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Abstract 

Turbidity, a key indicator of water quality, arises from suspended and colloidal particles that reduce 
clarity, hinder disinfection, disrupt aquatic ecosystems, and undermine consumer confidence. With 
increasing pressures from global water pollution, effective turbidity control is critical for protecting 
public health, supporting industrial operations, and maintaining environmental sustainability. It is 
also essential for the stable performance of water treatment processes, including biologically 
mediated systems such as slow sand filtration. A wide range of treatment techniques, spanning 
conventional approaches to advanced emerging technologies, are available for turbidity removal; 
however, existing reviews often consider these methods in isolation, limiting comparative insight. 
This review presents a mechanism-based classification framework that integrates both traditional 
and modern approaches. Treatment methods are classified according to their underlying 
mechanisms, including particle destabilization, aggregation, and separation; adsorptive and 
transformation processes; and hybrid or assisted systems that combine multiple mechanisms. For 
each category, the review examines fundamental principles, operational mechanisms, turbidity 
removal efficiencies, advantages, and limitations, supported by relevant case studies. A comparative 
discussion highlights the strengths and constraints of different methods, providing a comprehensive 
reference to guide the selection and optimization of turbidity control strategies across diverse water 
matrices and treatment objectives. 

Keywords: water quality; water treatment; turbidity removal; mechanism-based approach; particle 
destabilization and separation; adsorptive and transformation; hybrid and assisted systems 

1. Introduction

Water pollution has become a defining environmental challenge at the global scale,
demonstrably detrimental to human health, wildlife, and entire ecosystems [1]. Consequently, the 
potability and utility of numerous global water resources that sustain human, animal, and plant life 
are experiencing accelerated degradation. A fundamental water quality metric is turbidity, which 
quantifies the deterioration of water clarity, mainly resulting from suspended constituents, notably 
clay, silt, organic matter, and various microorganisms. [2]. These particulate materials can enter 
aquatic systems via point and non-point pollution sources such as wastewater discharge, agricultural 
runoff, storm water flows, and industrial effluents, possessing the capacity to either absorb or scatter 
incident light [3,4]. Thus, turbidity is determined by measuring the magnitude of light scattering 
produced when an electromagnetic beam is transmitted through water containing suspended matter. 
The extent of scattering of light is contingent upon the size, morphological characteristics, and 
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chemical composition of the suspended particles, serving as an indicator of the waterʹs relative clarity 
[5]. 

Turbidity measurements are conventionally expressed in Nephelometric Turbidity Units (NTU) 
[6]. Increased water turbidity can give rise to multiple harmful consequences. Turbidity-inducing 
particles can impede disinfection operations in water and wastewater treatment systems by shielding 
pathogens entailing for higher chemical dosages thereby increasing the risk of harmful byproduct 
formation and also cause health risks to consumers [7]. Should these particles remain unremoved, 
they can infiltrate water distribution networks across residential and industrial areas, facilitating the 
spread of waterborne diseases. Elevated turbidity levels can limit photosynthesis in aquatic eco 
systems reducing oxygen availability [8]. During extreme weather conditions such as floods, there 
can be sudden spikes in turbidity which can overwhelm treatment plants even causing them to 
shutdown [9]. Moreover, the discernible presence of opacity in potable water sources can precipitate 
consumer apprehension and foster skepticism concerning its safety and perceived quality. 

Consequently, reducing water turbidity has become a primary goal in water and wastewater 
treatment. Achieving this objective ensures the supply of safe and visually acceptable drinking water, 
supports diverse industrial uses, and plays a critical role in protecting the environment. In order to 
provide safe drinking water to the consumer, various legislations have been introduced across the 
globe, specifying the maximum turbidity levels to be maintained. The table below (Table 1) represents 
maximum admissible turbidity limits which can be seen in certain areas around the world. 

Table 1. Maximum Admissible Turbidity Limits in various regions around the globe. 

Region Maximum Admissible Turbidity Limits 

United States (US) “≤1 NTU for systems using conventional or direct filtration; 95% of 
samples per month must be ≤0.3 NTU”[10] 

World Health Organization 
(WHO) 

“1 NTU (recommended for safe disinfection), with <5 NTU as a 
threshold in some cases”[11] 

European Union (EU 
Drinking Water Directive 

2020/2184) 
“0.3 NTU (95% samples), > 1 NTU (0% of samples)”[12] 

Australia (NHMRC) “Target <1 NTU at point of disinfection; ≤5 NTU at the consumer tap” 
[13] 

Sri Lanka (SLS 614:2013) “Maximum turbidity: 5 NTU“[14] 

There are various treatment techniques both conventional and modern, which are used to 
remove turbidity directly or indirectly. Conventional treatment methodologies adhere to established 
protocols, have been extensively investigated, and possess a long-standing history of widespread 
global application. Conversely, contemporary treatment techniques remain in a state of evolution, 
developing in tandem with ongoing technological advancements. 

Existing reviews of turbidity removal tend to focus on individual technologies or consider 
conventional and emerging methods in isolation, limiting integrated understanding across treatment 
approaches. To address this gap, the present review introduces a mechanism-based framework for 
the classification of turbidity control techniques, encompassing both conventional and emerging 
methods. For each category, the underlying operational principles and governing mechanisms, 
turbidity removal efficiency ranges supported by case studies, as well as key merits and limitations, 
are critically examined. Table 2 outlines the proposed classification framework and the turbidity 
control techniques discussed in this review. It should be noted that some treatment techniques are 
not primary turbidity removal processes, but rather downstream technologies; therefore, they are 
discussed primarily within the context of integrated hybrid treatment trains, where effective 
upstream pre treatment is essential to ensure sustainable turbidity control and membrane 
performance. 
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Table 2. The mechanism based framework and the associated turbidity removal techniques. 

Category Scope of the category Example turbidity removal techniques 

Particle destabilization, 
aggregation and 

separation techniques 

Destabilization of colloids and 
separation of aggregated 

suspended particles 

• Chemical coagulation and 
flocculation 
• Electro coagulation 
• Sedimentation 
• Granular Media Filtration 
• Membrane separation 

Adsorptive and 
transformation 

techniques 

Removal of turbidity via surface 
interactions or 

chemical/photochemical 
breakdown 

• Adsorption 
• Advanced oxidation processes 

Hybrid and assisted 
techniques 

Combination of multiple 
mechanisms to remove turbidity 

• Coagulation, flocculation with 
membrane separation 
• Membrane bio reactor with 
coagulation, flocculation 
• Ultrasound assisted coagulation 

 
A critical parameter which governs the efficiency pf the techniques categorized in table 2 is the 

Zero Point Charge (ZPC). ZPC is the pH in which the net electrical charge of a surface of the particle 
is exactly zero. Turbidity inducing impurities such as clay, silt, natural organic matter, etc usually 
carry negative surface charges, naturally repelling each other which allows them to remain stable and 
suspended in water/ wastewater. Table 3 summarizes the mechanism based category and the relevant 
role of the ZPC.  

Table 3. Summary of Mechanism - ZPC Interdependence. 

Mechanism based category Role of ZPC 

Destabilization and aggregation 
Charge neutralization: Reduces the zeta potential to 
promote floc growth and settling. 

Adsorptive and transformation 
Surface electro statics: Manipulates the surface charge 
to maximize pollutants attraction 

Hybrid and assisted 
Morphology control: Transforms pore blocking 
particles into porous mangeable flocs 

2. Particle Destabilization, Aggregation and Separation Techniques 

2.1. Chemical Coagulation and Flocculation 

Chemical coagulation with flocculation represent a prevalent physicochemical mechanism 
utilized within conventional water and wastewater treatment frameworks  to destabilize and 
aggregate suspended colloids allowing the removal of the fine suspended particles. This technique 
mainly consists of two sequential steps.  

1) Coagulation entails the rapid (flash) mixing of water with chemical coagulants, which serve 
to destabilize particles which are negatively charged, including silt, clay, and other turbidity-
inducing constituents. Within conventional coagulant options, inorganic salts—including ferric 
sulfate, aluminum sulfate (alum), and ferric chloride—are frequently utilized, with their efficacy 
predominantly governed by water pH and coagulant dosage. The positively charged ions which are 
produced by the coagulant (e.g: Al3+) neutralizes the electro repulsive forces between the colloidal 
matter allowing the formation of micro flocs [15].  

2) Following the coagulation stage, flocculation entails the gentle agitation of the medium to 
facilitate the collision and aggregation of micro-flocs into larger, more stable masses, thereby 
enhancing their removal via sedimentation and/or filtration. To optimize this mechanism, 
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flocculants—predominantly organic polymers—are administered, which demonstrate high efficacy 
even at significantly reduced concentrations [16]. 

The flash mixing stage of coagulation involves vigorous agitation over a very short period—
usually less than one minute—requiring careful selection of appropriate motors and impellers to 
guarantee sufficient homogenization while circumventing mechanical constraints [17]. Flocculation 
requires gentle agitation in order for the proper formation of larger flocs to occur. Apart from pH and 
coagulant dosage, other factors such as temperature, mixing condition and other ions present in the 
water may also affect the turbidity removal efficiency in this method [18].  Therefore, as this process 
is sensitive to the pH levels in the water it requires constant adjusting of chemical dosages during the 
course of treatment. A study, which included the participation of one of the authors, was executed to 
evaluate the potential for mitigating costs stemming from the high price of commercial coagulants 
when comparing their efficacy with the locally available natural options. The results indicated that, 
while natural coagulants typically exhibit lower efficiency relative to their commercial counterparts, 
they demonstrated the capacity to achieve turbidity reduction levels of up to 82% [19]. Another study 
which was conducted using different type of coagulants to remove turbidity revealed that this 
technique has the ability to remove turbidity from 77% to nearly 99% [20]. This can lead to reduction 
in loading on downstream treatment units such as filtration. Although a well established method, 
coagulation with flocculation generates a considerable quantity of sludge containing metal salts, 
which is typically non regenerable and requires significant energy for dewatering and disposal.   

Overall, chemical coagulation and flocculation remains a fundamental and highly effective 
method for turbidity reduction, though its performance is influenced by raw water characteristics, 
chemical and energy requirements and the need for appropriate sludge management. 

2.2. Electro Coagulation 

Electrocoagulation (EC) is recognized as an advanced treatment option that replaces 
conventional coagulation and flocculation methodologies frequently employed in water and 
wastewater treatment. During electrochemical treatment, an imposed electric current induces the 
dissolution of sacrificial electrodes, generating metal ions such as iron or aluminum. In this process, 
the anode undergoes oxidative dissolution to release metal cations, while reduction at the cathode 
produces hydrogen gas along with hydroxide ions [21]. 

Following their release, metal ions combine with hydroxide ions to generate metal hydroxides 
that serve as the dominant coagulating agents. Consistent with the mechanisms of chemical 
coagulation, this leads to the destabilization of colloidal particles and the subsequent formation of 
flocs. These aggregates are then effectively sequestered through flotation, sedimentation, or filtration 
[22,23]. The schematic representation in Figure 1 elucidates the comprehensive electrocoagulation 
process utilizing generic metal (M) electrodes [24]. 

 

Figure 1. Schematic representation of the electrocoagulation process using a hypothetical metal (M). 

Thus, the electrolysis process involves the following reactions [24]; 
The sacrificial metal anode dissolves under the applied electric current, releasing metal cations 

into the aqueous phase (equation (1)):  
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M(s) → Mⁿ⁺ + ne⁻ (1)

At the cathode, water is reduced, producing hydrogen gas and hydroxide ions (which occurs 
simultaneously with the anode process) which is shown in equation (2): 

nH₂O + ne⁻ → (n/2)H₂(g) + nOH⁻ (2)

Equations (3) and (4) depict the reactions between metal cations and hydroxide ions that lead to 
monomeric and polymeric species formation respectively: 

Mⁿ⁺ + nOH⁻ → M(OH)ₙ(s) (3)

M(OH)n + Mn+ + OH⁻ → (M2(OH)n+1)+ (s) (4)

The performance and operational efficiency of the electrocoagulation (EC) process are 
significantly influenced by a multitude of variables. The most critical parameters are the electrode 
material, the applied voltage/current that govern anodic dissolution, and the length of the electrolysis 
process. Generally, an increase in electrolysis time correlates with enhanced removal efficiencies. 
Furthermore, the initial aqueous pH serves as a critical determinant on the effectiveness of the the 
overall process. The inter-electrode distance also plays a vital role, influencing the electric field 
intensity and thereby affecting the overall efficiency of the EC process. Consequently, the 
optimization of these operational parameters is imperative for maximizing the removal of turbidity 
and associated contaminants [25–27].  

Electrocoagulation (EC) has garnered significant academic interest as a viable methodology for 
water and wastewater remediation, prompting extensive investigation into various water quality 
parameters—most notably turbidity, which has been frequently examined under diverse operational 
conditions. Rahmani (2008) documented that aluminum electrodes achieved a 93% turbidity 
reduction at 20 V with a 20-minute electrolysis duration, a performance that surpassed both iron and 
stainless steel variants [28]. Furthermore, Kobaya et al. (2013) demonstrated that escalating current 
density facilitated an increase in turbidity removal efficiency from 56% to 98% within wastewater 
from potato chip manufacturing [29]. In a comparable study, Zailani et al. (2017) highlighted current 
density as the most significant operational parameter in the EC-based treatment of leachate, while 
Shivayogimath et al. (2013) attained an approximate turbidity removal of 97% under optimized 
conditions, specifically at 9 V and pH 5.8 over a 35-minute electrolysis period [27,30]. Sadeddin et al. 
(2010) further established that through the optimization of current density and electrolysis duration, 
turbidity removal efficiencies exceeding 98% could be achieved in Reverse Osmosis feed water [31]. 
In a study assessing EC for the treatment of produced water, an initial turbidity reduction from 160 
NTU to 70 NTU (representing a 44% decrease) was observed, which subsequently exceeded 99% 
when integrated with centrifugation [32]. Further, Behara et al. (2023) applied electrocoagulation for 
the treatment of oil-contaminated wastewater, utilizing both Box–Behnken and Central Composite 
Design RSM methodologies. Through optimization of pH, initial oil concentration, density of current, 
and electrolysis time, the Box–Behnken Design (BBD) and Central Composite Design (CCD) achieved 
removal efficiencies of 80% and 93%, respectively, under optimal conditions [33]. Despite its proven 
efficacy, the application of EC in potable water treatment has largely been restricted to small-scale or 
mobile units, primarily due to operational challenges concerning electrode management and high 
energy requirements [34]. 

In summary, electrocoagulation (EC) has undergone extensive investigation and exhibits 
substantial potential as a robust and efficacious methodology for turbidity remediation. Primary 
advantages of this technique include the in situ generation of coagulants and its versatile applicability 
across a diverse spectrum of aqueous matrices [35,36]. Furthermore, EC typically yields reduced 
sludge volumes (which are usually removed by sedimentation or flotation) relative to conventional 
chemical coagulation and flocculation processes. Nevertheless, the requirement for sludge disposal 
remains a persistent challenge and a notable disadvantage of the method [37]. Additional constraints 
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associated with the implementation of EC include elevated energy consumption, particularly in the 
treatment of high-conductivity water or during prolonged processing intervals [38]. Furthermore, the 
progressive dissolution of electrodes and the development of surface scaling necessitate periodic 
component replacement, thereby increasing maintenance requirements [39]. 

While laboratory-scale execution is comparatively uncomplicated, transitioning to industrial-
scale applications may encounter significant technical and economical barriers. Thus additional 
research is necessary to facilitate dependable large-scale deployment, ensuring sustained operational 
stability and economical feasibility under variable practical conditions. 

2.3. Sedimentation 

Typically implemented after coagulation with flocculation, sedimentation is one of the most 
established and widely used techniques for separating turbidity-causing substances from water. This 
is not frequently used as a direct method to control turbidity.During this process, denser particles 
settle under gravity in a quiescent tank or basin,  resulting in the accumulation of sludge at the base 
which will be removed by a suitable mechanism and disposed safely.  

It has been found that when preceded by effective coagulation–flocculation, conventional 
sedimentation can achieve moderate to very high turbidity removal efficiencies ranging from 50% to 
90%. However, these efficiencies depend heavily on operational parameters such as initial sludge 
concentration, hydraulic retention time, and inlet velocity. One example is a study conducted to 
evaluate the performance of a high-rate lab-scale sedimentation tank treating drinking water with an 
initial turbidity of 100 NTU. At a constant inlet velocity of 3 mm/s, turbidity removal was measured 
with and without settling plates, resulting in efficiencies of 71% and 56%, respectively. In the same 
tank with settling plates, when the influent velocity was increased, turbidity removal decreased from 
85% to 71% [40]. In another case, a modified settling tank with rotating biological disks used to treat 
polluted surface water at a hydraulic retention time of 2 hours achieved turbidity removal ranging 
from 68.5% to 78.8%. Yuan et al. (2025) reported similar removal rates for lightly polluted urban rivers 
with seasonally high turbidity, ranging from 64.07% to 90% [41,42]. In contrast, using sedimentation 
alone without coagulation and flocculation typically produces turbidity removal rates of less than 
20% [43]. 

Sedimentation is conventionally employed for the sequestration of suspended and settleable 
solids; however, its efficacy is limited regarding finer particulate matter, which resists gravity-driven 
settling and remains in suspension for protracted durations [44,45]. Remaining fine particulates are 
typically addressed through follow-up operations such as filtration and disinfection, which are 
routinely employed in large-scale water treatment and storage systems [46]. While sedimentation 
facilitates water purification, the reduction of chemical concentrations, and the mitigation of turbidity 
at a comparatively low operational cost, the sedimentation rate remains a pivotal determinant of 
process efficiency. The settling rate depends on various physical factors, including particle size and 
shape, the solid-phase density, and the dynamic viscosity of the water [47]. 

2.4. Granular Media Filtration 

Although granular media filtration (GMF) was first introduced in 1854 at the Chelsea Water 
Works in London using sand as the filter medium, it was subsequently combined with disinfection 
as part of a multi-barrier approach for pathogen removal. This integrated treatment philosophy 
underpinned UK government regulation for public drinking water supplies and subsequently spread 
to Europe and the United States, where it has been practiced for more than a century and is now 
applied worldwide. 

With advances in research and filter media development, GMF employing alternative media has 
become a core component of conventional drinking water treatment trains globally, including in the 
United Kingdom, the United States, Germany, Australia, and France. It is routinely implemented as 
rapid sand filtration (RSF) following coagulation and sedimentation to remove suspended solids and 
reduce turbidity [48]. Nearly 80 % of London’s public water supply is derived from surface water, 
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mainly from the River Thames and the River Lee, with the remainder (~20 %) coming from 
groundwater sources.   All surface-derived raw water is treated through GMF processes.  To 
manage the ever-increasing water demand and address water quality challenges such as turbidity 
and emerging contaminants, Thames Water typically passes all surface-derived raw water first 
through RSFs and then through SSFs in series as part of its multi-stage surface water treatment 
process [49].  

Conventional water treatment processes primarily utilize two sand filtration approaches: rapid 
sand filtration (RSF) and slow sand filtration (SSF). These methodologies exhibit significant 
divergence regarding their fundamental operational principles, hydraulic loading rates, and 
maintenance protocols with regard to cleaning the filters. SSF function at substantially lower flow 
velocities and utilize a biologically active stratum, termed the schmutzdecke layer, which develops 
on the sand bed surface to facilitate decontamination [50]. Notably, the application of pre treatment 
stages such as coagulation and flocculation is discouraged for the influent of slow sand filters; 
unsettled flocs may lead to the premature clogging of the sand interstices, thereby compromising 
overall filtration performance. 

It is recommended that this method to be used for water with turbidity less than 5 NTU in order 
to prevent the clogging issues [51]. Based on the authors’ operational experience, slow sand filters 
(SSFs) can tolerate raw water turbidities of up to approximately 25 NTU for periods of 2–3 weeks 
when operated at a filtration rate of 0.2 m/h.  Slow sand filtration can demonstrate high turbidity 
removal efficiency, often exceeding 97%, depending on the characteristics and turbidity of the raw 
water [52]. Fitriani et al., (2023) modified an SSF and examined the turbidity removal in an effort to 
achieve clean water in disaster areas in Indonesia and achieved an efficiency of 82% [53]. Maintenance 
of these filters typically involves the draining of the supernatant water level in a sand filter bed and 
mechanical scraping of the upper sand layer.  However, an innovative initiative by Thames Water 
(UK), in collaboration with several partner water companies and universities, has embarked on a 
novel approach to clean slow sand filter beds using underwater robotics without draining the 
supernatant water. The project, known as the SandSCAPE (Science and Novel Devices for Sustainable 
Cleaning and Productivity Enhancement) project, commenced following its funding award in May 
2025 and is expected to be completed by October 2028 [54].  

Conversely, rapid sand filters (RSF) need pre treatment and are mostly used in conventional 
water treatment plants which is highly efficient in removing turbidity. This type of sand filters 
function by removing suspended particles are removed not only at the surface but progressively 
throughout the entire depth of the filter medium, operating at higher filtration rates, hence RSFs are 
sometimes referred to as deep bed filters [55]. As such, these filters need to be cleaned by back 
washing [56]. Additional improvements in rapid sand filter performance can be achieved by 
implementing capping. This process consists of introducing capping materials, such as anthracite 
coal, PVC granules, or fragmented bricks, into the upper few centimeters of the sand layer. In a pilot 
scale study, Anthracite coal has been found to be more efficient in removing turbidity [57]. Studies 
show by utilizing RSFs, turbidity removal efficiencies ranging from nearly 95% to 99% with pre 
treatment [58]. As an example, in a study done to find the effects of filtration velocity in conjunction 
with initial head loss in an RSF for ground water treatment, a turbidity remove efficiency of 95% was 
seen while in another study following sedimentation, RSFs has demonstrated a turbidity removal 
efficiency of 98% [59,60].  

In both SSF and RSF methodologies, systems may utilize a singular media type (mono-media) 
or a stratified arrangement of diverse media, referred to as multimedia filters. This configuration 
incorporates successive layers of filtration media with reducing particle sizes in the direction of flow, 
each tailored to retain particular fractions of suspended matter [61]. A typical example of this 
configuration is roughing filtration. In particular, Pebble Matrix Filtration (PMF) represents a 
specialized roughing filtration technique developed as a pre treatment step to reduce elevated 
turbidity ahead of SSF. The system is composed of a matrix of natural pebbles with an average 
diameter of approximately 50 mm, while the interstitial voids in the lower section are filled with finer 
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media, typically sand with particle sizes below 1 mm. Empirical findings indicate that turbidity 
removal efficiency can exceed 95% when PMF is integrated as a pretreatment for SSF [62]. Multimedia 
filters demonstrate efficacy across a wide spectrum of turbidity concentrations. Layer composition 
and arrangement may be strategically optimized to suit the particular attributes of the influent water 
[44]. Frequently utilized media include gravel, charcoal, sand and anthracite coal. Extensive research 
has been conducted to compare the turbidity reduction performance of these materials. For instance, 
in a study by Nkwonta et al. (2010), the comparative effectiveness of gravel and charcoal was 
assessed, with results indicating that charcoal outperformed gravel. The superior efficacy can be 
largely ascribed to the increased higher surface area per unit mass (specific surface area) and porosity 
of charcoal relative to gravel, facilitating auxiliary processes such as adsorption [63].  For sustained 
optimal performance, complete filter media replacement is typically recommended after a period of 
4–5 years [64].  Despite the growth of advanced membrane technologies, the development of novel 
filter media for granular media filtration remains of strong interest to water utilities and government 
water providers, driven by greater raw water variability, stricter regulatory requirements, 
operational cost pressures, and sustainability objectives [65]. 

Notwithstanding the status of filtration as a well-established technology in water and 
wastewater treatment, significant potential exists for further research to enhance filtration rates, 
thereby facilitating more extensive global application of this methodology. 

2.5. Membrane Separation Technologies 

Membrane separation technology facilitates the segregation of constituents according to their 
the dimensions of the particulates and the trans membrane pressure applied. The membrane serves 
as a physical partition that separates the influent feed into permeate (filtered effluent) and the 
retentate (containing the concentrated, retained particles). In order to ensure efficacious filtration, the 
membrane features tailored pore sizes that selectively remove particles of particular dimensions. Pore 
diameters may range from 0.1 µm to several nm. Feed movement is primarily driven by the trans 
membrane pressure gradient, facilitating the passage of fine particles and contaminants from the 
high- to low-pressure regions [66]. Critical design variables—including the material of the membrane 
composition, pore size, and module configuration (such as spiral wound, plate and frame, hollow 
fiber,  or tubular)—must be meticulously engineered based on the physicochemical properties of the 
feed water. Such optimization is essential to maximize filtration efficacy while mitigating membrane 
fouling, which remains a predominant challenge in membrane-based separation [67]. The 
fundamental process by which turbidity-causing matter is sequestered via the membrane is 
illustrated in Figure 2. 

 

Figure 2. The process of filtration in which turbidity causing matter are separated via the membrane. 

Membrane filtration technologies for the efficacious remediation of turbidity are broadly 
classified into microfiltration (MF), ultrafiltration (UF), and nanofiltration (NF). The classification of 
these techniques is fundamentally based on their selective separation capabilities. The nominal pore 
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diameters and the corresponding operational pressure requirements characteristic of each membrane 
category are systematically presented in Figure 3.  

 
Figure 3. Pore Size and Operating Pressure Characteristics of Different Membrane Types. 

Membrane filtration demonstrates particular efficacy in the treatment of aqueous matrices 
characterized by low turbidity concentrations. Conversely, when treating influent with elevated 
turbidity levels, the implementation of rigorous pre treatment protocols—such as coagulation-
flocculation and sedimentation—is imperative to sustain membrane operational efficiency and 
ensure long-term performance stability. Furthermore, these membrane processes are frequently 
deployed as a pre treatment barrier in reverse osmosis (RO) desalination facilities, where they serve 
to mitigate turbidity and safeguard the RO membrane integrity from premature degradation.  

2.5.1. Micro-Filtration (MF) 

Microfiltration (MF), a conventional methodology for turbidity reduction, utilizes membranes 
characterized by pore diameters spanning 0.1 to 10 µm and functions under low-pressure conditions 
[68]. These membranes facilitate the sequestration of suspended solids, colloidal substances, and 
additional turbidity-inducing constituents, operating analogously to conventional coarse filtration 
systems. Typically, MF membranes are fabricated from various materials, including high-density 
polyethylene (HDPE), glass fiber-reinforced plastic, polypropylene, polycarbonate, and ceramics. 
From these, membranes manufactures using cermaics exhibit superior turbidity removal efficiency 
coupled with exceptional chemical resistance, thermal resilience, and robust mechanical stability 
[69,70]. 

Microfiltration membranes are capable of removing turbidity with efficiencies reaching over 
99%. A study used microfiltration membranes (Polypropylene - 1 µm and ceramic - 0.5 µm) to remove 
turbidity from Tigris river water. While the ceramic membranes achieved up to 99.5% turbidity 
removal in which turbidity was removed from 65 NTU to 0.86 NTU, the  polypropylene membrane 
was less efficient, reducing turbidity to 2.7 NTU [71]. In another such study, hybrid ceramic 
membrane were used to treat surface water containing high dissolved organic matter where the 
turbidity was reduced from an average initial value of 35 NTU to less than 0.02 NTU [72]. The 
membrane has additionally been applied to sugar industry wastewater, where it achieved a turbidity 
removal efficiency of 98.26% [73]. 

Several investigations have evaluated turbidity removal as a pre-treatment for reverse osmosis 
(RO) membranes in desalination plants. Table 4 summarizes the turbidity removal efficiencies of 
modified microfiltration membranes designed to enhance performance in desalination pre treatment 
and some other types of wastewater. 
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Table 4. Performance of modified microfiltration membranes in turbidity removal in desalination pre 
treatment. 

 

Modified micro filtration 
membrane 

Type of aqueous 
streams treated 

Initial turbidity which was 
present in the aqueous 

streams 

Turbidity removal 
efficiency/ Final 

turbidity 
Composite ceramic micro 
filtration membrane with 
iron oxide additive [74] 

Raw sea water 11.64 ± 0.1 NTU 95.4 % 

Tubular ceramic micro 
filtration membrane based 
on natural pozzolan [75] 

Raw sea water - 98.25 % 

Flat ceramic micro filtration 
membrane from natural 
Kaolinite [76] 

Raw sea water 6.3 ± 0.1 NTU 73 % 
Wastewater 
clarification 

444 ± 6 NTU 99 % 

Flat ceramic micro filtration 
membrane based on natural 
clay and Moroccan 
phosphate [77] 

Raw sea water - 99.2 % 

Industrial 
wastewater - 99.8 % 

Coagulation following 
ceramic membrane [78] 

Raw sea water 25 NTU 

Final turbidity : 0.076 
NTU 

Ceramic membrane  
without prior coagulation 
[78] 

Final turbidity : 0.1 
NTU 

Tubular micro filtration 
membrane of 19 - channel 
configuration [79] 

Raw sea water - 
Final turbidity : 1.0 

NTU 

 
To increase the turbidity removal efficiency of microfiltration, pre treatment such as coagulation 

or direct filtration can be done. For example, Meng et al. (2019) found that in-situ coagulation prior 
to microfiltration reduced turbidity to 1.03 NTU, which was further lowered to 0.2 NTU by the 
microfiltration membrane, resulting in an overall turbidity removal efficiency of 99% [80]. When a 
cloth media filter was used prior to membrane filtration, the membrane effluent achieved a turbidity 
of 0.04 NTU [81].  Thus, it can be seen that using microfiltration, with or without pre-treatment, 
provides promising turbidity removal efficiencies in water treatment.  

2.5.2. Ultrafiltration (UF) 

Ultrafiltration (UF) represents a conventional membrane-based purification methodology 
utilizing pore diameters in the range of 0.001 - 0.1 µm, rendering it a highly efficacious technique for 
potable water treatment. This process facilitates the selective passage of water, inorganic salts, and 
other low-molecular-weight solutes, while concurrently sequestering suspended solids, colloidal 
matter, and pathogenic microorganisms [82]. In the context of turbidity remediation, UF exhibits 
superior removal efficiency, yielding an effluent of consistent and reproducible quality. Typically, UF 
membranes are fabricated from polymeric substrates such as polysulfone (PS) and polyethersulfone 
(PES). These materials are characterized by advantageous physicochemical properties, including 
robust mechanical integrity, chemical resilience, and thermal resilience, which collectivley contribute 
to optimized water treatment efficiency.  

Similar to MF, UF too is used directly, as a pre-treatment for RO membranes or  can be used 
after pre treatment, having turbidity removal efficiencies up to 99%. The following table (Table 5) 
summarizes several research done with respect to these aspects. 
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Table 5. Research done with respect to the application modes of UF. 

UF application 
modes 

Type of UF 
membrane 

Type of aqueous streams 
treated 

Initial turbidity which 
was present in the 
aqueous streams 

Turbidity removal 
efficiency/ Final 

turbidity 

Direct 
ultrafiltration 

Polyvinylidene 
fluoride (PVDF) 
500KD 
ultrafiltration 
membranes [83] 

River water polluted due to 
industrial and agricultural 
activities and untreated 
sewage 

65 NTU 98.7% 

Pre treatment to 
RO 

Average pore size 
of 0.01 micron 
polycarbonate track 
etched (PCTE) 
ultrafiltration 
membrane [84] 

Raw sea water 2.14 - 3.95 NTU 
88 ± 4 NTU 

with turbidity levels 
below 0.01 NTU 

UF after pre 
treatment 

UF membrane [85] 

River water 

5.9 - 12.65 NTU 0.01 NTU 
Polyacrylnitril UF 
membrane [86] 1.05 NTU 0.37 - 0.38 NTU 

Gravity-driven 
siphon-submerged 
ultrafiltration 
membrane [87] 

1 - 5 NTU 
Above 99% with final 

turbidity levels at 
0.05 NTU 

 
According to studies using UF membranes, higher turbidity removal efficiencies are achieved 

when these membranes are applied to water that has already undergone pre-treatment processes 
such as coagulation, adsorption, etc. 

2.5.3. Nanofiltration (NF) 

As a technical advancement in membrane separation, the integration of nanotechnology has 
facilitated an innovative approach to turbidity remediation through the development of 
nanofiltration (NF) membranes. These membranes are characterized by extremely reduced pore 
diameters, typically on the order of 1 nm. As a pressure-driven membrane process, NF resembles 
other membrane techniques, yet it functions at lower pressures and relies on a mechanism of charge-
based repulsion. This mechanism confers selective permeability, permitting for the passage of 
monovalent ions while primarily retaining multivalent species. Consequently, NF membranes exhibit 
significant efficacy in the selective separation and sequestration of solutes within diverse process 
streams [88]. They are applicable to the treatment of groundwater, surface water, and wastewater 
sources, effectively mitigating turbidity, microbial pathogens, hardness, and various other impurities 
[89]. 

In contrast to UF and MF membranes, NF membranes are predominantly employed following 
pre-treatment for turbidity removal and are seldom used either as a standalone process or as an initial 
pre-treatment step. For instance, a case study treating high-turbidity storm water utilized 
coagulation–sedimentation as a pre-treatment before NF membranes, followed by RO, producing 
drinking water that met acceptable quality standards [90]. Additionally, to reduce fouling of NF 
membranes, chemical coagulation has been applied in certain studies, achieving overall turbidity 
removal efficiencies of up to 95% [91]. In another study, Sherhan and Bashir (2016) applied NF 
membranes to feed water previously treated via UF, resulting in an overall turbidity removal 
efficiency exceeding 95% [92]. 

Therefore, it can be seen that by utilizing these types of membranes, either directly or with pre-
treatment, higher turbidity removal efficiencies can be achieved along with consistent water quality. 
In cases where water has very low turbidity levels, these membranes can be used without pre-
treatment. They also require less land area compared to sand filters in conventional treatment plants 
and can provide very high water quality, which is sometimes necessary for certain industrial 
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processes. These membranes are particularly useful in areas with limited space and, due to their 
flexible nature, are feasible in regions with increasing population demand. The main disadvantage of 
membrane use is fouling, which increases operational costs to maintain the necessary filtration flux. 
To mitigate fouling, membranes require chemical cleaning and monitoring, adding to operational 
expenses. For membranes such as UF and MF, frequent backwashing may also be necessary, 
depending on feed water quality and flux. But, this backwash water (especially if there is a high 
volume) may require its own secondary treatment either for further reuse or disposal. Overall, the 
use of these membranes is generally not affordable due to high capital, operation, and maintenance 
costs [93].  

While membrane filtration represents an established paradigm in water treatment, the escalating 
complexity of modern pollutants necessitates the continuous evolution of this technology. Current 
research and development are focused on enhancing performance efficiency, optimizing energy 
consumption, and elevating permeate quality. Furthermore, advancements in operational 
sustainability—specifically regarding the innovation of novel membrane materials and module 
architectures—are essential to mitigate inherent limitations, such as fouling and periodic replacement 
[67]. Consequently, membrane technology remains a dynamic and versatile methodology, 
continually adapting to address a broad spectrum of contaminants that contribute to turbidity within 
contemporary water and wastewater treatment infrastructures. 

3. Adsorptive and Transformation Techniques: 

3.1. Adsorption 

Adsorption is fundamentally categorized as a conventional and robust methodology for the 
remediation of water and wastewater. This process involves the removal of solute species 
(adsorbates) from the aqueous phase, which subsequently attach to the inter facial surface of a solid 
adsorbent. The constituents can be immobilized via physical interactions, such as van der Waals 
forces, or via the formation of chemical bonds at the adsorbent surface [90]. Commonly utilized 
adsorbent materials comprise activated carbon, silica, zeolites and alumina, among others [95]. In 
operational practice, the adsorbent media is typically configured within a fixed-bed reactor or a 
packed column. As the process progresses, contaminants accumulate within the media, giving rise to 
an adsorption front, commonly known as the Mass Transfer Zone (MTZ). This region denotes the 
specific volume of the bed where active adsorption occurs. As the upstream media reaches its 
maximum capacity or saturation point, the MTZ migrates longitudinally through the column until 
the concentration of the adsorbate in the effluent begins to rise. With prolonged use, contaminants 
start to emerge in the treated effluent, indicating that the adsorbent is nearing the end of its effective 
capacity [96]. The adsorption process is dependent on several important variables, namely contact 
time, pH, temperature, initial adsorbate concentration and adsorbent dosage [97].  As a polishing 
stage in tertiary treatment, adsorption is applied after coagulation (and flocculation) and filtration, 
efficiently removing contaminants that secondary treatment methods cannot adequately address [98].  

Recent advancements in adsorbent materials, specifically the integration of nanotechnology, 
have led to the development of nano-adsorbents that exhibit significantly enhanced turbidity removal 
efficiencies compared to conventional alternatives. As a result, a diverse range of nano-adsorbent 
classes has been established, such as carbon-based nanomaterials, metal and metal oxide 
nanoparticles, polymeric nanoparticles, zeolites, nanocomposites, and bio-adsorbents [99]. Table 6 
provides a summary of representative nano-adsorbents along with their principal characteristics. 
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Table 6. Representative Nano-Adsorbents and Their Key Characteristics. 

Absorbent Key features 

Nano materials 
based on 
Carbon 

Carbon Nano Tubes 
(CNT) 

• High specific surface area 
• Tunable surface chemistry 
• Effective adsorption of pollutants via electrostatic 
interactions and chemical bonding 
• Demonstrates antimicrobial activity [100] 

Graphene and 
graphene oxide 

• High specific surface area 
• Tunable physicochemical properties enabling efficient 
adsorption [101] 

Metal based 
nano materials 

Magnetic iron oxide 
nanoparticles, such as 

hematite 

• Magnetic nanoparticles offer reduced operational costs 
• Exhibit high adsorption capacity 
• Can be readily recovered using an external magnetic 
field [102] 

Other metal oxide–
based nanoparticles 
(Manganese, Zinc, 
Magnesium,and 
Titanium oxides 

• Exhibit high adsorption capacities [99] 
• Titanium oxides demonstrate high chemical stability 
and low toxicity to humans 

Polymeric nanoparticles 
• High flexibility in surface modification 
• Can be functionalized to target specific adsorption 
requirements [103] 

Zeolites 
• Porous adsorbents with ion-exchange functionality 
[104] 

Nano composites 
• Synergistic combination of different nanomaterials 
• Improved adsorption efficiency and facilitated recovery 

Bio Adsorbents based on nano 
materials 

• Low cost and reusable [105] 
• Materials such as cellulose, lignin, and processed seeds 
(e.g., Channa seeds) can be modified for use as adsorbents 
[106] 

Both conventional and nano-adsorbents demonstrate turbidity removal efficiencies exceeding 
98%. Several case studies supporting these high removal efficiencies for each adsorbent type are 
summarized in Table 7. 

Table 7. Case studies done to remove turbidity using adsorbents. 

Adorbent Treated water 
type 

Initial turbidity 
level 

Pre treatment 
done before 
adsorption 

Turbidity removal 
efficiency 

Conventional 
Adsorbents 

Activated Carbon Tannery 
wastewater [107] 

2930 NTU Sedimentation 98.39 % 

Activated carbon 
and synthetic 

zeolite  

Produced water 
[108] - - 98.15 - 98.85 % 

Hydrogel Sea water [109] 4.8 NTU - 99.7 
NTU - 98.5 % 

Nano 
Adsorbents 

Graphene oxide Surface water 
[110] 20-200 NTU - ≥ 95% 

Nano 
Cellulose/Titaium 

Oxide 

Textile 
wastewater [111] 11.6–83.4 NTU - 97.5 - 100% 

Nano iron oxide Strom water 
runoff [112] 

- - 90.8 - 95.7% 
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Adsorption offers several advantages as a turbidity removal method. In addition to achieving 

high removal efficiencies, it operates effectively over a broad pH range and is relatively easy to 
manage. Both fixed-bed adsorbent columns and batch reactors are straightforward to design, and the 
process can be readily scaled for applications ranging from small systems to large municipal or 
industrial facilities. Integrating nanotechnology into water treatment and wastewater treatment 
further enhances performance by reducing spatial footprint—which is particularly advantageous or 
point-of-use or decentralized applications—and providing significantly higher surface areas. Further, 
the adsorbent media can be reused by regeneration through thermal reactivation or chemical 
leaching. Despite its high turbidity removal capability, adsorption is not ideal as a stand-alone 
method for treating water with very high turbidity levels. It can also remove both contaminants and 
beneficial constituents due to its limited selectivity. Additionally, the adsorbent material may require 
periodic replacement or regeneration during operation [113]. The long-term sustainability of these 
adsorbents is limited by surface poisoning; the permanent sequestration of specific organic ligands 
results in a cumulative loss of available surface area and functional site density, even after 
regeneration. Overall, adsorption’s strengths and limitations highlight its role as a complementary 
treatment step, enhancing the efficiency and reliability of multi-stage water and wastewater 
treatment processes. 

3.2. Advanced Oxidation Processes (AOP) 

Advanced Oxidation Processes (AOPs) is a category of novel transformation technologies that, 
while not primarily utilized for direct turbidity reduction, are implemented as tertiary treatment 
stages or as pre treatment for specific aqueous matrices. Central to these methods is the generation 
of hydroxyl (•OH) radicals, which rank among the most potent oxidizing agents documented [114]. 
Hydroxyl radicals effectively break down various components responsible for turbidity, such as 
suspended solids, colloids, NOM, and complex micro pollutants [115–117]. Upon generation, 
hydroxyl radicals react non-selectively with the pollutants, facilitating their breakdown and 
ultimately converting into non toxic mineralized products comprising of carbon dioxide, water, and 
inorganic salts. Production of hydroxyl radicals involves primary oxidants such as ozone (O3) , 
hydrogen peroxide, and molecular oxygen, typically in conjunction with energy sources (UV 
radiation) or catalytic materials (Titanium dioxide - TiO₂, Cerium oxide -  CeO₂) [118]. Various AOP 
configurations have been investigated for their efficacy in turbidity remediation, most notably 
photocatalysis, UV/H₂O₂ systems, and Fenton-based reactions. 

3.2.1. Photocatalysis 

This methodology utilizes photocatalitic semi conductors, such as titanium dioxide (TiO₂) and 
iron(III) oxide (Fe₂O₃), to degrade or remove pollutants from water matrices.When photons with 
sufficient energy strike the surface of these semiconductors, electron–hole pairs are generated. These 
charge carriers migrate to the photocatalyst surface, interacting with water molecules and dissolved 
oxygen to generate reactive oxygen species (ROS). The generated ROS trigger redox reactions that 
degrade organic pollutants, inactivate microbial pathogens, and decompose complex contaminants, 
including those contributing to turbidity [119,120]. 

Photocatalysis has demonstrated turbidity removal efficiencies ranging from 71% to over 95% 
across diverse water sources. A study on biologically treated wastewater utilizing  TiO₂ reported a 
peak turbidity removal of 71.6% under natural solar exposure at a 60 mg/L catalyst dosage whereas 
lower catalyst concentrations resulted in diminished performance [121]. Another investigation 
involving municipal wastewater achieved 95.17% turbidity reduction under optimized reaction 
intervals and catalyst loading conditions, with UV irradiation exhibiting superior performance 
relative to visible light [122]. Furthermore, solar photocatalytic reactors employed as a pretreatment 
stage for membrane fouling mitigation attained removal efficiencies near 95% through the synergistic 
application of UV light and TiO₂ [123]. A comparative assessment of photocatalysts—comprising 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 January 2026 doi:10.20944/preprints202601.0868.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0868.v1
http://creativecommons.org/licenses/by/4.0/


 15 of 31 

 

TiO₂, CuSO₄, ZnSO₄, and CuS —yielded turbidity removal efficiencies of 78.6% for TiO₂ and 79% for 
ZnSO₄. While CuSO₄  exhibited negligible performance, CuS achieved 73.4% and 90.03% removal in 
synthetic and raw wastewater, respectively [124]. The efficacy of photocatalysis has been further 
augmented by the integration of nano technology. Nanomaterials manifest unique physicochemical 
properties compared to their bulk counterparts driven by  quantum effects and significantly 
expanded surface areas, which enhance their electrical, mechanical, magnetic, chemical, and optical 
properties [125]. Research indicates that nanocatalysts amplify oxidation potential by facilitating the 
efficient generation of surface-generated reactive oxidants, thereby accelerating the breakdown of 
waterborne pollutants [126]. 

3.2.2. UV/Hydrogen Peroxide (H2O2) 

In the UV/H₂O₂ process, a homogeneous Advanced Oxidation Process (AOP) in which 
ultraviolet irradiation promotes the dissociation of hydrogen peroxide (H₂O₂), producing highly 

reactive hydroxyl radicals (•OH), as expressed in Equation (5): 

H2O2 → 2 •OH (in the presence of UV light) (5)

Hydrogen peroxide necessitates externally induced activation to promote the efficacious 
production of •OH radicals. UV photons supply sufficient energy to initiate the decomposition of 
hydrogen peroxide. Photolytic kinetics are largely dictated by the intensity of ultraviolet radiation, 
and the quantum yield of hydrogen peroxide decomposition at 254 nm is estimated to be around 0.5. 
The effectiveness of the process depends on operational conditions such as organic and inorganic 
loading, solution transmittance, pH, temperature, and hydrogen peroxide concentration. An 
excessive concentration of H₂O₂ may exert a scavenging effect on the generated radicals, thereby 
attenuating oxidation rates. Conversely, a sub-optimal dosage restricts the formation of hydroxyl 
radicals, leading to a reduction in global process efficiency [127–129]. 

The UV/H₂O₂ system is well established as an efficient approach for the oxidative removal of 
dissolved organic compounds, such as natural organic matter (NOM) and biofilm-derived materials, 
while also achieving effective microbial disinfection. Consequently, it serves as an indirect yet 
efficacious methodology for turbidity reduction. This process mitigates the concentration of turbidity 
causing pollutants fragmenting fine colloidal particles and organic constituents that frequently elude 
conventional sedimentation or filtration stages [130]. Furthermore, specific turbidity-inducing 
particles that either obstruct coagulation processes or penetrate filtration units are efficiently 
remediated via this AOP technique [131]. Although UV/H₂O₂ is seldom utilized as an independent 
treatment step, it can augment downstream operations such as coagulation, filtration, etc by 
degrading residual pollutants into low-molecular-weight, compounds exhibiting reduced light-
scattering characteristics thereby enhancing overall water clarity and turbidity remediation. 

3.2.3. Fenton Processes 

Fenton processes are AOP techniques that uses hydrogen peroxide (H₂O₂) with iron ions (Fe²⁺ 
or Fe³⁺) to produce highly reactive hydroxyl (•OH) and hydroperoxyl (•O₂H) radicals. The general 

reactions for the Fenton process are as below (8,9): 

Fe2+ + H₂O₂ → Fe3+ + •OH + OH-  (8)

Fe3+ + H2O2 → Fe2+  + •O2H  + H+ (9)

As delineated by the aforementioned equations, Fe²⁺ and Fe³⁺ ions facilitate the generation of 
hydroxyl radicals through interaction with hydrogen peroxide. Typically, Fe²⁺ serves as the 
predominant catalytic species in this process and possesses the capacity to yield Fe3+; however, the 
reduction of Fe3+ back to Fe²⁺ proceeds at a significantly lower kinetic rate [132,133]. As such, pH 
should be rigorously regulated within a range of approximately 2.8 to 3.0, a condition in which both 
iron species maintain stability and catalytic activity [134]. Furthermore, the maintenance of an 
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optimized Fe/H₂O₂ proportions are imperative, since exceeding the ideal dosage of either reagent can 
lower the overall reaction efficiency. The dominant reaction mechanisms are systematically presented 
by Equations 10-14: 

Fe3+ + •O2H → Fe2+ + O2 + H+  (10)

Fe2+ + •OH → Fe3++ •O2H (11)

Fe2+ + •OH → Fe3++ OH- (12)

H2O2 + •OH → •O2H + H2O (13)

•OH + •OH → H2O2  (14)

Numerous investigations have evaluated the application of the Fenton process, although its 
utilization as an isolated methodology specifically for turbidity remediation remains infrequent. In 
their 2020 study, João et al. investigated the ultrasound enhanced Fenton process applied to swine 
wastewater, focusing on how pH, contact time, and H₂O₂ dosage influence the reduction of color, 
turbidity, COD, and BOD₅. Under an optimized pH of 3 and an H2O2 dosage of 90mg/L, turbidity 
removal efficiency was 98.2% [135]. A separate investigation integrated the Fenton process with ferric 
chloride-based coagulation–flocculation to effectively treat stabilized landfill leachate, resulting in 
complete turbidity removal [136]. This synergistic configuration was similarly implemented for 
textile industry effluent, where turbidity, color, and COD were assessed at two pH values; 6.0 and 
7.0. Following treatment, turbidity decreased to 0.8 NTU and 0.94 NTU, respectively, signifying a 
highly successful removal outcome [137]. Furthermore, a research by Zaman et al. (2024), focusing 
exclusively on Fenton reactions, evaluated the reduction of turbidity, COD, BOD₅ and Total Organic 
Carbon (TOC) from pharmaceutical wastewater. Following pH adjustment to 7.0, a 99.55% turbidity 
removal was achieved, highlighting the significant efficiency of the Fenton process, whether used as 
a standalone treatment or alongside conventional approaches [138]. 

Integration of electrochemical methods has further advanced the Fenton process, giving rise to 
the Electro-Fenton (EF) process. The process involves in situ formation of H₂O₂ through two-electron 
oxygen reduction at the cathode, coupled with simultaneous Fe²⁺ regeneration from Fe³⁺, thereby 
preserving catalytic activity [139]. Numerous studies indicate that this approach effectively facilitates 
turbidity remediation. For instance, application of the Electro-Fenton process to effluent generated 
by coconut processing industries resulted in turbidity removal efficiencies of approximately 85% 
[140]. Furthermore, application to aquaculture wastewater resulted in a reduction of approximately 
88.7% [141]. Collectively, these findings validate Electro-Fenton processes as robust and prospective 
methodologies for the mitigation of turbidity across diverse water and wastewater matrices. 

There are several merits and drawbacks of using AOPs for turbidity removal as illustrated in 
figure 4. 
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Figure 4. Merits and demerits of using AOPs to treat turbidity in water [142–146]. 

The catalysts which are theoretically not consumed can be recovered via filtration to be reused. 
But these may suffer from deactivation due to surface masking by mineral scales or oxidation of the 
catalyst surface it self, necessitating aggressive chemcial washing. While Advanced Oxidation 
Processes (AOPs) exhibit significant potential for turbidity remediation across diverse aqueous 
matrices, the prevailing body of research remains primarily localized to controlled laboratory 
settings. Comprehensive large scale implementations amid variable operational conditions continue 
to be sparse and atypical. Furthermore, the potential for full-scale application of AOP infrastructures 
for the treatment of influent streams characterized by elevated turbidity—especially in economically 
and infra structurally constrained regions—has not been rigorously explored. A significant 
proportion of current literature prioritizes the degradation of organic matter, with turbidity reduction 
frequently regarded as an ancillary objective. Consequently, targeted investigations focusing 
specifically on the sequestration of turbidity-inducing constituents are imperative. Currently, the 
field lacks uniform, standardized testing protocols for the analysis of AOP performance relative to 
turbidity removal. The establishment of such standardized frameworks is essential to ensure 
consistency in evaluation and facilitate meaningful comparative analysis across divergent studies. 

4. Hybrid and Assisted Techniques 

To attain enhanced turbidity removal performance, the adoption of hybrid and assisted 
treatment configurations has emerged as a promising technological pathway. Such methodologies 
are based on the integrated application of multiple treatment processes arranged into one 
consolidated system. The precise architecture and sequential arrangement of the integrated units are 
dictated by the physicochemical characteristics of the influent, defined treatment goals and the 
specific operational constraints associated with  each constituent component. Within such hybrid 
frameworks, individual processes are often engineered to target discrete contaminants, thereby 
providing a complementary enhancement of overall system performance. Typically, hybrid 
treatment approaches synthesize physical, chemical, and biological modalities to optimize treatment 
efficacy. Nevertheless, rigorous evaluation of systematic optimization of each process unit is 
required, since multiple operational variables exert a significant influence on the aggregate treatment 
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efficiency. Some hybrid technologies that have been extensively investigated and implemented 
include: 

1.Coagulation (with Flocculation) and Membrane Filtration 
2.Membrane Bioreactor (MBR)and Coagulation 
3.Ultrasound-Assisted Coagulation 

4.1. Coagulation (with Flocculation) + Membrane Filtration 

While coagulant application in water treatment demonstrates high efficacy, for the removal of 
numerous contaminants, it may not consistently yield effluent of the requisite quality as a standalone 
intervention [147]. This inherent limitation necessitates the integration of coagulation with 
supplementary methodologies, such as membrane filtration, to optimize treatment performance.  

In practice, turbidity-focused hybrid systems often combine coagulation–flocculation as a pre 
treatment step prior to membrane filtration. As an example, this integrated approach was employed 
in the elimination of protozoan parasites from surface water in the Pirapó River basin in Brazil. 
Although turbidity reduction was not the primary focus, the study achieved turbidity removal 
efficiencies exceeding 90% using microfiltration in combination with Moringa oleifera as a natural 
coagulant [147]. Similarly, the application of this methodology to wood-processing wastewater, using 
nanofiltration, achieved a remarkable turbidity removal efficiency of 99.7% [148]. Investigations into 
surface water treatment in Malaysia that employed ultrafiltration as a pre-treatment step prior to 
coagulation achieved a turbidity removal efficiency which exceeded 99% [149]. Furthermore, 
integration of ferric chloride (FeCl₃) in a coagulation–flocculation and membrane filtration hybrid 
system led to a 99.7% reduction in turbidity for soap-industry effluent [150]. 

4.2. Coagulation with Membrane Bio Reactor Technique 

The sequential integration of coagulation and a membrane bioreactor (MBR) is recognized as a 
highly effective strategy for turbidity removal. Initially, suspended solids are destabilized during the 
coagulation step, promoting the formation of larger flocs in the subsequent flocculation stage, which 
are then effectively separated. The supernatant obtained after clarification is fed into the MBR system, 
which combines biological treatment—primarily via the activated sludge process—with membrane-
based separation. The membrane unit, typically consisting of microfiltration or ultrafiltration 
modules, functions as a robust physical barrier, efficiently separating treated permeate from biomass 
and residual particulates [151,152]. A schematic of the MBR configuration is presented in Figure 5.  

 

Figure 5. Schematic diagram illustrating the MBR configuration. 

The implementation of coagulation as a pre treatment stage facilitates the removal of macro-
particulates that would otherwise exacerbate membrane fouling within downstream units. Saeedika 
et al. (2025) studied this hybrid configuration aimed at improving the sequestration of chromium and 
nutrients from tannery wastewater, using turbidity as a primary water quality metric. Following the 
initial coagulation stage, approximately 90% turbidity reduction was observed. Subsequent treatment 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 January 2026 doi:10.20944/preprints202601.0868.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0868.v1
http://creativecommons.org/licenses/by/4.0/


 19 of 31 

 

via a membrane bioreactor (MBR) further refined the effluent quality, ultimately attaining turbidity 
removal efficiencies of 99.8% [153]. In a separate case, the methodology was demonstrated to be 
effective for dairy wastewater remediation. Under an optimized operational regime with a 
polyaluminium chloride (PACl) dosage of 900 mg/L at pH 7.5, turbidity removal reached 98.85% in 
this application [154]. 

4.3. Ultrasound assisted Coagulation 

As the name implies, this methodology leverages the synergy between conventional coagulation 
and ultrasonic irradiation to improve turbidity removal. This process exploits both ultrasound-
induced mechanical and sonochemical phenomena—specifically acoustic cavitation— in order to 
enhance the kinetics of coagulation with flocculation. Ultrasound facilitates the formation of 
cavitation bubbles that undergo violent collapse, generating localized extreme temperatures and 
pressures [155,156]. This phenomenon assists in the fragmentation of larger aggregates into much 
smaller and reactive species, which promotes particle interactions and strengthens the coagulation 
process. Essentially, the application of ultrasound intensifies the interfacial interactions between 
chemical coagulants and suspended particulates, facilitating more effective destabilization and 
aggregation. 

Numerous investigations have evaluated this hybrid configuration. For example, Zhang et al. 
(2006) utilized this technique for the sequestration of algal cells from aqueous media, achieving 
notable turbidity reductions between 85% and 93%, depending on the applied polyaluminium 
chloride (PACl) dosage (PACl) [157]. Another study investigated the removal of the cyanobacterium 
Microcystis aeruginosa and the subsequent control of disinfection byproducts after chlorination. 
Compared with conventional coagulation, the ultrasound-assisted approach significantly improved 
turbidity removal, increasing from a baseline of 51% to between 87% and 96% [158].  

Hybrid technologies offer superior turbidity removal efficiencies by integrating modalities such 
as coagulation and membrane filtration, ensuring the comprehensive sequestration of suspended 
solids and colloidal matter. These configurations significantly augment membrane longevity, as pre 
treatment stages—including conventional coagulation or electrocoagulation (EC)—mitigate 
membrane fouling and extend operational life cycles. Furthermore, the synergy between integrated 
methods can reduce chemical consumption and energy requirements by attenuating the necessary 
dosages or operational demands of individual units. Such configurations also provide enhanced 
stability in effluent quality, as hybrid systems effectively buffer fluctuations in raw water 
characteristics more robustly than standalone processes. Conversely, these systems entail higher 
capital and operational expenditures  due to the proliferation of process units and control systems, 
which escalate installation, operation, and maintenance costs. The inherent operational complexity 
necessitates highly skilled personnel and precise system integration, while the overall physical 
footprint is expanded to accommodate multiple stages. Additionally, when coagulation or 
electrocoagulation is utilized, the generation of chemical sludge necessitates specialized handling 
and disposal protocols. 

Despite these inherent constraints, integrated approaches remain highly applicable across a 
various water matrices. Through synergistic coupling of the constituent processes, these hybrid 
methodologies have achieve enhanced turbidity remediation and superior cumulative treatment 
performance relative to standalone techniques. Nonetheless, meticulous selection is required, as 
certain combinations may become cost-prohibitive; consequently, it is essential to identify 
configurations that optimize removal performance while maintaining economic viability. 

5. Comparative Overview of Turbidity Removal Technology 

To provide a clear comparison of these techniques, the following table (Table 8) summarizes key 
performance indicators across multiple turbidity removal approaches, including removal efficiency, 
chemical requirements and scalability.  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 January 2026 doi:10.20944/preprints202601.0868.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0868.v1
http://creativecommons.org/licenses/by/4.0/


 20 of 31 

 

Table 8. Comparative overview of turbidity removal techniques. 

Mechansim Method Turbidity removal 
efficiency 

Chemical 
Requirement Scalability 

Particle 
destabilization, 

aggregation 
and separation 

techniques 

Chemical Coagulation with Flocculation 77 - 99% High High 

Electro Coagulation (EC) 44 - 99 % 

Low–Moderate 
(coagulant 

generated in 
situ) 

Moderate 

Sedimentation 
50–90% (with pre-
treatment); < 20% 

alone 
Low High 

Filtration (Slow Sand Filter, Rapid Sand 
Filter, Multimedia Filters) 27 - 99% 

Low–Moderate 
(pre-treatment 

for RSF) 
High 

Membrane 
Separation 

Microfiltration (MF) 73–99.8% 
Low (pre-

treatment may 
be needed) 

Moderate 

Ultrafiltration (UF) 88–99% 
Low (pre-

treatment may 
be needed) 

Moderate 

Nanofiltration (NF) > 95% 
Low–Moderate 
(pre-treatment 
recommended) 

Low–
Moderate 

(pre-
treatment 

recommend
ed) 

Adsorptive 
and 

transformation 
techniques 

Adsorption (Conventional & Nano-
adsorbents) ≥ 95–100% Low High 

Advanced 
Oxidation 
Processes 
(AOPs) 

Photocatalysis (TiO₂, Fe₂O₃, 
nano catalysts) 71–95% Low Moderate 

UV/H₂O₂ AOP Moderate (indirect 
turbidity reduction) Moderate Low–

Moderate 

Fenton / Electro-Fenton 85–100% High Low–
Moderate 

Hybrid and 
assited 

techniques 

Coagulation + Membrane Filtration 90–99.7% High Moderate 
Coagulation + Membrane Bioreactor (MBR) 90–99.8% High Moderate 

Ultrasound-Assisted Coagulation 85–96% Moderate Moderate 
 
Based on the comparative analysis, turbidity removal efficiencies differ substantially among the 

examined treatment techniques, and no single method is universally optimal. Conventional 
processes—including coagulation–flocculation, sedimentation, filtration, and membrane 
separation—remain widely applied in water and wastewater treatment. However, methods such as 
adsorption, hybrid systems, and advanced oxidation processes (AOPs) often provide higher turbidity 
removal and improved effluent quality. Therefore, selecting an appropriate treatment strategy 
requires careful consideration of site conditions, influent characteristics, and performance objectives 
to achieve the desired turbidity reduction. 

6. Conclusions and Future Directions 

Turbidity persists as a multifaceted and recalcitrant challenge in the provision of potable and 
sustainable water. While fundamental methodologies—specifically coagulation-flocculation, 
filtration, adsorption, and membrane separation—form the foundation of modern treatment systems, 
they are increasingly hindered by operational constraints, including chemical sludge generation, 
membrane fouling, intensive maintenance requirements, and limited resilience to extreme turbidity 
fluctuations. Emerging technologies—such as Nanofiltration, EC, AOPs, and hybrid configurations—
achieve high removal performance and broader applicability. However, their widespread adoption 
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is currently constrained by scalability issues, elevated operational expenditures, and a lack of 
extensive longitudinal validation in field environments. 

The existing body of literature suggests that a single-unit operation is insufficient to 
comprehensively mitigate turbidity in isolation. Consequently, future paradigms should favor the 
synthesis of multifaceted treatment trains, integrating established techniques with innovative 
technologies to maximize aggregate process efficiency. While certain integrated frameworks have 
been deployed, intensified research is required to circumvent the inherent limitations of conventional 
methodologies. Furthermore, treatment infrastructures must be engineered for adaptability, capable 
of modulating performance in response to seasonal variability and sudden increases in turbidity 
often triggered by climate-driven events. Sustainability and equitable access remain central, requiring 
that advanced water treatment approaches focus on energy efficiency, economic feasibility, and 
operational practicality, especially in settings most affected by high turbidity. 

The subsequent phase of research and innovation in turbidity management should be directed 
toward several strategic priorities. With the development of smart, adaptive control systems—smart, 
AI-driven control systems integrated with real-time turbidity measurement can enhance coagulant 
dosing precision, lower energy requirements, and control fouling kinetics. Additionally, the adoption 
of sustainable alternatives, including bio-based coagulants, green nanoparticles, and recoverable 
adsorbents, marks an important trajectory for advancing the field. In rural and climate-vulnerable 
regions, the advancement of decentralized, mobile, and cost-effective solutions powered by 
renewable energy is essential. Finally, the execution of pilot-scale investigations in authentic 
environmental contexts is imperative, particularly for emerging methodologies, to substantiate their 
scalability, safety, and operational reliability. 

In summary, turbidity remediation is transitioning into a transformative phase characterized by 
integration, intelligence, and sustainability. By embedding traditional approaches within flexible, 
technologically advanced systems, future water treatment infrastructures can achieve robust, 
economically viable, and equitable water provision, effectively mitigating the impacts of 
environmental stressors and demographic expansion. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

NTU Nephelometric Turbidity Units 
UV Ultra Violet 
CSG Coal Seam Gas 
PMF Pebble Matrix Filtration 
RO Reverse Osmosis 
NF Nano Filtration 
UF Ultra Filtration 
MF Micro Filtration 
CNT Carbon Nano Tubes 
AOP Advanced Oxidation Process 
EC Electro Coagulation 
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GMF Granular Media Filtration 
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