review. J. Adv. Rev. Sci. Res. J. 2017, 30, 1–11. [Google Scholar]

	



Vishali, S.; Karthikeyan, R. Application of green coagulants on paint industry effluent—A coagulatioflocculation kinetic study. Desalin. Water Treat. 2018, 122, 112–123. [Google Scholar] [CrossRef]

	



Gautam, S.; Saini, G. Use of natural coagulants for industrial wastewater treatment. Glob. J. Environ. Sci. Manag. 2020, 6, 553–578. [Google Scholar] [CrossRef]

	



Yadav, S.; Yadav, A.; Bagotia, N.; Sharma, A.K.; Kumar, S. Adsorptive potential of modified plant-based adsorbents for sequestration of dyes and heavy metals from wastewater—A review. J. Water Process Eng. 2021, 42, 102148. [Google Scholar] [CrossRef]

	



Zainal, S.F.F.S.; Aziz, H.A.; Omar, F.M.; Alazaiza, M.Y.D. Influence of Jatropha curcas seeds as a natural flocculant on reducing Tin (IV) tetrachloride in the treatment of concentrated stabilised landfill leachate. Chemosphere 2021, 285, 131484. [Google Scholar] [CrossRef]

	



Shayegan, H.; Ali, G.A.M.; Safarifard, V. Amide-Functionalized Metal–Organic Framework for High Efficiency and Fast Removal of Pb(II) from Aqueous Solution. J. Inorg. Organomet. Polym. Mater. 2020, 30, 3170–3178. [Google Scholar] [CrossRef]

	



Shayegan, H.; Ali, G.A.M.; Safarifard, V. Recent Progress in the Removal of Heavy Metal Ions from Water Using Metal-Organic Frameworks. ChemistrySelect 2020, 5, 124–146. [Google Scholar] [CrossRef]

	



Wang, J.; Chen, X. Removal of antibiotic resistance genes (ARGs) in various wastewater treatment processes: An overview. Crit. Rev. Environ. Sci. Technol. 2020, 52, 571–630. [Google Scholar] [CrossRef]

	



Shewa, W.A.; Dagnew, M. Revisiting chemically enhanced primary treatment of wastewater: A review. Sustainability 2020, 12, 5928. [Google Scholar] [CrossRef]

	



Othmani, B.; Rasteiro, M.G.; Khadhraoui, M. Toward green technology: A review on some efficient model plant-based coagulants/flocculants for freshwater and wastewater remediation. Clean Technol. Environ. Policy 2020, 22, 1025–1040. [Google Scholar] [CrossRef]

	



Zainal, S.F.F.S.; Aziz, H.A.; Omar, F.; Alazaiza, M.Y.D. Sludge performance in coagulation-flocculation treatment for suspended solids removal from landfill leachate using Tin (IV) chloride and Jatropha curcas. Int. J. Environ. Anal. Chem. 2021, 1–15. Available online: https://www.researchgate.net/profile/Motasem_Alazaiza/publication/351883646_Sludge_performance_in_coagulation-flocculation_treatment_for_suspended_solids_removal_from_landfill_leachate_using_Tin_IV_chloride_and_Jatropha_curcas/links/60eab81e1c28af34585effa5/Sludge-performance-in-coagulation-flocculation-treatment-for-suspended-solids-removal-from-landfill-leachate-using-Tin-IV-chloride-and-Jatropha-curcas.pdf (accessed on 4 December 2021). [CrossRef]

	



Jagaba, A.H.; Kutty, S.R.M.; Hayder, G.; Latiff, A.A.A.; Aziz, N.A.A.; Umaru, I.; Ghaleb, A.A.S.; Abubakar, S.; Lawal, I.M.; Nasara, M.A. Sustainable Use of Natural and Chemical Coagulants for Contaminants Removal from Palm Oil Mill Effluent: A Comparative Analysis; Elsevier: Amsterdam, The Netherlands, 2020. [Google Scholar]

	



Bhatia, S.; Othman, Z.; Journal, A.A.-C.E. Coagulation–Flocculation Process for POME Treatment Using Moringa oleifera Seeds Extract: Optimization Studies; Elsevier: Amsterdam, The Netherlands, 2007. [Google Scholar]

	



Ramesh, S.; Mekala, L. Treatment of Textile Wastewater Using Moringa oleifera and Tamarindus indica. Int. Res. J. Eng. Technol. 2018, 6, 3891–3895. [Google Scholar]

	



Chakrabarti, P.; Kale, V.; Sarkar, B.; Chakrabarti, P.P.; Vijaykumar, A. Wastewater Treatment in Dairy Industries—Possibility of Reuse; Elsevier: Amsterdam, The Netherlands, 2006; Volume 195, pp. 141–152. [Google Scholar] [CrossRef]

	



Yunos, F.H.M.; Nasir, N.M.; Jusoh, H.H.W.; Khatoon, H.; Lam, S.S.; Jusoh, A. Harvesting of Microalgae (Chlorella sp.) from Aquaculture Bioflocs Using an Environmental-Friendly Chitosan-Based Bio-Coagulant; Elsevier: Amsterdam, The Netherlands, 2017. [Google Scholar]

	



Ahmad, A.; Sumathi, S.; Journal, B.H.-C.E. Coagulation of Residue Oil and Suspended Solid in Palm Oil Mill Effluent by Chitosan, Alum and PAC; Elsevier: Amsterdam, The Netherlands, 2006. [Google Scholar]

	



Shak, K.; Journal, T.W.-C.E. Coagulation–Flocculation Treatment of High-Strength Agro-Industrial Wastewater Using Natural Cassia obtusifolia Seed Gum: Treatment Efficiencies and Flocs; Elsevier: Amsterdam, The Netherlands, 2014. [Google Scholar]

	



Teh, C.Y.; Wu, T.Y.; Juan, J.C. Potential Use of Rice Starch in Coagulation–Flocculation Process of Agro-Industrial Wastewater: Treatment Performance and Flocs Characterization; Elsevier: Amsterdam, The Netherlands, 2014. [Google Scholar]

	



Abidin, Z.; Ismail, N.; Yunus, R.; Ahamad, I.S.; Idris, A. A preliminary study on Jatropha curcas as coagulant in wastewater treatment. Environ. Technol. 2011, 32, 971–977. [Google Scholar] [CrossRef]

	



Ernest, E.; Onyeka, O.; David, N.; Blessing, O. Effects of pH, dosage, temperature and mixing speed on the efficiency of water melon seed in removing the turbidity and colour of Atabong River, Awka-Ibom. Int. J. Adv. Eng. Manag. Sci. 2017, 3, 239833. [Google Scholar] [CrossRef]

	



Kakoi, B.; Kaluli, J.W.; Ndiba, P.; Thiong’o, G. Banana Pith as a Natural Coagulant for Polluted River Water; Elsevier: Amsterdam, The Netherlands, 2016. [Google Scholar]

	



Shamsnejati, S.; Chaibakhsh, N.; Pendashteh, A.R.; Hayeripour, S. Mucilaginous Seed of Ocimum basilicum as a Natural Coagulant for Textile Wastewater Treatment; Elsevier: Amsterdam, The Netherlands, 2015. [Google Scholar]

	



González Peña, O.I.; López Zavala, M.Á.; Cabral Ruelas, H. Pharmaceuticals market, consumption trends and disease incidence are not driving the pharmaceutical research on water and wastewater. Int. J. Environ. Res. Public Health 2021, 18, 2532. [Google Scholar] [CrossRef]

	



Massima Mouele, E.S.; Tijani, J.O.; Badmus, K.O.; Pereao, O.; Babajide, O.; Zhang, C.; Shao, T.; Sosnin, E.; Tarasenko, V.; Fatoba, O.O.; et al. Removal of pharmaceutical residues from water and wastewater using dielectric barrier discharge methods—A review. Int. J. Environ. Res. Public Health 2021, 18, 1683. [Google Scholar] [CrossRef]

	



Gogoi, A.; Mazumder, P.; Tyagi, V.K.; Tushara Chaminda, G.G.; An, A.K.; Kumar, M. Occurrence and fate of emerging contaminants in water environment: A review. Groundw. Sustain. Dev. 2018, 6, 169–180. [Google Scholar] [CrossRef]

	



Kharel, S.; Stapf, M.; Miehe, U.; Ekblad, M.; Cimbritz, M.; Falås, P.; Nilsson, J.; Sehlén, R.; Bregendahl, J.; Bester, K. Removal of pharmaceutical metabolites in wastewater ozonation including their fate in different post-treatments. Sci. Total Environ. 2021, 759, 143989. [Google Scholar] [CrossRef]

	



Quesada, H.B.; Baptista, A.T.A.; Cusioli, L.F.; Seibert, D.; de Oliveira Bezerra, C.; Bergamasco, R. Surface water pollution by pharmaceuticals and an alternative of removal by low-cost adsorbents: A review. Chemosphere 2019, 222, 766–780. [Google Scholar] [CrossRef]

	



Yang, Y.; Ok, Y.S.; Kim, K.H.; Kwon, E.E.; Tsang, Y.F. Occurrences and removal of pharmaceuticals and personal care products (PPCPs) in drinking water and water/sewage treatment plants: A review. Sci. Total Environ. 2017, 596–597, 303–320. [Google Scholar] [CrossRef]

	



Couto, C.F.; Lange, L.C.; Amaral, M.C.S. Occurrence, fate and removal of pharmaceutically active compounds (PhACs) in water and wastewater treatment plants—A review. J. Water Process Eng. 2019, 32, 100927. [Google Scholar] [CrossRef]

	



Karimi-Maleh, H.; Ayati, A.; Davoodi, R.; Tanhaei, B.; Karimi, F.; Malekmohammadi, S.; Orooji, Y.; Fu, L.; Sillanpää, M. Recent advances in using of chitosan-based adsorbents for removal of pharmaceutical contaminants: A review. J. Clean. Prod. 2021, 291, 125880. [Google Scholar] [CrossRef]

	



Krishnan, R.Y.; Manikandan, S.; Subbaiya, R.; Biruntha, M.; Govarthanan, M.; Karmegam, N. Removal of emerging micropollutants originating from pharmaceuticals and personal care products (PPCPs) in water and wastewater by advanced oxidation processes: A review. Environ. Technol. Innov. 2021, 23, 101757. [Google Scholar] [CrossRef]

	



Tiwari, B.; Sellamuthu, B.; Ouarda, Y.; Drogui, P.; Tyagi, R.D.; Buelna, G. Review on fate and mechanism of removal of pharmaceutical pollutants from wastewater using biological approach. Bioresour. Technol. 2017, 224, 1–12. [Google Scholar] [CrossRef]

	



Li, Z.; Yang, P. Review on Physicochemical, Chemical, and Biological Processes for Pharmaceutical Wastewater. IOP Conf. Ser. Earth Environ. Sci. 2018, 113, 012185. [Google Scholar] [CrossRef]

	



Ren, Y.; Yang, J.; Chen, S. The Fate of a Nitrobenzene-Degrading Bacterium in Pharmaceutical Wastewater Treatment Sludge; Elsevier: Amsterdam, The Netherlands, 2015. [Google Scholar]

	



Alam, R.; Sheob, M.; Saeed, B.; Khan, S.U.; Shirinkar, M.; Frontistis, Z.; Basheer, F.; Farooqi, I.H. Use of electrocoagulation for treatment of pharmaceutical compounds in water/wastewater: A review exploring opportunities and challenges. Water 2021, 13, 2105. [Google Scholar] [CrossRef]

	



Ahmad, A.; Priyadarshini, M.; Das, S.; Ghangrekar, M.M. Electrocoagulation as an efficacious technology for the treatment of wastewater containing active pharmaceutical compounds: A review. Sep. Sci. Technol. 2021, 1–23. [Google Scholar] [CrossRef]

	



Li, C.; Mei, Y.; Qi, G.; Xu, W.; Zhou, Y.; Shen, Y. Degradation characteristics of four major pollutants in chemical pharmaceutical wastewater by Fenton process. J. Environ. Chem. Eng. 2021, 9, 104564. [Google Scholar] [CrossRef]

	



Olvera-Vargas, H.; Gore-Datar, N.; Garcia-Rodriguez, O.; Mutnuri, S.; Lefebvre, O. Electro-Fenton treatment of real pharmaceutical wastewater paired with a BDD anode: Reaction mechanisms and respective contribution of homogeneous and heterogeneous OH. Chem. Eng. J. 2021, 404, 126524. [Google Scholar] [CrossRef]

	



Albahnasawi, A.; Yüksel, E.; Gürbulak, E.; Duyum, F. Fate of aromatic amines through decolorization of real textile wastewater under anoxic-aerobic membrane bioreactor. J. Environ. Chem. Eng. 2020, 8, 104226. [Google Scholar] [CrossRef]

	



Akkoyunlu, B.; Daly, S.; Casey, E. Membrane bioreactors for the production of value-added products: Recent developments, challenges and perspectives. Bioresour. Technol. 2021, 341, 125793. [Google Scholar] [CrossRef]

	



Gebreyohannes, A.Y.; Giorno, L.; Bekele, D.N.; Besha, A.T.; Curcio, E.; Tufa, R.A. Removal of emerging micropollutants by activated sludge process and membrane bioreactors and the effects of micropollutants on membrane fouling: A review. J. Environ. Chem. Eng. 2017, 5, 2395–2414. [Google Scholar] [CrossRef]

	



Ethiraj, A.S.; Uttam, P.; Varunkumar, K.; Chong, K.F.; Ali, G.A.M. Photocatalytic performance of a novel semiconductor nanocatalyst: Copper doped nickel oxide for phenol degradation. Mater. Chem. Phys. 2020, 242, 122520. [Google Scholar] [CrossRef]

	



Sharifi, A.; Montazerghaem, L.; Naeimi, A.; Abhari, A.R.; Vafaee, M.; Ali, G.A.M.; Sadegh, H. Investigation of photocatalytic behavior of modified ZnS:Mn/MWCNTs nanocomposite for organic pollutants effective photodegradation. J. Environ. Manag. 2019, 247, 624–632. [Google Scholar] [CrossRef]

	



Solehudin, M.; Sirimahachai, U.; Ali, G.A.M.; Chong, K.F.; Wongnawa, S. One-pot synthesis of isotype heterojunction g-C3N4-MU photocatalyst for effective tetracycline hydrochloride antibiotic and reactive orange 16 dye removal. Adv. Powder Technol. 2020, 31, 1891–1902. [Google Scholar] [CrossRef]

	



Ethiraj, A.S.; Rhen, D.S.; Soldatov, A.V.; Ali, G.A.M.; Bakr, Z.H. Efficient and recyclable Cu incorporated TiO2 nanoparticle catalyst for organic dye photodegradation. Int. J. Thin Film Sci. Technol. 2021, 10, 169–182. [Google Scholar] [CrossRef]

	



Giahi, M.; Pathania, D.; Agarwal, S.; Ali, G.A.M.; Chonge, K.F.; Gupta, V.K. Preparation of Mg-doped TiO2 nanoparticles for photocatalytic degradation of some organic pollutants. Stud. UBB Chem. 2019, 64, 7–18. [Google Scholar] [CrossRef]

	



Mahmoud, W.M.M.; Rastogi, T.; Kümmerer, K. Application of titanium dioxide nanoparticles as a photocatalyst for the removal of micropollutants such as pharmaceuticals from water. Curr. Opin. Green Sustain. Chem. 2017, 6, 1–10. [Google Scholar] [CrossRef]

	



Rekhate, C.V.; Srivastava, J.K. Recent advances in ozone-based advanced oxidation processes for treatment of wastewater—A review. Chem. Eng. J. Adv. 2020, 3, 100031. [Google Scholar] [CrossRef]

	



Araujo, L.A.; Bezerra, C.O.; Cusioli, L.F.; Silva, M.F.; Nishi, L.; Gomes, R.G.; Bergamasco, R. Moringa oleifera biomass residue for the removal of pharmaceuticals from water. J. Environ. Chem. Eng. 2021, 6, 7192–7199. [Google Scholar] [CrossRef]

	



Nonfodji, O.M.; Fatombi, J.K.; Ahoyo, T.A.; Osseni, S.A.; Aminou, T. Performance of Moringa oleifera seeds protein and Moringa oleifera seeds protein-polyaluminum chloride composite coagulant in removing organic matter and antibiotic resistant bacteria from hospital wastewater. J. Water Process Eng. 2020, 33, 101103. [Google Scholar] [CrossRef]

	



Thirugnanasambandham, K.; Karri, R.R. Preparation and characterization of Azadirachta indica A. Juss. plant based natural coagulant for the application of urban sewage treatment: Modelling and cost assessment. Environ. Technol. Innov. 2021, 23, 101733. [Google Scholar] [CrossRef]

	



Maharani, Z.; Setiawan, D.; Ningsih, E. Comparison of the Effectiveness of Natural Coagulant Performance on % BOD Removal and % COD Removal in Pharmaceutical Industry Waste. Tibuana 2021, 4, 55–60. [Google Scholar] [CrossRef]

	



Oliva, M.P.; Corral, C.; Jesoro, M.; Barajas, J.R. Moringa-functionalized rice husk ash adsorbent for the removal of amoxicillin in aqueous solution. MATEC Web Conf. 2019, 268, 01005. [Google Scholar] [CrossRef]

	



Olivera, A.R. Biosorption of Pharmaceuticals from Wastewater Using Moringa oleífera as Biosorbent. Ph.D. Thesis, Instituto Politécnico de Bragança, Buenos Aires, Argentina, 2020. Available online: https://bibliotecadigital.ipb.pt/bitstream/10198/22123/1/Olivera_Agustina.pdf (accessed on 4 December 2021).

	



Santos, A.F.S.; Matos, M.; Sousa, Â.; Costa, C.; Nogueira, R.; Teixeira, J.A.; Paiva, P.M.G.; Parpot, P.; Coelho, L.C.B.B.; Brito, A.G. Removal of tetracycline from contaminated water by Moringa oleifera seed preparations. Environ. Technol. 2016, 37, 744–751. [Google Scholar] [CrossRef]

	



Iloamaeke, I.M.; Julius, C. Treatment of Pharmaceutical Effluent Using seed of Phoenix Dactylifera as a Natural Coagulant. J. Basic Phys. Res. 2019, 9, 92–100. [Google Scholar]

	



Sibartie, S.; Ismail, N. Potential of Hibiscus Sabdariffa and Jatropha Curcas as Natural Coagulants in the Treatment of Pharmaceutical Wastewater. MATEC Web Conf. 2018, 152, 01009. [Google Scholar] [CrossRef]

	



Chong, K.H.; Kiew, P.L. Potential of Banana Peels as Bio-Flocculant for Water Clarification. Prog. Energy Environ. 2017, 1, 47–56. [Google Scholar]

	



Awolola, G.; Oluwaniyi, O.; Solanke, A.; Dosumu, O.; Shuiab, A. Toxicity assessment of natural and chemical coagulants using brine shrimp (Artemia salina) bioassay. Int. J. Biol. Chem. Sci. 2010, 4, 633–641. [Google Scholar] [CrossRef]

	



Šćiban, M.; Klašnja, M.; Antov, M.; Škrbić, B. Removal of water turbidity by natural coagulants obtained from chestnut and acorn. Bioresour. Technol. 2009, 100, 6639–6643. [Google Scholar] [CrossRef]

	



Oladoja, N.A. Headway on natural polymeric coagulants in water and wastewater treatment operations. J. Water Process Eng. 2015, 6, 174–192. [Google Scholar] [CrossRef]

	



Formicoli, T.K.; Freitas, S.; Almeida, A.; Domingos Manholer, D.; Cesar, H.; Geraldino, L.; Ferreira De Souza, M.T.; Garcia, J.C.; Freitas, T.K.F.S.; Almeida, C.A.; et al. Review of Utilization Plant-Based Coagulants as Alternatives to Textile Wastewater Treatment. In Detox Fashion; Springer: Singapore, 2018; pp. 27–79. [Google Scholar] [CrossRef]

	



Kumar, I.; Quaff, A.R. Comparative study on the effectiveness of natural coagulant aids and commercial coagulant: Removal of arsenic from water. Int. J. Environ. Sci. Technol. 2019, 16, 5989–5994. [Google Scholar] [CrossRef]

	



Saritha, V.; Karnena, M.K.; Dwarapureddi, B.K. “Exploring natural coagulants as impending alternatives towards sustainable water clarification”—A comparative studies of natural coagulants with alum. J. Water Process Eng. 2019, 32, 100982. [Google Scholar] [CrossRef]

	



Boulaadjoul, S.; Zemmouri, H.; Bendjama, Z.; Drouiche, N. A novel use of Moringa oleifera seed powder in enhancing the primary treatment of paper mill effluent. Chemosphere 2018, 206, 142–149. [Google Scholar] [CrossRef] [PubMed]

	



Vishali, S.; Karthikeyan, R. Cactus opuntia (ficus-indica): An eco-friendly alternative coagulant in the treatment of paint effluent. Desalin. Water Treat. 2015, 56, 1489–1497. [Google Scholar] [CrossRef]

	



de Paula, H.M.; de Oliveira Ilha, M.S.; Sarmento, A.P.; Andrade, L.S. Dosage Optimization of Moringa oleifera Seed and Traditional Chemical Coagulants Solutions for Concrete Plant Wastewater Treatment; Elsevier: Amsterdam, The Netherlands, 2018. [Google Scholar]

	



Sellami, M.; Zarai, Z.; Khadhraoui, M.; Jdidi, N.; Leduc, R.; Ben Rebah, F. Cactus juice as bioflocculant in the coagulation–flocculation process for industrial wastewater treatment: A comparative study with polyacrylamide. Water Sci. Technol. 2014, 70, 1175–1181. [Google Scholar] [CrossRef] [PubMed]

	



Ganjidoust, H.; Tatsumi, K.; Yamagishi, T.; Gholian, R.N. Effect of Synthetic and Natural Coagulant on Lignin Removal from Pulp and Paper Wastewater; Elsevier: Amsterdam, The Netherlands, 1997. [Google Scholar]

	



Muhammad, I.M.; Abdulsalam, S.; Abdulkarim, A.; Bello, A.A. Water melon seed as a potential coagulant for water treatment. Glob. J. Res. Eng. 2015, 15, 17–23. [Google Scholar]








[image: Water 14 00140 g001 550] 





Figure 1. Coagulation mechanisms diagram showing charge naturalization, polymer bridging, sweep flocculation, and double-layer compression, copied with permission from Ref. [10], Copyright, 2021, Elsevier. 
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Figure 2. Flow chart of natural coagulant preparation from seeds, copied with permission from Ref. [10], Copyright, 2021, Elsevier. 
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Figure 3. Pharmaceuticals’ fates and environmental pathways, copied with permission from Ref. [54], Copyright, 2019, Elsevier. 
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Figure 4. TiO2-related problems, copied with permission from Ref. [62], Copyright, 2021, Elsevier. 
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Table 1. The main application forms of natural coagulants.
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Natural Coagulant

	
Application Form

	
Reference






	
Moringa oleifera

	
Seed paste

	
[38]




	
Press cake (solid)

	
[39]




	
Powder

	
[40]




	
Chitosan

	
Powder

	
[41]




	
Stock solution (0.1 M HCl)

	
[42]




	
Solution (1% acetic acid)

	
[43]




	
Stock solution (0.1 M HCl and distilled water)

	
[44]




	
Rice starch

	
Starch solution

	
[45]




	
Jatropha curcas

	
Press cake (solid)

	
[46]




	
Watermelon seeds

	
Oil-free powder

	
[47]




	
Banana pith

	
Powder

	
[48]




	
Ocimum basilicum

	
Mucilage

	
[49]
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Table 2. Application of natural coagulant for the removal of different types of pharmaceuticals.
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	Coagulants
	Properties
	Contaminants
	Conditions
	Main Results
	Reference





	Moringa oleifera seeds
	Plant-based
	COD (hospital wastewater)
	Initial COD 238 mg/L;

pH 6, 8;

Coagulant dosage 0–4000 mg/L;

Rapid mixing: 200 rpm for 3 min;

Gentle mixing: 45 rpm for 30 min;

Settling time 60 min.
	Moringa oleifera seed polymers are promising bio-coagulants for hospital wastewater treatments.
	[77]



	Azadirachta indica A. Juss.
	Plant-based
	COD (urban sewage)
	Initial COD 3030 mg/L;

pH 4.5;Coagulant dosage 2000–6000 g/L;

Rapid mixing: 100 rpm for 1 min;

Gentle mixing: 40 rpm for 30 min;

Settling time 60 min.
	Natural coagulants effectively reduced COD, turbidity, and color at optimum conditions compared to chemical coagulants
	[78]



	Moringa seed coagulant, tapioca starch coagulants
	Plant-based
	COD (Pharmaceutical waste)
	pH 6–8;

Coagulant dosage 3780 mg/L;

Rapid mixing: 100 rpm for 10 min;

Gentle mixing: 60 rpm for 15 min;
	The high removal efficiency observed with the use of tapioca flour coagulant

is due to an amide group that contains a high positive charge
	[79]



	Rice husk ash functionalized by Moringa oleifera protein
	Plant-based
	amoxicillin
	Dosage 500, 1000, 1500 mg/L;

Contact time 30, 60, 90 min;

Mixing speed 150 rpm;

Initial amoxicillin concentration (100, 200, 300) mg/L
	Rice husk ash functionalized by Moringa oleifera protein can be an effective treatment method for an antibiotic from water
	[80]



	Moringa oleifera adsorpant
	Plant-based
	Diclofenac and Oxytetracycline
	pH 3–10;

Dosage 2000 mg/L;

Initial diclofenac and oxytetracycline concentration 0.2–1 mg/L;

Stirring speed 150 rpm.
	The removal efficiency is highly pH-dependent; diclofenac removal efficiency was 4.8% at pH 8 and 87.3% at pH 2, while the removal efficiency of oxytetracycline at pH 3 and 10 was 31 and 50%, respectively
	[81]



	Moringa oleifera seed
	Plant-based
	Tetracycline antibiotic
	Tetracycline initial concentration 5 mg/L;

Coagulant dosage 250–2500 mg/L;

pH 5–8;

Rapid mixing: 120 rpm for 1 min;

Gentle mixing: 30 rpm for 15 min;

Settling time 30 min
	Moringa oleifera seed is a natural, simple, and environmentally friendly technology for antibiotic removal from contaminated water
	[82]



	Phoenix dactylifera
	Plant-based
	Pharmaceutical effluent
	pH 4–10;

Coagulant dosage 200–400 mg/L;

Rapid mixing: 100 rpm for 2 min;

Gentle mixing: 40 rpm for 20 min;

Settling time 50 min
	SEM analysis indicated that phoenix dactylifera adsorbed pharmaceutical particles on the surface; thus, phoenix dactylifera can be an effective green coagulant for emergency pollutant removal
	[83]



	Hibiscus Sabdariffa and Jatropha Curcas
	Plant-based
	Pharmaceutical Wastewater
	Contaminant initial concentration 660 mg/L;

pH 2–12;

Coagulant dosage 40–200 mg/L;

Rapid mixing: 100 rpm for 10 min;

Gentle mixing: 40 rpm for 25 min;

Settling time 50 min
	Compared to chemical coagulants (Alum), natural coagulants such as J. Curcas have better performance in terms of pharmaceutical wastewater treatments
	[84]
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Table 3. Comparison performance of natural and chemical coagulants.
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	Type of Wastewater
	Chemical Coagulant
	Removal Performance
	Natural Coagulant
	Removal Performance
	Reference





	Arsenic-contaminated surface water
	Ferric chloride
	Maximum arsenic removal of 69.3% at 40 mg/L coagulant dosage
	Cellulose and chitosan
	Maximum arsenic removal of 84.62% at a 1 mg/L cellulose dosage and 75.87% at a 25 mg/L chitosan dosage.
	[90].



	Turbidity in Surface water
	Alum
	Turbidity removal of 78.72% at a dosage of 100 mg/L
	Sago and chitin
	Turbidity removal of 69.15% at a sago dosage of 300 mg/L, and 67.73% at a chitin dosage of 300 mg/L
	[91]



	Paper mill industry
	Alum
	Turbidity removal of 97.1%, COD removal of 92.7%
	Moringa oleifera seed
	Turbidity removal of 96%, COD removal of 97.3%
	[92]



	Paint industry
	Ferric chloride
	Color removal of 89.4%, COD removal of 83.4%
	Cactus
	Color removal of 88.4%, COD removal of 78.2%
	[93]



	Concreate plant
	Ferric chloride and Alum
	Turbidity removal of 99.9%
	Moringa oleifera seed
	Turbidity removal of 99.9%
	[94]



	Confectionary
	PAM
	TSS removal of 93.5%

COD removal of 95.9%
	Cactus
	TSS removal of 92.2%

COD removal of 95.6%
	[95]



	Paper and mill
	Alum
	Color removal of 80% TOC removal of 40%
	Chitosan
	Color removal of 90%

TOC removal of 70%
	[96]



	Dam water
	Alum
	Turbidity removal of 98.5%, color removal of 98.5%
	Watermelon seed
	Turbidity removal of 89.3%, color removal of 93.9%
	[97]
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