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Abstract 
This research tried to quantify and control membrane pore blocking and filter cake build-up in a MBR pilot 

plant. A constant filtration flux of 18-72 l/m2h was employed. The mean crossflow velocity was between 0.93 to 
1.86 m/s and air was continuously supplied to flush the membrane surface (co-currently with the feed/sludge). 
Backwashing was applied every 5 min for 5-12 seconds to control membrane fouling. 

A simple method was developed to quantify blocking and cake resistance employing the TMP vs. t curve, 
and was successfully applied in the most of the tests in this MBR pilot plant (e.g. moderate to significant fouling 
conditions). But in a few cases (e.g.  low fouling conditions), the applicability of the method was poor. The pore 
blocking phase, identified from the TMP vs. time curve, showed various shapes and durations. The extreme 
cases were at low flux (18 l/m2h) and high mean crossflow velocity (1.86 m/s), as the blocking phase could 
hardly be observed. Increasing the mean crossflow velocity from 0.93 to 1.86 m/s significantly decreased both 
blocking (Rb) and cake resistance (Rc), as a result of the increased particle back transport velocity due to 
Brownian diffusion, shear induced diffusion and inertial lift. The extent of blocking (Rb) and cake resistance (Rc) 
was strongly controlled by the backwashing duration in the range of 5-12 seconds.  
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1. Introduction 

The mechanism of membrane fouling may determine the effectiveness and efficiency of 
membrane cleaning methods. Flushing the membrane surface using feedwater/air and 
backwashing was widely applied in MBR systems to remove foulants either deposited inside 
the membrane pores (standard blocking), at the entrance of membrane pores (complete 
blocking) or accumulated on the membrane surface (cake filtration). However, the 
effectiveness and efficiency of membrane cleaning depend not only on the cleaning method 
itself (intensity and frequency), but also on the fouling mechanism (blocking or cake). 
Generally, membrane fouling that can be removed by hydraulic cleaning e.g. backwashing 
and crossflushing, is defined as reversible, while fouling that cannot be removed by simple 
hydraulic cleaning, but requires more intensive cleaning (e.g. chemicals), is defined as 
irreversible fouling.  

In this paper, firstly, a simple method is developed to quantify blocking and cake 
resistance, based on the TMP vs. time curve in a MBR system. Secondly the shape and the 
duration of the membrane pore blocking phase under different operational conditions is 
schematically illustrated and discussed. Finally, the effectiveness of mean crossflow velocity 
and backwashing duration in removing blocking and cake resistance are quantified and 
discussed. 
_____ 
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2. Materials and methods 

A side-stream MBR pilot plant, located in Beverwijk the Netherlands, was fed with 
wastewater from the Beverwijk Zaanstreek wastewater treatment plant, and comprised mainly 
domestic wastewater. The schematic of the MBR system is presented in fig. 1. 

Organic matter degradation and biological nitrogen and phosphorus removal occur in the 
bioreactor, while the biomass separation was achieved by 4 ultrafiltration modules. The 
ultrafiltration membrane modules were supplied by X-Flow. Each UF module comprised 600 
vertical membrane tubes, with a length of 3 m and an internal diameter of 5.2 mm. The 
average pore size of the PVDF membrane was 0.03 �m. Activated sludge from the aeration 
tank was fed to the bottom of the UF module (inside-outside configuration), and compressed 
air was supplied concurrently with the sludge to continuously flush the membrane surface. 
The corresponding mean crossflow velocity (the liquid and air two phase crossflow velocity) 
was varied from 0.93-1.86 m/s. Permeate was collected at the outside of the membrane 
module by a vacuum pump, while the concentrate flow (biomass), rejected by the UF 
membrane was returned to the aeration tank. The UF module was operated at a constant gross 
flux of 18-72 l/m2h. The liquid/air two-phase flow in the UF module was identified as “slug 
flow” [1]. The UF membranes were periodically (every 5 or 10 minutes) backwashed for 5-12 
seconds by pumping a fraction of permeate back through the membrane.  
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Fig. 1. Schematic of the MBR pilot plant 
 

3. Results and discussion 

3.1 Developing a method of quantifying blocking and cake resistance 

The TMP was recorded every 0.2 seconds to detect the rapid increase in TMP at the start 
of each filtration cycle. Employing the TMP vs. t curve, a simple method was developed to 
quantify blocking and cake resistance. The quantification of blocking resistance and cake 
resistance was based on the identification of the blocking and cake filtration phase. Due to the 
fact that blocking results in a more rapid loss of membrane permeability than cake filtration, it 
is possible to identify a blocking phase and a cake filtration phase in this MBR pilot plant [2]. 
The pore blocking phase, which was identified from Fig. 2 as the sharp initial increase in 
TMP at the start of the filtration cycle, had a very short duration of approximately 8 seconds. 
From 8 to 600s, the increase in TMP with time was moderate, which was assumed to 
correspond to the occurrence of cake filtration. Considering the wide range of particle and 
colloidal sizes that exist in activated sludge, the transition from blocking to cake filtration is 
expected to occur gradually, and consequently, the blocking phase may not be fully complete 
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within 8 seconds. Furthermore, cake compression was not observed in this pilot MBR plant, 
probably due to the low TMP (<0.2 bar) applied.  

Assuming that the membrane resistance is negligible, the blocking resistance (Rb) can be 
estimated from (1), where Pb is the TMP at the end of blocking phase (t=8 seconds in Fig. 2), 
η is the viscosity and J is the flux. The blocking resistance (Rb) was further classified into 
irreversible blocking resistance (Rirb) and reversible blocking resistance (Rreb). The 
irreversible blocking resistance (Rirb) was defined as the resistance not fully removed by 
backwashing, and thus accumulated from previous filtration cycles. Rirb was estimated from 
(2), where P0 is the TMP immediately after backwashing (t=0). The reversible blocking 
resistance (Rreb) was defined as the blocking resistance removed during a backwashing cycle 
and Rreb was estimated from (3). Finally, the cake resistance (Rc) was estimated from (4), 
where Pc is the TMP at the end of a filtration cycle (i.e. just before the next backwash). 
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Fig. 2. Quantifying blocking and cake resistance (52 l/m2h) 

 
The simple method developed here could be successfully applied to quantify the blocking 

and cake resistance for the most of the results of this MBR pilot plant (e.g. the TMP vs. t 
curve in a shape of fig. 3A and B). But in a few cases (e.g. fig. 3C and D), where the flux was 
too low or the mean crossflow velocity was too high (low fouling conditions), the 
applicability of the method was poor. 
 
3.2 The effect of operating conditions on the shapes of the pore blocking phase 

Membrane pore blocking in MBRs is usually attributed to small colloids (e.g. 
macromolecules generated by microbial metabolism or introduced with the raw wastewater). 
The pore blocking phases, derived from the TMP vs. time curves, were diverse in shape and 
duration (fig. 3). The diversity might be due to the membrane characteristics (morphology, 
surface charge and hydrophilic/hydrophobic status), feed sludge characteristics (particle 
concentration, size and charge) and operational conditions (flux, mean crossflow velocity, 
backwashing). Even with the same operational conditions (flux = 52 l/m2h, mean crossflow 
velocity = 1.03 m/s and a backwashing duration of 8 seconds in fig. 3-A and B), the shape of 
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the blocking phase may show great diversity. These differences may be attributed to the fact 
that the condition of the membrane changed over time (tests of fig. 3-A were carried out 4 
weeks later than that of fig. 3-B), due to fouling and cleaning variations in response to the 
change in feel sludge characteristics. The resistance at the beginning of the filtration cycle 
(irreversible blocking resistance, Rirb) was 0.046 bar (fig. 3-B), which was much lower than 
0.057 bar (fig. 3-A). This deviation suggested that the membrane was ‘cleaner’ at the start of 
the filtration cycle in fig. 3-B compared to fig. 3-A (less irreversible blocking), which could 
leave more room for pore blocking. Consequently, the duration of pore blocking in fig. 3-B 
was 6 seconds, which was longer than 3 seconds (in fig. 3-A). However, at low fluxes (18 
l/m2h, fig. 3-C) and high mean crossflow velocity (1.86 m/s, fig. 3-D), the blocking phases 
could hardly be observed, This was attributed to the fact that very few particles, colloids, 
macromolecules etc. were deposited, and consequently the pore blocking rate was very low. 
However, all observed blocking phases had very short duration (0-8 seconds). 
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Fig. 3. The effect of operating conditions on the shape and duration of the pore blocking phase (to make these  
figures comparable, the range of scales in fig. A-D is identical. 

 
3.3 The effect of mean crossflow velocity on blocking and cake resistance 

The mean crossflow velocity was varied from 0.93-1.86 m/s at a fixed gross flux of 52 
l/m2h, and the results are plotted in fig. 4. Blocking and cake resistance decreased (from 
5.8*1011 to 2.0*1011 1/m (66%) and from 4.6*1011 to 2.4*1011 1/m (48%) respectively) when 
the mean crossflow velocity increased from 0.93 to 1.86 m/s. This was probably due to the 
fact that a higher mean crossflow velocity (e.g. 1.86 m/s) increased the shear force sloughing 
the membrane surface, thus reducing the deposition of foulants onto the membrane. 

At a gross flux of 52 l/m2h (permeation velocity of 1.4*10-5 m/s) and a mean crossflow 
velocity of 0.93 m/s, the back transport velocity (>1.45*10-5 m/s) of particles larger than 1.8 
�m was greater than their permeation velocity (1.4*10-5 m/s) due to shear-induced diffusion 
and inertial lift phenomena (estimated according to the models in [3,4] but the detailed 
calculation is not shown in this paper). Consequently, hardly any deposition of particles larger 
than 1.8 �m occurred [5]. When the mean crossflow velocity was increased from 0.93 to 1.86 
m/s, particles larger than 0.7 �m were prevented from deposition. As these particles (>0.7 �m) 
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were much larger than the membrane pore size (0.03 �m), the rate of build-up of filter cake 
was probably reduced. On the other hand, the blocking resistance decreased as well as the 
mean crossflow velocity increased. This was attributed to Brownian diffusion [3,4], which has 
an inverse correlation with the particle size. At the mean crossflow velocity of 0.93 m/s, the 
back transport velocity (>1.47*10-5 m/s) of particles smaller than 0.0007 �m (0.7 nm) was 
larger than their permeation velocity (1.4*10-5 m/s) due to Brownian diffusion. Consequently, 
hardly any deposition of particles smaller than 0.0007 �m (0.7 nm) occurred [5]. When the 
mean crossflow velocity was increased even further, from 0.93 to 1.86 m/s, colloids smaller 
than 0.0013 �m (1.3 nm) were prevented from depositing due to increased Brownian diffusion. 
As a result, less small colloids (between 0.7-1.3 nm) deposited, and pore blocking was further 
reduced. 

The blocking resistance (Rb) was further classified into irreversible and reversible 
blocking resistance (Rirb and Rreb) as shown in fig. 5. Increasing the mean crossflow velocity 
decreased the reversible blocking resistance (Rreb), as interpreted above. Surprisingly, 
increasing the mean crossflow velocity also decreased the irreversible blocking resistance 
(Rirb). This phenomenon may be attributed to the enhanced removal of particles blocking the 
pore entrance (complete blocking), as the shear force sloughing the membrane surface 
increased from 6.3 to 22.2 Pa, when the mean crossflow velocity was increased from 0.93 to 
1.86 m/s. 
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Fig. 4. The effect of mean crossflow velocity on     

blocking and cake resistance at 52 l/m2h 
Fig. 5. The effect of mean crossflow velocity on 
irreversible and reversible blocking at 52 l/m2h 

 
3.4 The effect of backwashing duration on blocking and cake resistance 

Thirteen consecutive filtration/backwashing cycles were carried out at backwashing 
durations of 8, 5, 8 and 12 s (tests were carried out in a 2 hour time span), and the results are 
schematically presented in fig. 6. Very little increase in both blocking and cake resistance (Rb 
and Rc) was observed during the first 3 filtration cycles (8 seconds), which suggested that the 
efficiency of backwashing was satisfactory. Consequently, when the duration of backwashing 
was decreased from 8 to 5 seconds (cycle 4-9), both blocking and cake resistance increased 
sharply (Rb from 6.1*1011 to 8.6*1011 1/m (41%) and Rc from 2.9*1011 to 5.5*1011 1/m (90%) 
respectively), indicating rapid deterioration of the backwashing efficiency. Two consecutive 
filtration cycles, with a backwashing duration of 8 seconds (cycle 10-11), were examined to 
check the reversibility of membrane fouling. As expected, both blocking and cake resistance 
decreased (Rb from 8.6*1011 to 7.5*1011 1/m (13%) and Rc from 5.5*1011 to 4.6*1011 1/m 
(16%) respectively), which suggested that some of the irreversible fouling was partially 
reversible, when backwashing conditions were intensified (by extending the backwashing 
duration from 5 to 8 seconds). Further extending the backwashing duration from 8 to 12 
seconds (cycle 12-13) improved the backwashing efficiency even further, however, neither 
the blocking nor the cake resistance could be restored to the original value in the first 
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filtration cycle (Rb was 6.3*1011 1/m compared with the initial value 5.5*1011 1/m and Rc was 
3.5*1011 1/m compared with the initial value 2.6*1011 1/m), which may be due to the fact that 
accumulated foulants were only partly reversible by hydraulic cleaning (backwashing). 
Another possibility may be that more two cycles employing these more stringent backwashing 
conditions (longer backwashing duration) are needed to remove foulants accumulated in 
previous filtration cycles.  
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Fig. 6. The effect of backwashing duration on blocking and cake resistance 

 
4. Conclusions 

• A simple method was developed and successfully applied to quantify the blocking and 
cake resistance for test results from an MBR pilot plant (moderate to significant fouling 
conditions). But in a few cases (low fouling conditions), where the flux was too low or the 
mean crossflow velocity was too high, the applicability of the method was poor. 

• The blocking phase estimated from the TMP vs. time curve varied greatly during the 
MBR pilot tests.  The extreme cases were found at low flux (18 l/m2h) and high mean 
crossflow velocity (1.86 m/s), as the blocking phase could hardly be observed at all. This 
phenomenon was mainly attributed to the fact that little colloids deposited at these conditions. 
However, in all tests, the blocking phase was less than 8 seconds. 

• Increasing the mean crossflow velocity flushing the membrane surface (from 0.93 to 
1.86 m/s) significantly decreased both blocking resistance (Rb) and cake resistance (Rc). This 
was mainly attributed to the increased particle back transport velocity due to Brownian 
diffusion, shear induced diffusion and inertial lift phenomena. 

• The extent of blocking (Rb) and cake resistance (Rc) was strongly controlled by 
backwashing duration in the range of 5-12 seconds. The longer the backwashing duration, the 
lower the blocking and cake resistance. 
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