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Synergizing Advanced Oxidation and Nature-Based Solutions: A Review on Multicomponent Strategy for Sustainable Pharmaceutical Wastewater Remediation
Abstract
Pharmaceuticals and personal care products (PPCPs) are emerging as the major contaminants of great concern in the world water matrices due to their high numbers, distribution, and bioaccumulation possibilities. The review has examined around 80+ peer-reviewed articles (2014-2026) in the Web of Science, Scopus, and Google Scholar databases, based on the AOP-NBS synergy to pharmaceutical remediation. Systematic searches were done by using cluster of keywords such as advanced oxidation, nature-based solutions, emerging contaminants, and mineralization efficiency as the performance and sustainability of current hybrid treatments. The present review article, the existing and possible remediation techniques of the pharmaceutical waste water have been discussed. The study concludes that the conventional wastewater treatment plants (WWTPs) are far from efficient in eliminating complex active pharmaceutical ingredients (APIs). Consequently, the integration of advanced oxidation process (AOPs) and nature-based solution is a most essential requirement to attain superior removal efficiencies. An example is hybrid treatment wetlands that used local zeolite that has shown almost 100 percent (93.6-99.9) removal of various antibiotics such as ciprofloxacin and ofloxacin. On the other hand, some of the non-biodegradable compounds such as carbamazepine and diclofenac are observed to be resistant to most treatment regimens with their presence in some systems only clearing 1.1%. The research emphasizes the importance of the hybrid technologies- the combination of biological technologies with AOPs to enhance the biodegradability and the nearly total mineralization. Moreover, the shift to a so-called circular economy based on recovery of resources (up to 80 percent regarding certain materials) and application of the principles of Industry is determined as the important direction of the future. This article offers a strategic guideline in selecting treatment units depending on the nature of wastewater with the aim to reduce the adverse impact of PPCPs on aquatic organisms and human health.
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1. Introduction
[bookmark: _Hlk223602180][bookmark: _Hlk221689785][bookmark: _Hlk221689817][bookmark: _Hlk221689852][bookmark: _Hlk221689888][bookmark: _Hlk221690134][bookmark: _Hlk223602227][bookmark: _Hlk223602299][bookmark: _Hlk223602335]The global pharmaceutical industry has had an unprecedented growth because of the rising population and the continuous development of healthcare solutions (Salazar et al., 2025, Yeganeh, 2019). India, for example, has a pharmaceutical sector of the fourth largest volume (Akhtar, 2013). While the use of these products has gigantic healthcare benefits, their manufacturing and use have caused the significant introduction of Pharmaceuticals and Personal Care Products (PPCPs) into the environment. These substances are nowadays called emerging environmental contaminants and micropollutants due to their ability to slip past traditional wastewater treatment systems unnoticed. Studies have associated exposures to PPCPs with endocrine disruption, gene toxicity and development of antibiotic resistance in aquatic organisms (Wilkinson et al., 2016) J). In vertebrates, these contaminants can cause changes in the endocrine pathways, for which they are classified as endocrine disruptors (EDCs). Specific environmental catastrophes have already been described including the near total eradication of the vulture population in India due to a drug called diclofenac (Oaks and Watson, 2011). Furthermore, consumption of polluted water makes humans more prone to chronic diseases, such as cancer, heart diseases, and permanent diminution in the lung capacity. Pharmaceutical wastewater is highly diverse as its characteristics depend strongly on the particular manufacturing process, for example, chemical synthesis or fermentation. Chemical synthesis, for example, generates effluents having high Chemical Oxygen Demand (COD) up to 25,000 - 40,000 mg/L and variable pH levels (Dolar et al., 2013). Conventional WWTPs usually use aerobic processes which are not optimized to process these recalcitrant organic molecules at all and, consequently, discharge untreated residues into surface and ground waters (Tiwari et al., 2017). This treatment efficiency gap is the need to develop more robust, sustainable, and cost-effective treatment remediation technologies. The aim of this article is to consolidate the latest research on advanced oxidation and the nature-based remediation strategy. We consider a variety of technologies from high energy Advanced Oxidation Processes (AOPs) such as photocatalysis and Fenton reactions to low energy "green" technologies such as treatment wetlands and phytoremediation (Sharma et al., 2025, Silva, 2025). Hybrid nature-based system of construct wetlands was also reported as one of the most efficient remediation techniques and was able to fully or partial eliminate several pharmaceutical wastes, such as gemfibrozil (100%), naproxen (94%), and diclofenac (73%) (Gallegos-Castro et al., 2025). Apart from these techniques, modern tools like, Artificial Intelligence (AI) technologies, machine learning (ML) and remote sensing, are changing the aspect of environmental monitoring by allowing analyse data on air, water and soil quality in real time for more informed policy-making (Islam, 2025.). Through the comparison of removal efficiencies and identification of the factors that may have an effect in sustaining the presence of compounds, this review has attempted to present a comprehensive approach towards the management of pharmaceutical wastewater. The final goal is to strive towards zero discharge that is a combination of recovery technologies and sustainable manufacturing measures. Fig. 1. illustrate requirements of clean drinking water through proper monitoring and treatments of contaminated water. 
[image: ]
Fig.1. Achieving water purity through the detection and elimination of pharmaceutical pollutants. Reproduced from Letsoalo et al., Journal of Cleaner Production 387 (2023) 135798, under the Creative Commons CC BY‑NC‑ND 4.0 licence (http://creativecommons.org/licenses/by-nc-nd/4.0/). (Letsoalo et al., 2023) 

2. Advanced Oxidation Processes (AOPs) and Light-Induced Systems
[bookmark: _Hlk221690228][bookmark: _Hlk223602492]Advanced Oxidation Processes are one of the most effective techniques of complete degradation of hazardous pharmacological compounds (Aziz et al., 2025, Khan et al., 2025, Alazaiza et al., 2026, Adeoye et al., 2024). These processes depend on the formation of extremely reactive hydroxyl radicals (.OH) for the degradation of complex organic substances into inorganic compounds or biodegradable substances.
2.1. Photocatalysis
This remediation technique has been developed as a prime advanced oxidation process (AOP) for the treatment of pharmaceutical-laden wastewater, which can be described as its ability to produce a near complete mineralization of recalcitrant organic molecules. The process usually uses semiconductors as catalysts, and the most prominent ones are based on titanium dioxide (TiO2), the activation of which under the influence of UV or visible light with an energy above its bandgap energy produces very reactive hydroxyl radicals (.OH). These radicals have a high oxidation potential (2.80 V), which means that they are able to attack complex pharmaceutical structures non-selectively (Radecka et al., 2008). It has also been found that the compounds like ibuprofen and diclofenac have demonstrated a 100% removal within approximately 3 hours of run time under the artificially induced solar light (Tanveer et al., 2019). Likewise, it was reported that fluoroquinolone antibiotics including ciprofloxacin were degraded very rapidly (95 percent in 120 minutes) with the use of doped TiO2 nanostructures (Sharma et al., 2024). The possibility of this process to transform long-term pollutants into harmless byproducts, like CO2 and H2O is the primary advantage of this mechanism, however, the generation of stable intermediate metabolites remains one of the necessary areas to monitor. (Al-Mashaqbeh et al., 2023). For sustainable application, there are recent trends in "solar-Fenton" and "solar-photocatalysis" which make use of renewable energy as a source of energy, highly reducing the operational costs and connected to traditional high energy UV lamps.

2.2. Fenton Processes
[bookmark: _Hlk222127219]Fenton reaction involves the use of hydrogen peroxide and iron ions for producing radicals. Electro-Fenton (EF) has proven to be very efficient with some work being done with 92.5% removal of contaminants (Wang and Wang, 2018). A significant feature of EF is the recyclability of the catalyst which experiences very little loss of efficiency after repeated cycles. Though AOPs have high removal rates, they are often energy intensive. Photo-electro-Fenton (PEF) is found to achieve a better COD removal than EF only because of synergy of UV light. The following table 1 compares the removal efficiencies and operating conditions of some of the Advanced Oxidation Processes (AOPs) for some specific pharmaceutical contaminants. These chemical methods are often tested regarding their capability to reach rapid degradation and mineralization of complex molecules that are difficult to treat biologically
Table 1: Performance Comparison of Advanced Oxidation Processes (AOPs) for Pharmaceutical Wastewater Treatment
	Treatment Technology
	Catalyst / 
Oxidant
	Targeted Compound(s)
	Removal Efficiency (%)
	Reference

	Photocatalysis (PC)
	TiO2
	Ibuprofen (IBU) & Diclofenac
	70-78% and 78-87%, respectively
	Alawi et al., 2017. 

	Photocatalysis (PC)
	TiO2 supported on Chitosan
	Amoxicillin (AMX)
	72%
	Bergamonti et al., 2019.

	[bookmark: _Hlk221690609]Electro-Fenton (EF)
	Biogenic Fe-Mn oxide cathode
	Ofloxacin (OFL)
	>90%
	Du et al., 2020.

	[bookmark: _Hlk221690676]Electro-Fenton (EF)
	BDD anode
	Caffeine & 5-Fluorouracil
	>93%
	Ganzenko et al., 2015. 

	[bookmark: _Hlk221690861]Photo-electrocatalysis (PEC)
	Sb-doped Sn-W oxide anode
	Carbamazepine
	100%
	Ghasemian et al., 2017.

	Anodic Oxidation (AO)
	Boron-Doped Diamond (BDD)
	Losartan
	71%
	Salazar et al., 2016.










3: Nature Based Solutions: Treatment wetlands and Phytoremediation:
Nature-based Solutions to remediate pollutants, particularly of emerging pollutants in wastewater has been stablished as alternative ways of treating wastewater with minimal power consumption compared to the traditional chemical methods. These systems have a strong affinity to seize and permanently break down the complex chemicals and pharmaceuticals taking advantage of the natural synergistic interaction between specialized plants and microbial communities. (Tripathi et al., 2026).

3.1 Fundamentals of Physiological Processes of Phytoremediation
[bookmark: _Hlk222177876][bookmark: _Hlk222127261][bookmark: _Hlk223602728]Phytoremediation is a multi-faced biotechnological strategy for the management of pharmaceutical pollution in aquatic ecosystems, based on the use of different physiological and biochemical pathways that help to reduce the risks associated to pesticides and emerging contaminants (Kotila et al., 2026, Aljabri, 2025). The first is the critical mechanism, phytoextraction and accumulation, which is the direct uptake of the pharmaceutical residues from contaminated water into plant tissues. Species like Phragmites australis (common reed) and Spirodela polyrhiza (greater duckweed) are especially effective, for example, S. polyrhiza has shown an important uptake capacity for a variety of organic and inorganic pollutants, including pharmaceuticals into its biomass by passive diffusion and active transport by specialist membrane proteins (Ali et al., 2020). Once they have been taken up these molecules are generally translocated in the plant from roots to shoots or fronds, where they often remain stored in vacuoles or bound to cell wall components so as not to interfere with their metabolism (Lee et al., 2025; Sharma et al., 2024). Further the internalized pollutants then go through a process of phytodegradation where enzymes produced by the plants help in the process of metabolically breaking down complex molecules into less toxic forms. This model of metabolism is a green liver, which is characterized by Phase I and Phase. Phase I, In II reactions, oxidation, reduction, or hydrolysis (usually by the action of) is involved as phase I. To enhance the polarity of the, cytochrome P450 monooxygenases, peroxidases, and laccases) are used. molecule (Ayilara and Babalola, 2023; Lee et al., 2025). As an example, the pharmaceuticals like praziquantel, ibuprofen can undergo hydroxylation or demethylation to form followed by That can be conjugated with sugars or glutathione under the catalysis of glutathione S-transferases and the ability to purify the chemicals in the interior of Phragmites australis (Lee et al., 2025). Supplemented to this is that of phytostabilization that is aimed at immobilization of contaminants. in the rhizosphere to avoid seepage of the contaminants to ground water. This mechanism is determined by the role of root system in changing the chemical environment (through pH). alteration or the excretion of certain exudates) that lead to reduced pharmaceuticals soil-root system bioavailability and mobility (Ali et al., 2020; Khan et al., 2023). Finally, rhizodegradation promotes the overall efficiency of the remediation process through the creation of a synergistic relationship between the plant and the microbial consortia in which it is planted. Plants excrete various types of root exudates such as sugars, amino acids, and phenolic compounds which act as carbon sources and signalling molecules and stimulate the growth of bacteria and fungi in the root zone (Rohrbacher & St-Arnaud, 2016; Kanwal & Shad, 2018). This specialized microbial community, often at densities 100 times better than in bulk soil, has the metabolic machinery to break down recalcitrant pharmaceutical molecules which are beyond the metabolic capacity of the plant alone (Kanwal & Shad, 2018). Together these integrated processes provide for physical removal/stabilization and biochemical transformation of contaminants to ensure that groundwater resources and the health of contaminated aquatic ecosystems are maintained (Fig. 2.).

[image: ]
Fig.2. Diagram illustrating the diverse mechanisms of phytoremediation (Reproduced from Sharma et al, AQUA - Water Infrastructure, Ecosystems and Society (2024) 73 (9), under the Creative Commons CC BY-NC-ND 4.0 licence (http://creativecommons.org/licenses/by-nc-nd/4.0/). (Sharma et al., 2024) 
3.2 Advanced Treatment of wetland (TW) Configurations
Treatment wetlands make use of the various hydraulic regimes to optimise removal of complex pollutants through alternating redox conditions. Tidal Flow Treatment Wetlands (TFTWs) work on a periodic flooded and drained cycle (often using a 3:3-hour time ratio) that works as a "passive pump" to suck oxygen straight from the atmosphere into substrate (Wu et al., 2018). This passive aeration allows an aerobic dominant environment which favours organotrophic and nitrifying bacteria, so that the removal efficiencies of Chemical Oxygen Demand (COD) and ammonium (NH4+-N) are significantly increased compared to static systems (Vymazal, 2022). Horizontal Subsurface Flow (HSSF) wetlands are generally complemented in aerobic stage, under continuous saturation conditions to sustain anoxic or anaerobic conditions (Kadlec 2009). These conditions are necessary for the process of denitrification, in which special bacteria convert nitrate (NO3 -N), often the end product of the previous TFTW stage of nitrification, into nitrogen gas. By combining these two different technologies into a sequential hybrid system, engineers can develop a synergistic treatment train, which can target a broader range of pollutants. 

3.3 Substrate Engineering: The Function of Zeolite
[bookmark: _Hlk223604344]The incorporation of local minerals such as washed Jordanian zeolite into treatment wetlands is an important factor in improving the purification efficiency by several interconnected mechanisms. Due to its high surface area and porosity, zeolite is a very good adsorbent which effectively enhances the retention time of pharmaceutical pollutants in the system (Martucci et al., 2012, Al-Mashaqbeh et al., 2023). Beyond the simple physical trapping, the rugosity and stability of the zeolite particles is a very good place for microbial colonization. This nurtures the development of thick, tough mats of bacteria, in which specialized bacteria can live and enable the biological degradation of captured pharmaceuticals that may otherwise persist in the water. While sometimes this competition may be a limiting factor in the removal of multiple pollutants at the same time, the overall existence of zeolite may represent a dual-action substrate, that is, the combination of physical filtration with enhanced biological activity in addressing recalcitrant chemical residues.

3.4 Removal Efficiencies of Classes of Target Pharmaceuticals
 Hybrid treatment systems are successful depending on the chemical nature of the chemical of interest. Exceptional removal efficiencies, between 93.6% and 99.9%, are constantly reported for certain antibiotic classes such as fluoroquinolones, such as enrofloxacin, ciprofloxacin and ofloxacin, and lincomycin and trimethoprim (Al-Mashaqbeh et al., 2023). These compounds are very prone to the combination of aerobic and anaerobic pathways of the sequential tidal flow and horizontal subsurface flow stages. In contrast, compounds such as flumequine and sulfaquinoxaline demonstrate moderate removal rates between 59.2% and 68.2% suggesting that although they are degradable, they take longer exposure and/or more specific microbial consortia to completely degrade. The biggest challenge still lies with highly recalcitrant and refractory molecules such as diclofenac, sulfadimidine and carbamazepine with insufficient removal of as low as 1.1% to 20.5%. The structural stability of these drugs, which is characterized by halogenation and the presence of complex rings, implies that they can pass through the usual biological treatment processes, thus indicating the necessity of special substrates such as zeolite or advanced oxidation, for their better degradation (Vymazal, 2022).

3.5 Operational Parameters, Environment Factors
The treatment wetland performance is strongly determined by physical design and environment. Key pilot studies have made use of a hydraulic loading rate of 1.26 m/day, which ensures that water moves through the media at a pace which maximizes contact time with biofilms without causing clogging of the system (Al-Mashaqbeh et al., 2023). One of the key stages of function is the stabilization phase which in many cases lasts for several months, this is so that the full maturation process of the plant root systems and the creation of strong microbial biofilms on the substrate can take place. Selecting suitable vegetation is just as important with indigenous species such as Typha angustifolia being favoured for their native and adaptive characteristics to local climatic conditions, and their resistance to different levels of pharmaceuticals and personal care products (PPCPs) (Sharma et al., 2024). Furthermore, climate is a decisive factor, in some parts such as Jordan which is arid so the percentage of evapotranspiration is high, it means that a considerable quantity of water is evapotranspired into the atmosphere. This is a concentrated effect and increases the electrical conductivity (EC) of the resulting effluent. (Lee et al., 2025; Khan et al., 2023).

Table 2: Performance Comparison of Nature-Based Solutions for Pharmaceutical Wastewater Treatment:
	Treatment Technology
	Configuration / Species
	Targeted Compound(s)
	Removal Efficiency (%)
	Primary Mechanism
	Reference

	Hybrid Treatment Wetland
	Tidal Flow (TFTW) + Horizontal Subsurface Flow (HSSF) with Zeolite
	Enrofloxacin, Ciprofloxacin, Ofloxacin
	More than 90%
	Aerobic biodegradation & Zeolite adsorption
	Al-Mashaqbeh et al., (2024)

	Hybrid Treatment Wetland
	TFTW + HSSF + Jordanian Zeolite
	Lincomycin, Trimethoprim
	More than 90%
	Sequential Aerobic/Anaerobic degradation
	Al-Mashaqbeh et al., (2024)

	Hybrid Treatment Wetland
	TFTW + HSSF + Jordanian Zeolite
	Flumequine
	More than 65%
	Moderated biodegradation
	Al-Mashaqbeh et al., (2024)

	Hybrid Treatment Wetland
	TFTW + HSSF + Jordanian Zeolite
	Carbamazepine
	Below 20%
	Weak adsorption (highly recalcitrant)
	Al-Mashaqbeh et al., (2024)

	Phytoremediation
	Phragmites australis
	Praziquantel (PZQ)
	90 %
	Phytoextraction/Uptake
	Marsik et al., (2017)

	Phytoremediation
	Typha species
	Carbamazepine
	More than 80%
	Rhizobial dynamics & Uptake
	Dordio et al., (2011)

	Phytoremediation
	Rhizobacteria Typha angustifolia
	Ibuprofen (IBU)
	76.0%
	Rhizodegradation
	He, Y., et al., (2017

	Phytoremediation
	Populus nigra L.
	Ibuprofen (IBU)
	High Tolerance
	Phytostabilization
	Pietrini et al., (2010)

	Constructed Wetland
	Standard Surface Flow
	Diclofenac, IBU, Acetaminophen
	Variable
	Integrated biological/physical removal
	Zhang, D, et al., (2014)



4. Persistence and Recalcitrance of Selected Micropollutants
[bookmark: _Hlk222127303]The phenomenon of persistence in pharmaceutical wastewater remediation is obtained to be mainly controlled by molecular structure of pollutants and inherent limitation of standard chemical and biological pathways. While a large proportion of antibiotics are efficiently removed, a substantial proportion of "refractory" compounds are virtually unaffected through different stages of treatment (Dai et al, 2023). Chemical recalcitrance is the resistance of the chemical to degradation by biological or chemical processes.

4.1. Halogenation Effects "Chlorine Shield": 
[bookmark: _Hlk222127332]Presence of halogen group elements (such as chlorine, fluorine, or bromine) in the molecular structure, such as florfenicol (FLO), thiamphenicol (TAP) and chloramphenicol (CAP) causes halogenation effect (Chu et al., 2016). Diclofenac (C14H11Cl2NO2) is a common anti-inflammatory drug containing two chlorine atoms. Chlorine atoms are highly electronegative and form very strong carbon-halogen bonds which are difficult for the bacteria to break. Furthermore, these atoms cause "steric hindrance", which means that they physically block the site where an enzyme would normally stick to the molecule. Hence, due to the lack of the specific "biological scissors" (enzymes) required to clip off these chlorine atoms, the molecule is sustained intact in the environment for a long time and high resistance to biodegradation results.

4.2. Heterocyclic Stability
[bookmark: _Hlk222127357]Many drugs, such as the anti-epileptic Carbamazepine, are made of heterocyclic rings - rings that are formed of carbon plus other elements such as nitrogen or sulfur. These rings are very stable because of the way they are electronically configured. For a microbe to be able to digest a compound, it typically requires a "metabolic handle", a functional group such as a hydroxyl (or -OH), or carboxyl (or -COOH) group to which the enzyme can attach to commence digestion. Carbamazepine does not have these available handles. Thus, Microbes essentially "slide off" the molecule because there is no easy place to start the breakdown. This makes heterocyclic compounds some of the most persistent pollutions in the aquatic systems (Baaloudj et al., 2025). 
4.3. Aromaticity and Mineralization
[bookmark: _Hlk222127385][bookmark: _Hlk222127410]Aromaticity relates to molecules which contain stable, ring-like structures (such as benzene rings) which are held together by a special type of chemical bonding (Gothwal and Shashidhar 2015). Whereas some microbes are able to manage to "crack" these rings, it is often the case that they will not reach mineralization. Mineralization is the ideal end-goal for which a drug is completely metabolized into harmless inorganic substances such as water and carbon dioxide (Adeyemi et al., 2021). Instead of whole destruction, in cases of high aromaticity partial degradation is often the result. The drug is converted into "stable intermediates" or "daughter products." These leftovers are often equally toxic, or sometimes even more ecotoxic than the original pharmaceutical, i.e. the environmental risk is still present even though the drug "vanishes" from tests.

5. Mechanistic Insights into Radical-Driven Degradation
To elucidate the mechanism of degradation of recalcitrant pharmaceutical compounds (RPCs), a detailed kinetic analysis is required focusing on radical-mediated paths. The degradation of target analytes (pharmaceuticals waste here) follows pseudo-first order kinetics in which the apparent rate constant kapp describes the cumulative contribution of various reactive species that are mainly hydroxyl radicals (·OH) and sulphate radicals (SO4.-). By using radical scavenging experiments with alcohols (e.g., tert-butanol and methanol), the individual contributions of both radical species on the steady state concentration [R]ss were determined. The total degradation rate (r) is given by:
r = S(kR,RPC[R]ss) [RPC]
[bookmark: _Hlk223677434][bookmark: _Hlk223677480][bookmark: _Hlk223677589]where kR,RPC is the second order rate constant for the reaction between a particular radical (R) and the recalcitrant pharmaceutical compound (RPC). According to the proposed kinetic modelling, electrophilic attack of .OH on electron rich moieties (aromatic rings or amine groups in pharmaceutical waste) is the rate limiting step for compounds such as carbamazepine and diclofenac resulting in the formation of hydroxylated transformation products prior to eventual mineralization (Ji et al., 2017, Krawczyk et al., 2020, Ji et al., 2017). 


6. Combined Hybrid Systems and Resource Recovery
The complexity of pharmaceutical wastewater remediation has led to the need to shift from single-stage processes to a combination of disparate technologies packaged together in an integrated hybrid process that combines the strengths of different technologies. This paradigm change is driven by the need for near-complete mineralization of active pharmaceutical ingredients (APIs) and economic recovery of resources against the background of circular economy.

6.1 Advanced Oxidation Processes Synergy with Biological Processes
The amalgamation of Advanced Oxidation Processes (AOPs) with biological system is aimed at using the high oxidation power of radicals in favour of improving the biodegradability of effluent before final biological treatment. In this regard, AOPs such as the Fenton process or photocatalysis are often utilized to degrade recalcitrant molecules into more biodegradable intermediate molecules. Besides, the combination of Electro-Fenton (EF) and phytoremediation has shown almost 86 percent removal of the enduring pharmaceutical substances (Gholizadeh et al., 2020). Likewise, research to combine photocatalysis and activated sludge has demonstrated good results with the ultimate elimination capacity of Chemical Oxygen Demand (COD) and Biochemical Oxygen Demand (BOD) changing significantly (Peng et al., 2019). Membrane Bioreactors (MBR) systems in which activated sludge process and membrane filtration are integrated have also been developed as a sustainable alternative to conventional treatment processes because they effectively reject recalcitrant pharmaceutical contaminants (Katare et al., 2023).

7. Techno-economic assessment (TEE) for hybrid wastewater system
A comprehensive techno-economic assessment (TEE) is really needed to bridge the gap between bench-scale research and industrial implementation of integrated hybrid wastewater treatment systems. This assessment will need to go beyond the degradation efficiency to quantify the Total Capital Investment (TCI), which includes synthesis of high-performance nanomaterials and fabrication of the reactor and the Operating Expenses (OPEX), which are mostly due to the energy and chemicals reagents (Mezher et al., 2011). For hybrid systems with photocatalysis combined with advanced oxidation or biological processes, the Electrical Energy per Order (EE/O) is a pivotal metrics to be used for energy efficiency benchmarking compared with current commercial standards (Innocenzi et al., 2021). Furthermore, a life cycle cost analysis (LCCA) is needed to test the sustainability of the catalyst regeneration and the long-term stability of the system under real-world conditions with complex matrices. Validating industrial feasibility therefore requires a positive Net Present Value (NPV) and a competitive Levelized Cost of Water (LCOW) which guarantees that the hybrid solution would provide a cost-effective alternative to conventional treatment technologies for the removal of recalcitrant pharmaceuticals in water (Chong et al., 2012).

8. Research Deficiencies & Research Directions
[bookmark: _Hlk223677672]Despite improvements in knowledge on hybrid remediation strategies, there are still some critical gaps in the existing research environment. Current technologies, especially nature-based solutions, have been found to be effective against more readily removed drugs such as sulfamethoxazole, ampicillin, and metronidazole, recalcitrant drugs (i.e. those that do not remove effectively, such as carbamazepine and diclofenac) have shown low removal in hybrid wetland tests. Future research needs to be directed to the development of specific microbial consortia or advanced functionalization of catalysts for the targeting of these stable heterocyclic and halogenated structures. Also, the removal of pharmaceuticals is typically observed, the presence and dissemination of antibiotic-resistant bacteria (ARB) and antibiotic-resistant genetic material (ARGs) in the discharged effluent, which is a huge and under-researched threat. Future efforts will need to be made to determine and mitigate AMR to protect human health related to water reuse. There is limited information on the detailed information of primary and secondary residue-degraded products formed in the treatment process. Many AOP treatments may inadvertently produce transformation products that have the same or greater bioaccumulation capability and toxicity than parent compounds. Scalability and Life-Cycle of the remediating tools are another concern. Most successful AOP and hybrid trials are no more than lab or pilot scale. Comprehensive life cycle assessments (LCA) and energy need and operating cost evaluation are important to establish the commercial viability of these units at an industrial scale. Furthermore, it is important to make a sound correlation between certain pharmaceutical concentrations and standard freshwater parameters such as BOD and COD. Developing relevant experimental models to describe the removal of pharmaceuticals in terms of these standard characteristics would aid a better compliance to regulation. Moreover, future studies should also be focused to move from the laboratory to testing real-world 'grab samples' from the environmental sources, to assess the influence of competing ions on the mineralization efficiency. In addition, complete analysis of byproduct and concerned kinetic modelling are required to ascertain complete mineralization and calculate accurate reaction rates. The identification of possible secondary metabolites will be important for assuring the environmental safety of the treated effluent before large scale implementation. Techno-economic assessment (TEA) for assessing the industrial viability of hybrid wastewater system by weighing the capital investments and operating costs with energy efficiency criteria. In order to be sustainable, the system will need to produce a positive Net Present Value (NPV) and a competitive Levelized Cost of Water (LCOW) compared to conventional technologies. Incorporation of Artificial Intelligence (AI), Machine Learning (ML) and Internet of Things (IoT) can address to optimise several parameters for pharmaceutical related pollutant removal (Islam 2025, Islam 2025).

9. Conclusion
The management of pharmaceutical industrial wastewater (PIWW) has become a worldwide environmental priority in which a transition from the conventional single-stage management to innovative, multi-component hybrid strategies is required. This review has shown that conventional wastewater treatment plants are often not sufficient for remediation of complex active pharmaceutical ingredients (APIs), mainly because of the variety and high concentration of PIWW, in which Chemical Oxygen Demand (COD) may be in range from 400 to 32,500 mg/L. The combination of Advanced Oxidation Processes (AOPs) like electro-Fenton and photo-catalysis has been shown to be a key element to the treatment of recalcitrant molecules, with some studies reporting significant removal of COD explaining the use of photo-electro-Fenton systems. However, the Jordan-based pilot study highlights the power of the nature-based solutions as sustainable alternatives. The combination of the hybrid tidal flow and horizontal subsurface flow wetland system with the use of local zeolite showed consistent removal efficiencies for the standard pollutants. More impressively, this nature-based approach allowed the removal of several. Despite these gains, there is still a critical "recalcitrance gap" since compounds such as carbamazepine and diclofenac are not susceptible to biological and chemical pathways and have removal rates are very low. To proceed with it, the approach toward the economic and environmental sustainability is to implement the principles of Zero Liquid Discharge (ZLD) and Industry. By making use of state-of-the-art membrane separation, the industries can recover up to 80% of valuable solvents and reagents. Integration of modern technologies, including AI, ML, and IoT enable the process more monitorable and optimisable. Ultimately, the way to achieve the total efficiency is a strategic fit of treatment units, i.e. the high oxidative power of AOPs and polishing capacity of treatment wetlands, to ensure that not only is a discharge to a standard, such as Jordanian Class B for irrigation, met, but also the long-term risk of bioaccumulation and endocrine disruption in water matrices worldwide is reduced. 
[bookmark: _Hlk218868534]
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