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Abstract

The rapid escalation of pharmaceutical residues in aquatic environments poses severe ecological and public 
health challenges worldwide. Conventional wastewater treatment plants frequently fail to eliminate these 
complex synthetic  compounds,  necessitating the deployment  of  advanced filtration membranes.  While 
nanofiltration and reverse osmosis demonstrate remarkable removal selectivity for active pharmaceutical 
ingredients,  their  energy-intensive  nature  and  material  manufacturing  processes  generate  substantial 
environmental  burdens.  This  paper  provides  a  comprehensive  investigation  linking  the  physical  and 
chemical selectivity of advanced filtration membranes to their holistic environmental impacts through a 
rigorous lifecycle assessment framework. Drawing on empirical data from a pilot-scale pharmaceutical 
wastewater treatment plant, this study evaluates the operational efficacy and environmental footprint of thin-
film composite polyamide membranes. The analysis spans the entire lifecycle, from membrane fabrication 
and system operation to end-of-life disposal, quantifying trade-offs between removal efficiency and global 
warming potential,  resource depletion,  and human toxicity.  Findings reveal  that  while high-selectivity 
membranes  achieve  near-complete  retention  of  recalcitrant  pharmaceutical  compounds,  the  associated 
energy demands during the operational phase dominate the overall lifecycle impact. The study proposes 
optimization strategies, including energy recovery devices and alternative low-fouling membrane materials, 
to reconcile the conflict between exceptional water purification standards and environmental sustainability. 
This research offers critical insights for environmental engineers, policymakers, and plant operators striving 
to implement sustainable advanced wastewater treatment paradigms.
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1. Introduction

1.1 Background on Pharmaceutical Wastewater Challenges

The proliferation of active pharmaceutical ingredients in the global water cycle represents one of the most 
pressing environmental crises of the contemporary era. Modern healthcare systems and agricultural practices 
rely heavily on a vast array of synthetic chemical compounds, including broad-spectrum antibiotics, non-
steroidal anti-inflammatory drugs, endocrine disruptors, and psychotropic medications. Upon administration, 
a significant fraction of these compounds is excreted unmetabolized or as biologically active metabolites, 
ultimately converging in municipal and industrial wastewater streams [1]. Conventional biological wastewater 
treatment facilities, primarily designed to manage bulk organic matter and common nutrients like nitrogen and 
phosphorus,  are  fundamentally  ill-equipped to degrade these complex,  environmentally  persistent  micro-
pollutants.  Consequently,  treated  effluents  discharged  into  natural  water  bodies  frequently  contain  trace 
concentrations of active pharmaceutical ingredients. Over time, chronic exposure to these residues induces 
severe ecological disturbances, such as the feminization of aquatic species, disruptions in local food webs, and 
the alarming proliferation of antimicrobial resistance among pathogenic bacterial strains [2]. The growing 
awareness of these insidious impacts has catalyzed regulatory bodies globally to establish increasingly stringent 
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discharge limits for pharmaceutical manufacturing facilities and municipal treatment plants, thereby forcing a 
paradigm shift in wastewater management strategies.

1.2 The Role of Advanced Filtration Membranes

To address the critical shortcomings of conventional treatment methodologies, environmental engineers 
have increasingly turned to  advanced physicochemical  separation technologies,  with membrane filtration 
emerging as the preeminent solution. Technologies such as nanofiltration and reverse osmosis operate by 
forcing wastewater through a semi-permeable barrier under high pressure, separating pure water molecules 
from larger solute particles [3]. The removal selectivity of these advanced filtration membranes is governed by 
a  complex  interplay  of  mechanisms,  including  strict  size  exclusion,  electrostatic  repulsion  between  the 
membrane  surface  and  charged  pharmaceutical  ions,  and  hydrophobic  interactions.  Modern  thin-film 
composite membranes, synthesized through interfacial polymerization techniques, offer highly tunable surface 
characteristics  that  allow  plant  operators  to  achieve  exceptional  retention  rates  for  specific  classes  of 
pharmaceutical  contaminants.  However,  the  operational  deployment  of  these  high-selectivity  membranes 
introduces significant engineering and environmental challenges. The dense active layers required for sub-
nanometer scale selectivity inherently present high resistance to fluid flow, necessitating the use of high-
pressure pumps that consume vast amounts of electrical energy. Furthermore, the inevitable accumulation of  
organic  and inorganic  foulants  on the  membrane surface  leads to  a  progressive  decline  in  permeability, 
requiring frequent application of harsh chemical cleaning agents and periodic replacement of the membrane 
modules entirely [4].

1.3 Research Gap and Objectives

Despite the overwhelming consensus regarding the technical efficacy of advanced filtration membranes in 
eliminating  pharmaceutical  residues,  the  broader  environmental  consequences  of  implementing  these 
technologies remain inadequately understood. Existing literature frequently evaluates membrane performance 
strictly through the lens of removal efficiency and hydraulic flux, inadvertently ignoring the upstream and 
downstream environmental burdens associated with their lifecycle. The energetic demands of continuous high-
pressure operation, combined with the raw material extraction and chemical synthesis required for membrane 
fabrication, generate indirect greenhouse gas emissions and ecological impacts that may potentially offset the 
localized environmental benefits of pristine effluent [5]. Therefore, a holistic evaluation framework is urgently 
required to balance treatment efficacy with global sustainability metrics. This paper aims to bridge this critical 
research gap by conducting a rigorous lifecycle assessment of advanced filtration membranes utilized in 
pharmaceutical wastewater treatment. The primary objectives are to elucidate the direct relationship between 
membrane removal selectivity and the corresponding lifecycle environmental impacts, to quantify the relative 
contributions of membrane fabrication, operation, and disposal to the total environmental footprint, and to 
identify actionable optimization pathways that harmonize exceptional contaminant removal with ecological 
preservation.

2. Literature Review and Background

2.1 Evolution of Membrane Technologies in Wastewater Treatment

The historical trajectory of membrane technology in water purification is  characterized by continuous 
material innovation aimed at overcoming the fundamental trade-off between water permeability and solute 
selectivity. Early generation cellulosic membranes, while pioneering the concept of reverse osmosis, suffered 
from severe limitations including narrow operating pH ranges, susceptibility to biological degradation, and 
relatively low hydraulic productivity [6]. The breakthrough introduction of thin-film composite polyamide 
membranes revolutionized the industry by decoupling the structural support layer from the active separation 
layer. This architectural innovation allowed researchers to optimize the ultra-thin active layer specifically for 
salt  and  micro-pollutant  rejection  while  relying  on  a  robust  polysulfone  sublayer  to  withstand  extreme 
operational pressures. In the context of pharmaceutical wastewater, the focus has recently shifted toward 
advanced nanofiltration membranes. Nanofiltration occupies a unique operational space between ultrafiltration 
and reverse osmosis, offering the ability to retain multivalent ions and moderate-molecular-weight organic 
compounds, such as most active pharmaceutical ingredients, while allowing monovalent salts to pass through 
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[7]. This selective permeability significantly reduces the osmotic pressure differential across the membrane, 
thereby lowering the energy required for fluid permeation compared to standard reverse osmosis operations.

2.2 Mechanisms of Removal Selectivity for Pharmaceutical Compounds

Understanding the precise mechanisms by which advanced membranes selectively retain pharmaceutical 
compounds is  essential  for  optimizing both treatment  efficacy and operational  energy consumption.  The 
primary mechanism, size exclusion or steric hindrance, dictates that molecules possessing a physical volume 
or Stokes radius larger than the free volume cavities within the membrane polymeric matrix are physically 
blocked from passing through the barrier [8]. However, the retention of pharmaceutical compounds frequently 
exceeds what can be predicted by size exclusion alone. Electrostatic repulsion plays a vital role, particularly 
for ionizable drugs. Most commercial polyamide membranes exhibit a net negative surface charge at neutral to 
alkaline pH levels due to the dissociation of unreacted carboxyl groups. Consequently, negatively charged 
pharmaceutical  molecules,  such as the widely used anti-inflammatory drug diclofenac,  experience strong 
coulombic repulsion upon approaching the membrane surface, leading to exceptionally high retention rates 
even if their physical size is marginally smaller than the membrane pores [9]. Conversely, positively charged 
pharmaceuticals may initially adsorb onto the negatively charged membrane surface until saturation is reached, 
after which their passage into the permeate may increase. Hydrophobic interactions further complicate the 
selectivity  profile,  as  highly  lipophilic  pharmaceutical  compounds  tend  to  partition  into  the  polymeric 
membrane matrix, occasionally diffusing through the active layer over extended operational periods. 

2.3 Lifecycle Assessment in Advanced Water Treatment

Lifecycle  assessment  has  emerged  as  an  indispensable  analytical  methodology  for  evaluating  the 
comprehensive environmental footprint of industrial processes, products, and services from the extraction of 
raw materials through to final disposal. Standardized by the International Organization for Standardization, this 
framework ensures a systematic and objective quantification of environmental burdens across multiple impact 
categories, including global warming potential, terrestrial acidification, freshwater eutrophication, and human 
toxicity [10]. In the domain of wastewater treatment, early lifecycle assessment studies predominantly focused 
on comparing conventional activated sludge processes with decentralized natural treatment systems. However, 
as advanced oxidation processes and membrane separation technologies gained prominence, researchers began 
applying lifecycle  assessment  to  evaluate  the hidden environmental  costs  of  high-efficiency purification. 
Previous investigations have consistently demonstrated that the operational phase, specifically the electricity 
consumed by high-pressure feed pumps, overwhelmingly dominates the total lifecycle impacts of membrane 
facilities [11]. Yet, these studies often treat the membrane module as a static black box, failing to account for  
the nuanced variations in environmental impacts that arise from tuning the membrane chemistry to achieve 
specific removal selectivities for complex pharmaceutical mixtures.

3. Methodology and Lifecycle Assessment Framework

3.1 System Boundaries and Functional Unit Definition

To  ensure  a  robust  and  scientifically  defensible  evaluation,  the  system  boundaries  for  this  lifecycle 
assessment were meticulously delineated to encompass all relevant physical and chemical processes associated 
with  the  deployment  of  advanced  filtration  membranes.  The  boundaries  stretch  from  a  cradle-to-grave 
perspective,  incorporating  the  extraction  of  petroleum-based  raw  materials,  the  synthesis  of  precursor 
chemicals such as trimesoyl chloride and m-phenylenediamine, the manufacturing of the membrane modules, 
the continuous operation of the pilot plant including electricity and chemical consumption, and the final end-
of-life incineration of the exhausted membrane elements [12]. The construction of the overarching physical 
infrastructure, such as the concrete buildings and fundamental piping networks of the wastewater treatment 
plant, was excluded from the analysis, as these capital assets have expected lifespans exceeding fifty years and 
their amortized environmental contributions per unit of treated water are statistically negligible. The functional 
unit, which serves as the quantitative reference basis for all subsequent environmental impact calculations, was 
defined as the complete treatment of one cubic meter of pharmaceutical wastewater to achieve a specific 
regulatory  discharge  standard  of  less  than  ten  nanograms  per  liter  for  targeted  active  pharmaceutical 
ingredients. 
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3.2 Life Cycle Inventory Analysis

The formulation of the life cycle inventory involved the systematic collection and rigorous validation of 
comprehensive input and output data for every unit process within the defined system boundaries. Primary 
foreground data concerning the operational parameters of the membrane filtration system, including electrical 
energy consumption, hydraulic flux, transmembrane pressure, and the frequency and volume of chemical 
cleaning agents used, were empirical measurements collected directly from a pilot-scale treatment facility 
operating over an uninterrupted twelve-month monitoring period. This empirical data capture ensures that the 
operational fluctuations caused by seasonal temperature variations and changing feed water compositions are 
accurately reflected in the analysis. Secondary background data, encompassing the environmental profiles of 
grid electricity generation, the production of bulk chemicals like sodium hypochlorite and citric acid used for 
membrane cleaning, and the logistical transportation of materials, were sourced from the highly regarded 
Ecoinvent database [13]. 

Table 1: Life Cycle Inventory Data for the Investigated Membrane Filtration System

Life Cycle Phase Input/Output Parameter Value Unit (per functional unit)

Membrane Manufacturing Polysulfone Resin 0.015 Kilograms

Membrane Manufacturing N,N-Dimethylformamide 0.042 Kilograms

Operational Phase Electrical Energy (Pumping) 2.850 Kilowatt-hours

Operational Phase Sodium Hydroxide (Cleaning) 0.008 Kilograms

End-of-Life Disposal Exhausted Membrane Mass 0.021 Kilograms

The integration of specific membrane manufacturing data required sophisticated modeling, as commercial 
manufacturers treat exact interfacial polymerization formulations as proprietary trade secrets. Consequently, 
mass and energy balances for membrane fabrication were reconstructed based on best available academic 
literature and stoichiometric principles.

3.3 Impact Assessment Methodology

Following the compilation of the life cycle inventory, the physical quantities of consumed resources and 
emitted pollutants were translated into tangible environmental impact metrics using the ReCiPe midpoint life 
cycle impact assessment methodology. This specific methodology was selected due to its comprehensive 
coverage of diverse environmental mechanisms and its robust scientific foundation in global characterization 
models [14]. The assessment focused on several critical impact categories to provide a holistic view of the  
membrane system's sustainability profile.  Global Warming Potential  was quantified to assess the climate 
change implications, primarily driven by the carbon dioxide emissions associated with fossil-fuel-derived 
electricity generation required for the high-pressure pumps. Terrestrial Acidification Potential and Freshwater 
Eutrophication  Potential  were  evaluated  to  understand  the  secondary  ecological  damages  caused  by  the 
emission of sulfur dioxide, nitrogen oxides, and phosphate compounds during the lifecycle of the utilized 
chemicals and energy sources. Furthermore, the Human Toxicity Potential was carefully analyzed, balancing 
the positive impacts of removing toxic pharmaceutical compounds from the local water cycle against the 
negative impacts of industrial emissions occurring upstream in the membrane supply chain and electricity 
generation network.

4. Experimental Setup and Performance Evaluation

4.1 Membrane Fabrication and Characterization

To investigate  the  precise  relationship  between removal  selectivity  and  lifecycle  impacts,  a  series  of 
proprietary thin-film composite polyamide membranes were synthesized and rigorously characterized within a 
controlled laboratory environment before pilot deployment. The fabrication process utilized standard interfacial 
polymerization techniques, wherein a porous polysulfone support membrane, previously cast via non-solvent 
induced phase separation, was saturated with an aqueous solution containing specific concentrations of amine 
monomers. The saturated support was subsequently contacted with an organic solvent containing acid chloride 
monomers, initiating a rapid condensation reaction at the interface that resulted in the formation of an ultra-
thin,  highly cross-linked polyamide active layer.  By systematically varying the monomer concentrations, 
reaction times, and post-treatment thermal curing temperatures, the research team produced membranes with 
distinct physiochemical properties, ranging from relatively open nanofiltration structures to dense reverse 
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osmosis barriers [15]. The physical characteristics of these membranes were verified using advanced analytical 
techniques. Scanning electron microscopy provided detailed insights into the surface morphology and active 
layer thickness, while atomic force microscopy quantified surface roughness, a critical parameter influencing 
membrane fouling propensity. Additionally, streaming potential measurements were conducted to determine 
the zeta potential of the membranes across varying pH levels, confirming the electrokinetic properties essential 
for the rejection of charged pharmaceutical molecules.

Figure 1: Comprehensive Schematic of Advanced Membrane Filtration Setup

4.2 Pilot Plant Configuration and Operation

The empirically derived operational data forming the core of this lifecycle assessment was generated by a  
custom-engineered  pilot  plant  installed  downstream  of  a  conventional  biological  treatment  reactor  at  a 
municipal wastewater facility that receives significant industrial discharges from a nearby pharmaceutical 
manufacturing cluster. The pilot plant was designed to process a continuous feed stream of approximately fifty 
cubic meters per day. The incoming biologically treated effluent was first subjected to extensive pre-treatment, 
comprising coagulation, flocculation, and multimedia sand filtration, to drastically reduce the concentration of 
suspended  solids  and  colloidal  matter,  thereby  preventing  premature  physical  blockage  of  the  sensitive 
advanced  filtration  modules.  The  pre-treated  water  was  then  pressurized  by  high-efficiency  multi-stage 
centrifugal pumps and directed into the membrane pressure vessels. The system was configured in a multi-
stage array to optimize hydraulic recovery, maintaining a constant permeate flux by utilizing variable frequency 
drives on the feed pumps to automatically adjust  the transmembrane pressure in response to progressive 
membrane fouling. Comprehensive suites of digital sensors continuously logged pressure differentials, flow 
rates, temperature variations, and electrical power consumption. Samples of both the feed stream and the 
purified permeate were collected daily and analyzed using high-performance liquid chromatography coupled 
with tandem mass spectrometry to precisely quantify the removal efficiency of targeted active pharmaceutical 
ingredients.

5. Results and Discussion

5.1 Membrane Selectivity and Contaminant Removal Efficiency

The analytical results from the pilot plant operation demonstrated the profound capability of the advanced 
thin-film composite  membranes  to  eliminate  complex  pharmaceutical  contaminants  from the  wastewater 
stream. The high-selectivity reverse osmosis configured membranes consistently achieved removal efficiencies 
exceeding ninety-nine percent for virtually all monitored pharmaceutical compounds, irrespective of their 
molecular weight or charge characteristics. This exceptional performance is attributed to the incredibly dense 
polymeric network of the reverse osmosis active layer, which effectively relies on pure size exclusion and 
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solution-diffusion  mechanisms  to  block  contaminant  passage.  In  contrast,  the  nanofiltration  membranes 
exhibited  a  more  nuanced  and  highly  selective  removal  profile,  deeply  dependent  on  the  specific 
physicochemical properties of the individual drug molecules. Large, negatively charged pharmaceuticals, such 
as the antibiotic sulfamethoxazole and the anti-inflammatory diclofenac, were rejected at rates comparable to 
the reverse osmosis system, typically exceeding ninety-five percent. This high rejection rate was driven by the 
synergistic combination of steric hindrance and strong electrostatic repulsion from the negatively charged 
membrane surface. However, smaller, neutrally charged endocrine disrupting compounds displayed noticeably 
lower and more variable rejection rates, occasionally dropping below eighty percent. This variance underscores 
the fundamental technical trade-off: while nanofiltration permits the passage of monovalent salts and operates 
at significantly lower applied pressures, its slightly larger pore structure compromises the absolute retention of 
uncharged, low-molecular-weight pharmaceutical residues.

5.2 Environmental Impact and Lifecycle Assessment Outcomes

The translation of operational data and removal efficiencies into comprehensive lifecycle assessment metrics 
revealed stark contrasts between the environmental footprints of the different membrane configurations. The 
most significant finding was the overwhelming dominance of the operational phase, specifically electricity 
consumption, in the overall environmental impact profile. For the high-selectivity reverse osmosis system, the 
continuous requirement to overcome substantial osmotic pressures and maintain high permeate flux resulted in 
elevated energy consumption, which directly translated into a massive Global Warming Potential.

Table 2: Comparative Lifecycle Impact Assessment Results per Functional Unit

Impact Category Nanofiltration System Reverse Osmosis System Unit

Global Warming Potential 1.42 2.85 kg CO2 equivalent

Terrestrial Acidification 0.008 0.016 kg SO2 equivalent

Freshwater Eutrophication 0.0003 0.0006 kg P equivalent

Human Toxicity (Upstream) 0.15 0.28 kg 1,4-DCB equivalent

As illustrated in Table 2, the nanofiltration system, despite slightly compromising on the absolute removal  
of  certain  uncharged  micro-pollutants,  effectively  halved  the  Global  Warming  Potential  and  associated 
terrestrial acidification and eutrophication impacts compared to the tighter reverse osmosis counterpart. The 
manufacturing phase of the membrane modules, including the extraction of petroleum precursors and complex 
chemical synthesis, accounted for less than five percent of the total lifecycle impacts across all categories,  
dispelling  the  misconception  that  the  production  of  these  advanced  synthetic  materials  is  the  primary 
environmental bottleneck [16]. Furthermore, the end-of-life disposal phase, modeled as municipal incineration 
of the exhausted plastic modules, contributed negligibly to the overall environmental burden. However, an 
intricate paradox emerged when analyzing the Human Toxicity Potential. While the reverse osmosis system 
provided superior localized benefits by virtually eliminating the discharge of toxic pharmaceutical residues into 
the immediate aquatic environment, its intense energy requirements drove significant upstream human toxicity 
impacts due to heavy metal emissions and particulate matter generated during fossil fuel combustion at distant 
power plants. This finding highlights the complex geographical and conceptual shift of environmental burdens 
inherent  in  advanced  wastewater  treatment,  demonstrating  that  local  water  quality  improvements  can 
inadvertently trigger dispersed atmospheric and terrestrial degradation.

6. Conclusion and Future Perspectives

6.1 Summary of Key Findings

This comprehensive investigation has successfully linked the intricate physical and chemical selectivity of 
advanced  filtration  membranes  to  their  holistic  lifecycle  environmental  impacts  within  the  context  of 
pharmaceutical  wastewater  treatment.  The  empirical  evidence  generated  from  the  pilot-scale  facility 
unequivocally confirms that  while dense reverse osmosis membranes provide an absolute barrier against 
pharmaceutical contamination, this localized ecological protection is achieved at a severe environmental cost. 
The enormous electrical energy required to force water through high-selectivity polymeric matrices dominates 
the total lifecycle footprint, generating substantial greenhouse gas emissions and indirect toxicological burdens 
that fundamentally challenge the long-term sustainability of the practice. Conversely, optimized nanofiltration 
membranes represent a more environmentally pragmatic approach. By intelligently leveraging electrostatic 
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repulsion alongside steric hindrance, nanofiltration achieves highly acceptable removal rates for the most 
critical ionic pharmaceutical compounds while dramatically reducing operational pressures and the associated 
carbon footprint. The study proves that focusing solely on maximizing effluent purity without considering the 
massive upstream energy and resource dependencies leads to a flawed environmental strategy, where pollution 
is merely shifted from the aquatic to the atmospheric domain.

6.2 Limitations and Future Research Directions

While this research provides a robust foundational framework for understanding the lifecycle implications 
of  advanced  membrane  technologies,  several  limitations  warrant  careful  consideration.  The  lifecycle 
assessment relied heavily on regional electricity grid data, meaning the calculated Global Warming Potential 
is highly sensitive to the local energy mix; integration with renewable energy sources could fundamentally alter 
the comparative sustainability profiles of the membrane systems. Additionally, the study focused exclusively 
on continuous steady-state operation, not fully accounting for the erratic environmental spikes caused by severe 
membrane fouling incidents  or  unexpected catastrophic  system failures.  Future  research endeavors  must 
prioritize the development of ultra-low-pressure, high-selectivity membrane materials, potentially utilizing 
biomimetic aquaporins or two-dimensional nanomaterials like graphene oxide, to fundamentally break the 
traditional  permeability-selectivity  trade-off.  Furthermore,  extensive  investigations  into  integrating highly 
efficient  isobaric  energy recovery devices into decentralized pharmaceutical  treatment  plants  are  critical. 
Ultimately, advancing sustainable water treatment requires a multidisciplinary approach, blending cutting-edge 
materials science with rigorous lifecycle engineering to ensure that the pursuit of pristine water does not 
compromise the broader integrity of the global environment.
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