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Abstract 
Membrane fouling remains a significant drawback for membrane bioreactors (MBRs). 
The solids retention time (SRT) has been widely acknowledged to be an important 
factor influencing membrane fouling. In general, lower membrane fouling rates are 
observed at elevated SRTs, however, the direct mechanisms through which a high 
SRT alleviates fouling are unclear. Since it has also been reported that activated 
sludge bioflocculation is an important factor in membrane fouling, this paper studies 
the impact of SRT on bioflocculation with respect to membrane fouling. A pilot-scale 
MBR was operated for more than two years at three different SRTs during which 
bioflocculation was closely monitored by means of an automated image analysis 
procedure while the fouling rate was recorded on-line for different fluxes and different 
filtration/relaxation cycles. In addition, the Delft Filtration Characterization method 
(DFCm) was employed to assess the activated sludge fouling propensity. Based on 
these data it is shown that stable operation of a membrane bioreactor requires a 
good activated sludge condition and that bioflocculation is a crucial factor within that 
context. In the tested SRT range (10-30-50 days), a higher SRT contributes to better 
activated sludge bioflocculation and, as a consequence, to lower fouling rates. 
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List of abbreviations 
 
〉R20 added resistance after filtration of 20L/m² in the DFCm [m-1]; 
ACTIAS activated sludge image analysis system; 
Af mean total fragment surface per image [pixels/image]; 
Amem membrane surface [m²]; 
At mean total object surface per image [pixels/image]; 
COD chemical oxygen demand [mgO2/L] 
Deq mean activated sludge floc equivalent diameter [µm]; 
DFCm Delft filtration characterization method; 
HRT hydraulic retention time; 
Jgross gross flux [L/m².h]; 
Jnet net flux [L/m².h]; 
K permeability [L/m².h.bar]; 
MBR membrane bioreactor; 
MLSS mixed liquor suspended solids [g/L]; 
MLVSS mixed liquor volatile suspended solids [g/L]; 
Qeff effluent of permeate flow [L/h]; 
Qinf influent flow [L/h]; 
SADm specific aeration demand in terms of membrane surface 
[Nm³/m².h]; 
SRT solids retention time; 
SVI sludge volume index [mL/gMLSS]; 
T temperature [K] or [°C]; 
tfil filtration time [min]; 
TMP transmembrane pressure [mbar]; 
TN total nitrogen [mgN/L]; 
TOC total organic carbon [mgC/L]; 
TP total phosphorus [mgP/L] 
Tref reference temperature [K] or [°C]; 
trel relaxation time [min]; 
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1. Introduction 
Membrane bioreactors combine an activated sludge biodegradation step with a 
membrane filtration module to separate the activated sludge from the purified water. 
Over the last decades, membrane bioreactors (MBR) have proven to be a valuable 
alternative for conventional activated sludge plants. The advantages of MBRs are 
well known, e.g., a reduced footprint, improved effluent quality and an absolute 
retention of solids [1]. The latter allows for a complete decoupling of the solids 
retention time (SRT) and the hydraulic retention time (HRT). This feature implies that 
MBRs can, in theory at least, be operated at infinite SRTs. In practice, however, 
infinite SRTs are not commonly encountered because of the corresponding 
excessively high biomass concentrations (resulting in a loss of aeration efficiency), 
biomass decay and sludge mineralization. Nevertheless, higher SRTs do offer an 
MBR some additional advantages, including the following aspects. 
 

 Slow growing microorganisms responsible for the biodegradation of specific 
organic pollutants, can be maintained in the bioreactor [2]. 

 The MBR can be operated at higher MLSS concentration which reduces the 
plant’s footprint [3]. 

 In general, lower membrane fouling rates are observed at higher SRTs. 
Indeed, a recent review on membrane fouling in MBRs pinpoints the solids 
retention time (SRT) as an important factor influencing membrane fouling [4]. 

 
Although the SRT itself has no direct impact on membrane fouling, it does influence 
several biological properties. For example, at higher SRTs some authors report lower 
specific amounts of bound extracellular polymeric substances [5] or colloidal and 
soluble polysaccharides [6]. Also, the microbial community structure is influenced by 
the SRT [7]. Furthermore, it is noted by Drews [4] that the SRT also seems to be an 
important factor for the particular relevance of other factors like temperature [8] or the 
polysaccharides fraction in soluble microbial products [9]. At higher SRTs, the 
activated sludge appears to be more robust and fouling rates are less influenced by 
variations in the abovementioned parameters. 
 
Apart from the SRT, also the particle size distribution is known to have a major 
influence on membrane fouling [10,11,12]. Foulants with smaller sizes than the 
membrane pores may enter the pores and pore blocking can occur. However, MBR 
activated sludge flocs and free bacteria are considerably larger than membrane 
pores of membranes used in MBRs, i.e., 10-50 µm and 1-2 µm [13], respectively, 
compared to 0.01-0.5 µm. The effect of activated sludge particle size distribution can 
thus be expected at the level of the cake layer resistance rather than pore blocking. 
Ma et al. [14] attributed larger cake layer resistance, and thus worse filtration 
performance, to the smaller size of particles. Also Lim and Bai [15] concluded that 
small particles cause much severer fouling than larger particles due to the formation 
of a compact and dense cake layer, which is less permeable. 
 
In this paper the impact of the SRT on bioflocculation with respect to membrane 
fouling is studied in a pilot-scale MBR. The pilot-plant has been operated for more 
than two years during which it was fed with real communal wastewater. During this 
period, three different SRTs (10 days - 30 days - 50 days) were investigated. For all 
three SRTs, bioflocculation was closely monitored by means of an automated image 
analysis procedure while the fouling rate was recorded on-line for different fluxes and 
different filtration/relaxation cycles. In addition, the Delft Filtration Characterization 
method (DFCm) was employed to assess the activated sludge fouling propensity. 
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2. Methods and materials 
2.1. Pilot-scale membrane bioreactor 
A pilot-scale MBR was operated for more than two years at the municipal wastewater 
treatment plant of Aquafin Leuven (Belgium). The installation consists of three 
separate tanks, i.e., an aerobic reactor (8.04 m3), a non-aerated reactor (4.15 m3) 
and a separate membrane tank of 2.34 m3 (Figure 1). The membrane tank was 
equipped with 35 m2 flat sheet membranes (Toray, Membray) which were 
continuously aerated with coarse air-bubbles at a rate of 18 Nm3/h (SADm = 0.514 
Nm3/m2

.h). Table 1 summarizes the key features of the pilot-MBR. 
Influent and permeate flow, dissolved oxygen concentration (DO) and pH are 
measured and controlled on-line. The transmembrane pressure (TMP), temperature 
(T) and reactor levels are continuously recorded. Since water viscosity varies with 
temperature, process permeability is normalized to a reference temperature, i.e., 
15°C, according to the temperature - viscosity relation given by Touloukian et al. [16]. 
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Table 1: Summary of key features of the pilot-scale MBR. 

Feature Value 
Total reactor volume [m³] 14.53 
Membrane module Toray flat sheet, PVDF 
Nominal pore size [µm] 0.08 
Membrane area [m²] 35 
Membrane aeration [Nm³/h] 18 
Specific aeration demand SADm [Nm³/m².h] 0.514 
Gross flux (Jgross) [L/m².h] 20 – 25 – 30 
Filtration/relaxation time [min/min] 8/2 and 9/1 
Solids retention time [d] 10 – 30 – 50 
Influent flow (Qinf) [L/h] 560 – 945 
Hydraulic retention time (HRT) [h] 15 – 26 
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Table 2: Averaged influent parameters during the complete project (>2 years). 

Parameter Mean value ± stdev Unit 

COD 457 ± 292 mgO2/L 
sCOD 112 ± 49 mgO2/L 
TN 50.1 ± 26.9 mgN/L 
NH4-N 34.2 ± 12.0 mgNH4-N/L 
NO3-N 0.70 ± 0.85 mgNO3-N/L 
TP 9.80 ± 5.86 mgP/L 
PO4-P 4.18 ± 1.33 mgPO4-P/L 
SS 285 ± 241 mg/L 
VSS 235 ±179 mg/L 
 
2.3. Solids retention time 
During this research, the solids retention time (SRT) or sludge age was set at 10 
days, 30 days and 50 days by controlling the amount of waste sludge. The amount of 
waste sludge is inversely proportional to the desired sludge age: 
 

week
wastes

week
d

SRT

V
V bioreactor

waste #

7
  

 
with: 
Vwaste = the volume of waste sludge per waste event [m3] 
Vbioreactor = the total volume of the bioreactors [m3] 
SRT = the desired solids retention time [d] 
 
Activated sludge was wasted three times a week from the drain of the nitrification 
tank, hence, the reported solids retention times are weekly averages. In order to 
reduce the effect of discontinuous sludge wasting on sludge analysis, all sludge 
samples were collected just before sludge wasting. 
 
2.4. Image analysis 
From each activated sludge sample 90 microscopic images were digitized. A detailed 
description of the image grabbing procedure can be found in Van den Broeck et al. 
[11]. Next, a fully automated image analysis procedure, ACTIAS (ACTivated sludge 
Image Analysis System), was used for the characterization of the activated sludge 
composition [17,18]. Through a consecutive segmentation and recognition algorithm, 
ACTIAS is able to make a distinction between three object classes, i.e., flocs, 
filaments and fragments. For each object class, a specific set of morphological 
variables is calculated, e.g., floc size, floc elongation, filament length and fragment 
surface. An extensive description on how these variables are computed can be found 
in Jenné [19]. From this set of variables, two parameters were selected to represent 
the sludge flocculation state, i.e., the mean total fragment surface per image (Af) in 
pixels and the mean equivalent diameter (Deq [µm]). In order to take into account 
different biomass concentrations at different SRTs, the mean total fragment surface 
is normalized with the total object surface per image (At), also in pixels. As such, the 
mean fragment surface fraction is calculated as Af/At and represents the relative 
surface of fragments present in the activated sludge sample. 
 
2.5. Delft characterization method (DFCm) 
Delft University of Technology has developed a small-scale filtration characterization 
installation combined with a measuring protocol to investigate the activated sludge 
filterability, i.e., the Delft Filtration Characterization method (DFCm). The DFCm 
comprises several steps, from the determination of membrane resistance to the 
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membrane cleaning. For a detailed description of the installation and method, the 
reader is referred to Evenblij et al. [20] and Van den Broeck et al. [12]. 
The main output of an experiment is the evolution of the resistance during filtration 
plotted as a function of the permeate production per unit of membrane surface. As a 
result of the membrane fouling during filtration, filtration resistance will increase. The 
slope of the curve gives an indication of the activated sludge filterability, e.g., a steep 
curve corresponds to poor filterability. For easy comparison between different tests, 
the value 〉R20 is used based on the classification proposed by Geilvoet [21] (Table 
3). This value is defined as the increase in resistance after a specific permeate 
production of 20 L/m2. 
 
Table 3: Classification of activated sludge filterability based on 〉R20. 

〉R20 [1012
.m-1] Classification 

0 – 0.1 Good 
0.1 – 1.0 Moderate 

>1.0 Poor 
 
2.6. Analytical methods 
Mixed liquor suspended solids (MLSS), mixed liquor volatile suspended solids 
(MLVSS) and sludge volume index (SVI) measurements were conducted in 
accordance with the procedures described in APHA Standard Methods [22]. All 
sludge samples for MLSS, MLVSS, SVI and image analysis were taken directly from 
the membrane tank. Chemical oxygen demand (COD), total nitrogen (TN), ammonia 
(NH4-N), nitrate (NO3-N), total phosphorus (TP) and orthophosphate (PO4-P) were 
measured with testkits (Hach Lange) on a spectrophotometer (Hach Lange, 
DR5000). 
 
3. Results and discussion 
The influence of solids retention time on effluent quality, activated sludge quality and 
membrane fouling was studied. The results are discussed below. 
 
3.1. Influence of SRT on effluent quality 
Chemical oxygen demand (COD), total nitrogen (TN), ammonia (NH4-N), nitrate 
(NO3-N), total phosphorus (TP) and orthophosphate (PO4-P) were measured in the 
influent and the effluent. Since the MBR was operated for COD-removal and 
nitrification only, phosphorus and nitrogen removal are not considered here. 
Real domestic wastewater was fed to the MBR. As a result, the composition of the 
influent varies over time, hence, the composition during each period is given in Table 
4. Overall, a good effluent quality was observed at all three SRTs (Table 4). 
However, it must be noted that at an SRT of 10 days, a lower COD removal rate was 
observed despite the lower influent COD during that period. A COD removal rate of 
91% was measured at an SRT of 10 days compared to >94% for the higher SRTs. 
Nevertheless, with a mean effluent COD of 24 mgO2/L the pilot-MBR had no 
difficulties complying to COD discharge limits at an SRT of 10 days. 
Apart from the COD removal rate, also nitrification reduced when the installation was 
operated at an SRT of 10 days. Throughout the complete period of SRT10d, only 
80.9% of the influent ammonia could be removed. For the higher SRTs, 30 days and 
50 days, nitrification rates were always above 90% and on average 99%. 
As was expected, for all three SRTs no particulate matter could be detected in the 
effluent. Hence, the membrane can be considered as an absolute physical barrier for 
suspended solids. 
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Table 4: Influent parameters and effluent quality at three different SRTs. The reported values are 
mean values ± standard deviation (removal rate). 

Parameter 
SRT50d SRT10d SRT30d 

influent effluent influent effluent influent effluent 

COD [mgO2/L] 421 ± 285 
18 ± 7 

(95.6%) 
362 ± 178 

24 ± 9 
(91.3%) 

574 ± 396 
21 ± 6 

(94.2%) 

NH4-N [mgN/L] 34.3 ± 11.2 
0.10 ± 0.34 

(99.7%) 
28.9 ± 13.6 

5.51 ± 
7.10 

(80.9%) 
37.8 ± 13.9 

0.28±0.98 
(99.3%) 

SS [mg/L] 278 ± 296 
0.00 ±0.00 

(100%) 
198 ± 126 

0.00 
±0.00 

(100%) 
375 ± 269 

0.00 
±0.00 

(100%) 

Temperature [°C] 22.2 ± 2.6 10.8 ± 4.1 20.9 ± 2.9 

 
3.2. Influence of SRT on activated sludge quality 
The influence of SRT on activated sludge quality was assessed at an SRT of 10 
days, 30 days and 50 days. The SRT in the pilot-scale MBR was controlled by 
altering the amount of waste sludge. After switching to a different SRT, the activated 
sludge is allowed to adapt itself for at least three times the new SRT, i.e., 30 days, 90 
days and 150 days for an SRT of 10 days, 30 days and 50 days, respectively. In 
Figures 2 and 4, the start of a switch to a different SRT is indicated by the dashed 
vertical lines. After the adaptation period of three times the SRT, the full vertical lines 
indicate the start of a stable SRT period. Finally, the duration of such a stable period 
is marked by a horizontal double arrow with an indication of the SRT above the 
arrow. Activated sludge quality is evaluated during these stable periods. In the 
following paragraphs, these stable periods are indicated with the terms SRT50d, 
SRT30d and SRT10d for a solids retention time of 50 days, 10 days and 30 days, 
respectively. 
Figure 2a illustrates the biomass concentration during the complete experiment. It is 
clear that biomass concentration decreases with lower SRTs, i.e., a mean MLSS 
concentration of 11.53 gMLSS/L, 2.22 gMLSS/L and 6.19 gMLSS/L was measured at 
an SRT of 50 days, 30 days and 10 days, respectively. Figure 2b indicates a higher 
SVI during the start-up phase and shortly after the switch from SRT50d to SRT10d 
and from SRT10d to SRT30d. Also, compared to the SRT50d (78±12 mL/gMLSS) 
and the SRT30d (59±13 mL/gMLSS), the SVI is slightly elevated during the SRT10d 
period (87±17 mL/gMLSS). Although activated sludge settleability is of no practical 
use in an MBR, it does suggest a worsened bioflocculation state of the activated 
sludge during periods of elevated SVI. 
These results are indeed confirmed by microscopic images (Figure 3) and the image 
analysis data (Figure 4). On day 1 of the experiment, the pilot-scale MBR was 
inoculated with 15 m3 of activated sludge from the aeration tank of the full-scale 
WWTP (Aquafin, Leuven) where the pilot-scale MBR was located. As a result of 
operational problems encountered during the first week after start-up, the activated 
sludge showed a deflocculation event indicated by the peak in mean fragment 
surface fraction and a decrease of the mean equivalent diameter (Figure 4). During 
this initial period, the SRT was set at 50 days and during the adaptation phase (days 
1-150), sludge flocculation improved. At an SRT of 50 days, the sludge is well 
flocculated and microscopic images are characterized by large and robust sludge 
flocs (Figure 3a). This observation is confirmed by the data obtained from ACTIAS, 
i.e., during the SRT50d period the mean fragment surface fraction is 0.0285 and the 
equivalent diameter equals 99 µm. 
In Figure 3b, a characteristic microscopic image of the activated sludge during 
SRT10d illustrates decreased floc sizes and an increase of small fragments at an 
SRT of 10 days. The mean equivalent diameter during this period is only 72 µm while 
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the Af/At parameter has increased up to 0.0586. The latter has more than doubled 
compared to the SRT50d period. 
Finally, at an SRT of 30 days bioflocculation improves again after the SRT10d period. 
Microscopic images indicate large sludge flocs with only a small amount of small 
fragments (Figure 3c). The mean equivalent diameter during this period is on 
average 115 µm and the mean normalized fragment surface decreased to 0.0310. 

 
a. 

 
b. 
 

Figure 2: a. Mixed liquor suspended solids (MLSS) and mixed liquor volatile suspended solids 
(MLVSS) measured in the membrane tank and b. the sludge volume index during the complete 
experiment. The start of an SRT period after an adaptation period of 3 SRTs is indicated by a full 
vertical red line; the start of a switch to another SRT is indicated by the dashed vertical lines. 
Process disturbances 1 (day 222) and 2 (day 362) are indicated by PD1 and PD2, respectively. 
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a. SRT50d 

 
b. SRT 10d 

 
c. SRT30d 

 
Figure 3: Characteristic microscopic images (x100, Ph1) of activated sludge at a. SRT50d, b. 
SRT10d and c. SRT30d in the pilot-scale MBR. 
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a. 

 
b. 
 

Figure 4: a. Normalized mean fragment surface fraction (Af/At) and b. mean equivalent diameter 
of activated sludge flocs (Deq) during the experiment. The start of an SRT period after an 
adaptation period of 3 SRTs is indicated by a full vertical red line; the start of a switch to another 
SRT is indicated by the dashed vertical lines. Process disturbances 1 (day 222) and 2 (day 362) 
are indicated by PD1 and PD2, respectively. 

 
3.3. Influence of SRT on membrane fouling 
Figure 5 represents the online measured permeability over time throughout the 
complete experiment. In normal operation mode and during adaptation phases, i.e., 
periods in which the SRT is altered indicated by the dashed lines in Figure 5, the 
MBR is operated with a gross flux of 20L/m².h and a filtration/relaxation interval of 8/2 
min/min. At the end of the start-up phase (day 150, SRT50d), the membranes were 
chemically cleaned and clean water fluxes confirmed that the loss in permeability 
was negligible. Next, different filtration fluxes with filtration/relaxation cycles were 
applied while fouling rates were calculated from on-line recorded flux and 
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transmembrane pressure (TMP) data (Table 5). These data are corrected for water 
viscosity changes due to temperature variations according to Touloukian et al. [16] 
with 15°C as reference temperature. After that, the flux was reset to 20L/m².h with a 
filtration/relaxation interval of 8/2 min/min. This procedure was repeated for an SRT 
of 10 days and 30 days. 
 

 
Figure 5: normalized permeability over time throughout the experiment (Tref=15°C). The start of 
an SRT period after an adaptation period of 3 SRTs is indicated by a full vertical red line; the 
start of a switch to another SRT is indicated by the dashed vertical lines. 

 
During the SRT50d period, low fouling rates are measured. Only at the highest 
applied gross flux of 30 L/m2

.h and with filtration/relaxation cycles of 9/1 min/min, the 
fouling rate is significantly higher, i.e., TMP increases at a rate of 11.15 mbar/d 
(Table 5). The good activated sludge filterability is confirmed by a filtration 
experiment with the DFCm. At an SRT of 50 days a 〉R20 of 0.038.1012

.m-1 is 
measured, hence, the activated sludge filterability can be classified as good (〉R20 < 
0.1.1012

.m-1). 
 
In contrast, when a solids retention time of 10 days was applied very high fouling 
rates were measured. At a gross flux of 20 L/m2

.h and with 8 min filtration and 2 min 
relaxation, the transmembrane pressure increased at a rate of 10.80 mbar/d (Table 
5). Higher fluxes could not be attained due to excessive fouling. Also the DFCm 
showed very poor activated sludge filterability, i.e., a 〉R20 of 4.56.1012

.m-1. At an SRT 
of 10 days, the activated sludge filterability was classified as poor. 
 
Finally, at an SRT of 30 days again low fouling rates are measured, though slightly 
higher than at an SRT of 50 days (Table 5). The DFCm showed good activated 
sludge filterability, i.e., a 〉R20 of 0.010.1012

.m-1 was measured. Although this value 
differs almost a factor 4 from the value obtained with the SRT50d activated sludge, 
both activated sludges can be classified as good. However, with these low 〉R20-
values it is not possible to make a clear distinction between both samples. 
 
During the two years of operation, two serious process disturbances occurred. The 
highest membrane fouling rates were measured during these two process 
disturbances. Process disturbance 1 (PD1) happened during the SRT50d period, i.e., 
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around day 220 of the experiment while the gross flux was fixed at 25 L/m2
.h with a 

filtration/relaxation interval of 9/1 min/min. PD1 was the result of a mixer failure in the 
non-aerated tank (Figure 1). At the onset of the mixer failure, activated sludge settles 
in the non-aerated tank. Since there is no aeration in this tank, anoxic conditions 
prevail in the sludge blanket, especially in the cores of (large) sludge flocs. As a 
result of denitrification, nitrate is reduced to nitrogen gas in the cores of sludge flocs. 
However, since there is no turbulence in this tank due to the mixer failure, nitrogen 
bubbles originating from denitrification remain attached to the sludge flocs. Because 
of this, large activated sludge flocs rise in this tank, leaving an increased fraction of 
smaller particles behind at the bottom of the tank where the intake of the recycle 
pump (Qrecycle2 in Figure 1) is located. The phenomenon of rising sludge is more 
outspoken for large sludge flocs, given that the smaller particles do not have an 
anoxic region and do not produce nitrogen gas bubbles. Hence, as a consequence of 
this mechanical failure, the activated sludge was unevenly distributed in the 
bioreactors, i.e., smaller particles are recycled to the aerated tank and the membrane 
tank via Qrecycle2 and Qrecycle1 while large sludge flocs remain in the non-aerated tank. 
As a consequence, the mean fragment surface fraction in the membrane tank, this is 
where all sludge samples are taken, increases from 0.0264 up to 0.0792 in a couple 
of days (PD1 in Figure 4a) while a significantly lower biomass concentration (PD1 in 
Figure 2a) was measured. In contrast, the sludge flocs’ equivalent diameter remained 
almost unaffected, i.e., 91 µm during PD1 compared to 99 µm during normal 
operation at an SRT of 50 days and a flux of 25 L/m2

.h with 9/1 min/min filtration 
relaxation cycles (Table 5). 
In Figure 6 the TMP profile is plotted from approximately 8 days before the onset of 
the mixer failure until the mixer was repaired again, just before day 12 in Figure 6. As 
a result of the increased mean fragment surface fraction during PD1, the TMP 
increased at a rate of 69.98 mbar/d compared to 0.625 mbar/d just before PD1. It is 
important to notice that during PD1, the increased Af/At is merely a result of unevenly 
distributed activated sludge fractions and not due to a deflocculation event, illustrated 
by the unaffected Deq. Hence, once the mixer was repaired, the mean fragment 
surface fraction decreases from 0.0792 to 0.0242 within one day (Figure 4a). The 
activated sludge was uniformly distributed again and the filtration performance 
improved shortly after (Figure 6). 
 
The second process disturbance (PD2) also resulted in severe membrane fouling. 
PD2 was not a mechanical failure, but it was suspected to be caused by a large 
amount of salt in the influent. During cold winters in Belgium, salt is used on the 
roads to prevent them from freezing. When temperatures rise again and snow and 
ice thaw, the salt is dissolved in the melt water and enters the wastewater treatment 
plant via the sewer network. During the SRT10d period, around day 360, a high 
amount of melt water entered the MBR and caused the activated sludge to further 
deflocculate. The mean fragment surface fraction reached a maximum value of 
0.1423 (PD2 in Figure 4a) while the equivalent diameter was only 59 µm. Due to 
fouling the flux had already been lowered to 15 L/m2

.h in combination with 
filtration/relaxation cycles of 8/2 min/min. Despite the low applied net flux (12 L/m2

.h), 
the MBR suffered from excessive membrane fouling and the TMP increased at a rate 
of 65.72 mbar/d. 
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Figure 6: Transmembrane pressure profile before and during process disturbance 1 (mixer 
failure). PD1 occurred during the SRT50d period, while the gross flux was fixed at 25 L/m².h with 
a filtration/relaxation interval of 9/1 min/min. 
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Table 5: Fouling rates at the three SRTs and different filtration fluxes with different filtration/relaxation intervals. 
 

  Gross flux Tfil/Trel Net flux dTMP/dt Af/At Deq 

  [L/m².h] [min/min] [L/m².h] [mbar/d] [-] [µm] 

SRT50d 

20.0 8/2 16.0 0.187 0.0240 91.3 

20.0 9/1 18.0 0.567 0.0259 104.9 

25.0 8/2 20.0 0.625 0.0264 98.4 

25.0 9/1 22.5 0.644 0.0254 102.1 

30.0 8/2 24.0 0.821 0.0260 120.5 

30.0 9/1 27.0 11.15 0.0321 82.9 

SRT10d 

20.0 8/2 16.0 10.80 0.0403 73.7 

20.0 9/1 18.0 n.a. n.a. n.a. 

25.0 8/2 20.0 n.a. n.a. n.a. 

25.0 9/1 22.5 n.a. n.a. n.a. 

30.0 8/2 24.0 n.a. n.a. n.a. 

30.0 9/1 27.0 n.a. n.a. n.a. 

SRT30d 

20.0 8/2 16.0 0.311 0.0367 110.7 

20.0 9/1 18.0 0.015 0.0314 118.8 

25.0 8/2 20.0 0.626 0.0366 105.5 

25.0 9/1 22.5 3.370 0.0341 98.0 

30.0 8/2 24.0 5.242 0.0305 113.7 

30.0 9/1 27.0 38.70 0.0280 101.1 

Process disturbance 1 (SRT50d) 25.0 9/1 22.5 69.98 0.0792 91.0 

Process disturbance 2 (SRT10d) 15.0 8/2 12.0 65.72 0.1432 59.1 

n.a.: data not available       
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3.4. Relationship between bioflocculation and membrane fouling 
Also other authors have reported on the importance of bioflocculation on membrane 
fouling in MBRs (e.g., Ma et al. [14]; Meng and Yang [10]). Especially small particles 
or sludge fragments appear to be of particular relevance in relation to membrane 
fouling [11,12,15], which is confirmed in this research. Higher membrane fouling 
rates were generally observed at increased mean fragment surface fractions 
whereas the relation with floc size (Deq) is less clear (Table 5). In addition, this 
fragment surface fraction is clearly influenced by SRT, i.e., at higher SRTs 
flocculation improves and reduced mean fragment surface fractions are measured. 
Also process disturbances strongly influence bioflocculation and the mean fragment 
surface fraction. While it is clear that these particles negatively impact membrane 
fouling, it must be noted that based on the image analysis data alone it is not 
possible to accurately predict the membrane fouling rate. Unfortunately, the image 
analysis data does not provide any information about the chemical nature of these 
fragments (e.g., hydrophobicity) which is needed to accurately estimate the 
interaction of these small particles with the membrane surface [12]. 
Apart from bioflocculation, also low temperature due to seasonal variations has been 
reported to increase membrane fouling, especially at short SRTs [8]. Also in this 
paper, higher fouling rates were observed at lower temperatures. It can be seen that 
the coldest period coincided with an SRT of 10 days (Table 4), i.e., the period during 
which we observed the highest fouling rates (Table 5). It is likely that the combination 
of low temperature [23] and short SRT enhance deflocculation and, hence, 
membrane fouling. However, further research is needed to decouple their respective 
influence on membrane fouling. 
 
4. Conclusions 
Based on the results of this study, the following conclusions can be drawn. 

 Effluent quality is not affected by decreasing the SRT from 50 days to 30 
days. Conversely, at an SRT of 10 days nitrification decreases and COD 
removal rates are slightly lower compared to SRTs of 30 days and 50 days. 

 Automated image analysis is a valuable tool for monitoring the bioflocculation 
state of activated sludge in membrane bioreactors. 

 Higher membrane fouling rates were generally observed at increased mean 
fragment surface fractions (Af/At) whereas the relation with floc size (Deq) is 
less clear. In addition, the fragment surface fraction is influenced by SRT, i.e., 
at higher SRTs flocculation improves and reduced mean fragment surface 
fractions are measured. 

 This study confirms lower membrane fouling rates in membrane bioreactors 
at higher SRTs. In this research, good filtration performance was observed at 
SRTs of 30 and 50 days. At an SRT of 10 days, activated sludge 
bioflocculation deteriorates. This deflocculation contributes to severe 
membrane fouling. 

 Process disturbances can lead to rapid and excessive fouling in MBRs, even 
at high SRTs. 
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