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Abstract - The AB process is a variation of the conventional, single-stage AS system. This process makes 

use of a highly loaded A-stage, in which wastewater organics are adsorbed by the sludge flocs; and a B-

stage, where the N-removal occurs from the effluent. 

However, the A-stage system has as a key disadvantage the limited settle abilities of the sludge. Thus, 

this thesis focus on an A-stage enhanced through a membrane filtration system in order to create a 

highly concentrated A-stage. The membrane systems used were Microfiltration (MF) and Forward 

Osmosis (FO). 

The set-ups which were investigated in this work were a primary membrane enhanced A-stage with 

both membrane systems, an A-stage coupled with a settler connected to the FO system and an 

enhanced A-stage with double membrane systems through MF system, to prevent the passage of the 

biggest sludge flocs. 

Overall, none of the set-up tested in this work proved to be effective and an improvement in this study 

area of enhanced organics recovery from wastewater via a membrane assisted A-stage. Although the 

enhanced A-stage with double membrane systems showed an increase in solids content in the A-stage, 

it was not very effective in the chemical oxygen demand removal. 
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INTRODUCTION 

Throughout the world, water scarcity is being 

accepted as a present or future threat to human 

activity. Consequently, water reuse strategies 

have been deserved major attention. Thus, over 

the last decades, water technology became of 

main importance and is being developed 1
. The 

activated sludge process is the most commonly 

applied biological method for household 

wastewater treatment. In this process, a bacterial 

biomass suspension (the activated sludge) is 

responsible for the elimination of pollutants and 

nutrients. Depending on the design and the 

specific application, an activated sludge 

wastewater treatment plant (WWTP) also achieves 

enhanced biological nitrogen (N) and phosphorus 

(P) removal, in addition to the process inherent to 

biomass growth 
2
. 

The AB process is a variation of the conventional 

and simple single-stage activated sludge system, 

which can produce secondary sludge with much 

higher biodegradability during anaerobic digestion 

or fermentation. This process makes use of a 

highly loaded A-stage (adsorption) in which 

wastewater organics are adsorbed by the sludge 

flocs, which can then be better digested when 

compared with sludge from the conventional 

activated sludge system. Then, in the B-stage, the 

N-removal from the effluent occurs. Usually, this 

process does not use preliminary clarification in 

order to provide better application of the 

microbial reaction mechanisms. This procedure is 

less sensitive to pH changes and peak loads such 

as COD, BOD5, N, etc. The two-stage system 

allows a decrease in the footprint of the 

wastewater treatment plant, due to the high 

organic loading rate in the adsorption stage 
1
. 

The A-stage involves biological sorption, in which a 

high sludge-specific loading rate is applied, 

yielding mainly conversion of organic carbon into 

microbial biomass 
3
. Thus, the main advantages of 
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this stage are that a considerable quantity of easily 

biodegradable sludge is generated, and the 

surplus sludge, since it is energy rich, can 

therefore be valorised through anaerobic 

digestion with an energy self-supporting 

wastewater treatment as a consequence. 

However, the A-stage system has as key 

disadvantages the incomplete removing of N and P 

from the effluent and the poor settling of the 

sludge 
2
. 

One possible solution for this problem is the use of 

membrane systems. The advantages presented by 

the membrane bioreactors over conventional 

treatment include reduced footprint. The total 

retention of sludge permits process at much 

higher biomass concentrations 
4
. 

Microfiltration (MF) membranes have pores 

between 0.1 and 2 μm. Suspended solids or 

combined constituents and bacteria/protozoa 

larger than the pore size can be separated from 

the feed solution. The operating pressure is 

usually below 8 bar.
5
 

Forward Osmosis (FO) uses the osmotic pressure 

differential (∆π) across the membrane, instead of 

the hydraulic pressure differential (as in reverse 

osmosis), as the driving force for passage of water 

by the membrane. The FO process consists in 

concentration of a feed stream and dilution of a 

highly concentrated stream, mentioned to as the 

drawing solution. Thus, the concentrated solution 

on the permeate side of the membrane is the 

source of the driving force in the FO process. 

When picking a drawing solution, the key principle 

is that it has a higher osmotic pressure than the 

feed solution 
6
. 

The aim of the present work was to enhance an A-

stage through a membrane system in order to 

create a highly concentrated system. The 

membrane systems used were MF and FO. 

 

MATERIALS AND METHODS 

Wastewater and sludge 

The wastewater (WW) used in the concentration 

tests was obtained from the Ossemeersen WWTP 

(Aquafin, Ghent) and from the Hospital Maria 

Middelares WWTP (Ghent). The A-sludge used is 

from RWZI Nieuwveer (Breda, the Netherlands). 

Filtration systems 

MF: membrane system 1 

The MF unit made use of 2 modules in series with 

a flow channel with 71 mm
2
 of cross sectional area 

and 0.0118 m
2
 of membrane surface area for each 

module. The membranes were made of 

chlorinated polyethylene with a pore range 

between 0.4 and 1 μm and the set-up present a 

flow rate in the module of 10 mL/s. 

In order to introduce a membrane relaxation 

period during the operational time and to further 

counter fouling, the permeate pump and outlet 

were shut off 20% of the time. 

A Watson Marlow SCI 323 pump was used for 

permeate extraction. The permeate flux value was 

measured every hour during the essay in every 

experimental setup used, by determining the 

permeate volume in each hour. 

FO: membrane system 2 

In order to perform FO, a cone was used as a 

vessel to retain one litre of the drawing solution, 

with a draw off line at the required level to 

remove the excess and thus determine the 

permeate flux. This way, the feed solution ran on 

the active side of the membrane unit and the 

drawing solution on the support side, in order to 

provide water passage from the feed side to the 

permeate side. Thus, the excess volume removed 

from the cone was due this water osmosis through 

the membrane. 

The FO unit consisted of 2 modules in series with a 

flow channel of 50 mm
2
 cross sectional area and 

0.0124 m
2
 of membrane surface area each 

module. The streaming potential for the clean 

active layer of the membranes used is -6.63 mV 

and the set-up presents a flow rate of 10 mL/s in 

the module. 

To perform the FO, the mixed liquor was 

recirculated through the membrane system using 

a Masterflex L/S economy drive pump, from Cole 
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Parmer, with model 77200-60 tube heads. The 

permeate flux value was determined every hour 

during the essay. 

 

Primary membrane enhanced A-stage 

Here we propose to use a membrane bioreactor to 

create an A-stage independent of the sludge 

settling capacity. To achieve this, the A-stage was 

linked to each of the two different membranes 

units tested. 

The goal of this experiment was to treat 8 L of 

wastewater per day with a desired output of 7.875 

L per day of clean water. Thus, a feed vessel with 

WW was connected to the reactor by an input 

ProMinent pump that provided a flow rate of 8 L 

per day. The reactor consisted of a beaker with 

500 mL working volume containing the A-sludge. 

Mixed liquor was drawn though a level pipette and 

recirculated between the reactor and the 

membrane system using a Heidolph 5001 pump. 

Two membrane units (MF and FO), used to 

produce clean effluent and return A-sludge, were 

applied. The hydraulic retention time (HRT) in the 

A-stage is 1.5 h. Neglecting biomass in the effluent 

and assuming that the biomass concentrations in 

the reactor and in the waste line are similar, the 

SRT is 4 days. The A-stage was magnetically 

stirred. 

For the FO system 0.75 M NaCl was used as 

drawing solution and it was corrected with 25.4 

mL/h of 5 M NaCl. 

 

A-stage coupled with a settler and membrane 

system 

In order to improve A-stage operation and prevent 

the accelerated fouling of the membranes, a pre-

sedimentation step was introduced. Thus, a 

conical sedimentation vessel was installed 

between the A-stage and the membrane unit, 

from which the supernatant was sent to the FO 

unit and part of the settled sludge returned to the 

reactor. An excess sludge stream was operated to 

maintain the adequate SRT value. The A-stage 

consisted of a beaker with working volume 

controlled at 500 mL, described before. A 1-L 

conical storage vessel with a connection for the 

supernatant withdrawal kept at the 300 mL level 

was used as sedimentation vessel. This way, the 

HRT is 2.4 h and the SRT could not be determined 

but it will be lower than 2 days. In this system, 

new WW was added every two days and the A-

stage was magnetically stirred. The waste stream 

was begun at day 7. In this approach, the FO 

system was tested. 

Soluble COD (sCOD), total COD (tCOD), chloride, 

nitrate, nitrite, sulphate, orthophosphate (PO4
3-

) 

determinations were performed every two days 

on the settled supernatant and the new 

wastewater added. TS and VS determinations 

were carried out only on the initial ML and in the 

sludge bleed, which was performed directly from 

the bottom of the settler. The oxygen 

concentration in the A-stage was determined 

every day. 

Forward osmosis system receiving the 

settler supernatant 

The FO system was connected to a feed vessel 

with 500 mL of working volume, receiving the 

supernatant from the sedimentation vessel. 

Aqueous 0.75 and 2.14 M NaCl was used as 

drawing solutions, with bleed flow rates values of 

125 and 250 mL/d, respectively, and it was 

corrected with 25.4 mL/h of 5 M NaCl. The input 

to the feed vessel was connected to a level 

controller in order to adapt to the expected 

permeate flow rate changes in time and maintain 

the volume at 500mL. The flux through the 

membrane was determined every hour during the 

test. Conductivity values were determined in the 

holding vessel during the test with this 

experimental setup. 

 

Enhanced A-stage with double membrane systems 

In order to prevent the passage of large size 

suspended solids to the membrane units, a first 

barrier with a mesh sieve was installed inside the 

A-reactor. 

The sieve had a pore size around 1 mm and was 

mounted on a small inverted funnel. The 
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remainder of the system is the same as the first 

membrane-assisted set-up but here it was only 

tested with the MF system. Tested options 

included a thin mesh sieve (pore size 400 μm), 

mesh sieve (pore size 400 μm) coupled to a 

membrane support layer (pore size 14 µm) instead 

of the membrane, and with only the membrane 

support layer (no sieve). This way, the HRT in the 

A-stage is 1.5 h and the SRT is 2 days, assuming 

negligible solids in the effluent. 

Filtered liquid was pumped at a constant flow rate 

by suction through the membrane support layer at 

a fairly low transmembrane pressure (less than 1 

bar), through the application of adequate pump 

velocity. 

New WW was added to the feed vessel every two 

days and the sludge waste stream was introduced 

on day 19. The A-stage was magnetically stirred. 

The membranes were washed on the feed side 

with MiliQ water for 10 minutes, and when 

necessary for 15 minutes with citric acid (2%), 15 

minutes with sodium hypochlorite (~1 %) and 15 

minutes with MiliQ water again, two days per 

week beginning on day 6. On days 14 and 26 the 

membranes were changed. 

The sCOD, tCOD, chloride, nitrate, nitrite, 

sulphate, orthophosphate, total ammonia 

nitrogen (TAN) and Kjehldahl-Nitrogen (Kj-N) 

determinations were performed every two days 

on the effluent stream and on the new 

wastewater added. TS and VS of A-stage samples 

were determined every two days. 

Forward osmosis system receiving the MF 

permeate 

The FO system was connected to a feed vessel 

with 500 mL of working volume, receiving the MF 

permeate. The FO operated with 2.14 M NaCl as 

drawing solution and a bleed of 250 and 1500 

mL/d, and it was corrected with 246 mL7h of 5 M 

NaCl. The input to the feed vessel was connected 

to a level controller in order to adapt to the 

expected permeate flow changes in time, keeping 

a constant volume of 500 mL. 

The flux through the membrane was measured 

every hour during the test. Conductivity was 

measured in the feed vessel and in the drawing 

solution during the tests with this experimental 

setup. 

 

Primary membrane enhanced A-stage: Batch test 

with A-sludge as feed 

In order to better mimic a highly concentrated A-

stage, a batch test with an A-stage continuously 

fed with A-sludge and concentrated through the 

application of a FO system was also performed. 

Aqueous 2.14 M NaCl was used as drawing 

solution with a bleed flow rate of 1500 mL/d and it 

was corrected with 246 mL/h of 5 M NaCl, in order 

to better compare with the previous essays. The 

membranes were washed daily with MiliQ water 

for 10 min in the feed side. 

 

RESULTS 

Determination of the drawing solution 

concentration for a desired flux and respective 

appropriate corrective solution volume 

In order to determine the value of the drawing 

solution concentration providing a desired flux 

value, a clean water flux test for different NaCl 

concentrations in the draw solution was 

performed. A correlation of 

              
                               

Equation 1 

was obtained. 

Thus, using the correlation, for a flow rate of 7.875 

L/d (corresponding to 13.22 L/(m
2
.h), for the used 

membrane module), the drawing solution molarity 

should be ~ 2.33 M. However, through the whole 

work, it was used 2.14 M as drawing solution by 

technical mistake. For a desired flow rate of 3.94 

L/d (6.61 L/(m
2
.h) for the used module), the 

drawing solution molarity is ~ 0.58 M. A value of 

0.75 M was used to provide a safety margin. 

It’s also important to adjust the concentration of 

the drawing solution in order to keep this value 

constant and corresponding performance at a 

constant level. In this system, a 5 M NaCl 
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corrective solution was used for this, a 

concentration value near the NaCl solubility limit. 

The drawing solution concentration (Cd) is 

calculated by Equation 2: 

   
     

        

 Equation 2 

where mi is the number of moles of salt in the 

initial drawing solution, mb is the number of moles 

of salt from the corrective solution, Vi is the 

drawing solution volume in L, Vf is the water 

volume permeated from the feed in L, and Vb is 

the necessary volume from the corrective solution 

in L. Thus, according to the system proprieties: 

Vi+Vf=1 and mb/Vb=5, since a cone was used as a 

vessel to retain one litre of the drawing solution 

and the water permeate, and the a 5 M NaCl 

solution was used as corrective solution. This way, 

for a desired flow rate of 7.875 L/d and using 2.14 

M NaCl as drawing solution, 246 mL/h of 5 M NaCl 

should be applied. And 29.0 mL/h of 5 M NaCl 

should be applied for a flow rate of 3.9375 L/d and 

0.75 M NaCl as drawing solution. 

 

Primary membrane enhanced A-stage 

The performance of each system was evaluated 

based on the permeate flux through the 

membranes using WW as feed (Figure 1). 

 

Figure 1 - Flux through the MF and FO systems in a primary 

membrane enhanced A-stage using WW, with 0.75 M NaCl as 
drawing solution and 25.4 mL/h of 5 M NaCl as corrective 
solution. 

The flux through the membranes significantly 

decreased after only a few hours in both 

membrane systems, the drop being more 

pronounced in the MF system (Figure 1). In 

addition, the increasing level of fouling caused the 

systems to fail because of the resulting 

overpressure. However, it is interesting to observe 

that the two systems begin with a similar flux 

value, as desired. Still, in the FO system the 

drawing solution dilution should have been 

corrected with 29 mL/h of 5 M NaCl instead of the 

25.4 mL/h value used, which could have 

contributed to the suboptimal performance. 

From the measured conductivity in the A-stage 

and in the drawing solution, during the 

experiment with the FO system, it is visible that in 

the A-stage there is a clear tendency for an 

increase in conductivity along time, while the salt 

concentration in the drawing solution was stable 

after the first 3 hours (Figure 2). 

 

Figure 2 - Conductivity along time in the A-stage and in the 

drawing solution in the FO system test. 

A-stage coupled with a settler and membrane 

system 

The dissolved oxygen concentration in the A-stage 

should have been kept between 0.1 and 1 mg/L in 

order to prevent an anoxic environment but also 

to enable the system to reduce nitrate and nitrite, 

although at such low SRT it was already know that 

it might be difficult. However, this was only 

achieved after day 4, after a period with higher 

oxygen concentrations (between 0.5 and 4 mg/L), 

and it is also visible an increase in the last day of 

the essay (data not shown). 
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The sCOD and tCOD values were determined on 

the WW fed to the system and on supernatant 

samples taken from the settler at predetermined 

times (Figure 3) and on a sample from a mix 

vessel receiving all the supernatant from each day 

(Figure 4). 

 

Figure 3 - Soluble COD and total COD values in supernatant 

samples taken at given times and in the fed WW. 

 

Figure 4 - Soluble COD and total COD values in supernatant 

samples from the day mix vessel and in the fed WW. 

The sCOD levels in the supernatant remained 

stable up to day 10, followed by a steady increase, 

indicating that soluble organics were being 

accumulated in the system (Figure 3 and Figure 4). 

In the first days the tCOD levels in the supernatant 

are slightly lower than those of the WW added 

(Figure 4), indicating that some overall removal 

occurred. However, from around day 8 on, no 

apparent removal of organic matter was observed 

in the system, with the tCOD levels of the 

supernatant samples remaining higher than those 

in the WW added. This could also be due to the 

carryover of biomass in the supernatant, as 

indicating by the loss of biomass measured in the 

A-stage (see Figure 5.) 

The anions concentration in the WW added and in 

the supernatant was followed through time (data 

not shown). It was concluded that there was in 

general no difference between chloride 

concentrations in the added WW and in the 

supernatant, showing an approximate constant 

concentration between 9 and 14 mg/L; when the 

added WW had some nitrite and nitrate, the 

system completely removed it. However, some 

nitrite and nitrate were detected in the 

supernatant on the first days of experiment, 

coinciding with higher dissolved oxygen 

concentrations determined at the same time; a 

clear phosphate removal effect is not visible in the 

concentration profiles. However, when comparing 

the phosphate levels in the supernatant with 

those in the WW added in the previous day, a 

reduction between 10 and 20% is observed; 

finally, the sulphate concentration profiles only 

indicate an apparent reduction in the first days of 

the experiment (around 40%), subsequently 

showing similar values in the supernatant and in 

the WW added to the system. 

Analyzing the VS and TS levels in the A-stage 

during the test, there was a clear loss of sludge 

during the experiment, reaching 62% in TS and 

67% in VS (Figure 5). 

 

Figure 5 - VS and TS values in the A-stage coupled to the 

settler, along the experimental time. 
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FO system receiving the settler 

supernatant 

At different drawing solutions concentrations the 

decreasing flux profile is similar (data not shown), 

i.e. the same value of stabilised flux being 

achieved (around 2 L/m
2
.h). The main difference 

was the initial flux values obtained, the 2.14 M 

solution leading to higher flux levels than the 0.75 

M, as expected. However, the system using 2.14 M 

NaCl should have been corrected with 246 mL/h of 

5 M NaCl instead of 25.4 mL/h, contributing to 

justify the lower performance of the system. 

Additionally, 2.33 M NaCl should have been used 

as drawing solution instead of 2.14 M, and a flow 

rate of 29 mL/h 5 M NaCl should have been used 

to correct the 0.75 M drawing solution, thus it was 

already predicted that the flux values would be 

lower. 

Following the conductivity values in the feed 

vessel along the experiment time, it becomes clear 

that both systems behave similarly in the first 30 

hours. However, as the experiment progressed 

further, at higher drawing solution concentration, 

the conductivity showed a smaller increase. This 

could have been due to the similar flux values in 

both systems and to the higher bleed flow rate in 

the 2.14 M NaCl system, which therefore was 

operated with a higher supernatant input flow 

rate. The two systems presented a similar profile 

relating the flux and the conductivity values in the 

feed vessel. For 30 mS/cm or higher conductivity 

values, the flux tends to be maintained, around 2 

L/m
2
.h. 

 

Enhanced A-stage with double membrane systems 

The outlet coming from the mesh sieve was 

pumped to three MF alternative combinations, 

namely, the thin mesh sieve, the support layer 

from the MF membrane coupled with thin mesh 

sieve, and the MF support layer only. However, 

when using the first two combinations an 

overpressure built up occurred which the system 

could not hold. Thus, the following experiment 

was carried out with the MF unit fitted with the 

membrane support layer only. 

In this experiment, the permeate flow rate value 

was controlled at around the desired value of 8 

L/d (corresponding to a flux of 14.1 L/m
2
.h) before 

the sludge bleed was started, and 7.75 L/d 

(corresponding to a flux of 13.7 L/m
2
.h) after 

starting the sludge bleed. To do this, the flow rate 

was measured on an hourly basis and the 

permeate pump velocity was changed when 

necessary. It could be observed that before the 

washing of the membranes (twice a week), the 

flux value tended to decrease but was restored 

after washing (data not shown). The dissolved 

oxygen concentration was monitored in the A-

stage along the experimental time. Values were 

high in the first days but later decreased and 

leveled out with the majority of readings between 

0.1 and 1 mg/L O2 (data not shown). 

During the first days of this experiment, WW from 

the Ossemeersen WWTP was used as feed. On day 

16 the feed was changed to WW from the Maria 

Middelares Hospital WWTP. It was observed that 

the latter WW has higher soluble and total COD 

values (Figure 6 and Figure 7) but lower TAN and 

Kj-N concentrations. 

When comparing the COD concentration values 

between the WW added two days before the 

permeate samples taken, it is visible that the sCOD 

and tCOD removal efficiencies were higher with 

the first than with the second WW feed. When 

using Maria Middelares WW, the results from 

samples taken from the daily permeate mix at its 

receiving vessel (Figure 6) give tCOD removal 

values between 39 and 83%. For sCOD, there is no 

significant difference between the two kinds of 

WW used, removal rate values being between 5 

and 42 % for permeate samples taken at given 

experimental times (Figure 7) and between 2 and 

40 % for the permeate daily mix samples (Figure 

6). The latter samples were generally more 

reliable in providing an overall picture of the 

system’s efficiency. 
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Figure 6 - Soluble COD and total COD values in the permeate 
mix and fed WW from the MF system coupled to the A-stage 

fitted with a mesh sieve, along the experimental time. 

 

Figure 7 - Soluble COD and total COD values in permeate time 
samples and in the fed WW from the MF system coupled to 
the A-stage fitted with a mesh sieve, along the experimental 

time. 

When analyzing the TAN and Kj-N results (data not 

shown), it can be concluded that the WW from the 

Ossemeersen WWTP had its nitrogen content 

essentially in the form of ammonia, since the TAN 

and Kj-N concentrations were very similar. 

However, the WW from Hospital Maria 

Middelares WWTP presents a significant 

difference between these two determinations. In 

the first days, there is a slight removal of ammonia 

in the system, which is not apparent in the Kj-N 

values. From the 16
th

 day on, there is no 

significant ammonia and Kj-N removal in the 

system. 

The WW from the Ossemeersen WWTP exhibited 

less than half the chloride concentrations 

measured in the WW from the Maria Middelares 

WWTP. The system did not remove any of the 

chloride present in either WW feeds; the nitrite 

and nitrate concentrations in both of the fed WW 

were always below the detection limit. There was 

some production of nitrite and nitrate in the 

system during the essay, essentially in the early 

stages when the dissolved oxygen concentration 

was high; the phosphate concentration in the fed 

WW remained stable at around 2 mg/L. The 

system generally did not remove phosphate; 

finally, the sulphate concentration profile shows 

that there was some sulphate in the fed WW, 

frequently between 5 and 10 mg/L, but the system 

generally did not remove it. 

When analyzing the TS and VS levels in the A-stage 

samples taken during the test, it can be concluded 

that the system presented higher VS/TS ratio 

values in the first days. With the exception of the 

samples around day 18, showing abnormally high 

TS and VS values, the system showed a steady 

increase in the solids contents in the A-stage, after 

an initial drop (Figure 8). After 36 days and 

considering the VS and TS content from the initial 

sludge in the experiment, the increase was of 45% 

in TS and 40% in VS. 

 

Figure 8 - VS and TS values in the A-stage coupled to a mesh 

sieve and MF unit, along the experimental time. 
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FO system receiving the MF permeate 

As the previous tests with FO systems, the flux 

level decreases during the first hours and tends to 

stabilize after that (data not shown). None of the 

two essays performed achieved the desired flux 

corresponding to a permeate flow rate of 8 L/d, 

the maximum value being the same for both, as 

expected. It is also visible that the system with the 

higher bleed rate (1500 mL/d) tends to maintain a 

higher flux value throughout the experiment 

compared with the system with a bleed of 250 

mL/d, since it has a higher capability to maintain 

the conductivity in the feed vessel at a constant, 

low level. 

A 2.33 M NaCl solution should have been used as 

drawing solution instead of the 2.14 M value used, 

and thus it was already expected that the flux 

would be lower than desired. 

Monitoring the conductivity in the feed vessel and 

in the drawing solution for both assays, it was 

observed that the conductivity in the feed with 

250 mL/d bleed increased more and faster when 

compared to the 1500 mL/d bleed alternative, 

which is expected since new MF permeate is 

added more frequently in the latter. 

In both experiments, the conductivity value in the 

drawing solution tended to decrease, although it 

was continuously corrected by the addition of the 

5 M NaCl solution. This result is indeed 

unexpected since the flow rate of corrective 

solution added was calculated based on a fixed 

permeate flux value higher than the ones reached 

in any of the two experiments. In the system with 

250 mL/d bleed the conductivity in the drawing 

solution decreased less due to the lower osmotic 

water transfer rate. 

 

Primary membrane enhanced A-stage: Batch test 

with A-sludge as feed 

In comparison with the results from the primary 

membrane enhanced A-stage test, the flux values 

decline sharply in the first hours. In this system, 

the flux levels obtained were around half after 24h 

of experiment and after 48h the membrane 

system could no longer hold the overpressure due 

to the fouling effect. 

Again, a 2.33 M NaCl drawing solution should have 

been used, and thus it was already expected that 

the flux would be lower than the desired value. 

As in the others FO tests, the conductivity in the A-

stage feed tended to rise due to the water 

permeation to the drawing solution side. 

However, there was again an unexpected decrease 

in the drawing solution conductivity despite the 

corrective solution addition being performed at a 

flow rate calculated to compensate for a higher 

flux value than the ones actually registered. As 

expected and already registered in the previous 

FO tests, to higher conductivity values in the feed 

vessel correspond lower permeate flux values 

around 4 L/m
2
.h, but this effect is attenuated in 

the higher conductivity range (from 30 mS/cm on). 

 

DISCUSSION 

Both the MF and FO systems could not be 

operated directly connected to the A-stage, mainly 

because of the small size of the filtration units 

(with only 1 mm of channel width), easily causing 

clogging and promoting the accelerated fouling. In 

addition, the direct contact between the activated 

sludge and the membranes causes a thick and 

quickly fouling that limits the cross flow velocity 

and thus decreases the system efficiency. 

However, when working with feeds with a lower 

suspended solids content, like the settler 

supernatant or the mesh sieve filtrate, both 

systems were able to run through the tests, i.e. 

the system didn’t collapses before the test 

duration. 

However, performance is much more difficult to 

predict and control in the FO system than in the 

MF system, due to the fact that in addition to the 

membrane properties, it is also influenced by the 

osmotic pressure difference between the drawing 

solution and the feed stream, which is very hard to 

control. The poor mixing in the drawing solution 

vessel and in the FO feed vessel and the 

impossibility to determine the bleed flow rate that 

would ensure a constant osmotic pressure value in 
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the feed side are some reasons that may have 

caused the decrease in flux along time. Although 

the FO system showed a tendency towards a 

stable flux value after a given time in every test 

performed, this value was very low and not 

adequate for the initial objectives of the work. 

Cornelissen et al. (2008)
7
 obtained a flux of 6.2 

L/m
2
.h at 20±2 °C with 0.5 M NaCl as drawing 

solution as the best FO performance with an 

activated sludge feed. On the other hand, in the 

present work, a flux of 6.6 L/m
2
.h was obtained 

after 3.5 hours with 0.75 M NaCl, when directly 

applying the FO system to the A-stage operated 

with wastewater, and a value of 6.4 L/m
2
.h was 

obtained after 29 hours with 2.14 M NaCl with the 

A-stage fed with A-sludge, the latter decreasing to 

3 L/m
2
.h after 48 hours. 

The MF system showed to be a very reliable 

solution when connected to the A-stage fitted 

with a mesh sieve barrier, being kept in operation 

for a very long period (36 days). However, it 

showed the disadvantage of requiring a constant 

update of the permeate pump velocity in order to 

keep a constant flux value, before the required 

membrane cleaning or replacement operations. 

The A-stage coupled to a settler was tested as 

means to allow the operation of the FO system. In 

this first stage, there was no significant COD 

removal (Figure 3 and Figure 4) due to the poor 

settling of the sludge leading to particulate matter 

(debris and biomass) carry over in the supernatant 

which showed up as COD. This poor settling is also 

reflected in the VS and TS profiles along time 

(Figure 5), since there is a visible decrease in the 

solids concentration present in the A-stage (up to 

62% in TS and 67% in VS). Thus, the settler system 

needs improvement to render it more effective 

and reproducible. 

In the enhanced A-stage with double membrane 

systems, a tCOD removal between 39 and 83% 

was observed and between 2 and 42% for sCOD. 

Although this is a positive result, it is nevertheless 

worse than other published works. Çiçek et al. 

(1999)
8
 described a MBR and a conventional 

activated-sludge system fed with wastewater, 

which presented COD removal yields of  99.0% in 

the MBR and 94.5 % in the conventional unit. Côté 

et al. (1997)
9
 reported on effluent separation by 

microfiltration hollow fibre modules immersed 

directly in the bioreactor, achieving over 96% of 

COD removal. Yamamoto et al. (1989)
10

 who 

worked with a membrane module with a pore size 

of 0.1 μm immersed in an aerated bioreactor 

through which treated wastewater was collected 

by suction, achieving a COD removal yield higher 

than 95%. 

Analyzing the measured concentrations of 

ammonia, nitrate and nitrite in the enhanced A-

stage with double membrane systems, TAN and Kj-

N removal yields are low. Still, the occurrence of 

nitrification was detected by the production of 

nitrite and nitrate by the system during the essay, 

essentially in the beginning of the essay when the 

dissolved oxygen concentration was high. The 

nitrogen removal performance was worse than 

expected, since there are systems described in the 

literature with good results, like Çiçek et al. 

(1999)
8
 who demonstrated effective nitrification in 

a MBR. The above mentioned set-up reported by 

Côté et al. (1997)
9
 , when operated in nitrification-

denitrification mode, achieved 99% ammonia and 

80% total nitrogen removal. With the system 

operated by Yamamoto et al. (1989)
10

, up to 60% 

of nitrogen could be nitrified-denitrified by 

intermittent aeration. 

Although the enhanced A-stage with double 

membrane systems showed not to be very 

efficient in its COD removal function, it proved to 

be effective in retaining biomass since the solids 

content in the reactor increased, after an initial 

temporary decrease. In an overall balance, after 

36 days, there was an increase of 45% in TS and 

40% in VS (Figure 8). 

 

CONCLUSIONS 

Overall, none of the set-ups tested in this work 

proved to be an effective improvement in this 

domain by enhanced organics recovery from 

wastewater via a membrane assisted A-stage. 

After testing different set-ups and analyzing their 

performance, it was possible to identify the 

correspondent problems. 
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The primary membrane enhanced A-stage with 

MF and FO systems showed difficult to work when 

directly connected to A-sludge. However, when 

working with a cleaner feed, both systems were 

able to perform the tests. The A-stage connected 

to the settler presented as main difficulty the loss 

of the produce sludge by the bad settling. 

Although the enhanced A-stage with double 

membrane systems showed an increase in solids 

content in the A-stage, it was not very effective in 

the removal of COD and anions and in the 

nitrification-denitrification process. 

For a clearer selection of the most effective 

system, the MF alternative should be tested in the 

same arrangements run with the FO system, 

namely with the A-stage coupled to the settler and 

with the A-stage fed with A-sludge. The FO system 

should also be tested with the A-stage fitted with 

a mesh sieve. 

 

REFERENCES 

[1] Verstraete W, Van de Caveye P, Diamantis 
V. Maximum use of resources present in domestic 
"used water". Bioresour Technol. 2009;100:5537-
5545. 
[2] Gernaey K, van Loosdrecht M, Henze M, 
Lind M, Jorgensen S. Activated sludge wastewater 
treatment plant modelling and simulation: state of 
the art. Environmental Modelling & Software. 
2004;19:763-783. 
[3] Verstraete W, Vlaeminck S. 
ZeroWasteWater: short-cycling of wastewater 
resources for sustainable cities of the future. 
International Journal of Sustainable Development 
and World Ecology. 2011;18:253-264. 
[4] Rosenberger S, Kruger U, Witzig R, Manz 
W, Szewzyk U, Kraume M. Performance of a 
bioreactor with submerged membranes for 
aerobic treatment of municipal waste water. 
Water Research. 2002;36:413-420. 
[5] Van der Bruggen B, Lejon L, 
Vandecasteele C. Reuse, treatment, and discharge 
of the concentrate of pressure-driven membrane 
processes. Environ Sci Technol. 2003;37:3733-
3738. 
[6] Cath T, Childress A, Elimelech M. Forward 
osmosis: Principles, applications, and recent 
developments. Journal of Membrane Science. 
2006;281:70-87. 

[7] Cornelissen ER, Harmsen D, de      Korte 
KF, et al. Membrane fouling and process 
performance of forward osmosis membranes on 
activated sludge. Journal of Membrane Science. 
2008;319:158-168. 
[8] Çiçek N, Franco JP, Suidan MT, Urbain V, 
Manem J. Characterization and Comparison of a 
Membrane Bioreactor and a Conventional 
Activated-Sludge System in the Treatment of 
Wastewater Containing High-Molecular-Weight 
Compounds. Water Environment Research. 
1999;71:64-70. 
[9] Côté P, Buisson H, Pound C, Arakaki G. 
Immersed membrane activatedsludge for the 
reuse of municipal wastewater. Desalination. 
1997;113:189-196. 
[10] Yamamoto K, Hiasa M, Mahmood T, 
Matsuo T. Direct Solid-Liquid Separation Using 
Hollow Fiber Membrane in an Activated Sludge 
Aeration Tank. Water Science & Technology. 
1989;21:43-54. 

 

 


