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Abstract 

The Rotterdam Innovative Nutrients, Energy & Water management (RINEW) project aims to realize 

an innovative and sustainable closed circulation of (waste-)water, nutrients and energy (NEWater) 

within the Port of Rotterdam, researching alternative wastewater treatment techniques. During 

experimental research for the RINEW project at the pilot location in Rotterdam, the utilization of 

tubular ceramic nano- and microfiltration (cNF; cMF) membranes in a municipal wastewater 

treatment system was analyzed with regard to specific aspects of membrane technology. These 

specific aspects include the characteristics, applicability and economic feasibility of the membranes.  

 

During membrane characterization analyses, the retention behavior of the cNF membranes was 

observed to be lower in March 2016 compared to earlier measurements in 2014 and 2015, indicating 

the occurrence of membrane degradation. Additionally, the average pore size of the cMF 

membranes was observed to be 0.06 µm in April 2016, disagreeing with the supplier’s given pore size 

for the membranes of 0.15-0.20 µm. While operating the filtration system at set fluxes for the cNF 

and cMF membranes of 30 and 150 
 

    
 , the average duration of a filtration cycle was observed to 

be 28 and 5 hours, respectively. Per filtration cycle, average volumes of 6.5 and 3.7 m3 feed water 

and 3.7 and 3.1 m3 of permeate water were processed and produced while utilizing the cNF and cMF 

membranes, respectively.  

 

Due to the occurrence of membrane fouling, specific cleaning procedures were employed in order to 

restore the membrane’s permeability. The cleaning procedures were observed to consume similar 

amounts of chemical solutions during the employment of both the cNF and cMF membranes. 

However, the total chemical consumption was observed to be higher while employing the cMF 

membranes, due to the higher frequency of required membrane cleaning procedures in comparison 

with the employment of cNF membranes. The total electrical consumption of the filtration unit while 

employing either cNF or cMF membranes was estimated at 36300 and 24462 kWh per year, resulting 

in 32 and 14 kWh/m3 produced permeate product, respectively. 

 

Further analysis on the utilization of cMF membranes should be conducted in order to make a clear 

comparison with the operational specifications of cNF membranes. The filtration unit should be 

tested at a recovery rate of 50% while utilizing cMF membranes, potentially increasing the duration 

of a filtration cycle due to relatively lower membrane fouling rates, thus increasing permeate 

production rates. Furthermore, chemically enhanced backwashes should be further investigated as a 

suitable membrane cleaning procedure and compared to other membrane cleaning techniques in 

order to more effectively restore the initial permeability of the cMF membranes.   
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1. Introduction 

1.1 Background 

Evides Waterbedrijf N.V. is a water supply company, supplying safe and clean drinking water to 2.5 

million customers and companies in Zeeland, the south-western parts of Zuid-Holland and the area 

of the Brabantse Wal (Evides, 2016). As a specific branch within the company of Evides Waterbedrijf 

N.V., Evides Industriewater B.V. specializes in process water production and wastewater treatment 

for several industrial companies in the Netherlands, Belgium and Germany, including customized 

water services for companies like Dow Chemical, Exxon and Akzo Nobel (Evides, 2016).  

 

Multiple changing factors, such as climate change, soil pollution and the presence of contaminants, 

influence the quantity and quality of the water source (Evides, 2016). Because of this, water 

treatment techniques and distribution methods that are currently being used by Evides 

Industriewater will require innovation in order to be applicable in the future for water treatment 

processes. Evides Industriewater started the research project ‘H2020’ in 2014, specifically looking at 

the possibilities and challenges in the future regarding water treatment and distribution.  

 

The H2020 project is divided into several coherent research projects (Evides, 2014). One of these 

projects, named Rotterdam Innovative Nutrients, Energy & Water management (RINEW), aims to 

realize an innovative and durable closed circulation of (waste-)water, nutrients and energy 

(NEWater) within the Port of Rotterdam, as shown in figure 1. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: The RINEW project; focusing on the development and implementation of wastewater treatment processes and 

water circulation techniques in the Port of Rotterdam (Evides, 2014). 
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Within the RINEW project, alternative suitable wastewater treatment techniques are investigated 

meeting the project’s requirements, regarding the reclamation of water, nutrients and energy. 

During experimental research for the RINEW project at the pilot location in Rotterdam, the utilization 

of tubular ceramic nano- and microfiltration (cNF; cMF) membranes in a municipal wastewater 

treatment system is analyzed with regard to specific aspects of membrane technology. These specific 

aspects include the characteristics, applicability and economic feasibility of the membranes. 

 

In the coming decades the Municipality of Rotterdam will be transforming old harbor areas of the 

Port of Rotterdam into modern living and working areas (Evides, 2014). Phased redevelopment will 

take place in the Port of Rotterdam, near Delfshaven, due to the migration of port activities to the 

western part of the port. During this development, it is possible to implement the recently developed 

water treatment and circulation techniques in these areas. Centralized and decentralized wastewater 

treatment solutions both have their own benefits, depending on the location. Knowledge of and 

experience with the different centralized and decentralized treatment methods offer the possibility 

to make well informed choices during the development of specific areas, based on the situation. 

Furthermore, the knowledge and experience gained in the Netherlands can be exported to other 

countries with water and sanitation issues regarding wastewater treatment processes. The 

development of suitable alternative forms of wastewater treatment techniques will ultimately 

improve sustainable and conscious use of chemicals, such as phosphates, and the availability of safe 

and clean water sources. 

 

The parties primarily involved within the RINEW project are the Municipality of Rotterdam 

(responsible for the collection of Rotterdam’s urban wastewater and the redevelopment of the Port 

of Rotterdam), Hoogheemraadschap van Delfland (HHD; responsible for the wastewater treatment in 

the Delfland area), Hoogheemraadschap van Schieland en de Krimpenerwaard (HHSK; responsible for 

the wastewater treatment in the area of Schieland and the Krimpenerwaard), Waterschap Hollandse 

Delta (WHD; executor of the wastewater treatment at Dokhaven) and Delft University of Technology 

in association with the Stichting voor de Technische Wetenschappen (TU Delft, STW; responsible for 

content related research projects and subsidizing the RINEW project) (Evides, 2014). In 2012 and 

2015, partnership agreements were signed by the aforementioned parties and Evides Waterbedrijf 

N.V., subsequently involving HHSK in 2015. 

 

 

 

 

 

 

 

 

 

  



 

3 

 

1.2 Problem analysis 

The RINEW project mainly focuses on the municipal wastewater stream (Evides, 2014). The research 

project aims to investigate alternative wastewater treatment techniques to make it possible to 

reclaim specific nutrients and biogas from municipal wastewater, while producing demineralized 

water. Traditional wastewater treatment plants are not designed to reclaim the aforementioned 

products, while on the other hand the development of alternative wastewater treatment techniques 

could potentially result in new methods on how specific products from the municipal wastewater can 

be reclaimed. However, the practical full scale applicability and economic feasibility of alternative 

wastewater treatment processes still need to be optimized. Experimental research gives essential 

feedback for potential optimization in order to increase the operational efficiency of the alternative 

wastewater treatment process.   

 

The aim of the RINEW project is to determine the opportunities for efficient resource reclamation by 

implementing membrane filtration. Increasing the efficiency of the wastewater treatment technique 

includes comparing the results of the research conducted on ceramic nanofiltration with those of 

ceramic microfiltration (cNF and cMF, respectively), while taking into account the applicability and 

economic feasibility of both wastewater treatment techniques. The use of ceramic material (Al2O3) 

results in a higher chemical, thermal and mechanical stability of the cNF and cMF membranes as 

opposed to polyamide based membranes. A simplified model of the closed water loops that will be 

used for the experiments during the RINEW project is shown in figure 2.  

 

 

 
 

Figure 2: Simplified model of the closed water loops that will be tested during the RINEW project, including Dissolved Air 

Flotation (DAF), Vertical Reverse Osmosis (VRO)  and Ultraviolet disinfection (UV). 

 

  



 

4 

 

1.3 Problem definition 

Evides Waterbedrijf N.V. has set up the H2020 project in order to determine the applicability and 

economic feasibility of treating municipal wastewater while reclaiming the resources it contains 

(Evides, 2016). One of the several coherent research projects within H2020 is the RINEW project, 

located in the Port of Rotterdam, aiming to realize an innovative and sustainable water recirculation 

system. The main goal of the RINEW project is to investigate developments in alternative wastewater 

treatment technology in order to efficiently reclaim cellulose, demineralized water, specific nutrients 

and energy from municipal wastewater streams. 

 

During the RINEW project, research will be conducted on the applicability and economic feasibility of 

the cNF and cMF membranes within the RINEW project. This research will include a cost-benefit 

analysis, membrane characterization tests and the operational specifications regarding permeate 

production and nutrient/organism recovery. 

  

The results of this research will provide a comparison between the utilization of cNF and cMF 

membrane filtration techniques as a pretreatment method for the VRO step in the RINEW project’s 

pilot condition municipal wastewater treatment process. 
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1.4 Research objective 

The objective of this research is to compare the operational performance of cNF and cMF 

membranes with regard to the applicability and economic feasibility of these specific membrane 

filtration techniques as a pretreatment method for the VRO step in the current process of municipal 

wastewater treatment at the RINEW project.  

 

 

Research questions 

According to the aforementioned research objective, the following primary research question has 

been derived. 

 

 

How do cNF and cMF membrane filtration techniques compare with regard to applicability and 

economic feasibility as a pretreatment method for the VRO step in the current municipal wastewater 

treatment process? 

 

 

With the following secondary research questions. 

 

Characterization, comparison of cNF and cMF 

1. What are the MWCO values of the cNF and cMF membranes? 

2. What is the fresh water permeability of the cNF and cMF membranes? 

 

Applicability 

1. What is the chemical and biological composition of the feed water, cross, permeate and 

concentrate flows during municipal wastewater treatment at the RINEW project during the 

cNF and cMF membrane filtration processes? 

2. What is the average permeate production rate of the municipal wastewater treatment 

process at the RINEW project while employing the cNF or cMF membranes? 

3. What is the average run time of the municipal wastewater membrane filtration process cycle 

at the RINEW project, in between two CIP procedures, while employing the cNF or cMF 

membranes? 

 

Economic feasibility 

1. How do cNF and cMF membranes compare with regard to variable and fixed operational 

costs of the municipal wastewater treatment process? 

2. What is the potential yearly revenue of the municipal wastewater treatment process, 

regarding the produced permeate, while employing the cNF or cMF membranes? 
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2. Theoretical Framework 

2.1 Membrane filtration 

Selective separation 

Membrane processes are based on the principle of dividing the feed flow into two streams, the 

concentrate stream and the permeate stream (Mulder, 1996). Membrane filtration is used as a 

wastewater treatment technique by driving the feed flow of the wastewater stream through a thin 

layer of semi-permeable material, separating specific substances, as shown in figure 3 (Mallevialle et 

al., 1996). Selective separation of specific substances from liquids or gasses makes it possible to 

purify, concentrate and fractionate the feed flow. After selective separation, the concentrate flow 

contains the residue of the filtration process, while the permeate flow contains the filtrate. Both the 

concentrate and permeate flow will be the product stream of the water treatment process if the goal 

is to reclaim nutrients, energy and demineralized water from the municipal wastewater stream.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3: Tubular membrane configuration (Koch, 2013). 

 

The selective separation of membrane filters is based on the permeability or mass transfer 

coefficient of the membrane (MTC). The MTC correlates to the pressure difference between the feed 

flow and permeate flow, also known as the trans-membrane pressure (TMP) and specific correction 

factors for velocity and temperature, which are installation specific. In other words, the performance 

and efficiency of a specific membrane is determined by its selectivity and flow through the 

membrane. The logarithmic trend in the retention behavior of the tubular membranes relates to the 

occurrence of particle retention and elution in a cross flow filtration system, correlating to particle 

size distribution. Hereby, particles are eluted from the membrane’s channels in order of increasing 

mass. 
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Molecular weight cut off 

Membrane filtration can be used in order to remove specific organic and inorganic material from the 

feed flow, such as particulates, microorganisms, viruses and chemical compounds (Jacangelo, 1997). 

The specific atomic mass of the molecular weight cut off (MWCO), measured by the amount of 

Dalton, is related to the retention behavior of a membrane and determined at a compound retention 

rate of 90%   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4: MWCO values of several specific separating processes (Koch, 2016). 

 

Reverse osmosis has the lowest MWCO, followed by nanofiltration, ultrafiltration, microfiltration and 

particle filtration, as described in figure 4. The different types of filtration can be set up in series 

during the treatment process, using the selective membrane pore size and charge to increase the 

efficiency at which organic and inorganic compounds are removed or reclaimed from the feed flow 

during the wastewater treatment (Koch, 2016).    
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The specific MWCO for each type of membrane filtration makes it possible to precisely determine the 

characteristics of the permeate product, as is shown in figure 5 (Koch, 2016).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5: Specific membrane filtration technique limitations (Koch, 2016). 

 

Because of the multidisciplinary character of membrane filtration technology, it is applicable in a 

wide variety of separation processes (Mulder, 1996). The main advantages of using membrane 

filtration in separation processes include the possibility for continuous water treatment, upscaling 

and hybrid processing, making it possible to combine membrane filtration with other separation 

processes.  
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Compound retention 

Compound retention caused by steric separation is based on steric interactions between uncharged 

compounds and the membrane’s surface. The membrane’s performance regarding steric separation 

processes is defined by the membrane’s pore size or MWCO. Steric separation is limited by the 

permeability of the membrane for a specific compound size, either rejecting or allowing a compound 

to pass through the pores of the membrane. 

 

The production of the ceramic membranes is physically limited to MF pore size ranges, requiring 

special coating in order to be able to achieve a lower MWCO than the MWCO values of cMF 

membranes (Evides, 2016). This special coating is applied to the membrane using TiO2, giving the 

membrane surface a specific charge, which is related to the pH of the feed flow (Van Gestel, 2002). 

Depending on the charge of the membrane’s surface layer, electrolytes will either be rejected or 

attracted, also known as the Gibbs-Donan effect. Electrostatic compound rejection is caused by the 

repulsion of co-ions, whereby the charge of the specific compound is the same as the charge of the 

membrane’s TiO2-layer. In contrast, electrostatic compound retention or adsorption of counter-ions 

occurs due to the difference in the charge of the ions present in the feed flow compared to the 

membrane’s TiO2- layer in order to maintain electron-neutrality. 

 

The selectivity of a membrane is defined by either the retention (R) or the separation factor (α), 

relating to the membrane’s effectiveness in retaining a specific organic or inorganic compound, 

calculated by using formula 1 and 2, respectively (Mulder, 1996). 

 

 

  (  
  

  
)        (1) 

 

with 

R       =  Retention of the membrane     (%) 

     =  Compound concentration in the permeate flow  (mg/l) 

     =  Compound concentration in the feed flow  (mg/l) 

 

 

 

     
(     )

(     )
    (2) 

 

with 

      =  Selectivity factor of the membrane 

    =  Concentration of component A in the permeate flow  (mg/l) 

      = Concentration of component B in the permeate flow  (mg/l) 

      = Concentration of component A in the feed flow  (mg/l) 

       = Concentration of component B in the feed flow  (mg/l) 
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Another essential aspect of a membrane’s selectivity is defined by the recovery rate of the filtration 

process. The concentration of certain compounds in the feed flow differ from the concentrate flow, 

relating to the recovery (S). The recovery is defined as the fraction of a specific compound which has 

passed through a membrane, calculated by using formula 3. 

 

 

  (
  

  
)         (3) 

with 

    = Recovery of the membrane filtration process  (%) 

    = Permeate flow rate     (m3/h) 

    = Feed flow rate      (m3/h) 

 

 

The flow through a membrane is often defined by the flux rate, relating to the permeate flow per 

hour per square meter of the membrane’s surface, calculated by using formula 4 (Mulder, 1996). 

 

 

     (
    

  
)         (4) 

 

with 

      = Membrane flux rate     (
 

 
   ) 

      = Permeate flow per hour in cubic meters  (m3/h) 

    = Total membrane surface    (m2) 
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Calculating a membrane’s flux rate makes it possible to calculate the permeability of the membrane 

during the filtration process by using formula 5, relating to the pressure difference between the feed 

and permeate flow (TMP) which can be calculated by using formula 6.  

 

 

    (
      

 
)       (5) 

 

with 

     = Transmembrane Pressure    (bar) 

    = Feed flow pressure     (bar) 

    = Concentrate flow pressure    (bar) 

    = Permeate flow pressure    (bar) 

 

 

             (
    

   
)        (6) 

 

with 

             = Membrane permeate passage per area per time (
 

        
)  

      = Membrane flux rate     (
 

 
   ) 

     = Transmembrane Pressure    (bar) 

       =  Correction factor temperature (T = 20°C)   (1.02)  
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2.2 Membrane fouling 

Organic and inorganic membrane fouling 

The Gibbs-Donan effect also causes charged compounds with a molecular weight lower than the 

MWCO of the specific membrane to be retained. Due to charged compound retention, membrane 

fouling of inorganic compounds can occur during the filtration process, also known as concentration 

polarization (CP) (Moitsheki, 2003). Besides the CP of inorganic compounds, biological fouling can 

occur on a membrane’s surface due to the presence of colloidal biological particles. These membrane 

fouling phenomena eventually cause the formation of a cake layer on the membrane’s surface 

consisting of specific organic and inorganic compounds, as shown in figure 6, depending on the 

MWCO value of the membrane (Howe, 2002). Specific wastewater characteristics, regarding organic 

and inorganic compounds, make it more difficult to concentrate the raw waste water (Heijman, 

2014). The presence and load of certain organic and inorganic compounds cause an increased 

amount of cake layer formation. 

 

 
Figure 6: Membrane fouling, including cake layer formation, pore blocking and adsorption (Howe, 2002). 

 

Decreased permeate passage 

The formation of a cake layer on the membrane’s surface, consisting of either organic or inorganic 

colloidal particles, affects the membrane’s performance by lowering the permeability of the 

membrane, causing decreased levels of permeate passage (Moitsheki, 2003). The permeate passage 

can be restored by increasing the feed pressure of the filtration process, resulting in a higher TMP 

value. However, increasing the TMP of a filtration system causes increased membrane fouling rates, 

ultimately resulting in a continuous rise of the TMP requirement throughout the filtration process. At 

a certain TMP value a break-even point is reached, where further increasing the value for TMP would 

result in lower economic feasibility of the installation’s operational use. 
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2.3 Membrane cleaning procedures 

In order to remove reversible fouling from the membrane’s surface, specific cleaning procedures are 

employed, as explained below and shown in figure 7.  

 

Clean-in-place 

The wastewater filtration process will be interrupted in order to remove the fouling layer from the 

membrane’s surface. The membrane’s surface is cleaned by making use of a chemical cleaning 

protocol named ‘clean-in-place’ (CIP) (Evides, 2016). The first step of the CIP protocol consists of a 

caustic cleaning process, employing sodium hypochlorite (NaOCl) and caustic soda (NaOH) solutions. 

In this process, the alkaline chemical solutions are added to a closed system including the membrane 

filter for a specific amount of time in order to soak into the fouling layer. The addition of the 

chemical solution causes the pH in the system to raise to 12, removing reversible biological and 

organic fouling. Subsequently, in the second step, the system is rinsed from alkaline chemicals by 

adding tap or demineralized water, consequently lowering the pH in the system to 9. The third step 

of the CIP protocol consists of a caustic cleaning process, employing a hydrochloric acid (HCl) 

solution. In this process, the acidic chemical solution is added to a closed system including the 

membrane filter, lowering the pH in the system to a value lower than 2, for which the protocol is 

comparable to the alkaline procedure, in order to remove reversible inorganic fouling.  

 

Chemically enhanced backwash 

During this membrane cleaning procedure, the filtration process will be interrupted as well in order 

to remove the fouling layer from the membrane’s surface. During the chemically enhanced backwash 

(CEB) cleaning protocol, chemicals are added to a separate permeate tank filled with either tap or 

demineralized water, either raising the pH of the mixture to 12 with a caustic soda (NaOH) solution 

or lowering the pH to 2-4 with a hydrochloric acid (HCl) or citric acid (C6H8O7) solution. The permeate 

flow is then reversed and the liquid from the separate permeate tank will be pumped through the 

membrane in order to remove either reversible biological and organic, or reversible inorganic fouling, 

depending on the chemicals that have been used in the cleaning procedure. 

 

Monitoring membrane permeability 

The efficiency of the CIP and backwash procedures, regarding the permeability, is monitored by fresh 

water permeability tests. During a fresh water permeability test, specific measurements will be taken 

with regard to pressure, flow rate, temperature and pH, while operating the filtration unit with tap or 

demineralized water and a set value for the flux in the system. Ultimately, the observed measured 

values in the system will determine the permeability of the membrane.   

 

 

 

 

 

 

 

 

 

 

 
Figure 7: Illustration of the CIP and CEB chemical membrane cleaning procedures.  
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3. Materials and Methods 

3.1 Research facility 

Experiments will be conducted in the RINEW project’s research facility provided by Evides 

Industriewater in Rotterdam (Evides, 2014). The research facility provides the possibility to combine 

theoretical and practical aspects of multiple research projects by exploring custom wastewater 

treatment installations.  

 

3.2 Experimental setup 

The cNF and cMF membranes are tested at the RINEW research hall in Rotterdam. A tubular module 

is fitted in the pilot installation, containing 37 membranes with a length of 1200 mm each. The cNF 

membranes contain 19 channels per membrane, with an internal channel diameter of 3.5 mm. The 

cMF membranes contain 4 channels per membrane, with an internal channel diameter of 7.8 mm.  

 

The filtration unit is designed to operate in continuous mode. During continuous mode operation, 

the filtration unit’s operational system operates filtration and CIP processes automatically according 

to set parameters in the operational system’s matrix. While the filtration unit is operating in 

continuous mode, influent filtration experiments are performed automatically.  

 

In order to be able to conduct batch tests regarding membrane characterization and specific 

operational performance, the initial continuous mode of the pilot installation can be modified to 

operate in batch mode. Hereby, the filtration system is operated with tap or demineralized water, as 

opposed to the continuous mode, whereby the DAF unit’s effluent is utilized instead. While operating 

in batch mode it is possible to recirculate the concentrate and permeate flows. 

 

The piping and instrumentation diagram (P&ID) of the experimental setup that will be used during 

the practical research is given in appendix II ‘Filtration unit’. The pilot installation’s settings can be 

modified via its operating system. The pilot installation’s operation system is based on the P&ID of 

the experimental setup and can be subdivided into three specifications; the influent line, filtration 

line and backwash line. 
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3.3 Operational specifications 

3.3.1 Wastewater treatment system specifications 

During the process of purifying municipal wastewater specific types of installations are utilized in 

order to efficiently treat the influent stream. The specifications of these installations are described 

below. 

Drum sieve 

The first step in purifying the municipal wastewater influent entering this closed water loop is 

filtering the feed flow by using a drum sieve in order to remove particles >250µm (Evides, 2016). The 

drum sieve works with a constant flow of 4 m³/h. 

 

Belt sieve 

In the following step, the permeate flow of the drum sieve is directed through the belt sieve, 

removing particles >120 µm (Evides, 2016). The belt sieve works with a constant flow of 3 m³/h. 

 

DAF unit 

The permeate flow of the belt sieve then enters the Dissolved Air Flotation (DAF) unit (Evides, 2016). 

The DAF unit is located in between the belt sieve and the cNF and cMF unit in order to reduce the 

amount of remaining suspended and colloidal particles. By dosing FeCl3 (40%), flocculation occurs 

with iron. The exact dose will be determined experimentally with the COD and phosphate mass 

balance. After the formation of flocks, the particles and colloidal organics then float towards the 

surface by injecting pressurized air into the tank, forming air bubbles.  

 

cNF/cMF 

The permeate flow of the DAF unit is then pumped through either the cNF or cMF membranes, 

depending on the experimental stage of the research project (Evides, 2016).  

 

The cNF membranes have a pore size of 0.9 nm with a MWCO (Molecular Weight Cut Off) of 450 

Dalton (Da) (Inopor, 2016). The cNF membranes are used to filter organic and inorganic material 

from the feed flow, ranging from bacteria and viruses to certain chemical compounds. 

 

According to the manufacturer Philips, the cMF membranes have a pore size ranging from 150 to 200 

nm with MWCO values greater than 1.000.000 Da. The cMF membranes are used to filter particles 

from the feed flow, including sand, silt, clay, algae and specific bacterial species. It is, however, not 

possible to filtrate viruses from the feed flow by using cMF membranes. 

 

The concentrate flow from the membrane filtration is then recycled to the DAF unit in order to 

increase the efficiency of the total nutrient reclamation during the treatment process (Evides, 2016).  

 

VRO 

The permeate flow of the membrane filtration is then purified by using Vertical Reverse Osmosis 

(VRO) (Evides, 2016). The pore size of the membrane is 0.1-1.0 nm, making it possible to remove 

nearly all remaining inorganic compounds. The first results of practical research during the RINEW 

project have shown a salt retention within the expected range of 10%. The VRO unit effectively 

removes all organic compounds from the feed flow, including bacteria and viruses.  
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3.3.2 Filtration unit specifications 

The Inopor cNF membrane elements are fitted in the pressure vessel, in which a cross flow velocity of 

1.5 to 3.5 m/s is applied. Hereby the cross flow velocity is related to an 80% recovery rate during the 

filtration process, which is based on 190 and 150 l/h feed and permeate flows, respectively (Evides, 

2016). This generates a flux through the membrane, ranging from 15 to 30          . According 

to the manufacturer Philips, the flux capacity of the cMF membranes ranges from 150 to 200 

         . Furthermore, the permeability of the membranes correlates to the pressure at which 

the filtration process is operating and a specific correction factor for temperature. During 

experimental batch test procedures, while employing cNF or cMF membranes, the applied pressure 

in the filtration system amounted to ~1.5 bar, with temperature correction factors ranging from 1.02 

to 1.19.  

 

Decreasing the amount of fouling on the membrane’s surface is related to lowering the costs for the 

chemical cleaning process, also known as clean-in-place (CIP). The CIP cleaning protocol uses acidic 

and alkaline chemicals in order to remove the layer of colloidal particles and precipitate from the 

membrane’s surface. These chemicals include hydrochloric acid (HCl, 10%), citric acid (C6H8O7, 50%), 

sodium hydroxide (NaOH, 32%) and sodium hypochlorite (NaOCl, 15%) solutions. The chemicals 

NaOCl and NaOH are part of an alkaline cleaning process, which is then followed by an acidic cleaning 

process including the chemical compound HCl, reducing the amount of organic and inorganic fouling 

present on the membrane’s surface, respectively. Further specifications of the CIP process’ 

procedures will be described in paragraph 2.3, ‘Chemical cleaning’.  

 

Initially, the wastewater treatment process installation at the RINEW project’s pilot plant also 

included an additional backwash installation besides the CIP procedure in order to prevent the 

buildup of fouling on the membrane’s surface by reversing the permeate stream (Hoek, 2016). 

However, experiments conducted during the RINEW project regarding the cNF membrane’s 

permeability have shown no significant improvement in permeate production rate while employing 

the backwash installation (Santos, 2014). In order to save permeate product and operational time, 

the backwash process is no longer applied in the municipal wastewater treatment process at the 

RINEW project’s pilot location. However, if a decreased permeability of the cMF membranes is 

observed while CIPs are employed during membrane cleaning procedures, the use of CEBs should be 

tested, utilizing the same chemical solutions. 

 

Furthermore, besides a robust ceramic aluminum oxide (Al2O3) layer, a coated titanium dioxide (TiO2) 

layer is included in the cNF membrane’s support structure, resulting in a higher chemical, thermal 

and mechanical stability of the cNF membranes as opposed to polyamide based membranes 

(Urbanowska, 2014). The characteristics of these layers increase the cNF membrane’s resistance to 

aggressive chemicals, high temperatures and organic solvents during operational use.   
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3.4 Operational performance analysis 

The research project will focus mainly on the operational performance of the filtration unit during 

continuous municipal wastewater filtration processes. The operational performance of the filtration 

unit will be analyzed with regard to the following aspects of the filtration process, summarized in 

table 1. 

 

Aspect Specifics Unit 

Filtration cycle Flux (set value)  

    
 

Recovery (set value) % 

Permeability/TMP progress over time 

during filtration process 

 

        
 

Time in between two CIP procedures h 

Processed feed m
3
 

Produced permeate m
3
 

Operational costs Electricity kWh/m
3
 

HCl kg 

NaOH kg 

NaOCl kg 

Product revenue Processed feed m
3
 

Produced permeate m
3
 

Table 1: Operational performance parameters. 
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Water composition 

Due to stringent ‘not-to-exceed’ discharge requirements for wastewater treatment installations, 

substance analyses regarding the water composition are essential to the treatment process of 

municipal wastewater flows (Tchobanoglous et al., 2003). The parameters that have been measured 

during the continuous municipal wastewater filtration processes, as listed in appendix I ‘Water 

composition’, are indicators of organic and inorganic substances present in the water and can be 

used to determine the substance removal rate of the filtration unit. Appendix I “interrelationships of 

solids in (waste-)water samples” shows a more detailed description of solid compounds in 

wastewater.  

 

Membrane performance 

The performance of a specific membrane, regarding compound retention, is based on steric and 

electrostatic separation processes (Klemm, 2015). Due to the presence of both charged and 

uncharged compounds in the filtration unit’s feed flow, a combination of these interactions 

influences the performance of the membrane. Compound retention caused by steric and 

electrostatic interactions depends on the concentration of both charged and uncharged compounds 

in the liquid, the temperature and electrical potential of the feed flow and the applied pressure in 

the filtration unit (Mulder, 1996).  

 

During practical research, data is gathered by analyzing specific parameters, which are indicated by 

the corresponding measurement instruments that have been installed in the pilot installation, as 

listed in appendix II ‘Filtration unit’. The values for each of these parameters will be processed in 

Excel.  

 

 

3.5 Experimental data 

In order to answer the research questions of this project, practical research will be conducted by 

utilizing the experimental setup of the pilot installation. During this practical research, the main focus 

of experimental activities lies on the subjects of characterization, applicability and economic 

feasibility of the cNF and cMF membrane filtration processes. 

 

 

Characterization, comparison of cNF and cMF 

Characterization tests will be carried out to determine the MCWO of the cNF and cMF membranes. 

During the characterization tests specific organic and inorganic compounds are added to the 

filtration system in order to determine the MWCO of the membranes by measuring the rejection 

behavior of the membranes for these specific compounds.  
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1. What are the MWCO values of the cNF and cMF membranes? 

Characterization tests for the cNF membranes include the chemical compounds potassium 

phosphate (K3PO4), polyethylene glycol 400, 600 and 1000 (PEG 400, PEG 600 and PEG 1000, 

respectively), with molecular weights ranging from 400 to 1000 Da. These chemical compounds will 

be added and recirculated in the filtration unit in separate experiments. During each experiment, 

samples will be taken from the feed, permeate, cross and concentrate flows at 0, 15, 30 and 45 

minutes during the first measurement and at 0 and 30 minutes during the second, third and fourth 

measurements. After the first measurement, the pH level in the system will be lowered stepwise 

from 7-8 to 2.5-3 by dosing HCl solution to tank (T-01), influencing the amount of electrostatic 

particle interactions. Due to the organic nature of PEG compounds, measuring the COD of a sample 

indicates the change in the PEG concentration at a specific sampling point during the experiments. 

The PEG concentrations are therefore related to the COD content, which will be measured by 

utilizing spectrophotometry (DR-2800), in combination with specific testing kits (HACH LANGE). By 

making use of a calibration curve, it is possible to calculate the actual PEG concentration in the 

samples, ultimately resulting in the rejection behavior of the cNF membranes for these specific 

compounds. 

 

Characterization tests for the cMF membranes include polystyrene particle solutions, with specific 

molecule sizes of 100 and 200 nm (PES 100; PES 200). These inorganic chemical compounds will be 

added and recirculated in the filtration unit in separate experiments. During each experiment, duplo 

samples will be taken from the feed, permeate, cross and concentrate flows at 0 and 60 minutes 

during the first measurement and at 0, 60, 90 and 120 minutes during the second measurement after 

adding one of the specific PES compounds. The first measurement in each experiment will be a 

blanco measurement, indicating the amount of particles present in the system before the addition of 

the specific PES solution. The pH level of the system will not be altered, due to the absence of a 

coating layer, limiting the cMF membrane to steric particle interactions. The concentration of the 

particles in each specific sample will be determined by a particle counter analysis (NanoCount 50+, 

Lighthouse Worldwide Solutions). 

 

 

2. What is the fresh water permeability of the cNF and cMF membranes? 

During different stages of the experiment, the clean water permeability of the cMF membranes will 

be tested. The results of the clean water flux permeability tests indicate the effect of specific actions 

that have been taken on the permeability of the membranes and the potential need for adjustments 

during experimental procedures. After the system has been chemically cleaned by the CIP process, a 

clean water flux test (CWF) will be carried out by using tap or demineralized water to check 

reversibility. Hereby the system is operated in batch mode for half an hour, while the permeate 

recovery is measured over time in order to determine the reference state of the membrane 

regarding its permeability, before starting the next filtration cycle.  
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Applicability 

1. What is the chemical and biological composition of the feed water, cross, permeate and 

concentrate flows during municipal wastewater treatment at the RINEW project during the 

cNF and cMF membrane filtration processes? 

 

Determining the chemical and biological composition of the feed, cross, permeate and concentrate 

flows includes taking samples of these streams and analyzing the samples by utilizing specific testing 

kits (HACH&LANGE) in combination with spectrophotometry (DR-2800).  

 

 

2. What is the average permeate production rate of the municipal wastewater treatment 

process at the RINEW project while employing the cNF or cMF membranes? 

 

The average permeate production rate of the municipal wastewater filtration process can be 

determined by measuring the produced permeate stream over a specific amount of time. 

 

 

3. What is the average run time of the municipal wastewater membrane filtration process cycle 

at the RINEW project, in between two CIP procedures, while employing the cNF or cMF 

membranes? 

 

The average run time of the filtration process cycle, in between two CIP procedures, will also be 

measured. The average run time of the filtration process cycle depends on the time it takes until 

chemical cleaning processes are required in order to continue efficient operation of the filtration 

process. This ultimately depends on the membrane fouling rate of the cNF and cMF membranes, 

which is related to the chemical and biological composition of the influent. In addition to that, the 

chemical cleaning processes of the cNF and cMF membranes may differ from each other with regard 

to the required procedures, potentially causing a difference in the duration or frequency of the 

chemical cleaning procedures. The permeability, or TMP, will be measured over time during multiple 

filtration cycles. During the filtration process, the flux and recovery of the filtration unit will be set to 

specific values, while the duration of the filtration cycles in between two CIP procedures will be 

monitored. Furthermore, the duration and number of CIP procedures will be analyzed as well.  
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Economic feasibility 

1. How do cNF and cMF membranes compare with regard to variable and fixed operational 

costs of the municipal wastewater treatment process? 

 

The total consumption of energy and chemicals during the continuous municipal wastewater 

filtration processes will be monitored and converted to the total operational costs of the filtration 

unit and the total costs per cubic meter produced permeate product. 

 

 

2. What is the potential yearly revenue of the municipal wastewater treatment process, 

regarding the produced permeate, while employing the cNF or cMF membranes? 

 

Experimental data regarding the amount of processed influent water and produced permeate water 

will determine the potential revenue of the municipal wastewater treatment process. The processed 

feed and produced permeate flows during the filtration cycles will be quantified and formalized as 

the specific revenue of these production values per year.  
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4. Results 

4.1 Membrane characterization 

4.1.1 Experimental conditions 

During the characterization of the membranes, operational conditions of the filtration unit, including 

the recovery, feed pressure, flux, TMP, permeability and temperature, have been kept as constant as 

possible in order to accurately determine the MWCO of the specific membrane. In order to do so, the 

pump capacity of the pumps (P-02/07) and the manual permeate valve were adjusted accordingly. 

The operational conditions of the filtration unit during the conducted batch test experiments are 

included in appendix III ‘Membrane characterization’ and listed in table 2.  

 

Table 2: Operational conditions membrane characterization batch test experiments.  

 

  

  cMF cNF 

Parameter Unit PES 100 PES 200 PEG 400 PEG 600 PEG 1000 PO4-P 

Recovery 
[%]  

± St. Dev. 

50.0  

± 0.0 

50.0  

± 0.0 

45.5  

± 2.0 

53.4  

± 2.5 

52.5  

± 2.2 

53.3  

± 2.3 

Feed pressure 
[bar]  

± St. Dev. 

1.47  

± 0.0 

1.47  

± 0.01 

1.11  

± 0.08 

1.55  

± 0.01 

1.57  

± 0.01 

2.02  

± 0.01 

Flux 
[
 

 
   ]  

± St. Dev. 

114.80  

± 0.0 

114.37  

± 0.99 

26.94  

± 0.88 

18.10  

± 0.99 

19.40  

± 1.24 

30.76 

± 0.88 

TMP 
[bar]  

± St. Dev. 

0.92  

± 0.01 

0.90  

± 0.03 

1.01  

± 0.11 

0.93  

± 0.06 

0.99  

± 0.06 

1.54  

± 0.07 

Permeability 
[

 

        
]  

± St. Dev. 

149.89  

± 2.02 

152.01  

± 6.54 

32.20  

± 4.31 

23.3  

± 2.48 

23.40  

± 2.81 

23.83  

± 1.53 

Temperature 
[°C]  

± St. Dev. 

20.5  

± 1.0 

20.7  

± 2.3 

19.1  

± 2.6 

15.7  

± 2.5 

18.1  

± 1.8 

18.0  

± 1.5 
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4.1.2 cMF retention behavior and MWCO determination 

The retention behavior of the cMF membranes has been analyzed by utilizing a Nanocount 50+ liquid 

particle counter. Hereby, the cumulative amount of particles present in the batch test samples (n = 8) 

was measured continuously over a period of 10 minutes up to 0.05, 0.10, 0.15 and 0.20 µm. This 

analysis resulted in a logarithmic retention curve for the cMF membrane, as shown in figure 8.  

 

The average retention behavior of the cMF membrane regarding the PES 100 and PES 200 particles 

amounts to 94.02 ± 3.55% and 99.25 ± 0.58%, respectively. According to the literature research, the 

pore size of the membrane is determined at a specific compound retention rate of 90%, resulting 

from the following logarithmic trend line equation relating to the experimental data, as shown in 

figure 9. Hereby, the average pore size of the cMF membrane unit amounts to 0.06 µm. 

 

            
(
        

      
)
 = 0.06 µm 

 

 

 
Figure 8: Retention behavior of the cMF membrane regarding particle size during batch test experiments, including a 

logarithmic trend line.  
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4.1.3 cNF retention behavior and MWCO determination 

The retention behavior of the cNF membranes has been analyzed during the specific retention batch 

test experiments by measuring the COD concentration in the batch test samples and converting the 

specific values to the PEG concentration by making use of a calibration curve. This resulted in a 

retention curve for the cNF membrane, as shown in figure 9. Additionally, the membrane 

characterization results from previously conducted batch test experiments are included as well in 

order to indicate the occurrence of membrane degradation. 

 
Figure 9: Retention behavior of the cNF membrane regarding PEG particles at varied pH conditions during batch test 

experiments.  

The combined average retention behavior of the cNF membrane unit at different pH levels in March 

2016, regarding the PEG 600 and PEG 1000 particles, amounts to 20.01 ± 6.44% and 32.13 ± 6.15%, 

respectively. According to the literature research, paragraph 2.1 ‘Membrane filtration’, the MWCO of 

the membrane is determined at a specific compound retention rate of 90%, resulting from the 

following logarithmic trend line equation relating to the experimental data, as shown in figure 10. 

Hereby, the average MWCO of the cNF membrane unit was roughly estimated to be 1 x 104 g/mol. 

 

       
(
         

      
)
 = 1 x 104 g/mol 

 

 
Figure 10: Retention behavior of the cNF membrane regarding PEG particles at varied pH conditions during batch test 

experiments, including a logarithmic trend line.  
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The retention behavior of the cNF membranes regarding phosphate (PO4
3--P) has been analyzed 

during specific batch test experiments as well. Hereby, the retention of phosphates is observed to 

proportionally decrease depending on the acidity of the feed flow, ranging from 13.81 ± 9.91% at a 

pH of 6.7 to 1.04 ± 0.43% at a pH of 2.9, as shown in figure 11. Additionally, the results from 

previously conducted phosphate retention tests are included as well in order to further analyze the 

occurrence of membrane degradation. These results, however, do not include error margins due to 

the lack of duplicate experiments.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Retention behavior of the cNF membrane regarding phosphate particles at varied pH conditions during batch test 

experiments.  
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4.2 cMF membrane clean water permeability 

During different stages of the experiment, the clean water permeability of the cMF membranes was 

tested with tap (TW) and demineralized water (DW) while operating the filtration system at low feed 

pressure conditions of ~1.5 bar with recovery rates of ~50 or ~80% . The results of the clean water 

permeability tests indicate the effect of specific actions that have been taken on the permeability of 

the cMF membranes and the potential need for adjustments during experimental procedures, as 

shown in table 3.  

cMF 

Date 

(2016) 

Liquid 

(TW/DW) 

Recovery  

[%] 

± St. Dev. 

Permeability 

[
 

        
] 

± St. Dev. 

Notes 

31-03 TW 

85.99 ± 4.97 1302.27 ± 35.19 

Broken membrane 

50.90 1304.65 

07-04 

DW 

80.00 ± 1.66 1120.61 ± 151.23 

52.64 ± 7.57 1310.74 ± 72.28 

TW 

78.68 1155.20 

51.57 1295.22 

19-04 DW 

83.19 ± 2.42 124.29 ± 2.61 

Before PES 200 retention test 

50.00 127.33 

19-04 DW 

82.28 ± 1.88 127.50 ± 0.65 

After PES 200 retention test 

52.13 123.44 

02-05 TW 55.48 31.80 
Permeability not recovered after 

multiple CIP cycles 

04-05 TW 

77.68 ± 7.32 56.91 ± 1.45 After filtrate backwash (FB) 

(demineralized water) 46.88 58.14 

04-05 

DW 

83.16 88.56 

After acidic CEB 

 (citric acid) 

46.88 84.78 

TW 

78.35 ± 2.25 68.12 ± 10.51 

48.42 ± 1.54 70.56 ± 10.30 

04-05 TW 

77.74 108.01 After basic CEB  

(sodium hydroxide) 52.17 107.98 

Table 3: Clean water permeability during different stages of the filtration unit analyses.
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4.3 Operational filtration cycle analysis 

The period of operational filtration analyses ranged from the 29th of January until the 14th of August 

2015 for the cNF membranes and from the 20th of April until the 7th of May 2016 for the cMF 

membranes.  

 

cNF 

During the employment of the cNF membranes, the filtration system was analyzed for a period 197 

days 5 hours and 31 minutes, while the total filtration time amounted to 83 days 8 hours and 49 

minutes. The average run time of a filtration cycle in between two cleaning procedures was observed 

to be 27 hours and 56 minutes. The initial permeability of the cNF membranes could be restored by 

the CIP procedures, as is shown in appendix IV ‘Operational filtration cycle analysis’, by utilizing 

NaOH, HCl and NaOCl solutions. 

 

cMF 

During the employment of the cMF membranes, the filtration system was analyzed for a period of 16 

days 11 hours and 21 minutes, while the total filtration time amounted to 5 days 9 hours and 38 

minutes. The average run time of a filtration cycle in between two cleaning procedures was observed 

to be 5 hours and 11 minutes. The initial permeability of the cMF membranes could not be fully 

restored by employing standard protocol CIP procedures. Additionally, to little or no avail, alternative 

CIP procedures have been tested, including the utilization of a citric acid (C6H8O7) solution instead of 

a hydrochloric acid (HCl) solution. The employment of CEB procedures in order to restore the cMF 

membrane’s initial permeability  showed promising results. 

 

4.3.1 Energy consumption 

While utilizing the cNF and cMF membranes, the average energy consumption per filtration cycle 

amounted to 14 and 9 kWh, respectively, while the total energy consumption of the filtration unit, 

including membrane cleaning procedures, was estimated at 36300 and 24462 kWh per year, 

respectively. The energy consumption during filtration cycles was observed to progress linearly, as 

described in appendix IV ‘Operational filtration cycle analysis’. 
 

 

4.3.2 Chemical consumption 

The measured chemical consumption of specific compound solutions during the automatically 

conducted CIP procedures, while employing the cNF and cMF membranes for municipal wastewater 

filtration procedures, is listed in appendix IV ‘Operational filtration cycle analysis’. 

It was observed that the amount of chemicals used per CIP procedure is not specifically related to the 

type of membrane which is being employed in the filtration unit. This is due to the fact that the 

amount of chemicals required to alter the pH in the filtration system remains equal while employing 

either type of membrane. The total amount of chemicals used over time during the operational 

analyses was, however, related to the frequency of membrane cleaning procedures, which was 

higher during the utilization of cMF membranes. 



 

28 

 

 

4.3.3 Operational analysis (2016) 

An increased drop in the permeability of the cMF membranes was observed during the operational analysis, as is shown in figure 12, even though CIP 

procedures with NaOH, HCl and NaOCl solutions were conducted after completed filtration cycles. The run time of a filtration cycle was not specifically 

related to the permeability of the membrane, but rather mainly to the composition of the influent, as described in appendix IV “Chemical analysis”. In order 

to restore the permeability of the cMF membranes, CEB’s have been used as a membrane cleaning procedure. During consecutive CEB procedures, chemical 

compound solutions containing NaOH, HCl and C6H8O7 have been utilized in order to remove reversible membrane fouling. The permeability was measured 

by clean water flux tests after each CEB, showing an increase in membrane permeability after each CEB procedure. As shown in figure 12, the permeability 

was restored after the CEB’s, however decreasing rapidly during the first filtration cycle. The standard protocol CIP procedures that followed were not able 

to fully restore the membrane’s initial permeability. 

 

 
Figure 12: Measured flux and membrane permeability during continuous municipal wastewater filtration procedures from the 20

th
 of April to the 7

th
 of May 2016 while utilizing cMF 

membranes. 

CEB CIP CIP 
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4.3.4 Filtration cycle analyses 

Further analysis regarding the filtration cycles during municipal wastewater filtration procedures while utilizing the cNF and cMF membranes shows a 

different TMP progression trend over time for both membranes, as illustrated in figure 13 and 14. However, this trend could only be observed when the 

permeability of the membranes was restored, as is shown in appendix IV ‘Operational filtration cycle analysis’. The membrane fouling rate of the cMF 

membranes showed an increase throughout the operational analysis whenever the TMP reached a certain value, ranging from 3-5 bar, as opposed to the 

more linear TMP progression of the cNF membranes, as is shown in appendix IV ‘Operational filtration cycle analysis’. 

 
 

 

 

 

 

 

 

 

Figure 13: Measured flux and TMP during continuous municipal wastewater filtration procedures from the 28
th

 of July to the 2
nd

 of May 2015 while utilizing cNF membranes. 

 

 

 

 

 

 

 

Figure 14: Measured flux and TMP during continuous municipal wastewater filtration procedures from the 20
th

 of April to the 22th of April 2016 while utilizing cMF membranes.  
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4.3.5 Operational production analyses 

While utilizing cNF membranes in wastewater filtration procedures with a set flux of 30 
 

    
, the values for processed feed water and the produced 

permeate water amounted to 6.5 and 3.7 m3 per filtration cycle in between two chemical cleaning procedures, respectively, as is shown in figure 15. 

 

  

 

 

 

 

 

 

Figure 15: Operational production of the filtration unit per filtration cycle regarding processed feed and produced permeate water in between two membrane cleaning procedures during 

continuous municipal wastewater filtration procedures from the 29
th

 of January to the 14
th

 of August 2015 while utilizing cNF membranes. 

While utilizing cMF membranes in wastewater filtration procedures with a set flux of 150 
 

    
, the values for processed feed water and the produced 

permeate water amounted to 3.7 and 3.1 m3 per filtration cycle in between two chemical cleaning procedures, respectively, as is shown in figure 16. 

 

 
 

 

 

 

 

 

Figure 16: Operational production of the filtration unit per filtration cycle regarding processed feed and produced permeate water in between two membrane cleaning procedures during 

continuous municipal wastewater filtration procedures from the 20
th

 of April to the 7
th

 of May 2016 while utilizing cMF membranes.   
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4.3.6 VRO unit 

During the employment of the cMF membranes an increased drop was observed in the diffusive mass transfer coefficient (MTC) of the VRO unit’s 

membranes, as shown in figure 17.       
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Operational analysis measurements of the VRO unit the employment of the cMF membranes (2016).  
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5. Discussion 

Membrane characterization 

The retention behavior of the cNF membranes in March 2016 decreased in comparison with earlier 

membrane characterization tests in 2014 and 2015, indicating the occurrence of membrane 

degradation. Further analysis during visual inspection of the cNF membranes while replacing them 

with the cMF membranes in March 2016 indicated damage to the top and support layers, as shown 

in appendix V ‘Visual observations’. 

 

Literature research suggested that in order to characterize the cMF membranes with regard to 

retention behavior and subsequently determining the average pore size, a particle counter analysis 

would be a suitable method compared to alternative membrane characterization techniques. The 

first batch tests experiments, however, showed unanticipated results. During the particle counter 

analysis, nearly equal values for the concentrations of particles ranging from 0.05 to 0.20 µm were 

observed in concentrate and permeate samples. After further investigation, the results of clean 

water permeability tests regarding the membrane’s permeability indicated damage to the cMF 

membrane. By opening the membrane unit and reversing the permeate flow, it was possible to 

determine which specific membrane was broken. The batch test experiment was repeated after the 

broken membrane was replaced, subsequently showing results in the expected range. The cMF 

membrane characterization test results indicated an average membrane pore size of 0.06 µm, 

disagreeing with the supplier’s given pore size of 0.15-0.20 µm. However, the results of the cMF 

membrane characterization tests have also shown that these type of retention tests suffice and 

should be utilized in consecutive batch test experiments regarding the cMF membrane retention 

behavior. 

 

Operational analyses 

Analyses of continuous operational wastewater filtration, while employing the cNF and cMF 

membranes, showed meaningful results regarding the performance of the membranes and what 

type of adjustments should be made in order to improve the permeate production rate of the 

membranes. 

 

The most notable observation during the employment of the cNF and cMF membranes is the average 

run time of a filtration cycle and the amount of wastewater being processed during these filtration 

cycles. While operating the filtration system during the cNF and cMF membrane analyses, set fluxes 

of 30 and 150 
 

    
 have been applied, respectively. The difference in set flux values was mainly 

caused by the difference in total membrane surface area, amounting to 9.28 m2 and 3.92 m2 for the 

cNF and cMF membranes, respectively. Even though the average permeability of the cNF membranes 

was lower than that of the cMF membranes at the start of the filtration cycles during the operational 

analyses, amounting to ~20 and ~125  

        
 , respectively, at a recovery rate of ~80%, the average 

duration of the filtration cycles while employing cMF membranes was observed to be shorter at 

higher flux rates compared to the cNF membrane analysis. The average duration of a filtration cycle 

while employing cNF and cMF membranes amounted to ~28 and ~5 hours, with almost equal 

permeate production rates of 3.7 and 3.1 m3 per filtration cycle, respectively. Furthermore, increased 

membrane fouling rates were observed whenever the TMP reached a certain value. This observation 

could potentially confirm the findings of the membrane characterization tests regarding the actual 

pore size of the cMF membranes and suggests that the cMF membranes should be operated at a 

lower, more suitable flux rate. 
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Retention behavior 

Even though the production rate per filtration cycle of the cNF and cMF membrane units is 

comparable with regard to volume, the quality of the produced permeate water differentiates. The 

decreased quality of the permeate water ultimately caused the TMP in the VRO unit to increase more 

rapidly due to increased membrane fouling rates while utilizing the cMF membranes as opposed to 

the cNF membranes. The root cause for this increased membrane fouling rate could be the increased 

presence of Fe2+ ions in the feed flow of the filtration unit due to inconsistencies in operating the DAF 

unit. Higher retention rates of the cNF membrane for Fe2+ ions compared to cMF membranes could 

explain the increase in membrane fouling rates for the VRO unit. However, the amount of solids 

present in the filtration unit’s wastewater samples was not measured and has been excluded from 

this specific research due to inaccurate working methods, leading to inconsistent results.  

 

Membrane performance 

Improving the efficiency of all corresponding procedures, while utilizing the cMF membranes for 

municipal wastewater filtration procedures will improve permeate production rates of the filtration 

system. The shorter average duration of filtration cycles while employing cMF membranes causes the 

amount of feed and permeate water being processed and produced per day to be lower compared to 

when cNF membranes are employed, caused by the increased frequency of membrane cleaning 

procedures during the employment of cMF membranes. Furthermore, these membrane cleaning 

procedures use almost equal amounts of chemicals, subsequently increasing the total chemical 

consumption over time while utilizing cMF membranes for municipal wastewater filtration 

procedures. 

 

Alternative membrane cleaning procedures 

Thus far, alternative membrane cleaning procedures in the form of CEBs showed more promising 

results regarding the restoration of the cMF membrane’s initial permeability than the conducted CIP 

procedures and should be further investigated. The difference in efficiency of these membrane 

cleaning procedures with regard to restoring the initial permeability of the membranes could be 

explained due to the fact that particles which have been absorbed in the membrane are not released 

during CIP membrane cleaning procedures, instead solely removing the constructed layer of 

contaminants on the membrane’s surface. By utilizing CEBs as a membrane cleaning procedure it is, 

however, possible to remove these type of particles as opposed to CIPs. 

 

However, further analysis of the operational performance of the cMF membranes should be 

conducted in order to confirm the aforementioned arguments based on a sufficient amount of data. 

As of yet, it is not possible to make a clear comparison between the cNF and cMF membranes 

regarding their performance in the operational procedures of municipal wastewater filtration. 
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6. Conclusion 

Based on the conducted research it can be concluded that: 

 

6.1 Characterization, comparison of cNF and cMF 

1. What are the MWCO values of the cNF and cMF membranes? 

 

The MWCO of the cNF membranes was observed to be 1x104 g/mol in March 2016, indicating the 

occurrence of membrane degradation since previously conducted membrane characterization tests 

in 2014 and 2015. The occurrence of membrane degradation was later confirmed by visual inspection 

of the cNF membranes. 

 

The average pore size of the cMF membranes was observed to be 0.06 µm in April 2016, disagreeing 

with the supplier’s given pore size for the membranes of 0.15-0.20 µm.  

 

 

 

2. What is the fresh water permeability of the cNF and cMF membranes? 

 

The fresh water permeability of the cNF membranes in March 2016 was determined to be 19.67 ± 

0.51 
 

        
  at a recovery of 80.59 ± 0.54% regarding demineralized water. 

 

The fresh water permeability of the unemployed cMF membranes in April 2016 was determined to 

be 124.29 ± 2.61  

        
  at a recovery of 83.19 ± 2.42% regarding demineralized water.  
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6.2 Applicability  

1. What is the chemical and biological composition of the feed water, cross, permeate and 

concentrate flows during municipal wastewater treatment at the RINEW project during the 

cNF and cMF membrane filtration processes? 

 

During specific batch test experiments in March 2016, the phosphate retention behavior of the cNF 

membranes was observed to proportionally decrease depending on the acidity of the feed flow, 

ranging from 13.81 ± 9.91% at a pH of 6.7 to 1.04 ± 0.43% at a pH of 2.9. 

 

The chemical composition of the feed, permeate, cross and concentrate flows regarding the 

concentration of specific nutrients in the filtration system during the employment of the cMF 

membranes can be found in appendix IV “Chemical analysis data”. 

 

 

2. What is the average permeate production rate of the municipal wastewater treatment 

process at the RINEW project while employing the cNF or cMF membranes? 

 

While utilizing cNF membranes in wastewater filtration procedures with a set flux of 30 
 

    
 , the 

values for processed feed water and the produced permeate water amounted to 6.5 and 3.7 m3 per 

filtration cycle in between two chemical cleaning procedures, respectively.  

 

With cMF membranes with a set flux of 150 
 

    
 , the values for processed feed water and the 

produced permeate water amounted to 3.7 and 3.1 m3 per filtration cycle in between two chemical 

cleaning procedures, respectively. 

 

 

 

3. What is the average run time of the municipal wastewater membrane filtration process cycle 

at the RINEW project, in between two CIP procedures, while employing the cNF or cMF 

membranes? 

 

The average run time of a filtration cycle during operational wastewater filtration procedures with 

the cNF membranes amounted to 27 hours and 56 minutes.  

 

With the cMF membranes this amounted to 5 hours and 11 minutes. 
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6.3 Economic feasibility 

1. How do cNF and cMF membranes compare with regard to variable and fixed operational 

costs of the municipal wastewater treatment process? 

 

The operational costs of the filtration system while utilizing cNF and cMF membranes for municipal 

wastewater treatment mainly differ with regard to chemical use. The chemical cleaning procedures 

were observed to use similar amounts of chemicals during employment of cNF and cMF membranes. 

However, while utilizing the cMF membranes for municipal wastewater treatment, shorter filtration 

cycles were observed in comparison with the cNF membranes, ultimately resulting in an increase of 

chemical cleaning procedures.  

 

The total energy consumption of the cNF filtration unit, including membrane cleaning procedures, 

was estimated at 36300 kWh per year, resulting in 32 kWh/m3 produced permeate product. 

 

The total energy consumption of the cMF filtration unit, including membrane cleaning procedures, 

was estimated at 24462 kWh per year, resulting in 14 kWh/m3 produced permeate product. 

 

 

2. What is the potential yearly revenue of the municipal wastewater treatment process, 

regarding the produced permeate, while employing the cNF or cMF membranes? 

 

While utilizing cNF membranes in wastewater filtration procedures with a set flux of 30 
 

    
 , the 

yearly revenue of the produced permeate water ranged from 1040 to 1150 m3, depending on 

recovery rates ranging from ~80 to ~50%, respectively (Hoek, 2016). 

 

While utilizing cMF membranes in wastewater filtration procedures with a set flux of 150 
 

    
 , the 

yearly revenue of the produced permeate water was estimated at 1716 m3 at a recovery rate of 

~80%. 
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7. Recommendation 

The findings in the conducted research recommend that: 

 

- The filtration system should be tested at a recovery rate of 50% while utilizing cMF for 

municipal wastewater filtration procedures. Lowering the recovery rate could potentially 

lower the membrane fouling rate and increase the average run time of the filtration cycles in 

between two chemical cleaning procedures. This could ultimately result in a higher average 

permeate production rate of the cMF membranes due to a relatively higher total uptime of 

the filtration system compared to operating the system at a higher recovery rate. 

 

- Further research should be conducted on the use of CEB’s as a membrane cleaning 

procedures during employment of cMF membranes for municipal wastewater treatment. 

The use of CEB’s as a membrane cleaning procedure should be analyzed with regard to their 

ability to restore membrane permeability. The results of this practical analysis should be 

compared to other membrane cleaning procedures in order to determine a suitable 

membrane cleaning procedure for the cMF membranes.  
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Appendix I – Water composition 

1. Water composition parameters 

Parameters indicating specific constituents present in wastewater samples, as listed in table 4. 

Parameter Substance Method Measurement 

Chemical Oxygen Demand 

(COD) 

Organic matter Chemical oxidation HACH LANGE; DR-2800 

LCK 114; LCK 414 

Total Solids (TS) Organic + inorganic 

matter 

The residue remaining after a 

wastewater sample has been 

evaporated and dried at a specified 

temperature (103 to 105°C). 

TS = TSS + TDS 

 

Total Suspended Solids (TSS)  Portion of the TS retained on a filter 

with a specified pore size, measured 

after being dried at a specified 

temperature (105°C). 

 

Total Dissolved Solids (TDS)  Those solids that pass through the 

filter, and are then evaporated and 

dried at specified temperature.  

TS – TSS 

Electrical conductivity (EC) 

Settleable Solids (SS)  Suspended solids that accumulate in 

the bottom of the cone after 60 min, 

reported as ml/l 

Imhoff cone 

Nitrogen (Total-N) Total-N Kjeldahl HACH LANGE; DR-2800 

LCK 138 

 Free ammonia  NH4
+
 HACH LANGE; DR-2800 

LCK 304 

Phosphorus (Total-P) Organic + inorganic P  HACH LANGE; DR-2800 

LCK 350; LCK 349 

 Inorganic P 

 

Orthophosphate (PO4
3—

P)  

Metallic constituents Anions       Cations 

HCO3
-          

   Ca
2+ 

CO3
2-                

Mg
2+ 

Cl
-             

       Fe
2+ 

SO4
2-

 

  

Table 4: Water composition parameters.  
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2. Interrelationships of solids in (waste-)water samples 

Constituents of solids present in wastewater, including the methods in order to analyze each specific 

constituent with regard to weight per volume wastewater sample, as shown in figure 18 

(Tchobanoglous, 1985). 

 

Figure 18: The interrelationships of solids found in (waste-)water samples, including analysis procedures (Tchobanoglous, 

1985).
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Appendix II – Filtration unit  

1. Piping and instrumentation diagram 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19: Piping and instrumentation diagram (P&ID) of the experimental filtration unit setup. 



 

43 

 

The pilot installation’s operation system is based on the P&ID, shown in figure 20, of the 

experimental setup and can be subdivided into three specifications; the influent line, filtration line 

and backwash line. 

 

Influent line 

Both tap and demineralized water sources are connected to tank (T-01), also referred to as the ‘CIP 

tank’, in order to be able to complete specific steps during batch test experiments. During these 

procedures, tap or demineralized water is directed to tank (T-01) by opening valve (V-305) or by 

opening the manual valve after redirecting the demineralized water tube to tank (T-01). Operating 

heater (H-01) enables temperature regulation in tank (T-01). Furthermore, the chemical tanks (T-

05/06/08), operated by pumps (P-04/05/06), contain the chemical compounds that are used during 

the CIP process and certain experimental procedures.  

 

Filtration line 

In the filtration line, the feed flow is directed through the membrane unit (F-02). The first step in 

operating the filtration line is opening the valves (V-203/205/206/207/217). Valve (V-217) can be 

modified to operate at a specific capacity, allowing only a certain percentage of the concentrate flow 

to pass through the pipe.  

 

Backwash line 

Before operating pumps (P-02/07) in the filtration line, valve (V-209) must be opened in the 

backwash line. Pumps (P-02/07) may only be operated once all of the aforementioned valves are 

opened. Furthermore, pump (P-07) may only be operated once pump (P-02) has been turned on. 

Pumps (P-02/07) can be modified to operate at a specific working capacity, making it possible to 

control the flow rate in the system in combination with the operational modifications of valve (V-

217). 

 

Batch mode 

During batch mode operation, the concentrate and permeate streams are redirected towards the CIP 

tank by opening the valves (V-207/209). When stopping batch mode, it is crucial pumps (P-02/07) are 

turned off before closing the valves (V-203/205/206/207/209/217). During this procedure it is 

important that pump (P-07) is turned off first, followed by pump (P-02). Operating valve (V-213) 

allows the system to discharge its contents via the CIP tank into Sewer 1. 
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2. Measurement instruments 

Instruments employed in the filtration unit, indicating values for specific parameters, as listed in 

table 5. 

Instrument Stream Type Unit 

FQIT-01 Feed Flow m
3
/h 

FQIT-02 Permeate Flow m
3
/h 

FQIT-03 Concentrate Flow l/h 

PT-04 Concentrate Pressure bar 

PT-05 Feed Pressure bar 

PT-06 Permeate Pressure bar 

TT-01 Feed Temperature °C 

TT-02 T-01/CIP tank Temperature °C 

PT-09 T-01/CIP tank Height m 

P-02 (set) Pump Frequency Hz 

P-07 (set) Pump Frequency Hz 

QIA-01 Feed pH - 

Manual T-01/CIP tank pH - 

LC-01 Chemical tank Weight g 

LC-02 Chemical tank Weight g 

LC-03 Chemical tank Weight g 

Table 5: Specifications measurement instruments. 

The flow rates in the system, measured by the flow meters (FQIT-01/02/03), are related to the feed, 

permeate and concentrate flows, respectively. Pressure indicators (PT-04/05/06) indicate the feed, 

concentrate and permeate site pressures, respectively. The feed flow temperature in the filtration 

line is measured by a heat sensor (TT-01), whereas the temperature of the contents present in tank 

(T-01), or CIP tank, is measured by heat sensor (TT-02). Additionally, the water level of the CIP tank is 

indicated by sensor (PT-09). The set frequencies of the pumps (P-02/07) indicate the rate at which 

the pumps are operating.  

 

Chemical modifications to the filtration system are indicated by a pH sensor (QIA-01), measuring the 

pH of the feed flow, and manual pH measurements in the CIP tank. The amount of chemical 

compounds present in the chemical tanks (T-05/06/08) is indicated by the scales (LC-01/02/03). 
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3. Filtration unit data summary 

a. Operational data summary 2016 

 

 
Table 6: Summary of the processed operational filtration unit data (2016). 
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b. Operational data summary 2015 

 

 

Table 7: Summary of the processed operational filtration unit data (2015). 
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Appendix III – Membrane characterization 

1. cMF membrane retention behavior 

1.1 PES 100 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 8: Operational data during the PES 100 retention test (2016). 

1.2 PES 200 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table  9: Operational data during the PES 200 retention test (2016).
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1.3 Particle counter analysis 

 

Table  10: Raw data particle counter analysis (2016). 
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Table  11: Processed data particle counter analysis (2016). 
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2. cNF membrane retention behavior 

2.1 K3PO4 

 

Table  12: Processed data phosphate retention tests (2014-2016). 
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2.2 PEG 400 

 

 
Table  13: Processed data PEG 400 retention tests (2014-2015). 
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2.3 PEG 600 

 
Table  14: Processed data PEG 600 retention tests (2014-2016). 
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2.4 PEG 1000 

 

 

Table  15: Processed data PEG 1000 retention test (2016).
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Appendix IV – Operational filtration cycle analysis 

1. Chemical analyses 

Data sheet regarding the measured concentrations of specific chemical compounds present in wastewater samples. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table  16: Nutrient concentrations at specific sample locations during continuous operational procedures (2016).  
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2. Energy consumption 

Energy consumption measured (t = 1 minute) during each filtration cycle while utilizing cMF membranes for municipal wastewater filtration procedures, as 

shown in figure 20. The consumption of energy during operational filtration cycles was mainly related to automatic pump frequency adjustments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Energy consumption per filtration cycle while utilizing cMF membranes (kWh). 
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3. Chemical consumption 

Chemical consumption measured during the operational filtration cycle analyses, including previously conducted measurements during the employment of 

the cNF membranes (Hoek, 2016). 

cMF cNF 

Date NaOH (g) HCl (g) NaOCl (g) Date NaOH (g) HCl (g) NaOCl (g) 

21-04-2016 3576 2759 117 17-07-2015 3243 2340 145 

25-04-2016 3292 2517 156 21-07-2015 3131 1532 145 

25-04-2016 3203 2516 101 30-07-2015 2604 1548 111 

29-04-2016 3212 2505 151 02-08-2015 3830 2096 100 

Average 3321 ± 175 2574 ± 123 131 ± 27 Average 3202 ± 436 1879 ± 350 125 ± 20 

Table 17: Measured chemical consumption of the CIP procedures during the utilization of the cNF and cMF membranes. 
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4. Filtration cycle analysis 

Flux and TMP values measured during the employment of cNF and cMF membranes during specific periods of experimental operational research regarding 

the filtration of municipal wastewater, as shown in figure 21 and 22.   

 

 

 

 

 

 

 

 

 

Figure 21: Measured flux and TMP during continuous municipal wastewater filtration procedures from the 29
th

 of January to the 14
th

 of August 2015 while utilizing cNF membranes.  

 

 

 

 

 

 

 

 

 

Figure 22: Measured flux and TMP during continuous municipal wastewater filtration procedures from the 20
th

 of April to the 7
th

 of May 2016 while utilizing cMF membranes. 
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cNF membrane permeability during a specific period of experimental operational research regarding the filtration of municipal wastewater, as shown in 

figure 23. 

 
Figure 23: Measured flux and membrane permeability during continuous municipal wastewater filtration procedures from the 29

th
 of January to the 14

th
 of August 2015 while utilizing cNF 

membranes. 
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Appendix V – Visual observations 

1. Membrane degradation 

 

 

Figure 24: Damaged top and support layers of a cNF membrane utilized in operational municipal wastewater treatment 

procedures (2016).  
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2. Membrane unit 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: The membrane unit containing the cNF membranes before replacing them with the cMF membranes (2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26: The membrane unit containing the new cMF membranes (2016).
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