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ABSTRACT 

Hybrid processes combine unit operations in one step to achieve an improved water 

or wastewater treatment. They overcome the different disadvantages of the individual unit 

operations. Different approaches to remove micro-pollutants - especially persistent organics 

as well as phosphate residues - by hybrid processes consisting of ceramic flat sheet 

membrane filtration combined with flocculation or adsorption were investigated. The target 

of the studies was to improve the quality of treated sewage effluent (TSE) to protect the 

ecosystems from micro-pollutants such as pharmaceutical residues and/or forever chemicals 

like e.g. PFAS and allow a reuse of water. Therefore, ceramic flat sheet membrane filtration 

was combined with a flocculation process (cake layer filtration) to remove dissolved and 

colloidal organics from treated sewage effluent and to co-precipitate phosphate. By 

combining ceramic flat sheet membranes with powdered activated carbon adsorption (active 

cake layer filtration) persistent trace organics and forever chemicals were efficiently 

removed from surface water. 

Keywords: membrane filtration; ceramic membranes; cake layer filtration; 

micro-pollutants 

 

1. INTRODUCTION 

Growing awareness for environmental pollution, 

the poor quality of water bodies and the impairment of the 

environment as well as contaminations caused by 

anthropogenic substances are becoming focus of society. 

This increasing awareness is also driven by the constant 

improvement of chemical analysis technology: stepwise it 

is possible to detect and measure even the smallest 

amounts of chemical substances quantitatively and 

qualitatively. Due to the continuous improvement of 

analytical methods, the extent of pollution is becoming 

drastically clear. The synthesis of various persistent 

substances, which are released into ecosystems, causes 

continuously greater problems, e.g. sterilization of fish or 

the accumulation of harmful substances in food. 

Microplastics, organic trace substances like drug residues 

or their metabolites as well as phosphates are proven to 

accumulate in rivers and deteriorate the quality of the 

water. [1], [2], [3], [4] To prevent chronic diseases of 

humans or animals and to avoid the destruction of entire 

ecosystems these persistent, hazardous, toxic and often 

bioaccumulating pollutants need to be removed from the 

water. Often the trace substances were emitted in the past, 

where they were released carelessly and partly without 

knowledge of their environmental hazard. The list of 

detected dangerous (micro-) pollutants that should not be 

released into nature or need to be removed thereof is 

growing continuously. In particular, ingredients used in 

pharmacy as well as microplastics and even phosphates 

enter ecosystems through the sewage and the treated 

sewage effluent (TSE) as the conventional sewage 

treatment plants cannot retain or mineralize these 

contaminants. Conventional wastewater treatment plants 

work with three purification stages [5]: 

- Mechanical treatment for the removal of coarse 

particles and oil, 

- Biological treatment for degradation of organic 

carbons and nitrogen compounds (as well as in some 

cases biological phosphate elimination, bio-P), 

- Chemical treatment for phosphate elimination. 

The removal of many of the undesired substances 

from wastewater is currently not completely possible with 

the three mentioned conventional clarification stages [2], 

[3]. The different kinds of micro-pollutant cause severe 

problems for ecosystem and human health: Although 
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phosphate removal technologies were installed in sewage 

treatment plants decades ago, they cannot eliminate 

phosphate fully [6] and up to 1.0 μg/l are released into the 

rivers. On average in the years 2012 to 2016 about 22 

kilotons of phosphorus per year were discharged into the 

German water bodies: The share from sewage treatment 

plants was around 30 % [7] and has hardly decreased in 

recent years. However, especially in combination with 

nitrogen compounds the residual phosphate promotes 

eutrophication in the receiving water bodies leading 

especially during summer time to a collapse of the entire 

ecosystem [8]. Persistent organics like e.g. drugs and their 

metabolites harm the growth of duckweed, lead to 

sterilization of fishes or have toxic effects on aquatic 

organisms while other persistent organics like e.g. PFAS 

are suspicious to cause cancer or other diseases in human 

[9]. More than 100 medical active substances or their 

metabolites were detected in German sewage treatment 

plants. In surface waters approx. 130 pharmaceuticals or 

their metabolites were found. Isolated concentrations 

above 1.0 μg/l were measured [10]. Further, microplastics 

accumulate in rivers and surface waters, which can have 

far-reaching consequences for organisms [11]. Laboratory 

studies have shown, for example, that exposure to 

microplastics reduces the fertility of copepods [2]. Further 

studies showed that microplastics accumulate in the 

digestive tracts of mussels and fish and can lead to 

inflammation [2]. 

 

1.1 Overcoming challenges in water supply by 

micro-pollutants 

In order to relieve receiving water bodies from the 

above-mentioned substances and to avoid further 

pollution of drinking water sources and impairment of 

ecosystems, the installation of a fourth purification stage 

for sewage treatment plants is discussed in Germany since 

years [4], [7]. However, the optimum treatment in terms 

of effectiveness and (resource) efficiency is still under 

investigation. Traditional activated carbon adsorption [12] 

including fine-powder activated carbon processes [13] or 

other adsorbents [14] are considered. To increase the 

removal efficiency of the residual organics also ultra- or 

nanofiltration steps [15], [16] are investigated. However, 

the mentioned processes are limited either due to 

efficiency, material costs (e.g. adsorbents, membranes) or 

energy consumption and there is a demand to develop 

treatment processes facing these objections.  

In the study presented different approaches to 

remove micro-pollutants, especially persistent organics as 

well as phosphate residues, were studied. The approach is 

the utilization of hybrid processes consisting of ceramic 

flat sheet membrane filtration in combination with 

flocculation or adsorption. The target of the investigations 

was to find approaches to improve the quality of treated 

sewage effluent to protect the ecosystems from micro-

pollutants and surface water for drinking water 

production. 

This research is in line with the discussion in 

membrane science claiming that for breakthrough 

implementation of membranes especially in environmental 

science new processes need to be investigated rather than 

new materials to be developed. [17]. 

1.2 Membrane filtration and ceramic flat sheet 

membranes 

In membrane filtration at low pressure 

(microfiltration and ultrafiltration) there are two options 

for filtration direction through the membrane [5]. For 

inside-out-filtration the water is pressed from inside the 

membrane module through the membrane layer itself to 

the outer side, while for outside-in-filtration the water 

flows from the outer side of the membrane module to the 

inside. In general, both variants offer procedural 

advantages and disadvantages and their selection is a 

decisive step for the projection of membrane processes 

and system integration. As the core difference lies in the 

direction of the water flow through the membrane and thus 

the place of accumulation of the separated substances, 

outside-in-filtration is the relevant filtration direction for 

the hybrid processes. 

Furthermore, the driving force as pressure 

difference for water transport through the membrane can 

be realized in two ways [5]. Pressure-driven membrane 

filtration (tubular membranes) apply a pressure on the 

membrane module while for systems with submerged 

membranes (hollow fibres, flat sheet membranes) the 

driving force is a suction pressure. Pressure-driven 

membrane filtration processes lead to the formation of a 

relatively dense filter cake. Thus, a high resistance for the 

water passage lead to an increase of the energy required to 

continue the filtration. To allow continuous filtration 

energy consuming cross-flow water stream is used to 

minimize the cake-layer formation. [18] The operation of 

membranes as a submerged system with a suction pressure 

allows the formation an almost non-compressed filter 

cake leading to a low energy consumption. 

For the hybrid processes ceramic flat sheet 

membranes in the filtration direction outside-in-filtration 

were selected as submerged system (Figure 1). Thus, the 

rejected particles in standard filtration for particle 

removal, flocculants or the adsorbents (active material in 

case of the hybrid process) form a cake layer on the 

surface of the membrane. Thus, the water is forced to 

contact first the flocculation or adsorption before passing 

the membrane. This specific type of membrane was first 

produced and patented at the beginning of the 1990s in 

Germany [19]. Commercial applications with ceramic flat 

sheet membranes in wastewater treatment (membrane 

bioreactors, MBR) [20] and demonstrations in fresh water 

treatment from surface water [21] were realized around 

2005. During the last decades several processes and 

applications for difficult-to-treat effluents were 

developed, e.g. [22], [23], [24]. The advantages of 

ceramic flat sheet membranes compared to polymeric 
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membranes are predominant especially in harsh 

environments like extreme pH values, aggressive 

chemicals or high temperature applications as well as for 

the filtration of abrasive particles. [25]. 

 
Figure 1: Schematic drawing of submerged filtration 

with ceramic flat sheet membranes (outside-in 

filtration), Source: CERAFILTEC® 

As the technology has been significantly improved 

in terms of membrane production capacity, the availability 

of various membrane materials, module development and 

process stability it has very good prospects for the future 

[26]. Especially for applications with fluxes above 

400 LMH or under harsh conditions ceramic membranes 

- which are significantly more expensive than polymer 

membranes - are now competitive [26], [27]. Especially 

for drinking water treatment from deep groundwater 

sources where fluxes of 700 LMH are realized ceramic flat 

sheet membranes seem to have advantages. Their 

utilization is especially interesting considering hybrid 

processes where the material properties of high 

mechanical strengths and chemical stability are relevant. 

2. HYBRID PROCESSES WITH CERAMIC FLAT 

SHEET MEMBRANES 

Surface water as well as treated sewage effluent 

contains organic particles like microorganisms but also 

degraded organic material as dissolved or colloidal 

organics or micro-pollutants which are separated 

insufficiently. While the particles have a density at 

approx. 1,000 kg/m³ which makes sedimentation 

uneconomically due to long residence times or size of the 

sedimentation basin dissolved organics as well as colloids 

will not settle at all. Filtration processes in the range of 

sieving or microfiltration are often inefficient as these 

particles are very small and pass the filter. In addition, the 

strong surface charge of the particles also promotes their 

stabilization in the water. Nanofiltration allows the 

removal of dissolved organics but suffers from fouling, 

e.g. [28]. Supportive technologies, especially oxidation 

processes like e.g. pre-ozonation which are intended to 

avoid fouling on the membranes [29] need further energy 

and increase TOC level in the treated water. Especially for 

the treatment of water with organic micro-pollutants 

ozonation can be regarded as a critical technology as 

ozone destroys the organic compounds and forms smaller 

molecules which are hard to remove from the water and 

have unknown toxicity. 

Typically, fixed bed adsorber with granular 

activated carbon are applied to remove trace or persistent 

organic from water sources. Especially for trace 

substances the effort to remove those substances from 

water is high as the diffusion path of the molecules into 

the granular activated carbon grain is comparably long. 

Thus, the utilization of powdered activated carbon (PAC) 

is of high interest as the specific surface is maximized and 

the pathways for the adsorption are comparable short. 

However, as the small powdered activated carbon 

particles (D50 < 100 µm) are hard to reject the removal of 

the PAC after loading limits its effectiveness. 

Conventional filter materials block due to the fine 

particles and polymeric membranes suffer from surface 

impairments by abrasion. 

By combining unit operations like flocculation, 

precipitation, adsorption or ion exchange with micro- or 

ultrafiltration the disadvantages of the single unit 

operation are solved. The new hybrid processes improve 

water treatment for micro-pollutant removal and reuse of 

treated water. 

2.1 Cake layer filtration (CLF) 

Flocculation of organic material allows the 

conversion of suspended and colloidal contaminants, into 

larger, separable particles. In combination with a filtration 

step with ceramic flat sheet membranes an economic 

approach is chosen as a formation of small flocs is 

acceptable to form a particle layer on the membrane’s 

surface. Further, dissolved organics can be adsorpt in the 

flocs during the filtration process. This hybrid process 

allows the removal of the residual organic material from 

treated sewage effluent and is called “cake layer filtration” 

(CLF): The flocculation is done in a separate tank 

followed by the membrane filtration step (ref. Figure 2). 

As iron or aluminum salts are used for the flocculation 

step of the colloidal and dissolved organic substances a 

co-precipitation of phosphates is possible. Polymeric 

flocculants should be avoided for the treatment of the 

treated sewage effluent for reuse as they may increase the 

organic load of the water when not removed completely. 

 

Figure 2: Block diagram of cake layer filtration for 

quality enhancement of treated sewage effluent 

 

2.2 Active cake layer filtration 

The combination of the adsorption step with 

ceramic flat sheet membrane filtration into a hybrid 
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process is called “active cake layer filtration” (ACLF): 

The ceramic flat sheet membrane is a carrier of a packed 

bed of “active” material, like e.g. a fine powdered 

activated carbon as adsorbent (Figure 3). The submerged 

out-to-in filtration allows a comparable loose powdered 

activated carbon bed without compression and therefore a 

high-flux and low-pressure membrane operation (step 1). 

The formed adsorbent bed layer allows a perfect contact 

area for adsorption or ion exchange (step 2) and a quick 

removal of trace pollutants from the water [30], [31]. 

Thus, this process can be applied for the removal of 

dissolved micro-pollutants like PFAS or pharmaceuticals 

from the water. 

 

Figure 3: Block diagram of active cake layer 

filtration for quality enhancement of drinking water - 

step 1: formation of the active cake layer, step 2: PAC 

is rejected by UF and micro-pollutants are adsorbed 

3. EXPERIMENTAL 

The investigations for the two hybrid processes 

were done in lab scale and followed by technical scale 

investigations. Selected membranes were ceramic flat 

sheet membranes. The flocculant applied was ferric 

chloride (FeCl3) for the lab experiments and aluminum 

chloride (AlCl3) for the technical scale experiments. As 

adsorbate different powdered activated carbons (PAC) 

were used. Experiments were done in lab units as well as 

technical scale units which were designed and constructed 

by the company CERAFILTEC®. 

3.1 Material and methods 

Ceramic flat sheet membranes. The membranes 

applied for the tests were supplied by CERAFILTEC®. 

The membranes were ultrafiltration membranes with a 

pore size of 0.1 µm made of two different materials: 

Silicon Carbide (SiC) and Alumina Oxide (Al2O3). The 

characteristics are displayed in Table 1. 

Table 1: Characteristics of the applied ceramic flat sheet 

membranes 

Type SiC-1 Al2O3-7 

Material  Silicon Carbide Alumina Oxide 

Nominal Pore Size 

    [µm] 

0.1 0.1 

Porosity [%] 42 34 

Clean water 

    permeability 

    [l/m²*h*bar] 

7,500 1,800 

 

Flocculants. The flocculation was realized with 

chlorides. During laboratory study FeCl3 and for the 

technical scale trials AlCl3 was used. Powder activated 

carbon (PAC). Different PAC were investigated as 

adsorbents, Table 2. 

Table 2: Characteristics of the applied powder activated 

carbon 

Type H1AK1 

(Lab) 
H2AK2 

(Lab) 

Cabot Darco 

S-51 

(Technical) 

D50 [µm] 20 20 30-42 

Iod number 

    [mg/g] 

950 n/a n/a 

Methylenblue 

    adsorption 

    [g/100 g] 

28 20 n/a 

BET [m²/g] 1050 950 650 

 

Analysis. The analysis of the water was done were 

pH, turbidity, SAK254, Orthophosphate, COD and 

Extinction. The analysis equipment displayed in Table 3 

was used. 

    

Table 3: Laboratory analysis methods applied 

Parameter Equipment Comments 

pH [-] Parallel analyzer SL 

1000, Hach Lange 
 

Turbidity 

     [NTU] 

Turbidimeter 2100 P, 

Hach Lange 
 

SAK254 

     [m-1] 

Real UV 254, 

Realtech 

Incorporation 

 

COD 

    [mg/l] 

Spectrophotometer 

DR 2800, Hach 

Lange 

Range for COD 

measurement: 

0.0 – 150 mg/l 

as O2 

PO4
3-  

    [mg/l] 

Parallel analyzer SL 

1000, Hach Lange 

Range for 

orthophosphates: 

0.2 – 4.00 mg/l as 

PO4
3- 

Fe total 

    [mg/l] 

Spectrophotometer 

DR 2800, Hach 

Lange 

Range for Fe 

total: 

0.2 – 6.0 mg/l 

Fe2+  

    [mg/l] 

Spectrophotometer 

DR 2800, Hach 

Lange 

 

Fe3+ 

    [mg/l] 

Spectrophotometer 

DR 2800, Hach 

Lange 
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Extinction  

    [nm] 

Spectrophotometer 

DR 2800, Hach 

Lange 

Maximum of 

adsorption for 

brilliant blue: 

629 nm (628-

630 nm, detection 

limit: 5 µg/l 

according to 0) For 

the calibration a 

concentration 

series was 

prepared. 

 

3.2 Inlet water for investigations 

Depending on the investigation target for the CLF 

filtration and the ACLF different approaches and polluted 

water were used. 

3.2.1 Water for cake layer filtration (CLF) 

For the laboratory investigations to remove 

organics and trace phosphates from sewage effluent, 

effluent from the municipal sewage treatment plant in 

Saarbruecken, Germany was used. This is a municipal 

sewage treatment plant with a daily inlet water of 

60,000 m³ of wastewater from households with almost no 

industrial wastewater [33]. The water for the laboratory 

investigations was taken after the settling tank prior to 

discharge the effluent into river Saar. The water is clear 

with a slightly yellowish color and contains some 

particles. Table 4 shows the results of the inlet water 

analysis for the cake layer filtration experiments. 

Table 4: Average concentrations of specific water parameter 

of the feed for the CLF laboratory experiments 

Parameter Unit Average value of treated 

sewage effluent 

pH [-] 7.14 

Turbidity [NTU] 1.56 

SAK254 [m-1] 0.198 

COD [mg/l] 22.1 

PO4
3- [mg/l] 1.13 

Fe total [mg/l] 0.246 

Fe2+ [mg/l] 0.055 

Fe3+ [mg/l] 1.191 

 

The technical scale experiments were done with 

treated sewage effluent of an industrial sewage treatment 

water plant in Thailand with a COD of approx. 70 mg/l. 

 

3.2.2 Water for active cake layer filtration (ACLF) 

Laboratory investigations were done with a model 

organic (dye - brilliant blue FCF, E133, [32]) which 

allows a quick characterization of the process due to short 

analysis times. This approach was selected as analysis of 

trace organic contaminants takes several days and is not 

allowing a quick change of process parameter during the 

process development. Brilliant blue was selected as it is 

easy to handle, not harmful and has a high solubility in 

water. Due to the solubility the dye is not rejected by the 

ultrafiltration membrane and need to be adsorbed on the 

activated carbon for removal from the water. Brilliant blue 

is a comparable complex organic material with a high 

molecular weight (792.8 g/mol). The more complex 

structure may lead to a poorer adsorption behavior than 

the traditional methylene blue which is used to 

characterize activated carbon adsorption. The structure 

consisting of different benzol rings shall allow to simulate 

persistent pharmaceuticals. As no Fluoride is contained in 

the structure of brilliant blue the non-adhesive properties 

of the forever-chemicals of the PFAS group are not 

simulated. Nevertheless, to allow a process development 

with short development cycles brilliant blue was selected 

as a good first approach model for dissolved trace, 

persistent organics. Experiments were done with a 

concentration of brilliant blue of 1 mg/l. This 

concentration is in the typical trace concentrations of 

persistent organic at contaminated sites which normally 

show concentrations in the same range of several µg/l. 

Surface water concentrations are lower and found in the 

range of several ng/l. However, it was expected, that these 

experiments will give a first indication and proof of 

functionality of the ACLF process. 

The technical scale experiments were done with a 

groundwater contaminated with 1.3 ng/l PFAS as trace 

organic micro-pollutant. The water was from a drinking 

water plant in the City of Rome, USA. 

3.3 Lab filtration systems 

For the filtration tests a lab filtration unit was used 

consisting of a filtration tank, a pump for filtration and 

backwash, a blower and a data log unit [34]. The flux is 

set by the pump speed and the pressure is detected by a 

pressure sensor (Figure 4). The filtration tank of the 

laboratory system is designed in correspondence to the 

dimensions of a ceramic flat sheet filtration module. The 

membrane of 0.01 m² is mounted in a membrane adapter 

and stands upright in the filtration tank for batch filtration 

tests (volume of 5 litres). The distance between the 

membrane and the wall corresponds to that of two 

mounted membranes (5 mm) in a filtration module. 

 



 

14 

 

 

Figure 4: P&ID of the laboratory unit 

Source: CERAFILTEC® 

For continuous operation a pressure vessel was 

connected to the filtration tank as a storage tank in order 

to continuously convey feed water into the filtration tank. 

A level sensor controlled the feeding. As a result, the 

hydrodynamic pressure as an error variable for long-term 

measurements can be omitted. 

3.4 Plants for technical scale experiments 

The technical scale experiments were done in full-

scale technical units with full membrane modules. The 

modularized plant for the technical scale ACLF 

experiments was installed inside a 40-feet-sea-container 

(Figure 5) while the technical scale plant for CLF was 

fixed onsite. Both plants have a control unit for data 

storage (flux, pressure, pH, conductivity) including 

remote control [35]. For the mixture of powder activated 

carbon into the water as well as the addition of the 

flocculants separate tanks were applied.  

 

Figure 5: 3D-drawing of a mobile, containerized unit (right) 

Source: CERAFILTEC® 

4. RESULTS 

The results are presented separately for cake layer 

filtration (CLF) and active cake layer filtration (ACLF). 

4.1 Cake layer filtration (CLF) 

Targets of the cake layer filtration experiments 

were to improve the quality of the treated water from the 

sewage treatment plant in terms of removal of residual 

organic material by flocculation and to remove residual 

phosphates by co-precipitation. As known from basic 

literature the application of flocculants leads to three sub-

processes [36]: 

- First during the coagulation: the electrostatic rejection 

of the suspended and colloidal organic substances is 

overcome and agglomerates are formed. 

- Second during flocculation: the flakes formed adsorb 

further organic material and even the removal of dissolved 

organic substances is possible. 

- Third: FeCl3 leads to a precipitation as the ferric and 

the orthophosphates form sparingly soluble ferric 

phosphate (FePO4) (eq. 1). 

[𝑃𝑂4]3− + 𝐹𝑒𝐶𝑙3 →  𝐹𝑒𝑃𝑂4 ↓ +3 𝐶𝑙−     (eq.1) 

Aluminum containing salts like used for the technical 

scale experiments lead to the formation of sparingly 

soluble aluminum phosphates (AlPO4) (eq. 2). 

[𝑃𝑂4]3− + 𝐴𝑙𝐶𝑙3 ∙ 6 𝐻2𝑂 →  𝐹𝑒𝑃𝑂4 ↓ +3 𝐻𝐶𝑙 + 3 𝑂𝐻−   

(eq.2) 

4.1.1 Lab results CLF 

The experiments were divided in two different 

steps. In a first step the optimum concentration of the 

flocculant in terms of organic removal (measured as 

SAK254) and phosphate precipitation were determined. In 

a second step the combined process of flocculation and 

ultrafiltration was investigated. Figure 6 shows the results 

of the determination of the optimum flocculant 

concentration. 

 

Figure 6: Decrease of organics and phosphate 

concentration by addition of FeCl3 depending on the 

concentration 

The investigations showed, that the maximum 

phosphate concentration is already achieved with a ferric 

concentration of 25 % while the organic removal can be 

improved with rising concentrations of the flocculant. 

The filtration experiments were done in order to 

evaluate the interrelations of the flocculant with the 

membrane and – which is most important – to determine 

the improvement of water clarification by this combined 

process. The flocculant is added with a concentration of 

0.075 ml/l to the flocculation tank with a stirring velocity 

of 4.7 m/min which is applied for 30 seconds, after for 15 

minutes the pre-treated water is stirred with a velocity of 

0,3 m/min. The filtration flux applied was 200 LMH while 

the backwash flux was 700 LMH. The filtration cycle was 

45 minutes followed by a 30 second backwash which was 
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enhanced by shear forces due to aeration. Total filtration 

time was 1.5 h (two cycles). During filtration the tank 

volume was kept constant. The results of the filtration 

experiments in terms of permeability of both investigated 

membrane types is shown in Figure 7. 

 

Figure 7: Permeability of the investigated membranes 

with flocculation (FeCl3) in comparison with clean water 

flux 

The investigations showed, that FeCl3 causes only 

a low decrease of permeability. However, the membrane 

is not recovering fully during backwash which indicates a 

slight fouling. The effect on the membranes is comparable 

although the permeability of the SiC-1 membrane is 

significantly higher than the Al2O3-7 membrane. No 

severe difference could be determined for the filtered 

water quality between the two different membrane types, 

Table 5. However, due to the higher permeability the 

efficiency of the SiC-1 membrane is significantly higher. 

Table 5: Decrease of organic and phosphate concentration 

in treated sewage effluent 

Parameter Decrease [%] 

SiC-1 Al2O3-7 

Turbidity 88.4 86.2 

SAK254 39.3 38.4 

PO4
3- 91.1 89.6 

COD 58.5 60.0 

 

During a long-term filtration test of 24 h a volume 

60 l of treated sewage effluent was post-treated. The 

results achieved during the 2 h filtration tests were 

confirmed. Phosphate concentration was reduced below 

0.2 mg/l and organic concentration below 15 mg/l (as 

COD) or below 0.065 m-1 (as SAK254). 

4.1.2 Technical scale results CLF 

A technical scale plant was realized at a soy bean 

production plant in Prachinburi, Thailand. As state-of-the-

art the water was collected in open ponds. However, the 

residual nitrogen and carbon concentration as well as the 

oily residues increases the eutrophication resulting in 

bloom of algae. Recovery of the water for reuse is 

challenging as it leads to strong membrane fouling. Cake 

layer filtration allowed to overcome this challenge and 

allows a recovery of the water. For the flocculation and 

cake formation an aluminum-based flocculant is used. The 

filtration is operated with a flux of 215 LMH. The plant 

treats a water volume of 15.5 m³/h. After the filtration time 

of 1.93 h a backwash is done to remove the cake layer. 

The backwash including a short chemical cleaning takes 

3 min/h. The water parameter turbidity, total suspended 

solids (TSS) and oil are reduced below detection limits 

allowing a reuse of the treated water in chillers (Table 6). 

The plant is constantly in operation since December 2019.  

Table 6: Water quality before (feed water) and after 

(filtrate) treatment with CLF, data extracted from 0 

Parameter Unit Feed 

water 

Filtrate 

Turbidity [NTU] 11.2 < 0.5 

COD [mg/l] 68 30 

TSS [mg/l] 18 < 1 (nil) 

Oil [mg/l] 7.2 < 0.2 

 

4.2 Results active cake layer filtration (ACLF) 

Persistent organic trace material can be removed 

by adsorption on activated carbon 0. Especially per- and 

polyfluorinated alkyl substances (PFAS) have recently 

received increasing attention in connection with 

contamination of the soil and groundwater and the 

associated risk of contamination of drinking water. The 

group of PFAS are artificial, industrial chemicals that 

comprise about 4,700 substances. They are persistent, 

toxic and accumulate in the food chain. Worldwide, 

contaminated drinking water is one of the main sources of 

adverse effects on humans caused by PFAS; among other 

things, PFAS is suspected of being carcinogenic and toxic 

in reproduction. [39], [49], [41]  

For the lab experiments suspension with a 

concentration of 2.5 g/l of PAC was mixed in a beaker and 

the suspension was given into the lab unit. The PAC layer 

was formed by high filtration speed of 1,000 LMH. After 

the layer was formed uniformly to avoid local 

breakthrough, the filtration started at lower filtration flux. 

With the filtration flow as the driving force, the activated 

carbon adheres to the membrane surface. Nevertheless, 

approx. 15 % of PAC is lost during this process and not 

fixed on the membrane’s surface. The thickness of the 

PAC layer was measured by light microscopy in a cross 

section of the coated membrane. The average thickness is 

between 178 up to 155 µm (Figure 8). 



 

16 

 

 

Figure 8: Cross-section of ceramic flat sheet membrane 

and PAC 

4.2.1 Lab results ACLF 

Comparable to the experiments with the 

flocculation first experiments were done for adsorption of 

the organics in stirred beakers. The residual concentration 

of the dye brilliant blue was measured after 24 h and 48 h. 

The results showed, that after 24 h 99.98 % and after 48 h 

100 % of the dye was removed by both activated carbons. 

The idea of active cake layer filtration is to increase the 

adsorption time drastically by applying a cake layer 

formed by PAC on the surface of the membrane. The fine 

particles are rejected by the membrane and the polluted 

water is forced to move through this thin packed bed layer. 

The investigated aspects were the pressure drop caused by 

the PAC layer on the membrane and the adsorption ability 

of the thin PAC layer for the trace organic. The membrane 

applied was SiC-1 and the PAC layer was formed from 

with 400 ml suspension with 2.5 mg/l PAC with a flux of 

1,000 LMH. The filtration velocity (flux) was varied 

between 400 up to 1,000 LMH to find the optimum 

operation parameter. The formation time for the PAC 

layer (precoating time) was 2 minutes. Regarding 

permeability or pressure drop respectively it was found 

that there is almost no influence on the membrane 

filtration caused by the PAC. However, for finer particle 

grains a slight increase of filtration pressure is found as 

the transport distance through the layer (tortuosity) arises. 

The contact time within the PAC layer was calculated by 

the flow through the porous bed (eq. 3). This was done 

as empty tube velocity 𝑡 =  
ℎ∗𝐴

�̇�
        (eq. 3) 

with 

t = contact time [s] 

h = thickness of powdered activated carbon bed [m] 

A = surface area of activated carbon bed [m²] 

�̇� = Volume flow [m³/s] 

with correction factors of porosity ε [%] and tortuosity 

τ. Porosity was estimated based on basic literature to 

ε = 0.4 and for the tortuosity values of τ = 2 and τ = 4 were 

selected [42]. 

The calculation shows, that the contact time in the 

thin fixed bed is less than 2 seconds, Table 7. 

 

Table 7: Calculation of contact time in the thin fixed bed 

at different filtration fluxes 

Flux 

[LMH] 

Average 

layer 

thickness 

[µm] 

Contact time [s] 

without 

ε and τ 

with 

ε 

wit

h ε 

and 

τ=2 

with 

ε and 

τ=4 

 

700 193.63 0.98 0.39 

0.7

9 1.57 
 

800 177.77 0.79 0.32 

0.6

3 1.26 
 

900 147.25 0.58 0.23 

0.4

7 0.93 
 

1,000 239.25 0.85 0.34 

0.6

8 1.36 
 

 

Both investigated activated carbons were able to 

retain the dye at a concentration of 1 mg/L and a flux of 

1,000 LMH completely over a period of 5 h. After 5 h, the 

retention decreased to 99.7% for the H1AK1 and to 99.5% 

for the H1AK2 (Table 8). Due to the very slow surface 

diffusion, the activated carbon in the precoat layers is only 

partially loaded. The adsorption experiments with contact 

times between 24 h to 48 h showed that 150 mg/l dye 

could be adsorbed on the PAC while only 65 g/l were 

adsorbed with a filtration speed of 1,000 LMH. However, 

the tank volume and retention time is lower and therefore 

the process is interesting for the treatment of high-volume 

water streams like e.g. removal of persistent organic from 

drinking water. 

Table 8: Retention of brilliant blue by ACLF 

Filtration time [h] 
Retention [%] 

H1AK1 H1AK2 

1 100,0 100,0 

2 100,0 100,0 

3 100,0 100,0 

4 100,0 100,0 

5 100,0 100,0 

5.5 99,7 99,5 

 

4.2.2 Technical scale results ACLF 

The technical scale experiments were done in a 

period of three months with a containerized unit in the 

City of Rome, Georgia, USA. The city’s drinking water 

supply is affected by a contamination of PFAS in the 

range of 1.3 ng/l. The turbidity of the influent water was 

0.1 to 0.3 NTU. A full-scale membrane module of 

CERAFILTEC® with 6 m² of membrane area was covered 

by a thin powdered activated carbon layer. After covering 

the membranes with powdered activated carbon (PAC), 

the filtration was operated with a flux of approx. 
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200 LMH. The plant treated a water volume of 1.2 m³/h. 

After the filtration time of 23.75 h a backwash was done 

to remove the loaded PAC and a new cycle started. Four 

different water sources were tested during the technical 

scale trials. Water samples were taken and analyzed by the 

laboratory of the City of Rome almost every week. The 

results are displayed in Table 9.  

Table 9: Mean values in the different months of technical 

scale trials, data extracted from [43]  

Water 

Source 

PFAS 

[ng/l] 

before 

treatment 

PFAS 

[ng/l] 

after 

treatment 

Removal 

[%] 

1 0.85 0.06 93.1 

2 0.74 0.00 99.3 

3 0.34 0.00 99.5 

4 0.05 0.00 99.7 

 

The results show that a removal of PFAS was 

achieved for three of the four sources for 99 to 100 %. The 

results from water source 1 were poorer as it was the first 

attempt for the formation of the PAC layer. After PAC 

layer formation was optimized, the PFAS was removed 

from the water to detection limit. 

5. DISCUSSION OF THE RESULTS 

The laboratory experiments showed, that the 

hybrid process of flocculation with co-precipitation 

followed by ceramic flat sheet membrane (cake layer 

filtration, CLF) is suitable to remove dissolved and 

colloidal organics from treated sewage effluent and to 

reduce the phosphate concentration in this water. It should 

be noted that the performance of filtration varies greatly 

due to the type of membrane, flocculant and inlet surface 

water. Overdosing flocculants might lead to membrane 

fouling. Therefore, the interactions of flocculants with 

membrane surfaces need further investigation. The hybrid 

process with precoated powdered activated carbon on the 

ceramic flat sheet membrane (ACLF) for adsorption of 

trace organic material showed high removal efficiencies. 

For this process the selection of the suitable activated 

carbon is a crucial step for the removal of the targeted 

organics. Nevertheless, the mechanisms of the adsorption 

process need to be studied in detail as it cannot be 

explained by exiting fixed bed models. The technical scale 

trials proved that the hybrid processes developed in 

laboratory scale improve the treatment of water with 

residual and trace organics: combination of flocculation 

and ceramic flat sheet membrane filtration (CLF) reduces 

membrane fouling caused by organic residuals and allows 

a reuse of treated sewage effluent while reaching fluxes of 

215 LMH, combination of adsorption and membrane 

filtration (ACLF) allows the efficient removal of trace 

organic components from drinking water. The technical 

scale trials showed that ACLF can remove hazardous 

micro-pollutants like PFAS constantly > 99 % and the 

suitable operation flux is 200 LMH. Further experiments 

with the hybrid process of an active cake layer formed by 

PAC on the ceramic flat sheet membrane is perspective to 

remove trace organic components from surface water. 

This process is interesting as due to the high surface area 

of the PAC compared to granular activated carbon it is 

more efficient than typical fixed bed adsorber and the 

ultrafiltration process itself is more energy efficient than 

nanofiltration / reverse osmosis processes currently 

applied for trace organic removal. By combining the 

ceramic flat sheet membranes successfully with the 

respective PAC, the process of ACLF will allow the 

removal of a broad range of dissolved trace organic 

materials – not only forever chemicals from the PFAS 

group but also e.g. persistent pharmaceuticals. 

Furthermore, PAC layer avoids membrane fouling. [44]  

6. CONCLUSION AND PERSPECTIVES 

Within the scope of this work, it could be shown 

that hybrid processes combining ceramic flat sheet 

membrane ultrafiltration with a flocculation or adsorption 

process is valuable for the treatment of surface water 

contaminated with micro-pollutants. The combination of 

activated carbon adsorption and ceramic flat membrane is 

suitable for removing trace organic substances from the 

treated effluent and by combination of ceramic flat sheet 

membrane with flocculation, colloidally dissolved and 

finest suspended organic water constituents are converted 

into separable flakes which allow a high-flux membrane 

filtration. Part of the latter process is a co-precipitation of 

phosphate.  

The combination of flocculants and ceramic flat 

sheet membranes contribute to a good post-treatment of 

treated sewage effluent by removing organics and 

phosphates. This will on the one hand protect the 

ecosystems from eutrophication and on the other hand 

allow a reuse of the treated sewage effluent as rinsing 

water, for gardening or agricultural irrigation. The hybrid 

process of ACLF showed a high-potential for trace 

organic removal from surface water. This contributes 

especially to the improvement of drinking water security.  

The biggest advantage of using the hybrid 

processes with ceramic flat sheet membranes is the 

modularity of the process. Existing sewage and drinking 

water treatment plants can be equipped with a very low 

degree of upgrade to improve water quality. This is 

particularly interesting when the concentration of the 

pollutants in the feed is subject to strong seasonal 

fluctuations, which means that the need for flocculation / 

co-precipitation or adsorption is not always present. Such 

fluctuations can occur in surface waters due to heavy rain 

or supplied meltwater and introduce significant amounts 

of pollutant into the water. In an application for industrial 

wastewater, such fluctuations are also conceivable, for 

example due to large time intervals between individual 

batches of problematic products. Existing constrains are 
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poor knowledge on the details of the interactions of 

flocculants with the membranes and the adsorption 

mechanism during the short contact time. These aspects 

will be part of future research to improve the hybrid 

processes constantly in order to contribute to water reuse 

and cleaner water resources. 
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ABBREVIATIONS 

ACLF Active cake layer filtration 

A 

AlCl3 

AlPO4 

Surface area of PAC layer [m²] 

Aluminium chloride 

Aluminium phosphate 

BET Surface area (Brunauer, Emmet, Teller) 

CLF Cake layer filtration 

COD Chemical oxygen demand 

D50 Average particle size (50 %) 

ε Porosity [%] 

Fe Iron 

Fe2+ Iron (II) 

Fe3+ Iron (III), Ferric 

FePO4 Ferric phosphate 

FeCl3 Ferric chloride 

H Thickness of PAC layer [m] 

l/m²*h*bar Permeability – liters per square meter of membrane 

area, hour and pressure 

LMH Flux – liters per square meter of membrane area 

and hour 

MBR Membrane bioreactor 

NTU Nephelometric turbidity units 

PAC Powdered activated carbon 

PFAS per- and polyfluorinated alkyl substances 

PO4
3- Orthophosphate 

SAK254 Specific adsorption coefficient at 254 nm 

TSE Treated sewage effluent 

TSS Total suspended solids 

T Contact time [s] 

τ Tortuosity 

�̇� Volume flow [m³/s] 
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