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2 ABSTRACT 
 

Biofouling investigation in membrane filtration systems using Optical Coherence 

Tomography (OCT) 

Luca Fortunato 

 
Biofouling represents the main problem in membrane filtration systems. Biofouling arises 

when the biomass growth negatively impacts the membrane performance parameters (i.e. 

flux decrease and feed channel pressure drop). Most of the available techniques for 

characterization of biofouling involve membrane autopsies, providing information ex-situ 

destructively at the end of the process. OCT, is non-invasive imaging technique, able to 

acquire scans in-situ and non-destructively. The objective of this study was to evaluate 

the suitability of OCT as in-situ and non-destructive tool to gain a better understanding of 

biofouling behavior in membrane filtration systems. The OCT was employed to study the 

fouling behavior in two different membrane configurations: (i) submerged flat sheet 

membrane and (ii) spacer filled channel. Through the on-line acquisition of OCT scans 

and the study of the biomass morphology, it was possible to relate the impact of the 

fouling on the membrane performance.  

The on-line monitoring of biofilm formation on a flat sheet membrane was conducted in a 

gravity-driven submerged membrane bioreactor (SMBR) for 43 d. Four different phases 

were observed linking the variations in permeate flux with changes in biofilm 

morphology. Furthermore, the biofilm morphology was used in computational fluid 

dynamics (CFD) simulation to better understand the role of biofilm structure on the 

filtration mechanisms.  
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The time-resolved OCT analysis was employed to study the biofouling development at 

the early stage. Membrane coverage and average biofouling layer thickness were found to 

be linearly correlated with the permeate flux pattern.  

 

An integrated characterization methodology was employed to characterize the fouling on 

a flat sheet membrane, involving the use of OCT as first step followed by membrane 

autopsies, revealing the presence of a homogeneous layer on the surface.  

In a spacer filled channel a 3D OCT time series analysis of biomass development under 

representative conditions for a spiral-wound membrane element was performed. Biomass 

accumulation was stronger on the feed spacer during the early stage, impacting the feed 

channel pressure drop more than the permeate flux. OCT biofilm thickness map was 

presented as new tool to evaluate the biofouling development in membrane filtration 

systems through the use of a false color scale. 

 
  



 6 

3 ACKNOWLEDGEMENTS 
 

This Ph.D. thesis is the result of a marvelous experience of three and half years at 

King Abdullah University of Science and Technology; this thesis would not have been 

possible without the support of KAUST. First, I would like to thank my Ph.D. supervisor 

Professor TorOve Leiknes for making this journey memorable. He has been very 

supportive and has given me the freedom to join different projects. He has always been 

constructive, and positive. I want to thank you for all the trust that you gave to me in 

these years.  

To the members of my committee, Dr. Wolfgang Heidrich, Dr. Pascal Saikaly and Dr. 

Saravanamuth Vigneswaran, thank you for the feedback, direction and assistance. 

I am grateful for the support I had from my colleagues: Rodrigo Valladares, 

Sanghyun Jeong, Szilard Bucs and Nadia Farhat for their time, and advices. I thank my 

colleagues and lab staff in WDRC for all the assistance I got while doing the research. 

My sincerest gratitude goes to my family and friends for their unconditional love and 

motivation. I particularly dedicate my doctoral work to my parents and my brother for 

supporting me.  

 
  



 7 

4 TABLE OF CONTENTS 
1 EXAMINATION COMMITTEE PAGE .................................................................. 2 

2 ABSTRACT ................................................................................................................. 4 

3 ACKNOWLEDGEMENTS ....................................................................................... 6 

4 TABLE OF CONTENTS ........................................................................................... 7 

5 LIST OF ABBREVIATIONS .................................................................................. 10 

7 LIST OF FIGURES .................................................................................................. 11 

8 LIST OF TABLES .................................................................................................... 15 

1 Chapter 1. Introduction ........................................................................................... 16 
1.1 Global freshwater demand ................................................................................... 16 
1.2 Membrane filtration .............................................................................................. 19 

1.2.1 Submerged Membrane .................................................................................. 22 
1.2.2 Spiral wound (spacer filled channel) ............................................................. 26 

1.3 Membrane Fouling ............................................................................................... 27 
1.3.1 Biofouling ...................................................................................................... 30 

1.4 Biofouling characterization .................................................................................. 36 
1.4.1 In-situ non destructive characterization ........................................................ 37 
1.4.2 Optical Coherence Tomography (OCT) ........................................................ 39 

1.5 Research Objectives ............................................................................................. 42 
1.5.1 Specific Research Objectives ........................................................................ 43 

1.6 Hypothesis ............................................................................................................ 43 
1.7 Outline of the thesis .............................................................................................. 45 
1.8 List of publication ................................................................................................ 47 
1.9 References ............................................................................................................ 48 

2 Chapter 2. In-situ assessment of biofilm formation in submerged membrane 
system using optical coherence tomography and computational fluid dynamics ..... 53 

2.1 Introduction .......................................................................................................... 55 
2.2 Materials and methods ......................................................................................... 58 

2.2.1 MBR set-up ................................................................................................... 58 
2.2.2 Feed water ..................................................................................................... 59 
2.2.3 Filtration performance ................................................................................... 60 
2.2.4 Optical coherence tomography ...................................................................... 60 
2.2.5 Image analysis ............................................................................................... 61 
2.2.6 Computational fluid dynamics (CFD) simulation ......................................... 62 

2.3 Results .................................................................................................................. 64 
2.3.1 Flux ................................................................................................................ 64 
2.3.2 Change in biofilm morphology (Time series imaging) ................................. 66 
2.3.3 Detailed information on biofilm morphology ............................................... 70 
2.3.4 CFD ............................................................................................................... 71 

2.4 Discussion ............................................................................................................ 79 
2.4.1 Importance of In-situ examining of biofilm formation ................................. 79 
2.4.2 Linking biofilm morphology with flux decrease ........................................... 80 



 8 

2.4.3 Online biofilm descriptors analysis ............................................................... 82 
2.4.4 Novel approach on biofilm assessment using CFD ...................................... 84 

2.5 Conclusion ............................................................................................................ 88 
2.6 References ............................................................................................................ 90 

3 Chapter 3. Time-resolved monitoring of biofouling development on a flat sheet 
membrane using optical coherence tomography ......................................................... 93 

3.1 Introduction .......................................................................................................... 95 
3.2 Material and Methods ........................................................................................... 97 

3.2.1 Experimental setup ........................................................................................ 97 
3.2.2 Image Analysis ............................................................................................ 100 
3.2.3 Membrane coverage .................................................................................... 101 
3.2.4 ESEM .......................................................................................................... 102 

3.3 Results and Discussion ....................................................................................... 102 
3.3.1 Early attachment .......................................................................................... 103 
3.3.2 Double layer structure ................................................................................. 110 
3.3.3 Multi-layer structure .................................................................................... 113 

3.4 Conclusion .......................................................................................................... 117 
3.5 Appendices ......................................................................................................... 118 

3.5.1 Independent Experiments ............................................................................ 118 
3.6 References .......................................................................................................... 121 

4 Chapter 4. Integrated approach to characterize fouling on a flat sheet 
membrane gravity driven submerged membrane bioreactor ................................... 123 

4.1 Introduction ........................................................................................................ 124 
4.2 Materials and methods ....................................................................................... 127 

4.2.1 Gravity driven submerged membrane bioreactor (GD-SMBR) .................. 127 
4.2.2 In-situ biofilm monitoring or observation ................................................... 130 
4.2.3 Biofilm characterization .............................................................................. 130 
4.2.4 Optical coherence tomography (OCT) ........................................................ 132 
4.2.5 Image analysis and biofilm descriptor calculation ...................................... 133 
4.2.6 Scanning electron microscope (SEM) ......................................................... 134 

4.3 Results and Discussion ....................................................................................... 136 
4.3.1 In-situ biofilm observation using OCT ....................................................... 138 
4.3.2 Fouling distributions ................................................................................... 140 
4.3.3 Biomass analysis ......................................................................................... 144 
4.3.4 Biomass imaging ......................................................................................... 150 

4.4 Conclusions ........................................................................................................ 154 
4.5 References .......................................................................................................... 155 

5 Chapter 5. Spatially-resolved in-situ quantification of biofouling using optical 
coherence tomography (OCT) and 3D image analysis in a spacer filled channel ... 158 

5.1 Introduction ........................................................................................................ 160 
5.2 Materials and methods ....................................................................................... 162 

5.2.1 Experimental setup ...................................................................................... 162 
5.2.2 Biomass growth ........................................................................................... 163 
5.2.3 Imaging and data processing ....................................................................... 164 

5.3 Results ................................................................................................................ 170 



 9 

5.3.1 Image processing ......................................................................................... 170 
5.3.2 Biomass quantification ................................................................................ 172 
5.3.3 Membrane performance .............................................................................. 174 
5.3.4 Biomass distribution .................................................................................... 175 
5.3.5 Biomass and performance decline ............................................................... 177 

5.4 Discussion .......................................................................................................... 179 
5.4.1 OCT image analyses .................................................................................... 179 
5.4.2 Biomass accumulation and membrane performance ................................... 181 
5.4.3 Biomass location in the flow channel ......................................................... 182 
5.4.4 Use of OCT in biofouling studies ............................................................... 183 

5.5 Conclusions ........................................................................................................ 184 
5.6 References .......................................................................................................... 186 

6 Chapter 6. In-situ biofouling assessment in spacer filled channels using optical 
coherence tomography (OCT): 3D biofilm thickness mapping ................................ 189 

6.1 Introduction ........................................................................................................ 191 
6.2 Material and methods ......................................................................................... 193 

6.2.1 Spacer filled channel – spiral-wound module ............................................. 193 
6.2.2 OCT and data processing approach ............................................................. 194 

6.3 Results and discussion ........................................................................................ 195 
6.3.1 Fouling thickness map ................................................................................. 195 
6.3.2 Applicability of OCT imaging and analysis ................................................ 198 
6.3.3 Time Series .................................................................................................. 199 
6.3.4 Deposition Pattern ....................................................................................... 200 
6.3.5 Feed Spacer ................................................................................................. 200 

6.4 Conclusion .......................................................................................................... 201 
6.5 References .......................................................................................................... 202 

7 Chapter 7. Conclusions .......................................................................................... 204 
7.1 Conclusions ........................................................................................................ 204 
7.2 Recommendations .............................................................................................. 207 

 

  



 10 

 

5 LIST OF ABBREVIATIONS 

6  
ATP Adenosine triphosphate analysis 
BB Building blocks 
BP Biopolymers 
CFD Computational fluid dynamics  
CLSM Confocal laser scanning microscopy 
COD Chemical oxygen demand  
DOTM Direct observation through the membrane  
EPS Extracellular polymeric substances  
ESEM Environmental scanning electron microscopy 
FCM Flow cytometer  
GD-SMBR Gravity-driven submerged membrane bioreactors  
HS Humic substances 
LC-OCD Liquid chromatography with organic carbon detection 
LMH Liters per square meter per hour 
LMW Low molecular weight  
LMW-A Low molecular weight acid 
LMW-N Low molecular weight neutral 
MBR Membrane bioreactors  
MF Microfiltration 
MFS Membrane fouling simulator 
MW Molecular weight 
MWCO Molecular weight cut-off 
NF Nanofiltration 
NOM Natural organic matter 
OCT Optical coherence tomography 
PN Protein  
PS Polysaccharides  
RO Reverse osmosis 
SEM Scanning electron microscopy 
SMBR Submerged membrane bioreactor 
SSWE Synthetic secondary wastewater effluent  
SWRO seawater reverse osmosis  
TMP Transmembrane pressure  
TOC Total organic carbon  
UF Ultrafiltration  
WWTP Wastewater treatment plants  

 



 11 

7 LIST OF FIGURES 
 

Figure 1.1. Predicted water scarcity in 2025, showing regions with high water stress 
conditions (Summary of the World Water Crisis and USG Investments in the Water 
Sector, USAID 2010). ............................................................................................... 16 

Figure 1.2. Global water distribution ................................................................................ 17 
Figure 1.3. Membrane size and compounds separation. ................................................... 20 
Figure 1.4 Membrane configuration  (Fibron AG) (Alveo) (PCI Membranes) ................ 21 
Figure 1.5. Cross filtration diagram .................................................................................. 22 
Figure 1.6. MBR system configuration (Adopted from Judd et al. 200613) ..................... 23 
Figure 1.7. MBR configuration: (a) sidestream. (b) submerged (Adopted from Judd et al. 

2006 13)...................................................................................................................... 24 
Figure 1.8. Schematic of gravity-driven biofilm–MBR concept investigated .................. 26 
Figure 1.9. Spiral wound membrane module (Conwed 2016) .......................................... 27 
Figure 1.10 Fouled flat sheet membrane and spiral wound membrane modules. (MBR site 

2011) (www.wur.nl).................................................................................................. 31 
Figure 1.11. A) Side view of MFS with a transparent cover glass and B) schematic 

representation of the membrane module and MFS  (adapted from Vrouwenvelder et 
al. 200656) .................................................................................................................. 35 

Figure 1.12. Representation of spectrometer-based spectral domain optical coherence 
tomography (SDOCT) systems. M. mirrors; BS, beamsplitter. (Adapted from 
Yaqoob et al. 200582) ................................................................................................ 40 

Figure 1.13. Schematic representation of signal transformation in SD-OCT (Adapted 
from Yaqoob et al. 200582) ....................................................................................... 40 

Figure 1.14. Outline of the thesis ...................................................................................... 45 
Figure 2.1. Schematic drawing of gravity driven SMBR set-up coupled with OCT 

equipment used in this study. .................................................................................... 59 
Figure 2.2. Flux pattern over the time (divided into four phases; Phase I: day 0~day 6, 

Phase II: day 7~day 13, Phase III: day 14~day 29, and Phase IV: day 30~day 43). 65 
Figure 2.3. Changes in biofilm morphology acquired by OCT scan over the time. ......... 66 
Figure 2.4. Biofilm descriptors calculated for each obtained scan from OCT: (a) 

thickness, (b) area, (c) macro-porosity, and (d) relative and (e) absolute roughness.
................................................................................................................................... 69 

Figure 2.5. Extracted domains, feed zone (black), biofilm zone (top red), membrane zone 
(yellow) and permeate zone (red bottom) from OCT images for  (a) day 3,  (b) day 
30, and (c) zoomed computational mesh resolution at the biofilm and feed domain 
interface..................................................................................................................... 73 

Figure 2.6. Y-velocity (m/s) contour snapshots at steady state inside the biofilm structure 
for (a) day 3 biofilm structure and (b) day 30 biofilm structure. .............................. 75 

Figure 2.7. Absolute pressure (Pa) contour snapshots at steady state inside the biofilm 
structure overlapped with Streamtrace plots in feed and biofilm for (a) day 3 and (b) 
day 30. ....................................................................................................................... 76 

Figure 2.8. Permeate flux variation along the spatial length for (a) day 3 and (b) day 30. 
Experimental average flux was compared with experimental values from Figure 2.2.
................................................................................................................................... 78 



 12 

Figure 2.9. Schematic illustration of two observed biomass morphologies: (a) Compact 
structure, and (b) Porous structure. ........................................................................... 84 

Figure 2.10. Zoomed (single cavity) streamline and y-velocity (m/s) contour for day 30 
biofilm structure. ....................................................................................................... 85 

Figure 2.11. Schematic image of double layer morphologies with linty structure that 
forms loose layer. ...................................................................................................... 87 

Figure 3.1. Experimental setup: GD-SMBR coupled with OCT ...................................... 98 
Figure 3.2. Flux decrease during the first 42 h of filtration time (Observation period by 

Supplementary Video 1 is highlighted in grey color). ............................................ 104 
Figure 3.3. A time-lapse development of early deposition of biomass on a flat sheet 

membrane in GD-SMBR (from 12 to 42 h) (See Supplementary Video 1). .......... 107 
Figure 3.4 a) The relationship between membrane coverage and permeate flux in the 

function of filtration time. b) Correlation between membrane coverage and permeate 
flux (Phase I: from 12 to 22 h). ............................................................................... 108 

Figure 3.5. a) The relationship between average biofouling layer thickness and flux in the 
function of time (the line divides the two phases). b) Correlation between average 
biofouling layer thickness and permeate flux in the phase I (from 12 to 22 h). c) 
Correlation between average biofouling layer thickness and permeate flux in the 
phase II (from 23 to 42 h). ...................................................................................... 110 

Figure 3.6. OCT cross-sectional scans of the double layer biofouling morphology. The 
scans were acquired with a frequency of 5 min from 84 to 96 h of the experiment. 
The lower layer remains constant while the upper one moves (See Supplementary 
Video 2). ................................................................................................................. 112 

Figure 3.7. a) Morphology observed after 84 h non-destructively and directly in the 
filtration tank with OCT. The biofouling presents a double-layered structure. The 
lines in red and in blue delimit the upper and lower layer, respectively. b) Average 
thickness of the double layers over the time. The structure was monitored for a 
period of 12 h (OCT scans acquired every 5 min) after 84 h from the beginning of 
the experiment. ........................................................................................................ 113 

Figure 3.8. Double layered morphology observed on 5 d of GD-SMBR operation. ...... 115 
Figure 3.9. a) OCT cross-sectional biofouling analysis after 42 d. It is possible to observe 

the presence of biofouling multilayers above the membrane. b) ESEM images of the 
fouling layer after 42 d, captured with gradually decreasing the humidity in the 
chamber. .................................................................................................................. 116 

Figure 3.10. Schematic drawing of biomass accumulation under gravity driven operation.
................................................................................................................................. 116 

Figure 3.11. Membrane coverage for different threshold pixel values for fouled biomass 
in the function of filtration time. ............................................................................. 118 

Figure 3.12. a) Correlation between membrane coverage and permeate flux (Phase I). b) 
Correlation between average biofouling layer thickness and permeate flux in the 
phase. c) Correlation between average biofouling layer thickness and permeate flux 
in the phase II. ......................................................................................................... 120 

Figure 4.1. a) Schematic drawing of GD-SMBR set-up combined with the optical 
coherence tomography (OCT) device. b) Procedure used to characterize the fouling 
on the flat-sheet GD-SMBR system. The biomass morphology analysis was carried-
out non-destructively directly in the filtration tank on the fifteen-marked position; 



 13 

afterwards, a final autopsy was performed on twelve of the fifteen positions. 
Biomass imaging with three different SEM techniques was performed on three of 
the fifteen positions. ................................................................................................ 129 

Figure 4.2. OCT scan images: a) 2D OCT cross sectional scan for 1.5 cm, and b) 3D 
rendered OCT scans of one position (1.5 cm x 1.5 cm). ........................................ 139 

Figure 4.3. Normalized permeate flux pattern of GD-SMBR over time (Initial flux = 25.5 
kg/m2h). ................................................................................................................... 141 

Figure 4.4. Biomass analysis on the biomass morphology performed directly in the tank 
using OCT monitoring: a) Average thickness, b) Biovolume, and c) Relative 
roughness. ............................................................................................................... 143 

Figure 4.5. Organic foulant composition in biofilm analyzed by LC-OCD: (a) average 
values in organic fractions; and (b) a LC-OCD chromatogram. ............................. 147 

Figure 4.6. Homogeneous organic fouling deposition of the 12 positions on the 
membrane in GD-SMBR after 43d of operation; (a) concentration (b) relative 
abundance. .............................................................................................................. 149 

Figure 4.7. a) Environmental SEM (ESEM) image of the surface of biomass layer in 
normal hydrated condition. b) Higher magnification ESEM showing rod-shaped 
bacteria distributed on the surface and/or in the hydrated matrix. The surface of 
biomass shows areas of smooth and granular morphologies. c) Cryo-SEM images of 
the surface of biomass layer in frozen hydrated condition. Low magnification of the 
surface showing rod-shaped bacteria distributed on the surface and/or embedded in 
the matrix. d) Higher magnification Cryo-SEM of the boxed area shows rod-shaped 
bacteria in division (arrows) on the surface. The biomass appears granular in nature. 
e) Conventional SEM image of the surface of biomass layer after freeze-drying. f) 
Higher magnification of the boxed area in a showing rod-shaped bacteria attached to 
the biomass scaffolding (EPS matrix). Large areas of void on the surface and in the 
matrix represent loss of water in the biomass. ........................................................ 153 

Figure 5.1. Schematic representation of the experimental setup consisting of carbon (A) 
and cartridge filters (B), a tank containing nutrient solution, pump (C), dosing pump, 
flow meter (D), pressure reducing valve (E), differential pressure transmitter, 
membrane fouling simulator (MFS), and optical coherence tomography (OCT) 
device. ..................................................................................................................... 163 

Figure 5.2. Orthogonal view of OCT images of accumulated biomass (orange color) on 
the feed spacer, membrane and cover glass window (5.3 mm × 5.3 mm × 0.95 mm) 
in the MFS after one day of operation. The yellow lines shows the location of the 
orthoslices. .............................................................................................................. 165 

Figure 5.3.  OCT scans at different times at the same position: (a) image before biomass 
formation at t0, (b) image with accumulated biomass after certain time period tX and 
spatially-resolved biomass quantification (c) after subtracting the image at time 0 
from the image taken after a certain time period (tX – t0). The final image shows only 
the biomass (orange color) without the background signals (glass, membrane and 
feed spacer). ............................................................................................................ 166 

Figure 5.4. a) 2-D view of the spatial distribution of the biomass on the three elements 
(membrane, feed spacer and cover glass). Three masked areas A, B and C (the 
boundaries of the masked area are represented by dashed lines) are distinguished in 
correspondence of the three elements. Biofilm is represented by brown color. b) 2-D 



 14 

representation of areas where the biomass is simultaneously attached to two 
elements (membrane, feed spacer and cover glass). The hatched regions represents 
the areas where the biomass is attached to two elements. The dashed lines represent 
the boundaries of the three different masked areas and the brown color symbolizes 
the biomass.............................................................................................................. 168 

Figure 5.5. Three-dimensional (3D) rendered OCT image with biomass (brown color), 
the spacer, membrane and cover glass were eliminated by using the scan at time zero 
as baseline. .............................................................................................................. 171 

Figure 5.6. Biomass development over time. Flow direction from bottom to top (arrow).
................................................................................................................................. 172 

Figure 5.7. (a) Development of biomass and membrane performances over time. (a) 
Specific biovolume calculated from the OCT scans. (b) Normalized pressure drop 
over the MFS feed channel due to biomass development. (c) Permeate flux. ........ 173 

Figure 5.8. Biomass volume (a) and specific biovolume (b) in time on the feed spacer, 
and membrane surface in the MFS. Specific biovolume is the biomass volume over 
the available surface area (area of both membrane and cover glass was each 28 mm2 
and of feed spacer was 21.9 mm2). ......................................................................... 176 

Figure 5.9. Normalized feed channel pressure drop (a), and permeate flux (b) as function 
of the accumulated biovolume during the 5 day experimental period. ................... 178 

Figure 5.10. Accumulated biomass volume on the three different elements (membrane, 
feed spacer and cover glass) in function of feed channel pressure drop increase. .. 179 

Figure 6.1. Schematic representation of the experimental setup consisting of a tank 
containing feed solution, pump, air bubble trap, membrane fouling simulator (MFS), 
and optical coherence tomography (OCT) unit, used to study biofilm development in 
time in 3D. .............................................................................................................. 194 

Figure 6.2. Biofilm development in a spacer filled channel (flow direction left to right) b) 
flat sheet membrane. A camera mounted on the OCT probe (left), 3D biofilm 
rendered volume (center) and biofilm thickness map (right column)..................... 196 

Figure 6.3. Biofilm thickness map in a spacer filled channel. The calibration bar allows 
estimating the biofilm thickness deposited on the flat sheet membrane. ................ 197 

Figure 6.4. Biofilm development in spacer filled channel (20 hours, 30 hours, 40 hours). 
Biofilm thickness map. Flow direction is from left to right. .................................. 199 

Figure 6.5. Biofilm thickness map for each element of the flow cell after 40 h of 
operation (the flow is from left to right). The map can be used to evaluate the 
biofilm deposition pattern in spacer filled channel on feed spacer and membrane. 200 

 

  



 15 

8 LIST OF TABLES 
 

Table 2.1. Biofilm descriptors for each phase. ................................................................. 71 
Table 2.2. Parameters used in the simulation. Permeability was calculated by flux data 

(see section 2.6), porosity values from [22], and pressure gradient from experimental 
conditions. ................................................................................................................. 74 

Table 3.1. Detailed information of OCT scans for each video ....................................... 102 
Table 4.1. Fouling characterization techniques used in this study. ................................ 137 
Table 4.2. Fouling distribution on fouled membrane after 43d of operation. a) Biomass 

architecture analysis performed on OCT scans, b) Fouling composition analysis 
(TOC and LC-OCD), and c) Biological activity (FCM and ATP). ........................ 144 

Table 5.1. Biomass development in the flow cell in time with the four descriptors. ..... 174 
 

 

 

  



 16 

1 Chapter 1. Introduction 

1.1 Global freshwater demand 

 
The lack of access to clean and safe freshwater and sanitation represents one of the major 

issues of concern in both industrialized and developing countries. It will be necessary to 

meet the world’s water needs in a sustainable manner that will conserve and preserve this 

shared resource. Almost one-fourth of the global population (1.6 billion, ~23 %) suffers 

from water shortage1. According to the Unesco2, by 2030 almost half of the population 

will face high water stress conditions (Figure 1.1). Moreover, the water is not evenly 

distributed on the planet and some regions are more affected and impacted by the 

shortage of water than others.  

Fresh water is less than 3% of the global water resources, with the remaining 97% 

constituted by salt water (Figure 1.2). Furthermore, around 70 % of the fresh water is not 

available for usage, as it is contained in glaciers and permanent snow2.  

 

Figure 1.1. Predicted water scarcity in 2025, showing regions with high water stress 
conditions (Summary of the World Water Crisis and USG Investments in the Water 
Sector, USAID 2010). 
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Water demand and usage can be defined by the following main sectors; agriculture, 

industrial and municipal needs. Irrigated agriculture is the main sector accounting for 

about 70% (global average) of the total water withdrawn3. Almost 40% of the world’s 

food is cultivated in artificial irrigated areas, covering around 300 million of hectares4. 

Another major contribution to the fresh water demand and consumption is the energy 

sector, which is directly connected with water. Water is needed in each cycle of the 

energy production and includes the production, conversion, distribution and use5. 

Another key driver in the increasing demand for fresh water is the increasing global 

population. The world population is predicted to reach 8.3 billion in 2030 and 9.1 billion 

in 20506. More water will therefore be required to meet the increasing demands for food 

and energy. China, India and The Middle East, regions which are currently facing water 

scarcity according to current conditions and predictions, are expected to face a more 

dramatic scenario in the future1. 

 

Figure 1.2. Global water distribution 
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The dramatic scenario is not only characterized by the scarcity of fresh water but also the 

“quality of the water” that is available. It is estimated that almost 2.6 billion people 

(40%) don’t have access to a proper sanitation, which also can have a significant 

detrimental impact on the quality of local water sources. In 2011 the diseases related to 

poor water quality caused the death of 2 million1. Considering the trends outlined above, 

there will be a need in the future to secure the limited fresh water resources and to 

improve and secure the water quality.  There will also be an increasing need to meet the 

growing demands for fresh water by using non-conventional sources, e.g. seawater and 

brackish groundwater as well as wastewater and other contaminated fresh water sources.  

 

In the last decades, the use of membrane systems for freshwater production has increased 

strongly in efforts to supply the growing freshwater demand. The use of membrane 

filtration is employed in different phases of the freshwater production. Depending on the 

pore size they can be used to remove a wide variety of compounds and pollutants. Safe 

drinking water can be produced starting from groundwater, surface water, seawater and 

wastewater. Some countries (i.e. Saudi Arabia and UAE) are increasingly relying on the 

desalination of seawater for production of potable water. In semi-arid regions, the use of 

recycled water is becoming a significant source of water. Areas with limited resources of 

water are increasingly adopting indirect potable reuse (IPR) strategies, consisting of 

blending treated and recycled water, as a practical opportunity for sustainable water 

management. The treated wastewater is discharged into aquifers, lakes, rivers that act as 

environmental buffers providing an additional purification step. IPR projects have been 
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successfully implemented in Singapore, Namibia and in some area of US (i.e. California, 

Texas, Colorado, Arizona and Virginia)7.  

 

Advanced water treatment that includes various forms of membrane filtration have made 

it possible to supply a high quality fresh water product from water sources of impaired 

quality. However, membrane fouling represents the main bottleneck of all membrane 

filtration processes. Severe fouling affects the operational costs, influencing the 

membrane performance and can decrease the membrane lifetime. Understanding 

membrane fouling and developing membrane fouling mitigation and control strategies as 

well as cleaning of fouled membranes is a continued need in further development and 

application of membranes in advanced water treatment schemes.  

 

1.2 Membrane filtration  

 
Membrane filtration processes remove unwanted compounds by separating them from the 

water by applying a driving force across the membrane. The solvent passes through the 

membrane that is a semi-permeable barrier that retains certain solutes and particles. The 

rejection depends on different parameters such as feed water characteristics, membrane 

properties (i.e. pore-size, hydrophobicity/hydrophilicity, rejection coefficients etc.), and 

operational conditions of the process. The main membrane filtration processes and their 

respective removal capabilities are shown in Figure 1.3.  

Classification of the membrane process can be done on different criteria, the main one 

based on the membrane pore-size. Membrane filtration in water treatment is mostly 

pressure-driven systems, where four main classes are defined based on constituents 
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removed. The highest removal is achieved by reverse osmosis membranes (RO), which 

are commonly used to remove salt from seawater or brackish water.  Ultrafiltration (UF) 

and Microfiltration (MF) membranes are used to remove pathogens and suspended solids 

from the water. The pressure required to drive the process is inversely proportional to the 

membrane pore-sizes. RO and NF membranes typically require high pressure up to 70 bar 

while MF and UF usually require lower pressure (or energy) less than 7 bar8. Membranes 

systems can be operated in a constant permeate flux or constant transmembrane pressure 

(TMP) mode. Depending on the operating pressure required, the membrane separate 

processes are categorized as low-pressure membrane (LPMs) and high-pressure 

membranes (HPMs)9 systems.  

 

 

Figure 1.3. Membrane size and compounds separation.  
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(Before this section I think it would be good if you added a little bit on classification 

based on process configuration – crossflow systems (your typical RO/NF designs) and 

submerged systems (your typical MBR systems). Showing how the processes are 

designed will help you kind of hint to the reader that you focused therefor on 2 

“mainstream” membrane filtration processes – crossflow using spiral wound membranes 

and submerged systems represented by the GD-MBR. I think this would put your 

introduction a little more into perspective.) 

 

Another classification of membrane filtration processes is based on the type of membrane 

used (i.e. flat sheet, spiral wound, tubular, hollow fiber, multi-bore etc.) and membrane 

module type and process configuration (i.e. submerged membrane, cross flow / dead-end, 

pressurized etc.) (Figure 1.4). The use and choice of system much depends on the type of 

application and separation process, process operation and system design. 

 

 

Figure 1.4 Membrane configuration  (Fibron AG) (Alveo) (PCI Membranes)  

 
Spiral wound is mainly used for seawater desalination where the system operates in cross 

flow modality (Figure 1.5). The module are embedded in pressurized vessels allowing the 

use of high pressure necessary to achieve the necessary osmotic gradient. 
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Figure 1.5. Cross filtration diagram 

 

Tubular membranes are operated in cross-flow and used for processes with high suspend 

solids or oil/fats. These membrane have a diameter of about 5 – 10 mm, and usually are 

operated in “inside out” modality, where the feed flows inside the tube and the permeate 

is collected outside it. 

Hollow fiber are usually operated in dead-end with outside-in flow, they have a diameter 

of maximum 1 mm. Flat sheet membranes are commonly assembled into a cassette, 

which is submerged directly in the tank. In this configuration the permeate passes through 

the outside in. 

 

1.2.1 Submerged Membrane 

 
In wastewater treatment processes, UF and MF membranes are mainly used in submerged 

configurations. This configuration was first proposed by Yamamoto et al.10 in activated 

sludge process in 1989, where hollow fiber membrane bundles were submerged directly 

into the aeration tank above the air diffuser. This concept has been widely accepted and 



 23 

has been adapted and applied in many commercial systems. The submerged configuration 

has subsequently been developed and employed for different water treatment purposes 

such as pretreatment (e.g. for SWRO, drinking water production), drinking water 

filtration, and wastewater treatment (e.g. MBR systems). Submerged membrane modules 

are mainly made with flat-sheet and hollow fiber membranes. A major part of this market 

is constituted by the membrane bioreactor (MBR), where the membrane replaces 

conventional clarifiers (e.g. sedimentation / settling tank) for secondary clarification11. In 

MBRs, the operational parameters can be optimized to minimize the fouling formation 

and improve the overall performance. Aeration is a key parameter with a dual effect of 

providing oxygen for aerobic degradation while applying air scouring to control the 

formation of a cake layer on the membrane via air bubbles12. The submerged 

configuration provides a series of advantages with respect to other system designs, 

particularly the accessibility of the membrane modules. In fact, in the case of severe 

fouling, the membranes can be removed from the tank for physical/chemical cleaning, 

extending the membranes lifetime.  

 

Figure 1.6. MBR system configuration (Adopted from Judd et al. 200613)  
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1.2.1.1 Membrane bioreactor (MBR) 

Over the past two decades, the MBR technology that combines biological activated 

sludge process with membrane filtration has emerged as an innovative and alternative 

technology for tertiary wastewater treatment and reuse. Compared to the conventional 

activated sludge (CAS) process, which has been the most common wastewater treatment 

process, in MBRs the secondary clarifiers are replaced by polymeric membranes. A 

typical process design for a commercial MBR system is illustrated in Figure 1.6. 

The advantages obtained by the MBR technology are represented by the high quality 

of the effluent, a lower footprint and a higher nutrient removal. The most conventional 

MBR is the (AS) activated sludge MBR process. The membrane units can be directly 

submerged in the aeration tank or in a separate tank (Figure 1.7). 

 

 

Figure 1.7. MBR configuration: (a) sidestream. (b) submerged (Adopted from Judd et al. 
2006 13) 
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In the last decade, research has been focused on alternative process respect the 

conventional MBR. The BF-MBR combines the advantages of biofilm and MBR process. 

The presence of carriers in the tank, results in the improvement of the overall nutrient 

removal and the reduction of the solid retention time (SRT). In addition, the BF-MBR 

improves the membrane filterability reducing the effect of suspended solids on the 

membrane surface14.  

Commercial MBR systems are typically designed for operation under constant flux 

mode, which is achieved by permeate extraction by vacuum. Submerged systems require 

less energies and can be therefore operated under ultra-low pressure15,16.A possible 

application of ultra-low pressure is represented by gravity-driven process where the 

process is driven by the pressure head above the membrane.   

A novel gravity driven membrane filtration configuration, biofilm MBR, was proposed 

applying a maximum pressure head of 50 cm and designed to avoid the energy 

requirements for suction pumps. The reactor design is such that the membranes are 

placed in a vertical position above the biofilm reactor allowing the off-gas from the 

biological stage to be used for air scouring to control membrane fouling. The concept for 

the gravity-driven BF-MBR system is shown in Figure 1.8.  
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Figure 1.8. Schematic of gravity-driven biofilm–MBR concept investigated  

 

1.2.2 Spiral wound (spacer filled channel) 

 

Commercial development of seawater desalination by RO was first made possible by the 

development of spiral wound membrane modules, which is still the most commonly used 

configuration in SWRO plants. It is characterized by a high membrane area to volume 

ratio17. Spiral wound elements consist of membrane sheets (RO and NF) enfolded along a 

tube. The produced water is transported by the product spacer that collects the permeate 

in the central tube. During the process only a small portion of the water (e.g. 10%) after 

the passing through the membrane is collected in the central tube, the remaining part 

representing the concentrate. The membrane module comprises a perforated central tube 
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for permeate collection surrounded by layers of membrane, permeate spacers and feed 

spacers (Figure 1.9).   

 

Figure 1.9. Spiral wound membrane module (Conwed 2016) 
 

The feed spacer, that consists of a porous plastic (polypropylene) mesh, has a double 

function of separating the membrane sheets from each other making a flow channel and 

improving the turbulence and mixing in the channel18. Most of the spiral wound RO and 

NF modules are made from polyamide thin film composite membranes, characterized by 

high permeability, broad resistance to pH and temperature. The thickness of the feed 

spacers varies between 610 um and 810 um depending on the application19.  

 

1.3 Membrane Fouling 

Membrane fouling is caused by the accumulation of rejected material/particles on a 

membrane surface or in membrane pores during filtration. The fouling leads to a decrease 

in membrane performance such as the decrease of permeate flux. Therefore, this 
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contributes to an overall increase in the operational costs, as the increase of energy, the 

increase of the chemical cleaning and the reduction of the membrane lifetime. The 

membrane efficiency and membrane fouling control are the major challenges encountered 

in membrane system in the next years. The fouling leads to an increase in TMP under 

constant flux operation and decrease in flux under constant pressure operation20.  

 

Membrane fouling can be classified as reversible fouling and irreversible fouling. 

Reversible fouling can be controlled through an appropriate protocol such as 

backwashing or scouring, while the irreversible fouling requires chemical cleaning.  

The fouling is due to the complex interaction between the constituents present in the feed 

water and the membrane21,22. Depending on the constituents, fouling in membrane 

filtration systems can be divided into four categories: 

• Particulate fouling 

• Organic fouling 

• Inorganic fouling (or scaling) 

• Biofouling 

Particulate fouling is due to the accumulation of suspended particles on the membrane 

surface. This category includes aquatic colloids, silt, clay, precipitated crystals, silica, 

iron and aluminum compounds. Some high molecular weight organic substances such as 

protein and polysaccharides are also classified as particulate, having characteristics 

similar to the colloidal fouling23.  The particulate fouling mechanism generally involves 

(i) initial pore blocking followed by (ii) cake layer formation.  
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Organic fouling is due to dissolved organic compounds in the feed water. Dissolved 

organic matter (DOM) is ubiquitous in water and is classified in different categories9. In 

drinking water treatment, natural organic matter (NOM) constitutes the major 

constituents of organic fouling on polymeric membranes. NOM originates from the 

decomposition of plants and animals the natural hydrological cycle, and is a complex 

assortment of organic compounds. Humic substances (HS) constitute the major 

contribution (50% of DOC). NOM fouling is predominantly an issue in production of 

drinking water using surface water sources (e.g. lakes, rivers) and has been extensively 

investigated with respect to membrane filtration for such applications. In wastewater 

treatment NOM is less of concern. In MBR the organic fouling is attributed to the 

accumulation of extracellular polymeric substances (EPS) or soluble microbial products 

(SMP) released during the metabolism biomass.  

Scaling is the most common type of inorganic fouling, it is due by the direct formation of 

crystals on the membrane surface through precipitation. It includes calcium carbonate, 

calcium sulfate, metal silicates, oxides and hydroxides of aluminum, iron and manganese. 

In NF and RO acids are used to control the formation of calcium carbonate scale in the 

system, reducing the feed water alkalinity. In the spiral wound element, different types of 

fouling can occur simultaneously. Particulate and organic fouling usually take place in 

the lead modules of the membrane vessel , while scaling arises in the last module. 

Pretreatment and antiscalants are commonly used to control and mitigate all the different 

types of fouling except for biofouling 24–26.  

Membrane biofouling is considered the major problem encountered in membrane 

filtration processes, representing the bottleneck in wastewater treatment and desalination 
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in terms of technology and economics27. It will be discussed in the following section of 

the thesis. 

1.3.1 Biofouling 

In all membrane filtration systems applied in aquatic environments deposition and growth 

of biofilms will occur. Examples of biofouling on membranes are illustrated in Figure 

1.10. The growth rate of a biofilm is a function of feed water quality and process 

conditions. Biofouling refers to biofilms that affect membrane systems triggering 

operational problems and is caused by the accumulation of microorganisms, including 

extracellular polymeric substances (EPS) produced by microorganisms, on a surface due 

to either deposition and/or growth. Whenever microorganisms are present in a membrane 

system, biofilm formation (deposition and growth) takes place due to the bioavailable 

nutrients in a continuous flow of water through the system28. 

 
Drinking water production through seawater desalination by reverse osmosis 

(SWRO) is the most common and commercialized membrane filtration system. Although 

well established, biofouling of SWRO membranes is widely regarded as a key process 

challenge and an important area for future research. Emerging membrane desalination 

processes such as forward osmosis (FO), membrane distillation (MD) and various hybrid 

/ integrated systems are also prone to biofouling under certain conditions29–31. In drinking 

water treatment schemes using NF, UF, and MF processes, (bio)fouling caused by NOM 

is also an issue for research efforts15,32–34. When applied to the tertiary treatment of 

treated wastewater biofouling due to residual effluent organic matter (EfOM) will 

occur35.  
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Figure 1.10 Fouled flat sheet membrane and spiral wound membrane modules. (MBR 
site 2011) (www.wur.nl) 

 

 

During membrane operation, the biofilm deposited on the membrane surface acts as 

secondary membrane affecting the overall membrane performance due to the increase of 

the hydraulic resistance of the system. Biofouling is defined to take place when the 

biofilm exceeds a threshold of interference negatively affecting the filtration process36. 

Biofouling is directly linked to the feed water characteristics since the constituents 

removed by the membrane are concentrated near the membrane surface and often are 

substrates and nutrients providing favorable conditions for biofilms to grow.  

 

Although many studies have been conducted on this topic, it remains the least understood 

and most problematic type of fouling in all membrane systems 37. Over time, different 

strategies have been tested to remove biofilms, including the use of biocides and cleaning 

agents. In fact, bacteria in the biofilms have been shown to respond to the use of such 

chemicals and produce more EPS, which is commonly recognized as one of the key 



 32 

foulants. Although some of the bacteria are killed by these practices, it still represents a 

problem due to the formation of a layer of biomass on the membrane surface that are not 

completely removed where material from dead bacteria can be used as the nutrient source 

for the other living cells.  

 

Considering the ineffective attempt to get rid of biofilm, an alternative way to live with 

them must be achieved. There is a need to investigate the biofilm mechanism in order to 

understand how biofilms form and evolve on the membrane surface affecting the 

membrane performance losses.  

 

1.3.1.1 Biofouling in submerged membrane bioreactor 

The predominant process configuration in MBRs is submerged membranes modules 

(SMBR), mainly due to the reduction of the operational costs compared to cross-flow 

designs. Biofouling still represents the main obstacle for a faster commercialization, and 

is a key operational challenge due to the inherent nature of the treatment process 38.  

The microbial growth and deposition on the membrane surface affects the membrane 

performance, causing flux decrease under constant pressure operation and TMP increase 

under constant flux operation. Approximately 60% of operating costs in current activated 

sludge based MBRs is directly related to biofouling 38.  

 

The membrane biofouling in MBR is connected to all the parameters related to the design 

and operation. Starting from the first submerged MBR prototype, aeration was defined as 

a way to induce shear stress on the membrane surface from the rising bubbles and also to 
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facilitate flow circulation and mixing. The bubbles flowing nearby the membrane induce 

a local shear transients increasing back transport phenomenon. However, it is a challenge 

to achieve the optimal aeration rate, since intense aeration may lead to severe fouling by 

floc breakage that reduces the floc sizes and ultimately increasing the colloidal particulate 

content39. The solids retention time (SRT) defines the characteristic of the biomass 

suspension and its fouling propensity, and can be correlated to the ratio between food and 

microorganism (F/M)40.  The relation between SRT and SMP was found to be critical for 

the overall performance of activated sludge MBRs41. 

 

Fouling formation in very low-pressure systems (i.e. gravity-driven) has a different 

behavior compared to the conventional pressure-driven systems. As stated by Field et 

al.42 low-pressure MF can be considered much more effective than high-pressure MF, due 

to the existence of a certain flux, below which a decline of flux with time does not occur. 

The main advantage of this process is owed by the possibility to operate the system for 

long-term without any chemical cleaning. In fact, in LPM and ultra-low pressure systems 

such as gravity-driven designs, a stable flux can be achieved where the fouling 

development is self-regulated43.  

 

1.3.1.2 Biofouling in spiral wound membrane filtration system 

 

Biofouling has also been identified as one of the main problems in spiral-wound NF and 

RO membrane operations 28,44–50. Biofouling leads to performance losses in the full-scale 

operating plants by causing an increase in feed channel pressure drop, permeate flux 



 34 

reduction and/or salt passage increase51. Studies have reported an increase of 10-15% of 

pressure drop in the pressure vessels and an increase of salt passage of 5-10% due to the 

biofouling and subsequently a major increase in the operational costs up to 50% 52. To 

maintain water production, over time fouled membrane elements have to be cleaned and 

eventually replaced.  The lead membrane module in a pressure vessel has been reported 

to be the most fouled due to the higher accessibility to the nutrients and biomass growth 

in these configurations.  

Flemming et al.25 observed the formation of a biofilm during the first hours of operation. 

The bacteria that cause the biofilm formation in the element can enter from the feed or 

can be already present in the membrane vessel.  The biodegradable nutrients enter the 

system through the feed, leading to the formation of biofouling.  

Operational parameters such as cross flow velocity, permeate flux and spacer design and 

orientation have been shown to have a strong impact on biofouling.  High flux and high 

shear forces can cause compaction of the biofilm and an increase of EPS production53. 

The formation and growth of a biofilm in the system ultimately affects the 

transmembrane pressure and the feed channel pressure drop53.    

As reported in literature, biofouling was been widely detected in different full-scale 

installations. According to a U.S. survey of RO plants affected by fouling, biofouling was 

diagnosed as the predominant fouling in 82% of the cases54. In the Middle East region, 

about 70% of the desalination plants are reported to be affected by biofouling55. 

 

1.3.1.3 Biofouling Monitor 
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Since the spiral wound element (Figure 1.9) is not accessible to direct observations and 

analysis of the membrane, different systems have been designed and tested over the 

years. A fouling monitor is required for fouling prediction and control in a laboratory 

scale. Vrouwenvelder et al.56 developed the membrane fouling simulator (MFS) a tool 

easy to handle and representative of the hydrodynamics of the system (Figure 1.11A).  

 

 

Figure 1.11. A) Side view of MFS with a transparent cover glass and B) schematic 
representation of the membrane module and MFS  (adapted from Vrouwenvelder et al. 
200656) 

 

The MFS contains membrane coupons, a feed spacer and permeate spacer (Figure 

1.11B). The feed spacer is an integral part of a spiral-wound membrane element and is 

used to provide flow channels (e.g. necessary separation between the membrane sheets) 

and to improve the hydrodynamics within the module with the aim to decrease 

concentration polarization effects. Spacers have been reported to have a dominant role 

and significant impact in biofouling growth in spiral-wound elements. Specific particle 

deposition patterns on the membrane and spacer for different spacer orientations were 

investigated through in-situ microscopic observations57. The influence of spacer 

orientation on particle deposition using direct observation through the membrane was 
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investigated by Neal et al58.  The MFS in full-scale operating plants can be connected to 

the feed water and therefore used as fouling monitor and early warning system. The MFS 

enables the measurement of performance parameters such as pressure drop, since it 

shows the same development of pressure drop as in a full-scale membrane module inside 

a pressure vessel59. 

1.4 Biofouling characterization  

A key aspect of biofouling studies involves the analysis of biofilm properties and 

structure 60, which can predict the biofilm behavior, and thus, the impact on membrane 

filtration performance.  Several approaches are reported in the literature to study biofilms, 

most of them requiring destructive procedures. Microscopic techniques are considered an 

important tool for biofilm structure investigation. Typically, these procedures are 

performed during membrane autopsies to distinguish among different types of fouling. 

Scanning electron microscopy (SEM) is capable of visualizing the structure of a biofilm 

and cells on a near-nanometer and sub-micron scale 61,62. The artifacts due to drying of 

the sample, affecting the biofilm structure, represent the major limitation of the SEM 

technique. Environmental scanning electron microscopy (ESEM) is a more suitable 

technique allowing imaging of wet systems with minimal preparation. However, both 

SEM and ESEM techniques are destructive making it not possible to use time-resolved 

in-situ biofilm visualization, crucial to investigate the development and evolution of 

biofilm structures over time in its natural condition. 

 

Confocal laser scanning microscopy (CLSM) has been widely used for biofilm 

investigations due to the possibility to study the biofilm constituents with the use of 
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specific probes, i.e. to study the EPS matrix 63. Depending on the probes used, proteins, 

polysaccharides, and cells can be studied and visualized individually. Compared to SEM 

and ESEM, CLSM is a technique that enables three-dimensional (3D) characterization of 

the microscopic structure of biofilms 64. In dense scattering biofilms, low penetration 

depths represents a limitation of CLSM analysis 65. CLSM is a destructive technique, and 

the use of contrast agents/dyes make it a difficult approach for online monitoring of 

biofilm processes. Furthermore, sampling preparation can alter the biofilm structure and 

thus impact parameter quantification. Xue et al. 66 evaluated the impact of rinsing and 

storage on the structural characteristics of a biofilm. The significant change in biofilm 

structure, EPS, and microbial composition due to these procedures leads to the necessity 

of establishing optimized sample preparation procedures to ensure the quality and the 

reproducibility of the results. As reported by Bar-Zeev et al. 67, CLSM sample 

preparations (e.g. dry and confined mounting) can alter the biofilm proprieties by 

compressing the biofilm, decreasing biofilm thickness and porosity, and deforming 

individual bacterial cells. The resulting analysis is therefore not truly representative of 

biofouling properties and characteristics under operating conditions and cannot directly 

be related back to operational behavior.    

 
 

1.4.1 In-situ non destructive characterization 

Non-destructive in-situ biofilm characterization techniques are gaining attention due to 

the qualitative and quantitative information that can be obtained from biofilms formed in 

membrane systems under working conditions without stopping and/or destroying the 

operating units.  
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In recent years, several techniques have been proposed and tested. The optical techniques 

consisting of a microscope or video camera mounted near the membrane surface were the 

first in-situ monitors developed to non-destructively study the fouling behavior in 

membrane filtration systems. The direct observation through the membrane (DOTM) 

approach was developed in 1993 to assess the fouling pattern at particular operating 

conditions.  The DOTM was used to investigate the fouling on submerged hollow fiber 

membrane 68 and spacer filled channels69 modes of operation. 

Ultrasonic time domain reflectometry (UTDR) is an ultrasonic technique that uses the 

amplitude of the reflected waves to characterize the interface between two media. The 

ultrasonic signal is provided with the achievement of a relative thick fouling layer 

developed on the membrane surface 70.  The UTDR has been applied for the investigation 

of fouling in MF, UF and RO systems 71–73.  

Nuclear magnetic resonance (NMR) is commonly applied in the medical field to detect 

the morphological change in biological tissues. Earth field (EF) portable NMR was 

applied to identify the development of biomass in membrane system74,75. 

Planar optodes were initially used as luminescent indicators to assess the heterogeneity of 

O2 distribution in biofilms76. Through the use of a camera system they can be used to 

image the biomass directly in a flow cell. Recently planar optodes were applied to 

evaluate the biofouling spatial heterogeneity in spacer filled channels under different 

cross-flow velocities77. 

Due to its ability to investigate biofilm formation in-situ without any staining procedures, 

optical coherence tomography (OCT) has recently been used to monitor and visualize the 

biofilm growth in membrane filtration systems 78,79. In this study, OCT was chosen as the 



 39 

preferred method to conduct in-situ observations and monitoring of the behavior and 

evolution of biofouling in membrane filtration systems and is presented in more detail in 

the following section.   

 

1.4.2 Optical Coherence Tomography (OCT) 

OCT was invented in 1991 as a tool for medical imaging, consisting of a depth-resolved 

analysis of backscattered light by means of an interferometer80.  

In this thesis, a commercial spectral domain optical coherence tomography system (SD-

OCT) Thorlabs (Thorlabs, GmbH, Dachau, Germany) was employed. The SD-OCT uses 

as input a broadband-source of light (superluminescent diode) with short temporal 

coherence (Figure 1.12). The system evaluates the spectrum of interference between the 

light returned from the sample and the reference arms of the interferometer81. The 

spectrometer measures the signal as a function of the wavelength. The spectral data is 

therefore first resampled in k-space and then converted by applying a Fourier 

transformation in the depth profile or A-scan (Figure 1.13)82.  
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Figure 1.12. Representation of spectrometer-based spectral domain optical coherence 
tomography (SDOCT) systems. M. mirrors; BS, beamsplitter. (Adapted from Yaqoob et 
al. 200582) 

 

Figure 1.13. Schematic representation of signal transformation in SD-OCT (Adapted 
from Yaqoob et al. 200582) 

 

By moving the beam position across the sample, multiple A-scans are acquired and 

collected in the computer to generate a two-dimensional cross-sectional image, defined as 

B-scan.  
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The resolution of the OCT images depends on the axial and the lateral resolution. The 

axial depends on the temporal coherence length of the light source (eq. 1.1). Where Ic is 

the coherence length of the source and n is the refractive index of the material.  

 

         (Eq 1.1) 

  

The lateral depends on the lens mounted on the device, following the Abbe’s law (eq 1.2) 

where NA is the numerical aperture of the objective mounted on the system. 

 

         (Eq 1.2) 

OCT was first developed and mainly employed in biomedical applications. The 

technology has been extensively used in ophthalmology where OCT is used for diagnosis 

and treatment guidance as it has the capability non invasively assessing and monitoring 

the retina’s layers83. 

 

In 2006 the OCT was utilized to investigate the development of a Pseudomonas 

aeruginosa biofilm in a capillary flow cell84. The OCT enables imaging a biofilm in the 

mm range (mesoscale). While other imaging techniques usually used to investigate the 

biofilm morphology (i.e. CLSM and SEM) have a higher resolution, the area observed is 

too small to comprehend biofouling behavior and impact in membrane filtration 

processes. In fact, the structural information at microscale and nanoscale level might be 

of minor relevance to characterize the behavior of macroscale biofilm processes85. 
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Morgenroth and Milferstedt86 tackled the importance of structural properties at the 

mesoscale to understand ecological mechanisms.  

 

A key aspect of biofilm studies involves the analysis of the biofilm structure87, which can 

predict the biofilm behavior, and thus, the impact on membrane filtration performance.  

So far, the OCT has been employed in the study of fouling in membrane systems 

investigating single B-scans, where the structural data are gained by analyzing each 

single slice of a scan. Derlon et al. 78 calculated the biofilm thickness of the 2D scans 

using a MATLAB algorithm. In another study, the biofilm roughness was calculated by 

OCT relating the adhesion rate of E. coli cells on polyvinylchloride (PVC) surfaces 88. 

Gao et al89. used the OCT to characterize the evolution of the fouling layer constituted by 

bentonite micro particles on a membrane surface. A modified version of the membrane 

fouling simulator (MFS) representing spiral-wound membrane modules without a feed 

spacer has recently been developed and used to study biofouling with OCT 90. Membrane 

performance losses were related to biofilm thickness, compaction and morphology 

obtained from OCT analysis 91. OCT scans were also employed by Wibisono et al 92 to 

assess the efficiency of two-phase cleaning flow in a spiral-wound nanofiltration element 

(MFS monitor). Compaction and relaxation of a biofilm with changes in permeate flux 

were analyzed in another study through 2D OCT scans 93. 

1.5 Research Objectives 

The conventional approaches to study fouling in membrane filtration systems require 

destructive analysis. This study aims to evaluate the suitability of OCT as in-situ tool to 

gain a better understanding of biofouling behavior in membrane filtration systems. The 
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main objective of this research is to monitor in-situ online biofouling development in 

membrane filtration systems using OCT under continuous operation. The biofouling 

development in membrane filtration system is related to the decrease in membrane 

performances. Since biofouling is a dynamic process, the prerogative is to acquire time 

dependent non-destructive structural information though OCT scans and image analysis 

and to relate them to filtration performance and fouling phenomena. 

 

1.5.1 Specific Research Objectives 

1. To study the biofilm development in-situ online under continuous operation in i) 

submerged systems (Chapter 2 and 3) and ii) spacer filled channels (e.g. spiral 

wound modules) (Chapter 5 and 6)   

2. To acquire on-line biofilm structural information through OCT scans and image 

analysis (Chapter 2,3 and 5)   

3. To visualize and evaluate the biomass spatial distribution on flat sheet membrane 

surfaces (Chapter 4) and in a spacer filled channel (Chapter 5 and 6)   

4. To relate the biofilm development with membrane filtration performance 

(Chapter 2,3 and 5)   

5. To integrate and relate the biofilm information obtained through OCT observation 

with parameters acquired from membrane autopsy (Chapter 4)    

1.6 Hypothesis  

1. OCT is a non-invasive, non-destructive imaging technique that enables high- 

resolution cross sectional imaging of a wide range of highly scattering media such 

as a biological sample. The experimental setup can be designed to allow acquiring 
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in-situ images and data of biofilm formation on a membrane surface. OCT is a 

suitable tool for non-destructive investigation of biofilm formation with analysis 

of key characteristics and properties in membrane filtration system under 

continuous operation.   

2. In destructive observation methods, the biofilm structure can be changed when the 

sample is collected from the system. In addition, the sample preparation, such as 

staining or drying, can affect the biofilm morphology. In conventional approaches 

biofilm structures and properties are changed due to required sample preparations. 

OCT enables requiring detailed information on biofilm structures, properties, and 

morphology without additional sample preparation that may impact the results 

(e.g. staining, drying, conservation etc.)   

3. Biofilm physical proprieties (i.e. biovolume) are usually acquired by the means of 

destructive ex-situ technique. The combination of OCT analysis with a membrane 

and biofouling destructive characterization could represent a breakthrough 

providing qualitative and quantitative parameters and correlate the biomass 

volume with biomass analytical characterization.   

4. In membrane filtration systems a biofilm acts as a secondary barrier, causing an 

increase in feed channel pressure drop, and increases in transmembrane pressure 

and hydraulic resistance of the system. Biofilm development responses are a 

function of operating conditions and can be linked to the (membrane) filtration 

performance. In-situ online measurements using OCT can provide insights to this 

link.  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1.7 Outline of the thesis 

The biofouling monitoring with OCT has been tested in two different membrane 

configurations: i) submerged (chapter 2,3 and 4) and ii) spiral wound (chapter 5-6)  

(spacer filled channel) (Figure 1.14). 

The OCT has been used to study the evolution of the fouling layer in a gravity driven 

operation over long-term operation (chapter 2). Additionally, it has been used to improve 

the representativeness of computational fluid dynamic modeling of biofilm accumulation 

in membrane filtration systems with biofilm structures obtained from the OCT scans 

(chapter 2). The OCT has been used as the first step of the fouling characterization on a 

flat sheet membrane, scanning the 75% of the total membrane (chapter 3). The fouling 

mechanism at the early stage and its impact on the flux decrease were investigated 

through a time-resolved analysis of the fouling layer (chapter 4).  

 

 

Figure 1.14. Outline of the thesis 
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In spacer filled channel configuration, a novel approach to evaluate the spatial 

distribution in a spiral wound element has been proposed. The OCT was used to assess 

the impact of the biomass accumulated in the flow cell on the membrane performance 

(i.e. pressure drop and flux decrease) (chapter 5). A new imaging method to quickly 

visualize the fouling in spacer filled channel has been proposed (chapter 6). The chapters 

2-6 are published in peer-reviewed journals. 
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Abstract 

This paper introduces a novel approach to study the biofouling development on gravity 

driven submerged membrane bioreactor (SMBR). The on-line monitoring of biofilm 

formation on a flat sheet membrane was conducted non-destructively using optical 

coherence tomography (OCT), allowing the in-situ investigation of the biofilm structure 

for 43 d. The OCT enabled to obtain a time-lapse of biofilm development on the 

membrane under the continuous operation. Acquired real-time information on the biofilm 

structure related to the change in the flux profile confirming the successful monitoring of 

the dynamic evolution of the biofouling layer. Four different phases were observed 

linking the permeate flux with the change of biofilm morphology. In particular, a stable 

flux of 2.1±0.1 L/m2h was achieved with the achievement of steady biofilm morphology 

after 30 d of operation. Biofilm descriptors, such as thickness, biofilm area, macro-

porosity and roughness (absolute and relative), were calculated for each OCT acquired 

scans. Interestingly, relative roughness was correlated with the flux decrease. 

Furthermore, the precise biofilm morphology obtained from the OCT scans was used in 

computational fluid dynamics (CFD) simulation to better understand the role of biofilm 

structure on the filtration mechanism. 

 

Keywords: Biofouling; Computational fluid dynamics; Gravity driven membrane 

bioreactor; Non-destructive monitoring; Optical coherence tomography 
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2.1 Introduction 

Membrane bioreactor (MBR) technology, which combines biological processes with 

membrane filtration, has emerged over the past two decades as an innovative technology 

for advanced wastewater treatment and water reuse. Membrane filtration in the MBR 

eliminates the secondary clarifier for solid/liquid separation required in conventional 

activated sludge systems. In addition to a lowered footprint, the MBR system produces 

higher effluent quality and reduces the net sludge production 1. However, MBRs are 

prone to membrane biofouling. In MBR systems, biomass deposition (i.e. biofouling) on 

the membrane can lead to a significant increase in the transmembrane pressure (TMP) 

under constant flux mode of operation or the decrease in the permeate flux under constant 

pressure mode. Numerous efforts to mitigate biofouling in membrane processes for 

wastewater treatment have been made since around 60% of MBR operating costs is 

closely associated with membrane biofouling 2. The complex natures and characteristics 

of the biomass interactions on the membrane surface are still not yet fully understood, 

which is essential to assess sustainable operating conditions and to establish appropriate 

strategies for biofouling reduction and mitigation.  

At present, various observation techniques have been widely applied to the study of 

biofouling accumulation in the membrane systems 3. Confocal laser scanning microscopy 

(CLSM) techniques are generally used to reveal the composition and architecture of 

biofilms by staining the samples with fluorescent dyes. CLSM allows the acquisition of 

three-dimensional (3D) structure and spatial distribution of distinguished constituents 

(i.e., proteins, polysaccharides, and cells) in a biofouling matrix. Sun et al. 4 characterized 

biofouling of hollow fiber ultrafiltration (UF) membranes, linking the components to the 
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membrane permeability using CLSM with image analysis. However, reports have shown 

that sample preparation may cause physical alteration of morphology and dimensions of 

the fouling layer such as dry (dehydrated) and confined (wet) mountings [5, 6]. Other 

microscopic techniques such as scanning electron microscopy (SEM), environmental 

SEM and atomic force microscopy (AFM) have also been used in membrane biofouling 

studies. All these methods are carried out ex-situ and destructively after an experiment is 

completed, and as such are not able to be applied for on-line acquisition of structural 

information and dynamic characteristics of how the fouling layer may respond over time.  

Biofouling behavior and development are a dynamic process, where detailed time-

resolved in-situ monitoring is required at ambient conditions to monitor and analyze the 

complicated evolution mechanisms as a function of time. Hence, on-line direct 

observation technique has been at first proposed with an assembly of a microscope and 

digital video camera 7
. However, this approach of direct observation through membrane 

(DOTM) only provides information on the upper structure. Several non-invasive and non-

destructive techniques have been proposed and applied in the last years 8,9. Ultrasonic 

time domain reflectometry (UTDR) was used to study the main fouling mechanism 

during microfiltration of oil emulsion 10. Sim et al. 11 adapted UTDR to study in real-time 

the physicochemical nature of colloidal fouling.  The optical coherence tomography 

(OCT) is an alternative technique that enables detection of the internal structure of a 

biofouling sample. Similar to other tomography techniques, OCT generates slice images 

from a series of depth scans by backscattering, and has recently been utilized in the study 

of biofilm formation during membrane filtration processes 12. Gao et al. 13 demonstrated 

the suitability of OCT for investigating the dynamic process of membrane fouling 
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formation. Derlon et al. 14 used the OCT to evaluate the impact of predation in the biofilm 

formed under gravity driven ultrafiltration systems in drinking water treatment. Akhondi 

et al. 15 also characterized the biofouling in a gravity driven UF membrane filtration for 

seawater pretreatment in reverse osmosis (RO) desalination, quantifying the thickness 

and roughness of the biofilm layer obtained from OCT images. Dreszer et al. 16 assessed 

the suitability of OCT in a real-time observation of the biofilm development using a test 

cell. In addition, a previous study showed that the feed channel pressure drop correlated 

with the amount of biofilm accumulated in a membrane fouling simulator (MFS) 17. 

Although real-time observations of biofilm growth and its associated structure can be 

acquired by OCT, it does not provide information associated with the evolving 

hydrodynamics at a fundamental level. This is because i) direct hydrodynamic flow 

measurements are challenging and complex, requiring seeding particles and a light source 

(e.g. particle image velocimetry) and ii) the particle and light source can potentially affect 

the morphology of the biofilm. Therefore, better in-situ hydrodynamics measurement 

tools are required. Computation fluid dynamics (CFD) has been used for hydrodynamic 

simulation of fluids on the membrane surface, predicting the fouling layer formation 18–20. 

These models utilize the Lagrangian particle interaction approach. However, this 

approach is complex, and particle interaction (e.g. particle to particle sticking, collision or 

reflection), which is fundamentally governed by chemical and biological laws, has not 

been well understood. Martin et al. 21 proposed a simplified model to evaluate the impact 

of spatial distribution on hydraulic resistance and flux in a gravity driven membrane filter. 

In addition, models have been used to improve submerged MBR system design in 

avoiding energy losses [18]. According to Sengur et al. 22, CFD modeling can be used as 
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a powerful tool for solving the problems associated with submerged MBRs, and CFD 

simulation should be performed considering hydrodynamic and biological conditions.  

In the present work, a novel approach that combines on-line observation (OCT) and 

numerical framework (CFD) is proposed for assessing the biofilm development on a 

membrane surface. The biofilm growth and morphology on a flat-sheet membrane in a 

reactor treating secondary wastewater effluent was monitored in-situ and in real-time 

using the OCT during continuous operation for 43 d (6 weeks). CFD modeling was 

performed using the precise biofilm morphology obtained from image analysis based on 

the OCT scans, aiming to relate the biofilm structure to the filtration performance.  

 

2.2 Materials and methods 

2.2.1 MBR set-up  

A customized flat sheet type membrane module with a corresponding membrane area of 

45 cm2 (9 cm × 5 cm) manufactured by MemSis Turkey was used in a submerged 

membrane reactor (Figure 2.1). The membrane used was a polysulfone (PS) ultrafiltration 

(UF) membrane (PHILOS, Korea) with 20 KDa of molecular weight cut-off (MWCO).  

The membrane module was submerged in a 70 cm high tank, operated in a gravity driven 

mode and the permeate (i.e. effluent) collected from the bottom of the tank. The gravity 

driven system was selected since it is a sustainable technology that requires less energy. 

As reported in a literature 23, under gravity operation the flux tends to stabilize over the 

time. Synthetic secondary wastewater effluent was pumped continuously into a level 

regulator to keep a constant level of water in the tank, thereby maintaining a constant 

pressure head of 45 cm above the membrane module, corresponding to 45 mbar (4.5 
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kPa). 1 mL of activated sludge was initially added to the filtration tank to initiate and 

promote the formation of a biofilm on the membrane representing a submerged 

membrane bioreactor (SMBR). The whole system was covered with aluminum foil to 

avoid the growth of algae. The SMBR system was run continuously for 43 d without 

backwashing or any air scouring. 

 

Figure 2.1. Schematic drawing of gravity driven SMBR set-up coupled with OCT 
equipment used in this study. 

 
 
 
 

2.2.2 Feed water 

A synthetic feed water was used simulating a secondary wastewater effluent (SSWE). A 

chemical oxygen demand (COD) of 15 mg/L was used in the feed solution to ensure 

biofilm growth on the membrane. Detailed characteristics and composition of the feed 
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water can be found elsewhere 24. The feed tank (Figure 2.1) was filled with fresh SSWE 

feed solution every 7 d. 

 

2.2.3 Filtration performance 

The average permeate flux was calculated daily by dividing the weight of the collected 

permeate by the membrane area (0.0045 m2). The gravity driven SMBR system was 

operated under constant pressure by maintaining a given water head as shown in Figure 

2.1, resulting in a TMP of 4.5 kPa which was maintained during the whole operating 

time.  

 

2.2.4 Optical coherence tomography 

An optical coherence tomography (OCT, Thorlabs GANYMEDE spectral domain OCT 

system with a central wavelength of 930, Thorlabs, GmbH, Dachau, Germany) equipped 

with a 5X telecentric scan lens (Thorlabs LSM 03BB) was used to investigate the biofilm 

formation and growth on a submerged flat-sheet membrane. The OCT probe was 

mounted on a motorized frame (Welmex) allowing the movement in a system of 

coordinates with a precision of 5 μm on the x and y and 0.79 μm on the z. The B-scans 

(800 x 652 pixel) corresponding to 4.0 x 1.35 mm (width x depth) were taken within a 

fixed rectangular area of 4.0 x 0.5 mm during the entire experiment (43 d).  

 



 

 

61 

2.2.5 Image analysis 

In an image analysis, the OCT scans were preprocessed using FiJi software. A multi-

sequence step was applied: (i) the images were filtered, (ii), contrast and brightness were 

adjusted and (iii) the images were thresholded and binarized.  

Then, biofilm proprieties were calculated using a customized MATLAB code. Each pixel 

corresponds to a certain length related to the setting acquisition (lateral resolution 5 μm 

and axial resolution 2.7 μm). The mean biofilm layer thickness (Z in μm) was calculated 

by measuring the number of pixels from the membrane to the top layer (Eq. 1). The 

absolute roughness coefficient (Ra in μm) and the relative roughness coefficient (R’a) 

were calculated using Eq. 2 and 3, respectively, according to the equations reported by 

Derlon et al. 25. 

 

𝑍′ = 1
𝑛
∑ 𝑍𝑍𝑛
𝑖=1           

 (1) 

𝑅𝑅 = 1
𝑛
∑ (|𝑍𝑍 − 𝑍′|)𝑛
𝑖=1          

 (2) 

𝑅′𝑅 = 1
𝑛
∑ �|𝑍𝑖−𝑍′|

𝑍′
�𝑛

𝑖=1          

 (3) 

 

The macro-porosity (referring to detectable pores) was calculated measuring the amount 

of void voxels in the biofilm layer (Eq. 4). The analysis was performed on the binarized 

data, whereas the pixels were classified in empty (0) and filled (1). The descriptor was 
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hence the ratio of void space under the biofilm layer and the total area including both 

biomass and cavities 26. 

Φ = ∑𝑣𝑣𝑣𝑣𝑣 (0)
∑𝑣𝑣𝑣𝑣𝑣(0,1)          

 (4) 

 

The biofouling area (A in mm2) was calculated measuring the number of the biomass 

pixel (1) contained in the biofilm layer (Eq. 5). This descriptor quantified only the pixel 

containing biomass under the biofilm layer, distinguishing between empty (0) and filled 

pixel (1).  

𝐴 = 𝑍′ ∙ 𝐿 ∙ (1 −Φ)          

 (5) 

where, L is the scan width, in this case equal to 4 mm and Z’ is the mean biofilm 

thickness in mm. 

 

2.2.6 Computational fluid dynamics (CFD) simulation  

Images acquired from OCT provide physical information on the developing structure of 

the biofilm. However, the effect of hydrodynamics on the evolving biofilm is critical and 

as such influences the permeate flux and the SMBR performance. Numerical modeling 

coupled with OCT data sets was used to elucidate the hydrodynamics effects at an 

elemental level. In this study, a state of the art numerical formulation was used to 

evaluate the evolving hydrodynamics. Images acquired from the OCT were thresholded 

and binarized before extracting surface features of the biofilm and the membrane shape. 
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The feed and permeate fluid zones were modeled by solving a laminar incompressible 

Navier-Stokes equations given by:  

 

∇. �⃗� = 0           

 (6) 

∇ . 𝜕(𝜌𝑣�⃗ )
𝜕𝜕

+ ∇ . (𝜌�⃗��⃗�) = −∇𝑝 + ∇ . (𝜏) + 𝜌�⃗�       

 (7) 

 

where, �⃗� is the velocity vector, 𝑝 is the pressure, 𝜌 is the density, �⃗� is the gravity vector, 

𝜏 is the fluid shear stress tensor and 𝑡 represents the time. The biofilm and the membrane 

zones were solved considering these two zones as porous media assuming isotropic 

porosity and single phase flow. The volume average mass and momentum conservation 

equation for porous media flow are given as follows: 

  

𝜕(𝛾𝜌)
𝜕𝜕

+ ∇ . (𝛾𝜌�⃗�) = 0         

 (8) 

𝜕(𝛾𝜌𝑣�⃗ )
𝜕𝜕

+ ∇ . (𝛾𝜌�⃗��⃗�) = −𝛾∇𝑝 + ∇ . (𝛾𝜏) + 𝛾𝐵�⃗ − �𝜇
𝛼

+ 𝛽𝜌
2

|�⃗�|� �⃗�    

 (9) 

 

where, 𝛾 is the porosity, 𝜇 is the viscosity of the liquid, 𝛼 is the permeability coefficient, 

and 𝛽 represents the inertial resistance coefficient. Although the above equations are the 

generalized formulation for the porous media, a negligible inertial resistance was 

assumed. This assumption is justifiable owing to low fluid velocities as observed 
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(micrometer per second, based on mass conversation calculation) in the SMBR. In the 

present work, ‘macro porosity’ is measured using OCT images, which is different from 

biofilm porosity. Biofilm porosity can only be measured either offline, using 

experimentation techniques [22], or online by acquiring ultra-high resolution images of 

biofilm. As images resolution is limited by current OCT hardware, to keep the numerical 

formulation simply, average value of biofilm porosity was taken from experimental work 

of 27. The biofilm permeability values were determined from measured flux by applying 

the Darcy law. The pressure drop across the membrane and the biofilm was constant in a 

gravity driven configuration. Permeability value was estimated with known membrane 

thickness and average biofilm thickness at the particular day calculated from OCT 

images.    

The biofilm, membrane, feed and permeate zones are all linked to each other by 

interfacial conditions 28 and the coupled set of equations were solved in time until the 

steady state achieved for a given morphology of the biofilm. The temporal and spatial 

terms in the governing equations are discretized with use of second order discretization, 

and PISCO 29 algorithm to solve the system of equations 28.   

 

2.3 Results 

2.3.1 Flux 

The gravity driven SMBR was operated continuously with synthetic secondary 

wastewater effluent without any cleaning, backwash or relaxation for 43 d (6 weeks). 

During the whole experiment, a constant pressure of 45 mbar was maintained. The water 
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level above the flat sheet membrane module was kept constant by the use of a level 

regulator connected to the tank as shown in Figure 2.1.  

 

Figure 2.2. Flux pattern over the time (divided into four phases; Phase I: day 0~day 6, 
Phase II: day 7~day 13, Phase III: day 14~day 29, and Phase IV: day 30~day 43). 

Figure 2.2 shows the variation of flux in the SMBR during 43 d of operation. It can be 

divided into four phases based on flux pattern along the filtration period. Flux decreased 

sharply from 14.4 LMH to 5.5 LMH during the first phase (phase I: 0-6 d). In the second 

phase (phase II: 7-13 d), the flux remained steady at 5.3±0.2 LMH between day 7 and 

day 9 before decreasing to 4.1 LMH at day 13. A similar trend was observed in a 

previous study of a gravity driven system reported by Akhondi et al. 15. From day 14 until 

day 30, the flux gradually decreased to 2.2 LMH at a rate of around 0.1 LMH/d, defined 

as phase III. In the last phase (phase IV), the flux was observed to remain quite stable 

(2.1±0.1 LMH) until the end of the experiment period.  
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2.3.2 Change in biofilm morphology (Time series imaging) 

The biofilm morphology was acquired through on-line OCT scanning during the entire 

period of operation. Figure 2.3 presents a set of 2D scans of the biofilm development 

over the time.  

 

Figure 2.3. Changes in biofilm morphology acquired by OCT scan over the time. 

 

Formation of a biofilm on the membrane was observed from the very first day. On day 3, 

the irregular biofilm layer that was growing was observed to become more regular and 

smooth. It is worth noting that at day 7 a loose biofilm structure was observed, although 

the amount of biomass deposited on the membrane increased over the time (Figure 2.3). 

After 14 d of operation, the “porous structure” biofilm (observed in phase II) was seen to 

diminish with a resulting more compact morphology structure and an overall decrease in 

0.50 mm (x-axis) 
0.25 mm (y-axis) 
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biofilm thickness. The compact and dense biofilm layer gradually increased and biofilm 

thickness decreased until day 30. During phase IV (i.e. day 38), a double layer biofilm 

structure consisting of a dense layer at the bottom and a looser one forming on top can be 

seen. Once the double layer is formed, the thickness of the dense layer was observed to 

remain quite stable, while the whole biofilm layer only increased slightly compared to 

day 30. The biofilm morphology kept quite constant with analogous thickness and shape 

during phase IV. The transitions in biofilm structure observed through the four phases 

defined indicated that a dynamic evolution of the biofilm morphology occurred during 

the operation period monitored for gravity driven SMBR system studied. 

(a) 
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(b) 

 

 (c) 
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 (d) 

 

 (e) 

 

Figure 2.4. Biofilm descriptors calculated for each obtained scan from OCT: (a) 
thickness, (b) area, (c) macro-porosity, and (d) relative and (e) absolute roughness. 
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2.3.3 Detailed information on biofilm morphology 

The image analysis of the biofilm morphology was performed according to the 

approaches outlined in section 2.4. Several biofilm descriptors, such as thickness, biofilm 

area, macro-porosity and roughness (absolute and relative), were calculated for each OCT 

scans obtained, and presented in Figure 2.4.  

The biofilm thickness (Figure 2.4a) increased over time reaching a plateau after day 30. 

A non-linear trend was observed during first 30 d, peaking at 197±10 μm at day 10 with a 

subsequent decrease to 149±7 μm at day 14. Following this dip, the biofilm thickness 

increased almost linearly until plateauing after day 30. The biomass area (Figure 2.4b) 

follows a similar trend but is more linear with a less pronounced peak at day 14. The 

macro-porosity (Figure 2.4c) refers to pores larger than the OCT detection limit. An 

increase in porosity is observed between day 3 and day 11 with a resultant peak of 

0.195±0.01 at day 9. Over time, the macro-porosity levels out to a stable value 

(<0.025±0.001) from day 14 to day 30 and then slightly increasing till day 43, which is 

account for by the formation of an upper looser layer (Figure 2.3). The relative roughness 

reported in Figure 2.4d decreased over time. Interestingly, this descriptor correlates well 

to the flux pattern observed. The biofilm irregularity decreases during the first phases and 

coincides with the development of a homogeneous morphology, reaching a quite stable 

value after day 14.  

Table 2.1 summarizes the average biofilm descriptor values for each phase. The average 

value corresponds to the numerical mean for the group of values in the corresponding 

phase. During phase I, the biofilm layer is characterized by the highest relative roughness 

(R’a=0.26).  Phase II shows an increased average thickness value of 185±12 μm 

compared to phase I, and the highest macro-porosity value (0.14±0.07) due to the porous 
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structure in the biofilm layer observed (Figure 2.3). When biofilm compaction occurs 

(phase III), a decrease in the macro-porosity (0.01±0.004) was observed. The flux decline 

measured could be linked with the increase in biofilm thickness and biomass area. The 

stable flux of 2.1±0.1 LMH (phase IV, shown in Figure 2.2) coincides with the formation 

of steady homogeneous biofilm morphology. Although the highest average biofilm 

thickness (248±6 μm) was achieved during phase IV, a low macro-porosity and relative 

roughness were also observed resulting from the compact and homogeneous morphology. 

 

Table 2.1. Biofilm descriptors for each phase. 

 Experime

ntal flux 

(LMH) 

Average 

thickness 

(μm) 

Biofilm 

area 

(mm2) 

Macro 

porosity 

Relative 

roughness 

(Ra) 

Absolute 

roughness 

(R’a) 

Phase I 6.7±0.9 110±35 0.41±0.11 0.07±0.05 0.26±0.08 28±7 

Phase II 5.1±0.4 185±12 0.63±0.04 0.14±0.07 0.13±0.02 24±5 

Phase III 3.2±0.6 192±26 0.75±0.10 0.01±0.00

4 

0.06±0.01 11±2 

Phase IV  2.1±0.1  248±6 0.98±0.02 0.02±0.00

4 

0.06±0.02 13±2 

 

2.3.4 CFD 

The impact of the evolving biofilm on the filtration performance was further investigated 

by coupling the acquired OCT data set (i.e. biofilm morphology) with hydrodynamic 

modeling. Figure 2.5 shows the extracted profiles, overlapped with the binarized image 
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for day 3 and day 30. In extracting the profile, the ‘loose’ layer or flocs over the biofilm 

structure was neglected and assumed to have minimal effects on the hydrodynamics and 

filtration performance. These extracted profiles were then scaled (using membrane 

thickness as reference length scale) and converted to computer-aided design (CAD) 

models.  

An unstructured mesh was generated over the four domains (i.e. biofilm, membrane and 

feed/permeate liquid sides) (Figure 2.5). At all interfaces, boundary layer mesh was 

incorporated to capture the evolving gradient. For the computations presented, grid sizes 

of 0.28 million and 0.31 million for day 3 and day 30, respectively were chosen by 

carrying out series of grid independence tests.  



 

 

73 

 

 

Figure 2.5. Extracted domains, feed zone (black), biofilm zone (top red), membrane zone 
(yellow) and permeate zone (red bottom) from OCT images for  (a) day 3,  (b) day 30, 
and (c) zoomed computational mesh resolution at the biofilm and feed domain interface. 

Unsteady computations were carried until the system reached a steady state. Simulations 

were performed on two acquired morphologies to investigate membrane performance at 

an early stage (day 3) and when the stable flux was achieved (day 30). The simulations 

were carried out by specifying pressure boundary conditions on the inlet and the outlet 

domains. The feed water enters the domain from the left boundary, where pressure is 

specified and two pressure-outlet conditions are defined (Figure 2.5). The pressure values 
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were obtained by applying hydrostatic theory 30. As the average flow velocity in the 

gravity driven SMBR was low (micrometer/second), the dynamics pressure was 

neglected. The various parametric values used in the simulation are presented in Table 

2.2.   

 

Table 2.2. Parameters used in the simulation. Permeability was calculated by flux data 
(see section 2.6), porosity values from [22], and pressure gradient from experimental 
conditions. 

Day Permeability 

Membrane (m2) 

Permeability 

Biofilm (m2) 

Porosity 

Biofilm 

∆P ~ (PFeed –PPermeate) 

(Pa) 

3 6.05 × 10-18 1.48 × 10-18 0.75 4,120 

30 6.05 × 10-18 1.35 × 10-18 0.75 4,120 

 

Figure 2.6. shows the local y-velocity contours of the biofilm domain acquired after the 

computations reach the steady state. The local y-velocity was a direct measure of the 

observed permeate flux. Results show that biofilm thickness and roughness significantly 

affect the water flow in the biofilm. For day 3 (Figure 2.6a), the relative thickness of the 

biofilm allows a larger average flux compared to day 30 (Figure 2.6b). In regards to local 

velocity, the maximum permeate flux was associated with peak roughness locations, 

whereas, the minimum flux was more related to the cavity of the roughness for both 

cases. From a physical point of view, for day 3, the roughness peaks were relatively 

larger in amplitude and much closer to the membrane surface (due to small biofilm 

thickness). Therefore, it corresponded to an almost 3 times higher permeate flux for day 3 

as compared to day 30 
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Figure 2.6. Y-velocity (m/s) contour snapshots at steady state inside the biofilm structure 
for (a) day 3 biofilm structure and (b) day 30 biofilm structure. 
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Figure 2.7. Absolute pressure (Pa) contour snapshots at steady state inside the biofilm 
structure overlapped with Streamtrace plots in feed and biofilm for (a) day 3 and (b) day 
30. 

 

Figure 2.7 shows the absolute pressure contours plotted (zoomed) in the biofilm domain 

and overlapped with the streamline plot in both domains when the steady state is reached 

for both days. It is clearly shown that the hydrodynamic pressure at the biofilm interface 

was slightly larger for day 3 than day 30. As the pressure head behind the membrane was 

kept constant, the pressure gradient across the biofilm and membrane was higher for day 
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3 compared to day 30, resulting in a higher flux associated with it. The effect of 

roughness on the local hydrodynamics is easily envisaged by the overlapping streamline 

plot. The peaks and cavities at the biofilm interface create local pockets for higher 

vorticity and thus result in creating flow separation and recirculating zones. These zones 

are critical and could potentially act as nutrient entrapment zones utilized by the evolving 

biofilm (further discussed in section 4.4).    

A computational estimate on the flux calculation was also performed by extracting data 

in the permeate domain along a horizontal line next to the membrane. Figure 2.8 displays 

the recovered permeate flux as a function of space coordinates. It was observed that flux 

was higher at the center for both days as compared to the ends of the spatial domain. This 

trend was attributed to the curvature effect in the membrane shape. As expected, a much 

higher flux was obtained for day 3 compared to day 30 because of lower biofilm 

thickness. An average flux was also computed for the simulation, and corresponding 

values were compared with the experimental values obtained from Figure 2.2. For day 3, 

the percentage error was around 8.8 %, whereas, for day 30 the error was approximately 

5.4 %. The computational and experiment flux comparisons correlate well with the 

potential differences in the results attributed to varied levels of assumption taken in the 

modeling, as discussed in following section.    
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Figure 2.8. Permeate flux variation along the spatial length for (a) day 3 and (b) day 30. 
Experimental average flux was compared with experimental values from Figure 2.2.  
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2.4 Discussion 

2.4.1 Importance of In-situ examining of biofilm formation 

Commonly applied methods to analyze biofilms that form on membrane surfaces are 

mostly ex-situ and destructive, where the membrane itself is removed or the biofilm 

extracted from the membrane. Biofouling diagnosis in membrane-based water treatment 

systems is usually based on flux or TMP measurements and membrane autopsies 

involving destructive process and direct inspection of the membrane. As a consequence, 

the biofilm samples used for analysis may get damaged or contaminated, typically require 

sample preparation (i.e. staining), with the result that the biofilm structure and/or 

properties could be changed. Moreover, with these techniques biomass structure analysis 

is accomplished just once at the end of the experiment, providing a single “snapshot” at a 

given time. 

OCT has recently gained some interest and has been used in biofilm characterization as a 

non-destructive technique. The possibility to observe an area in the millimeter (mm) 

range (mesoscale) is also a feature of the OCT that has increased the research 

community’s interest in this method. While other imaging techniques (i.e. CLSM and 

SEM) have a higher resolution, the covered area is too small to fully understand 

biofouling behavior in membrane filtration processes. The structural information at 

microscale or nanoscale levels is very detailed but might be of minor relevance to 

characterize the behavior of biofilm processes in the macroscale 26. Morgenroth and 

Milferstedt 31 tackled the importance of structural properties at the mesoscale to 

understand biological mechanisms. The observed area can be extended up to 1.5 cm2 by 

using the OCT with a lower magnification lens (Thorlab LSM04) and therefore the 
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approach can enhance the understanding of the biofilm behavior at a more meaningful 

scale. 

Recently, a few studies have used the OCT to investigate the impact of biomass in 

membrane filtration processes. It was reported that membrane performance losses were 

closely related to biofilm thickness measurements obtained from the OCT analysis 32. 

Wibisono et al. 33 used the OCT to evaluate the efficiency of two-phase cleaning flow in 

a membrane fouling simulator (MFS). In another study 34, compaction and relaxation of 

the biofilm due to the changes in permeate flux were analyzed through two dimensional 

(2D) OCT scans. West et al. 17 also correlated the amount of biofilm to the feed channel 

pressure drop by analyzing 3D OCT datasets.   

In the present study, the biofilm development on the submerged membrane was 

monitored non-destructively, in-situ, and online for the entire experimental period. The 

setup was designed to allow the biofilm observation through the OCT probe. During the 

entire period of observation, a fixed position on the membrane was monitored directly in 

the tank without moving system components and affecting the biofilm sample structure. 

This approach allowed obtaining a time-lapse analysis of biofilm development on a 

submerged flat sheet membrane for a given area under continuous operation. Hence, it 

was possible to obtain real-time information on the biofilm structure and relate it to 

changes in the flux profile.  

 

2.4.2 Linking biofilm morphology with flux decrease 

The main advantage of gravity driven filtration is the production of permeate without any 

additional pumping energy. The low-pressure head reduces the possibility of excessive 
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cake layer compaction on the membrane 2. As stated by Peter-Varbanets et al. [30, 31], 

the flux under gravity driven operation with diluted wastewater tended to stabilize after 

reaching a stable flux. Chomiak et al. 36 linked the flux stabilization in gravity driven UF 

system with the extent of foulant removal. Zheng et al. 37 operated a gravity driven MBR 

continuously without any cleaning for more than 3 months. As shown by Akhondi 15, four 

different phases were observed in the gravity driven filtration operation. In the present 

study, the same trend (constituted by four phases) was also observed, with the 

achievement of a stable flux of 2.1±0.1 LMH after 30 d of operation (Phase IV as shown 

in Figure 2.2). A slight increase in flux was observed in the second phase (phase II) and it 

was comparable to the one observed with analogous experimental conditions (40 mbar 

and 21°C) by Akhondi et al 15.  

As confirmed by monitoring a fixed position for 43 d in the present study, the biofilm 

developed dynamically over time, changing its own structure (Figure 2.3). Different 

morphologies were also observed at different phases. In the early stage, corresponding to 

phase I, the biofilm showed an irregular structure. Image analysis showed that a thicker 

porous biofilm structure is formed during phase II, which eventually collapsed to a dense 

layer with a consequent reduction of void spaces (i.e. phase III). From day 14 to day 30, 

the amount of biomass deposited on the membrane increased with a subsequent growth of 

the thickness (phase III). In this phase the biofilm layer adopted a dense and compact 

morphology. From day 30 to the end of operation, the biofilm showed a double structure, 

with a dense layer at the bottom and a looser one on the top. In this phase a stable flux is 

achieved, where the thickness of biomass layer observed at the day 30 remained the 

same. Hence, the stable flux of 2.1±0.1 LMH could be linked to the dense layer in the 



 

 

82 

biofilm that was not observed to change after 30 d of operation. The upper layer 

constituted by loose particles is assumed to not to have a significant impact on the 

hydraulic resistance. 

This study also confirmed the dynamic evolution and behavior of biofouling formation 

previously observed in literature [10, 30, 34]. The bacterial activity can alter the spatial 

arrangement of the biofouling layer. Recently, Akhondi et al. 15 related the shift of 

microbial community composition over time with different biofouling morphologies. 

According to the studies, growth of different microbial species leads to different 

structures, and in more mature biofilms predation activity may generate waste material 

that could have reduced the porosity occupying void volume. 

The proposed method that involves the use of OCT combined with CFD modeling is 

suitable for fundamental study representing a valuable tool to understand the fouling 

mechanism and predict the behavior in different system and configuration. In this study 

the flux decrease was linked to the biofilm thickness. Therefore, the method could be 

used in a full-scale plant, where the fouling layer is monitored through the OCT and 

controlled trough some operational parameters as relaxation and aeration in order to 

achieve the desirable thickness (and flux).   

 

2.4.3 Online biofilm descriptors analysis 

In this study, the biofilm morphology deposited on the membrane in a gravity driven 

operation observed four phases over time involving significant structural changes as 

shown in Figure 2.3. In order to better understand the dynamic evolution of the biofilm 

formed, a detailed biofilm image analysis was performed on each acquired scan (Figure 
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2.4 and Table 2.1). The biomass outline was then imported for a CFD simulation to 

establish the impact of the biomass on the membrane performance.  

The biofilm thickness is usually used to quantify the amount of biomass on the membrane 

in a filtration process [10, 35, 36]. Due to the heterogeneous and dynamic structure of the 

biofilm, additional descriptors have been proposed in this study for accurate 

quantification of the biofilm deposited on the membrane. 

As observed by the OCT scans (Figure 2.3), the biofilm presents a macro-porous 

structure during phase II (day 7 and day 9). Accordingly, the macro-porosity (Figure 

2.4c) reached a maximum value of 0.195±0.01 at day 7 and then decreased to around 

0.010±0.002 during phase III (day 14).  

The thickness (Figure 2.4a) showed a non-linear trend with the first peak of 149±7 μm at 

day 7, however, this is accounted for by the presence of gaps observed inside the biofilm. 

In fact, the biofilm thickness descriptor did not consider the presence of void space under 

the biofilm layer, not distinguishing between empty pixel (0) and filled pixel (1), 

containing biomass. Therefore, this represents a limitation in quantifying the amount of 

biomass in loose morphologies as observed in phase II. As reported in the schematic 

representation (Figure 2.9) the two described morphologies present the same average 

thickness while having a different amount of biomass (Aa > Ab). As matter of fact, the 

biomass area counting only the number of the biomass pixel (1) under the biofilm layer 

represents a direct quantification of biomass deposited on the membrane. 
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Figure 2.9. Schematic illustration of two observed biomass morphologies: (a) Compact 
structure, and (b) Porous structure. 

 
As a consequence, the biomass area trend (Figure 2.4b) during phase II is more linear 

compared to the thickness (Figure 2.4a). Nonetheless, in the subsequent phases III and 

IV, when the biofilm presents a dense and compact structure, the biomass and thickness 

plots show a similar trend. In summary, when the biofilm has a higher porosity, the 

biomass area is a more suitable descriptor for quantifying the amount of biomass than the 

mean biofilm thickness.  

In this study, the macro-porosity was used to describe and quantify the porous structure. 

It was previously introduced by Wagner et al as porosity 26. However, this descriptor has 

to be considered only as a relative indicator. In other words, it can be used only to 

distinguish the different morphologies observed in this experiment. The OCT imaging 

technique is only able to capture pores of sizes down to its detection limit, and a 

calibration is therefore needed to have absolute porosity values 41.  

 

2.4.4 Novel approach on biofilm assessment using CFD  

Recently Derlon et al. [10] assessed the impact of the biofilm roughness on the permeate 

flux in gravity driven membrane filtration. The same trend was also observed in this 

study. As shown in Figure 2.5d, the roughness decreased over time and plateaued after a 

while, corresponding to the morphology of a dense and compact biofilm layer. Previous 



 

 

85 

modeling attempts treated the roughness by incorporating a one-dimensional (1D) model, 

primarily based on Darcy Law, by defining various thickness descriptors. Martin et al 21, 

developed a 2D model that solves the Darcy equation by defining heterogeneity as a 

square cavity array, establishing a significant effect on permeate flux calculations with 

respect to 1D models. However, the 2D model was only solved for biofilm domain and 

no calculations were performed by coupling the feed, permeate and membrane domains 

as done in the present work.  

 

 

Figure 2.10. Zoomed (single cavity) streamline and y-velocity (m/s) contour for day 30 
biofilm structure. 

 

Results reported by Derlon et al 14 indicated that the mesoscale heterogeneities of biofilm 

influence the hydraulic resistance. Results shown in Figure 2.7a clearly show that 

heterogeneity created peaks and cavities with entrapped separation vortices. From a fluid 

mechanics perspective, an entrapped vortex creates a low pressure at the centroid of the 

vortex as compared to the outer core (Figure 2.10). As a result, a net pressure gradient 
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exists in these vortices, which potentially generates a y-component velocity (flux). 

Therefore, in any heterogeneous cavity, the right and left wall will have a higher flux 

penetrating the biofilm (i.e. higher driving force). A minimum flux will result in the 

bottom of a cavity, as the horizontal cavity wall will force fluid particles to align parallel 

to the surface. Thus, a very low flux will penetrate through the bottom of the cavity, 

which is consistent with our numerical observations.  

The separated vortices created by the heterogeneous cavities on the surface of the biofilm 

were primarily steady in nature (i.e. not shedding), due to the low velocities in the whole 

bioreactor. As a result, they potentially trap nutrients from the feed water and make it 

more available for the growing biofilm for a longer timeframe. The biomass roughness in 

phase I (day 3), was higher compared to that observed after 30 d (phase IV). The high 

roughness, corresponding to high heterogeneity, creates larger separated zones that 

eventually result in larger pressure drop across the cavity. Consequently a higher nutrient 

load is directed towards the cavity, which facilitates the initial growth by microorganism 

enabling them to colonize and a biofilm to form. Although, biofilm resilience 

investigation were not performed, hydrodynamics behavior indicate that the initial high 

roughness can potentially be linked with the physiological behavior of the evolving 

biofilm that is envisaged to manipulating local hydrodynamics to its favor. When the 

biofilm grows and stabilizes over the time, the roughness is significantly reduced. The 

decline in permeate flux is primarily attributed to biofilm thickness and increased overall 

hydraulic resistance as well as a smaller size separated zone due to low heterogeneity at 

the surface. Mass transfer of nutrients to the stable biofilm is envisaged to decrease 

owing to smaller separation vortices (due to small heterogeneous cavities size). 
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Therefore, it can be contemplated that the biofilm colony potentially develops a counter 

mechanism for trapping nutrients by forming linty structure (that makes the loose layer) 

over the stable biofilm (see Figure 2.11). 

 

Figure 2.11. Schematic image of double layer morphologies with linty structure that 
forms loose layer. 

 

The present approach of coupling OCT monitoring with hydrodynamic simulation 

provides a fundamental and advanced toolbox for analyzing membrane filtration 

processes in the presence of formation of a biofilm. On-line monitoring of the biofilm 

formation and evolution in membrane filtration provides a better physical understanding 

of the system, which is essential in optimizing SMBR processes. Results from this study 

show that the heterogeneity clearly plays a significant role in the biofilm evolution. 

Although the current numerical formulation used produces fundamentally qualitative 

results, the numerical model can be further improved upon by relaxing several underlying 

assumptions. The model used in the present study assumes a rigid biofilm, however, in 

reality it is deformable. Therefore, a fluid-structure interaction formulation, although 

complicated, would be more ideal and could be further improved through the 

comparisons with experiments. Another scope of improvement in the present coupling 

approach is the evaluation of the biofilm properties. Permeability was computed using 

Darcy Law based on experimental values and inertial resistance was ignored. Over time, 
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the permeability and inertial resistance were also dynamically changing, at least in each 

phase, and these properties would not be the same in different phases characterized by 

flux and morphology. These properties can better be estimated in-situ for each phase by 

utilizing fundamental physical laws governing porous media formulations.    

 

2.5 Conclusion 

The integrated approach of coupling OCT monitoring with hydrodynamic calculations 

provided a fundamental and deeper understanding of the filtration mechanisms in 

submerged membrane systems, particularly gravity-driven. The use of OCT enabled in-

situ, and on-line monitoring and assessing the development of a biofilm on a flat sheet 

membrane under continuous operation.  

• Based on the flux profile and the changes in morphology of the biofilm formed on 

the membrane, four different phases were observed over the filtration time. In the 

initial stage of filtration (phase I), flux decline was significant. During the phase 

II when the biofilm had a porous structure, biomass area was a better biofilm 

descriptor compared to the average thickness in quantifying the biofilm formation 

on the membrane. In phase IV, the stable flux of 2.1±0.1 LMH could be 

associated with the reduced roughness and porosity of the biofilm layer, which 

remained stable after 30 d of operation (phase IV).  

• The biofilm roughness decreased over time until plateauing at a stable value, 

corresponding to the morphology of a dense and compact biofilm layer. The 

biofilm layer morphology was closely related with flux decline.  
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• Hydrodynamic calculations were able to describe the local flux behavior through 

the biofilm. Local heterogeneities on the biofilm surface were found influence the 

overall permeate flux. Local regions of high and low permeate flux identified and 

calculated in the permeate zone were in close agreement with the experimental 

values.  

• Coupling OCT and CFD as presented in this study is a fundamental toolbox that 

can enable detailed assessment and characterization of biofilm growth in 

membrane filtration systems taking into account the dynamic behavior and 

response of the biofilm over time.    
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Abstract 

Biofouling on a membrane leads to significant performance decrease in filtration 

processes. In this study, an optical coherence tomography (OCT) was used to perform a 

time-resolved analysis of dynamic biofouling development on a submerged membrane 

under continuous operation. A real-time change in the biofouling morphology was 

calculated through the image analysis of OCT scans. Three videos were generated 

through the acquisition of serial static images. This is the first study that displays the 

dynamic biofouling formation process as a video. The acquisition of OCT cross-sectional 

scans of the biofouling allowed to evaluate the time-lapsed evolution for three different 

time periods (early stage, double layers and long-term). Firstly, at the early filtration 

stage, membrane coverage and average biofouling layer thickness were found to be 

linearly correlated with the permeate flux pattern. Secondly, after 3 d of operation, an 

anomalous morphology was observed, constituted by a double-layered biofouling 

structure: denser on the bottom and looser on the top. In a long-term operation, the 

biofouling structure underwent a dynamic evolution over time, resulting in a multi-

layered structure. The biofouling formation information was closely associated with 

filtration performance (i.e. flux) indicating the suitability of OCT as real-time and in-situ 

biofouling monitoring technique. 

 

Keywords: Biofouling; Dynamic biofouling development; Optical coherence 

tomography; Time-resolved analysis 
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3.1 Introduction 

The growth of a fouling layer by deposition of undesirable materials such as suspended 

solids, colloids and microbial cells onto or into a membrane is a persistent problem in 

membrane filtration processes. Bacteria accumulate on the membrane by two processes: 

attachment (bioadhesion and bioadsorption) and growth (multiplication). The 

extracellular polymeric substances (EPS) constitute the largest fraction (50–80% of the 

total organic matter and protein) of the biofilm composition1. In particular, biofilm 

formation causes an unacceptable decline in membrane performance. The performance 

losses involve an increase in feed channel pressure drop, permeate flux decline, and 

rejection reduction 2. Recently, low-pressure driven membrane processes as 

microfiltration (MF) and ultrafiltration (UF), employed mainly in a submerged 

configuration, are increasingly used in advanced water treatment 3–5. In a submerged 

membrane bioreactor (SMBR), the biomass accumulation (or biofouling) on the 

membrane surface is severe as the purpose of the membrane is to retain the biomass in 

the reactor. Although there are various factors that affect membrane fouling of MBR, 

such as membrane properties, biomass properties, feedwater characteristics and operating 

conditions, membrane biofouling via microbial products plays a critical role in 

determining the MBR performance 6. This causes an increase in transmembrane pressure 

(TMP) under constant flux operation or a decrease in the permeate flux under constant 

pressure mode. Although flux decline or TMP increase are good indicators of biofouling, 

they do not provide reliable information for the extent of pore blocking or the thickness 

of a cake layer on the membrane, information necessary to comprehend the mechanism 

and nature of the membrane biofouling.  
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A detailed biofouling characterization in membrane-based water treatment processes is 

crucial to the improvement of a filtration performance, as well as to the establishment of 

a fouling prevention strategy. Various observation techniques have been extensively 

applied to study the biofouling accumulation in membrane filtration systems 7. Ex-situ 

methods (i.e. membrane autopsies), wherein a fouled membrane is taken out of the 

system after operation, can provide important insights to the thickness and structure of 

the biofouling on membrane 8,9. However, these approaches can give misleading results 

as biofilms or biofouling layers could change in nature due the manor in which samples 

are collected, and only characterize conditions representative of the point of time point at 

which filtration was terminated. Furthermore, sample analysis typically involves 

destructive procedures.  

Severe flux decline and process failure are usually observed if the produced water quality 

shows under a given set of standards. However, the water quality analysis may be the 

most expensive method for fouling monitoring and cannot provide any structural 

information about fouling, which is required to establish the biofouling preventing 

strategy, but is still widely adopted due to its practicality. Membrane biofouling is a very 

dynamic process, which implies that formation of a biofouling layer is a function of 

filtration time, and the focus lately has therefore been on in situ, and online (or real-time) 

monitoring techniques. Several in situ monitoring techniques have been developed in the 

laboratory to reveal the growth and behavior of biofouling layers in membrane filtration 

processes 10,11.  

Optical coherence tomography (OCT), an emerging imaging technique mainly used in 

biomedical applications 12,13, has recently gained popularity in the study of biofouling in 
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membrane filtration processes. OCT is a non-destructive technique that uses 

backscattered light to produce images of the biofouling layer and is capable of acquiring 

real-time dynamic cross-sectional images of the fouling layer at millimeter scale. Derlon 

et al. 3 applied the OCT for offline autopsy of membrane coupons. Gao et al. 14 

characterized the fouling layer formed by the deposition of bentonite micro-particles in a 

filtration cell. The OCT was recently used to assess the biofouling spatial distribution in 

spacer filled channel15. OCT time-lapse measurements have been reported and used in the 

evaluation the impact of shear stress conditions on biofilm behavior 16.  

In the present study, the OCT technique was employed to provide a real-time, and cross-

sectional profiling of biofouling layer property changes (i.e. thickness) in a gravity-driven 

submerged membrane bioreactor (GD-SMBR). The objective of this work is to evaluate 

the effectiveness of time-lapse resolved image analysis in the study of the dynamic 

development (or structural changes during biofilm growth) of the biofouling formed in 

membrane filtration processes under continuous operation. This time-lapse monitoring of 

the dynamic evolution is expected to provide a breakthrough in the understanding of the 

biofouling formation and structural changes on the submerged membrane. 

3.2 Material and Methods 

3.2.1 Experimental setup  

A customized flat sheet type membrane module with an effective membrane area of 

0.0045 m2 (0.09 m × 0.05 m) was submerged in a column type (polymethyl methacrylate) 

(PMMA) reactor (Figure 3.1). The membrane module was manufactured by MemSis 

Turkey and employed a polysulfone (PS) ultrafiltration (UF) membrane (PHILOS, 

Korea) with 20 KDa of molecular weight cut-off (MWCO).  
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Figure 3.1. Experimental setup: GD-SMBR coupled with OCT 

 

The system was operated in a gravity-driven filtration mode where the effluent (or 

permeate) was collected from the bottom of the tank, and more details can be found 

elsewhere17,18. A synthetic secondary wastewater effluent (SSWE) was pumped 

continuously into a level regulator to keep the level of the feed water in the tank constant, 

resulting in a constant pressure head of 45 cm above the membrane (corresponding to a 

TMP of 4.5 kPa). Only a small quantity of activated sludge (4mg corrected from 

wastewater treatment plant at KAUST in Saudi Arabia) was initially added to the 

filtration tank to enhance the formation of a biofilm on the membrane surface. The whole 

reactor was covered with aluminum foil to elude the growth of algae by light exposure. 

The experiment was divided into two sets. The first set was conducted for 7 d with the 
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aim to observe the initial stages of biofouling formation, and the second one was 

continued for 42 d to observe more long-term biofilm developments. 

A SSWE was used as feed solution to grow the biofilm on the membrane. The detailed 

characteristics of feed water can be found elsewhere 19. The feed solution was refreshed 

every 7 d. Chemical oxygen demand (COD) of the SSWE was 7.5 mg/L for the first set 

of experiments. In order to enhance the biofilm formation, for the second experiment the 

COD concentration of the feed water was increased to 15 mg/L. 

The permeate flow rate was measured using a flow meter (Sensirion). The permeate flux 

was calculated by dividing the permeate flow by the membrane area (0.0045 m2). As 

mentioned above, the GD-SMBR was operated under constant pressure by maintaining a 

constant water head as shown in Figure 3.1. A constant TMP of 4.5 kPa was applied to all 

experiments.  

In this study, an optical coherence tomography (OCT) was used to investigate the biofilm 

formation (or growth) on a membrane (submerged) in a GD-SMBR. The OCT (Thorlabs 

GANYMEDE spectral domain OCT system with a central wavelength of 930, Thorlabs, 

GmbH, Dachau, Germany) equipped with a 5X telecentric scan lens (Thorlabs LSM 

03BB) was used. 

The time-resolved OCT investigation was performed in three different periods of the 

filtration runs as given in Table 3.1. In the first experiment (Experiment 1), a fixed 

position corresponding to 5.00 mm x 1.35 (width x depth) was monitored. The scan 

frequency was set to 10 min for the first 42 h (from 12 h to 42 h), and then 5 min from 84 

h to 96 h. The second experiment (Experiment 2) was conducted for a period of 42 d, 



 

 

100 

where OCT scans were acquired daily at a fixed position corresponding to 4.00 mm x 

1.35 mm. 

Serial static images (i.e. video) are commonly used to depict the dynamic process of 

fouling formation. In this study, three videos (Supplementary Videos 1-3) of the periods 

monitored (Table 3.1) are shown in supporting information at the publisher website. The 

preprocessed OCT scans were assembled into AVI digital movie format using Fiji 

software. 

3.2.2 Image Analysis 

OCT scans obtained were preprocessed using FiJi software. A multi-sequence step was 

applied for image processing: (i) the images were filtered, (ii) contrast and brightness 

adjusted and (iii) the images were thresholded. Afterwards, a false scale color was 

applied only for visualization purpose.  

Physical proprieties of the fouling layer observed were then calculated from the binarized 

images using customized MATLAB code that detects the 1-dimensional fouling layer 

interface above membrane. Each pixel corresponds to a certain length related to the 

acquisition setting, lateral resolution and axial resolution of 5.0 μm and 2.7 μm in air (2.1 

μm in water), respectively.  

The fouling coverage on the membrane (C) was calculated by dividing the number of 

pixels of the 1-dimensional layer above the membrane containing biofouling (Bi) by the 

total number of pixels of the 1-dimensional line that constitutes the membrane (N), as 

shown in (Eq. 1).   
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           (1) 

 

The coverage was then expresses as percentage of membrane surface (C%) covered by 

the biofouling layer (Eq. 2). 

  

         (2) 

 

The mean biofilm layer thickness (Z in μm) was calculated by measuring the number of 

pixels from the membrane to the top layer (Eq. 3).  

 

         (3) 

 

3.2.3 Membrane coverage 

The OCT is able to detect only a relatively thick layer deposited on a certain surface. In 

this work, the axial resolution in water of each scans corresponds to 2.1 μm (height of a 

single pixel). Different threshold values of fouled pixels (from 3 to 7 pixels) 

corresponding to the height of the fouling layer above the membrane were assigned to 

assess the percentage of membrane coverage (see appendices - Figure 3.10). The tested 

values presented a similar trend. The membrane coverage calculated for all the threshold 

values resulted to be linearly correlated (with a R2>0.985) with the flux decrease in the 

period from 13 to 22 hours. The value of 5 pixels height corresponding to a physical 

height of 10.5 μm was used to calculate the membrane coverage (Figure 3.a).  
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Table 3.1. Detailed information of OCT scans for each video 

 Experiment OCT scan 

frequency 

Period of 

observation 

Duration of 

observation 

Frame for 

second video 

(fps) 

Video S1 1 10 min 12 – 42 h 30 h 10 

Video S2 1 5 min 84 – 96 h 12 h 10 

Video S3 2 24 h 1 – 42 d  42 d 2 

 

3.2.4 ESEM 

FEI Quanta 200FEG SEM equipped with a cold stage and variable chamber pressure was 

used to characterize the biomass deposited on the membrane surface in a hydrated 

condition. Small pieces of the fouled membrane coupon were mounted flat onto an 

aluminum stub using thin aluminum tape. The stub was then mounted on a cold stage set 

at 2.0 °C. To maintain the sample in hydrated state, the SEM chamber humidity was held 

at 100%. The sample was captured at accelerating voltage of 5-10 kV and working 

distance of 5-6 mm with gaseous secondary electron detector (GSED).  

 

 

3.3 Results and Discussion 

In the present work, OCT enabled continuous and non-destructive monitoring of the 

biofouling development on the submerged flat sheet membrane. The dynamic formation 

of the biofouling layer was investigated through two experiments. OCT cross-sectional 
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scans were acquired at different frame rates. The time-resolved images analysis provided 

detailed information on the dynamic formation of the biofouling layer, showing that a 

decrease in flux during the early stages of operation could be directly correlated with the 

biofilm development. The OCT scans show how the biofilm evolves over time forming a 

double-layered morphology after 3 d of operation before establishing a multi-layer 

structure that appears to stabilize over the time. At the end of the experimental period a 

sample was imaged using ESEM, confirming the structure results of the biofouling layer 

observed non-destructively with OCT. Results indicate that there are clearly distinct 

phases from the initiation of the filtration processes until a steady state is observed.  

3.3.1 Early attachment 

Fouling in MBR processes is very complicated and the result of different causes 20,21. 

When the foulant size is comparable or smaller than the membrane pores, pore blocking 

may occur, while cake layer formation on the membrane surface tends to dominate when 

the foulant size is larger. Lee et al. 22 reported that cake layer formation is the main cause 

of fouling in UF membranes, representing around 80% of the total hydraulic resistance.  

Recently, several techniques have been introduced to monitor fouling non-destructively 

and determine cake layer thickness as function of the time. Electrical impedance 

spectroscopy (EIS) was used to monitor on-line the fouling in reverse osmosis system by 

making the correlation to the buildup of a foulant layer on the membrane surface23. 

Ultrasonic time-domain reflectometry (UTDR) was employed to measure the fouling 

layer deposited in crossflow cell24 and in submerged hollow fiber membrane module to 

measure the relationship between the operational flux and particle deposition on the 

membrane surface25. In the present study, OCT was used to investigate the impact of 
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early stage biofouling formation over a flat-sheet membrane and how it affected the 

permeate flux. Cross sectional scans of the membrane were acquired with a frequency of 

10 min after 12 h of operation, aiming to have a better understanding of the initial 

behavior of the biofouling formation. It must be acknowledged that this is the first 

attempt to monitor the early stage of the biofouling development directly in the system in 

real-time and non-destructively under continuous operation, without the use of any 

staining or contrast agent (with a rapid scan frequency).  

 

Figure 3.2. Flux decrease during the first 42 h of filtration time (Observation period by 
Supplementary Video 1 is highlighted in grey color). 

 

As stated by Wang 26, the permeate flux decrease during the earlier stage is mainly due to 

the pore blocking mechanism. As shown in Figure 3.2, the flux decline in the early stage 

(from 0 to 12 h) was greater compared to the rate of decline in the later stages. The on-

line cross-sectional investigation performed on the membrane was in agreement with the 

flux decrease. As shown in the beginning of the Supplementary Video 1 and Figure 3.3 
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(at 12 h of operation), as the initial flux decline occurs only a small amount of biomass is 

observed on the membrane surface. Hence, as shown by the OCT scans, the initial rapid 

flux decrease cannot be attributed to the formation of a cake layer, suggesting that pore 

blocking is dominated. Compared to other imaging techniques (i.e. confocal laser 

scanning microscopy and scanning electron microscope) the OCT is limited by a lower 

resolution and higher noise (speckle). It must be noted that the OCT is only capable of 

detecting particles in the micrometers range. In this study a 20 KDa membrane (pore size 

≈ 0.01 μm) was used and consequently pore blocking will occur due to the smaller 

foulants present in the water. In the first 12 h of operation when the flux decreased from 

33.3 to 14.9 L/m2h (Figure 3.2), no increase in biofouling was observed (Figure 3.3).  An 

increase in biomass deposition on the membrane is started to observe after 12 h. From 12 

to 42 h (Figure 3.3 and Supplementary Video 1) the membrane performance in terms of 

flux decline, can be directly related to the deposition of biofouling and cake layer 

formation over the membrane surface. Combining the data from analysis of the OCT 

scans and measured flux decrease is possible to define different steps or phases in the 

early stages of filtration of this study. In order to relate the membrane performance to the 

biofouling morphology, membrane coverage and average biofouling layer thickness, 

these values are calculated from the acquired scans  (Eqs. 1 – 3 in the supplementary 

information). The flux decline in the period from 12 to 22 h can be linearly correlated 

with the membrane coverage (Figs. 3.4a and 3.4b). When the biofouling covered the 

majority of the area observed (i.e. 98% of membrane coverage), a small jump in the flux 

was observed (Figure 3.4a). This is attributed to a possible change in dominant fouling 

mechanism or a change in filtration performance (i.e. permeate quality). Analyzing the 
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average biofouling layer thickness and membrane coverage of the deposited biomass as a 

function of the flux trend, two different zones or phases are apparent in the early stages of 

filtration (from 12 to 42 h), shown in Figure 3.5a. In the initial phase (phase I: from 12 to 

22 h), the biomass does not cover the whole membrane surface and the biofouling layer 

thickness and membrane coverage increase linearly. In the second stage (phase II: from 

23 to 42 h), the biomass covers the whole surface and an increase in an average thickness 

of biofouling layer was observed. As presented in Figs. 3.5b and 3.5c, a linear correlation 

between average thickness and the flux was observed before and after the whole coverage 

of the monitored area (phases I and II). Independent experiments were performed to 

support this finding (see supplementary information). Therefore, thanks to the use of 

time-resolved monitoring and image analysis, it was possible to study the effect of early 

biofouling formation on the filtration performance of a GD-SMBR. The flux 

measurements in combination with assessing membrane coverage and average biofouling 

layer thickness from OCT image analysis, allows distinguishing the different behavior of 

the filtration process in then early stages. In summary, when the membrane is not fully 

covered by biomass, the flux decreases linearly as a function of biomass deposition on 

the membrane surface (i.e. membrane coverage), while once the biomass fully covers the 

whole area monitored the flux decreases linearly as a function of increase of the 

biofouling layer thickness. Moreover, the on-line and non-destructive biofouling 

information (or biofouling descriptor) could be useful to validate the filtration mechanism 

and evaluate the impact of biofouling formation on the flux decrease.  
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Figure 3.3. A time-lapse development of early deposition of biomass on a flat sheet 
membrane in GD-SMBR (from 12 to 42 h) (See Supplementary Video 1). 

 

 

 

 

 

(a) 
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(b) 

 

Figure 3.4 a) The relationship between membrane coverage and permeate flux in the 
function of filtration time. b) Correlation between membrane coverage and permeate flux 
(Phase I: from 12 to 22 h). 

 
 
 
 

(a) 
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(b) 
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(c) 

 

Figure 3.5. a) The relationship between average biofouling layer thickness and flux in 
the function of time (the line divides the two phases). b) Correlation between average 
biofouling layer thickness and permeate flux in the phase I (from 12 to 22 h). c) 
Correlation between average biofouling layer thickness and permeate flux in the phase II 
(from 23 to 42 h). 

 

3.3.2 Double layer structure 

As reported by Akkhondi et al. 5 the permeate flux decrease pattern was divided into four 

different phases under gravity driven operation during long-term filtration 18. In addition, 

the phases were related to a change in the biofouling morphology. In the present work, 

the first days of operation were investigated in detail (from 84 to 96 h), acquiring images 

for 12 h with a scans frequency of 5 min after 3 d of operation (Table 3.1), with a 

corresponding video composed of 144 frames (Supplementary Video 2). As can be seen 

from OCT scans (Figure 3.6) and the Supplementary Video 2, an anomalous structure 

was observed. The biofouling formed on the membrane is clearly observed as two 

different layers; a lower dense and compact layer, and an upper loose and thicker one 

(Figure 3.7a). A similar morphology was also reported in a previous paper by Blauert et 
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al. 16. The difference between these two layers is the thickness as well as the macro-

porosity, where the OCT scans show that the upper layer appears as a “cloud” above 

lower layer. 

This anomalous morphology could be a trait of the initial phase of the biofouling 

formation and transitions as the biomass acclimates to the system. This particular 

morphology may also be linked to the hydrodynamic condition of the system. In this 

study, GD-SMBR was only operated under gravity with a corresponding pressure of 4.5 

kPa, which is in an ultralow pressure range. The upper part of the loose layer can be seen 

to move while the lower one appears to be stationary, and maintaining an average 

thickness (Figure 3.7b). As evidently seen from the Supplementary Video 2, the upper 

layer also appears to have an active role in the formation of the biofouling layer. The 

particles floating above the membrane appear to be captured by the upper layer, which 

might also have a function of facilitating nutrient access to the lower dense layer. It 

should be noted again that this particular morphology could only be observed using OCT 

imaging as it acquires scans in-situ and directly in the system without affecting the 

sample under continuous operation. However, further detailed investigations using higher 

scan frequencies in the range of seconds are necessary to target the behavior observed for 

this particular phase / morphology. 
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Figure 3.6. OCT cross-sectional scans of the double layer biofouling morphology. The 
scans were acquired with a frequency of 5 min from 84 to 96 h of the experiment. The 
lower layer remains constant while the upper one moves (See Supplementary Video 2). 

 
 
 
 
 
 
 
 
 
 

(a) 
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(b) 

 

Figure 3.7. a) Morphology observed after 84 h non-destructively and directly in the 
filtration tank with OCT. The biofouling presents a double-layered structure. The lines in 
red and in blue delimit the upper and lower layer, respectively. b) Average thickness of 
the double layers over the time. The structure was monitored for a period of 12 h (OCT 
scans acquired every 5 min) after 84 h from the beginning of the experiment. 

3.3.3 Multi-layer structure 

In the second experiment (Experiment 2), the biofouling formation on a flat sheet 

membrane was monitored for a period of 42 d acquiring daily scans. In this experiment 

the organic load was increased and more activated sludge added compared to the first 

experiment to enhance the biofouling formation on the membrane surface. The biofouling 

structure changed over time showing different morphologies (Supplementary Video 3). 
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Biomass could be observed on the membrane from the first day. During the first 7 d of 

operation (Figure 3.8), the biofouling displayed the same morphology observed in 

Experiment 1 operated with a lower organic load. However, the upper layer was observed 

to start collapsing from 8 d. Video analysis indicates that there is a presence of fouling 

layers compression by the amount of biomass that is deposited over time. The “steady 

state” biofouling layer formed after several days of operation appears to be formed by 

multiple layers (Figure 3.9a). This may be due to the continuous formation of the upper 

layers that compress the layers closer to the membrane surface (Figure 3.10).  Recently, 

the analysis of the biomass developed in a gravity driven membrane system revealed the 

abundance of low molecular weight (LMW) organics in the fouling layer composition17. 

In order to confirm this structure, a membrane autopsy was performed at the end of the 

experiment using ESEM. This technique was chosen among the other EM techniques 

since ESEM allows the analysis of a wet-sample without any sample preparation thereby 

minimizing the risk of altering the original structure. In general, the application of EM is 

limited in the study of biofouling and samples containing water due to artifacts that may 

change the nature of the sample from the drying. In this work, the cross sectional analysis 

was performed with a gradual decreasing the humidity in the chamber. As shown in 

Figure 3.9b, the ESEM observation confirms the presence of multilayers of biofouling 

observed in the OCT analysis.  

The results provided in this study are a clear evidence of the potential of the OCT 

technique enabling a time-lapse investigation in monitoring biofouling formation and its 

changes in membrane filtration systems. More detailed understanding of the biofouling 

morphology by in-situ, real-time, and non-destructive monitoring represents not only an 
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accomplishment in a new level understanding of the formation mechanisms in biofouling. 

Observing the dynamics and evolution of changes in the morphology also gives a better 

insight of possible effects biofouling may have on membrane performance. This 

knowledge may further help to investigate and propose alternative strategies to mitigate 

and control biomass deposition and biofouling in real filtration systems. In industrial 

applications, such as the production of drinking water or the water reclamation, a 

simultaneous measurement of both biofilm structure by OCT and local hydrodynamic 

parameters is paramount for the understanding of transient biofilm dynamics. In addition, 

the OCT can be utilized for monitoring of particle deposition and fouling formation. 

 

 

Figure 3.8. Double layered morphology observed on 5 d of GD-SMBR operation. 

 

(a) 

 

 

(b) 
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Figure 3.9. a) OCT cross-sectional biofouling analysis after 42 d. It is possible to observe 
the presence of biofouling multilayers above the membrane. b) ESEM images of the 
fouling layer after 42 d, captured with gradually decreasing the humidity in the chamber. 

 

 

Figure 3.10. Schematic drawing of biomass accumulation under gravity driven operation. 
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3.4 Conclusion 

The time-resolved analysis performed through the acquisition of OCT cross-sectional 

scans of the biofouling provided a deeper understanding of the biofouling mechanism in 

submerged systems. The biofouling formation information was closely associated with 

filtration performance (i.e. flux). For the first time cross sectional video of the biofilm 

development on a flat sheet membrane under continuous operation were generated and 

analyzed.  

• At the early filtration stage, membrane coverage and average biofouling layer 

thickness were found to be linearly correlated with the permeate flux pattern.  

• After 3 d of operation, a double-layered biofouling structure was observed: with a 

denser “moving” layer on the bottom and looser on the top.  

• Over long-term operation, the biofouling structure resulted in a multi-layered 

structure.  
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3.5 Appendices 

 
Figure 3.11. Membrane coverage for different threshold pixel values for fouled biomass 
in the function of filtration time. 

  

3.5.1 Independent Experiments 

The correlation between the biomass development and the flux decrease during early 

stage development was validated by independent experiments. A synthetic wastewater 

with a similar chemical composition with a COD of 6.7 mg/L was used as feed water. 

The correlation between the membrane coverage and biomass thickness with flux 

decrease at early stage was confirmed as shown in Figure S4.  
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(a) 

 

(b) 
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(c) 

 

Figure 3.12. a) Correlation between membrane coverage and permeate flux (Phase I). b) 
Correlation between average biofouling layer thickness and permeate flux in the phase. c) 
Correlation between average biofouling layer thickness and permeate flux in the phase II. 
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Abstract 

Fouling in membrane bioreactors (MBR) is acknowledged to be complex and 

unclear. An integrated characterization methodology was employed in this study to 

understand the fouling on a gravity-driven submerged MBR (GD-SMBR). It involved the 

use of different analytical tools, including optical coherence tomography (OCT), liquid 

chromatography with organic carbon detection (LC-OCD), total organic carbon (TOC), 

flow cytometer (FCM), adenosine triphosphate analysis (ATP) and scanning electron 

microscopy (SEM). The three-dimensional (3D) biomass morphology was acquired in a 

real-time through non-destructive and in-situ OCT scanning of 75% of the total 

membrane surface directly in the tank. Results showed that the biomass layer was 

homogeneously distributed on the membrane surface. The amount of biomass was 

selectively linked with final destructive autopsy techniques. The LC-OCD analysis 

indicated the abundance of low molecular weight (LMW) organics in the fouling 

composition. Three different SEM techniques were applied to investigate the detailed 

fouling morphology on the membrane.  

 

Keywords: Biomass; Fouling; Gravity driven submerged membrane bioreactor; Optical 

coherence tomography; Scanning electron microscopy 

 

4.1 Introduction 

Membrane bioreactors (MBRs) are becoming more popular in treating wastewater 

for water reuse or water reclamation. The use of membranes in the MBRs enables high 
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mixed liquor suspended solids (MLSS) concentration reducing the size of the plant, and 

their complete solid rejections without additional settling process, thus enhancing the 

effluent quality compared to conventional biological process 1,2.  

MBRs have been highlighted by their potential for improved removal of 

hazardous substances from wastewater, essentially eliminating solids in the effluent, and 

their disinfection capabilities. As such, their importance for the aquatic environment in 

terms of removal efficiencies and water effluent qualities that can be obtained are well 

recognized. For this reason, ultrafiltration (UF) membranes are increasingly being applied 

in MBRs for wastewater treatment plants (WWTPs). Especially in regions with no 

suitable receiving waters or where treated wastewater is used for groundwater infiltration, 

UF based MBRs are one of the alternatives to conventional treatment systems. Membrane 

fouling is considered one of the main drawbacks in operation of MBR systems for 

wastewater treatment, resulting in decreasing permeate flux during filtration and 

subsequently increase in operation costs of MBR processes 3. In order to control 

membrane fouling and maintain a stable flux, various forms of air scouring and regular 

backflushing, disinfection, and chemical cleaning are employed, further increasing the 

operation costs of MBR processes 4.  

When operating UF filtration systems under dead-end with ultra-low pressure 

(40–100 mbar) conditions, there is a potential to maintain a stable flux without any 

backflushing, regular chemical cleaning, and if designed as a gravity-driven system no 

external energy supply is required for the membrane filtration component during long-

term operation. Low-pressure operation of gravity-driven systems is quite feasible using a 

water head at height differences of 40–100 cm 5.  
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In wastewater applications of MBR, fouling is still recognized to be complex and 

ambiguous. The fouling formation that occurs on membranes in a gravity driven 

submerged MBR (GD-SMBR) configuration is also not well understood, considering that 

this mode of operation is a relatively new concept, beneficial for small-scale WWTPs 6,7. 

However, understanding the mechanisms of fouling formation and their in-depth 

characterization will help to increase the capacity of GD-SMBR systems.  

In addition, precise understanding of the biofilm structure and architecture is 

necessary to select the optimal operating conditions for mitigation and control of fouling 

in MBR systems 8. In literatures, different approaches are proposed to study the biofilm 

architecture, however, most of them are destructive involving the removal of the 

membrane from the system and sampling of the fouled surface. Hence, the real-time 

monitoring or assessment is highly required. Recently, optical coherence tomography 

(OCT) has gained popularity in the study of biofouling in membrane filtration systems 

because it allows an in-situ and non-destructive assessment and analysis. Moreover, OCT 

is being highlighted as a suitable fouling monitoring technique since the fouling 

formation and response is extremely dynamic 9,10.  

This study, therefore, investigated biofouling formation and evolution on flat 

sheet membrane in a GD-SMBR. It was focused on the characterization of biofouling 

formation on a small-scale flat sheet membrane GD-SMBR for treating wastewater 

secondary effluent (WWSE). An integrated approach involving different techniques was 

applied aiming to have a better understanding of the fouling formed and to validate the 

data obtained from the OCT device installed. Three-dimensional (3D) biomass 

morphology was analyzed through OCT using non-destructive in-situ scanning of the 
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submerged membrane module directly in the tank. At the end of the experimental period, 

the amount and nature of the biomass observed was compared with results obtained from 

commonly used final destructive autopsy techniques. In particular, biomass and organic 

characterization of the biofilm extracted from the fouled membrane were carried out; 

including three different advanced scanning electron microscopic techniques to help gain 

an in-depth understanding of the biofilm structure relative to results obtained from the 

OCT scans.  

 

 

4.2 Materials and methods 

4.2.1 Gravity driven submerged membrane bioreactor (GD-SMBR) 

4.2.1.1 Set-up and operation  

A flat sheet membrane module was submerged in a Plexiglas tank of 0.70 m x 

0.15 m x 0.02 m (height x width x depth), with a wall thick 0.005 m. The system was run 

under a gravity driven mode of operation by maintaining a specific water head above the 

membrane module. A customized flat sheet membrane, manufactured by MemSis 

Turkey, was submerged in the tank (Figure 4.1a), and referred to as a gravity driven 

submerged membrane bioreactor (GD-SMBR). The module was constructed with a 

Polysulfone (PS) UF membrane (PHILOS, Korea) with molecular weight cut-off 

(MWCO) of 20 KDa. Effective membrane area was 0.0045 m2 (0.09 m × 0.05 m). 

The system was representative of a SMBR, treating synthetic secondary 

wastewater effluent with a chemical oxygen demand (COD) of 7.5 mg/L. The detailed 

characteristics of feed water can be found elsewhere 11. The feed solution was refreshed 

every week.  
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The feed was pumped continuously to keep a constant level of water in the tank 

using a level regulator, resulting in a constant pressure head of 0.50 m above the 

membrane (corresponding to 50 mbar or 5.0 kPa). A 1 mL of activated sludge was added 

at the beginning of the operational period into the filtration tank as inoculum for the 

biofilm formation and biomass deposition on the membrane. Experiment was started after 

one day of stabilization time. The whole system was covered with aluminum foil to avoid 

the growth of algae. The GD-SMBR system was continuously operated for 43 d.  
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Figure 4.1. a) Schematic drawing of GD-SMBR set-up combined with the optical 
coherence tomography (OCT) device. b) Procedure used to characterize the fouling on 
the flat-sheet GD-SMBR system. The biomass morphology analysis was carried-out non-
destructively directly in the filtration tank on the fifteen-marked position; afterwards, a 
final autopsy was performed on twelve of the fifteen positions. Biomass imaging with 
three different SEM techniques was performed on three of the fifteen positions. 

 

4.2.1.2 Water flux 

The permeation water (or membrane effluent) was collected from the bottom of 

the tank in a container on a scale. Water flux was obtained by dividing the weight (kg) of 

the collected permeation water over the effective membrane area (0.0045 m2) and 

corrected time (h). Water flux (kg/m2h) was calculated on a daily basis. The normalized 

flux was defined as the actual flux divided by the initial flux. 
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4.2.2 In-situ biofilm monitoring or observation 

Optical coherence tomography (OCT) was used for in-situ biofilm monitoring in 

GD-SMBR as shown in Figure 4.1a. This enabled the observation of biofilm formation 

on the membrane without removing the module from the tank, allowing a non-destructive 

and real-time assessment of the biofilm development. Fifteen positions (1.5 cm x 1.5 cm 

each) were marked at the beginning of the experiment on the virgin membrane (Figure 

4.1b). After 43 d of operation period, a stable biofilm had formed upon which a three-

dimensional (3D) biofilm analysis was carried out using the OCT for each marked 

position. By using this approach, analysis of the biofilm covering 75% of the whole 

membrane area (33.75 cm2 out of 45 cm2) could be achieved. In addition, it was possible 

to calculate the actual biofilm volume (or biovolume) non-destructively through the OCT 

scans. Detailed OCT procedure can be found in section 2.4 below. 

 

4.2.3 Biofilm characterization 

Once the operation was completed, the membrane module was carefully removed 

from the GD-SMBR. Each marked position (15 positions) was then cut from the 

membrane module for characterization of the biomass deposited on the membrane 

(Figure 4.1b). 

 

4.2.3.1 Biofilm extraction 

For extraction of the biofilm from the fouled membrane, twelve (12) of the fifteen 

(15) coupons (2.25 cm2 each) were taken from the flat sheet membrane and placed in 12-

capped tubes containing 30 mL of autoclaved 1X phosphate-buffered saline (PBS, 
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containing disodium hydrogen phosphate, sodium chloride, potassium chloride and 

potassium dihydrogen phosphate). The tubes were then placed in an ultrasonic bath. 

Sonication was repeated three times (for 5 min each) followed by 10 s of vortex mixing. 

Finally, the aliquots were collected for microbial analyses and remaining solution was 

filtered through a 0.45 µm pore size syringe filter for organic analyses. The detailed 

procedure can be found elsewhere 12. 

4.2.3.2 Microbial analysis 

Active biomass in the biofilm on the membrane was determined by measuring the 

adenosine triphosphate (ATP) concentration in extracted biofilm samples. ATP was 

measured using the ATP Analyzer (Celsis, USA), which employs the luciferin−luciferase 

bioluminescence reaction method. Total ATP was divided into extracellular and 

intracellular (or microbial) ATP by filtering the sample through a 0.22 μm filter using a 

sterile 25-mL syringe. In other words, extracellular ATP was filtered through the 

membrane while microbes were retained on the 0.22 μm filter. Thus, microbial ATP was 

calculated by subtracting extracellular ATP from the total ATP 13.  

Actual total number of cells in the biofilm extracts was measured using flow 

cytometric analysis (FCM; Accuri C6 Flow Cytometer, USA). Cells in samples were 

stained with a cell membrane permeable nucleic acid fluorescent probe (1×SYBR Green 

I, incubation time 15−20 min) followed by a flow cytometric method adapted from 

Nocker et al. 14. 
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4.2.3.3 Organic analysis 

Total organic carbon (TOC) concentration of the biofilm extracts was measured 

with a TOC analyzer (TOC-V-CSH, Shimadzu, Japan). The non-purgeable organic 

carbon (NPOC) method was used 15. 

The dissolved organic carbon (DOC) concentration of the extracted biofilm 

samples was characterized using liquid chromatography with organic carbon detection 

(LC-OCD, DOC-Labor, Germany) after filtering samples through a 0.45 µm filter. In the 

LC-OCD measurement, samples were supplied by a mobile phase (phosphate buffer, 2.5 

g/L KH2PO4 (Fluka, USA) + 1.5 g/L Na2HPO42H2O (Fluka, USA)) at a flow rate of 1.5 

mL/min to the chromatographic column, which is a weak cation exchange column based 

on polymethacrylate. A dual column was used with 2,000 μL injection volume and 180 

min retention time. The measurements were done in duplicate, and the mean value was 

reported (variation was less than 5%). The main fractions identified by the LC-OCD 

technique are biopolymers (BP), humic substances (HS), building blocks (BB), low 

molecular weight (LMW) acids and neutrals 16.  

In this study, the BP was divided into polysaccharides (PS) and protein (PN), 

where the PN concentration was estimated based on the concentration of organic nitrogen 

as detected by the organic nitrogen detector (OND). More details can be found 

elsewhere17.  

4.2.4 Optical coherence tomography (OCT) 

An OCT (Thorlabs GANYMEDE spectral domain OCT system with a central 

wavelength of 930, Thorlabs, GmbH, Dachau, Germany) equipped with a 5X telocentric 

scan lens (Thorlabs LSM 03BB) was used to investigate the biofilm formation (or 
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growth) on a flat sheet membrane in a GD-SMBR. The OCT probe was mounted on a 

motorized 3-axis stage slide connected to a Velmex Motor Controllers VMX. This 

allowed moving the camera in a system of coordinates with an accuracy of 5 µm along 

the X and Y axes and 0.79 µm along the Z axis. Each marked position of 15 mm x 15 

mm was scanned at the end of the experiment (43rd day of operation) with a 

corresponding axial resolution of 2.7 µm and lateral resolution of 20 µm, with a resulting 

OCT stack of 600 × 600 × 900 (x × y × z).  

 

4.2.5 Image analysis and biofilm descriptor calculation 

Image analysis of the OCT scans was preprocessed using FiJi software. A multi-

sequence step was applied: (i) the images were filtered, (ii), contrast and brightness were 

adjusted and (iii) the images were thresholded and binarized.  

The physical proprieties of the biofilm were calculated using a customized 

MATLAB code. Each pixel corresponds to a certain length related to the setting 

acquisition. The mean biofilm layer thickness (Z in μm) was calculated measuring the 

number of pixels from the membrane to the top layer. The absolute roughness coefficient 

(Ra in μm) and the relative roughness coefficient (R’
a) were calculated using following 

equations (Eq. (1) – (3)) reported by Derlon et al. 18.  

 

𝑍′ = 1
𝑛
∑ 𝑍𝑍𝑛
𝑖=1           (1) 

𝑅𝑅 = 1
𝑛
∑ (|𝑍𝑍 − 𝑍′|)𝑛
𝑖=1          (2) 

𝑅′𝑅 = 1
𝑛
∑ �|𝑍𝑖−𝑍′|

𝑍′
�𝑛

𝑖=1          (3) 
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The volume of the 3D OCT stack was given by calculating the biomass 

thresholded voxels for each slice in the volume fraction (Eq. (4)). The biovolume (B) can 

be expressed in mm3/cm2 as the total biomass volume (V) divided by the monitored area 

(A). 

 

 
          (4) 

 

A color lookup table was applied to the 2D grey scale images only for 

visualization (Figure 4.2a). 

The commercial software Avizo was used for the analysis and visualization of a 

single 3D OCT data set. The use of this software allows importing the original set of data 

without any adjustment. The membrane and the biomass were defined using Avizo’s 

segmentation editor. A 3D volume corresponding to the biomass was created to visualize 

the selected structure and to perform a detailed image analysis.  

 

4.2.6 Scanning electron microscope (SEM) 

In this study, three of the fifteen marked positions were imaged with three 

different SEM techniques (environmental SEM (ESEM), cryo-SEM, and freeze-drying 

SEM) to gain a better understanding of the biofilm on the membrane surface.  
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4.2.6.1 Environmental SEM (ESEM) 

FEI Quanta 200FEG SEM equipped with a cold stage and variable chamber 

pressure was used to observe the biofilm on the membrane surface in normal hydrated 

condition. The stub was then mounted on a cold stage set at 2.0 °C. To maintain the 

sample in hydrated state, the SEM chamber humidity was held at 100%. The sample was 

captured at accelerating voltage of 5-10 kV and working distance of 5-6 mm with 

gaseous secondary electron detector (GSED).  

4.2.6.2 Cryo-SEM 

To examine the sample in frozen hydrated state, low temperature treatments were 

carried out using a Quorum PP2000T cryo-transfer system (Qurorum Technologies, UK) 

that was fitted to an FEI Nova Nano630 SEM with a field emission electron source and 

through the lens electron detectors. The stub was then secured on the specimen holder, 

rapidly plunged into liquid nitrogen slush at -210 °C and under vacuum transferred into 

the PP2000T preparation chamber pre-cooled at -180°C and allowed to equilibrate for 5 

min. The sample was then sublimed at -90 °C for 2 min to eliminate any condensed ice 

from the surface which might occur during the transfer. To avoid charging problems, the 

sample temperature was then reduced to -150°C and sample was sputter-coated with 5 

nm-thick platinum in an argon atmosphere. The sample was then transferred to the SEM 

cryo stage which was held at -130°C. The imaging was performed using an accelerating 

voltage of 2-5 kV, working distance of 5 mm and with cryo stage held at -130 °C. 

4.2.6.3 Freeze-drying SEM 

Freeze-drying was used to remove the water content and to preserve the structure 

of the biofilm with minimal damage before SEM imaging. Samples were frozen in 
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nitrogen slush at -210 °C and transferred to a freeze drier (K775X, Quorum 

Technologies, UK) with stage held at -120 °C. For freeze-drying the sample, the 

temperature of the stage was increased gradually from -120 °C to room temperature over 

48 h under high vacuum. To dissipate charging, the samples were then coated with 5 nm-

thick iridium in a sputter coater (Q150T, Quorum Technologies, UK). A Magelan 

400SEM (FEI, The Netherlands) equipped with secondary electron detector (Everhart-

Thornley detector) and through the lens detector was used. The images were taken at an 

accelerating voltage of 1-3 kV and working distance of 2-4 mm.   

 

4.3 Results and Discussion 

As stated by Wu et al. 19, a better understanding of the foulants development and 

their interaction on membranes can be achieved through the combined use of various 

techniques. The combination of assorted techniques can provide more insights into 

membrane fouling mechanisms on the submerged membrane. In this study, an integrated 

approach involving the use of different techniques (Table 4.1) was employed to 

characterize the biofilm or biofouling on the membrane in a GD-SMBR, which will be 

discussed in following sections. 
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Table 4.1. Fouling characterization techniques used in this study. 

Techniques Acquired information Advantages Disadvantages 

Target: fouling structure and architecture 

OCT Structure and cross-section Non destructive No information about composition 

Freeze-drying SEM  Surface details  High resolution Artifacts due to the drying 

ESEM Surface details Hydrated sample 
Lower resolution when compared to 

conventional or Cryo-SEM 

Cryo-SEM Surface details 

Frozen hydrated state, high 

resolution Labor intensive 

Target: fouling composition 

TOC 
Total organic carbon concentration of 

foulant 
Fast Only total value 

LC-OCD 

Dissolved organic carbon 

concentration of foulant and detailed 

hydrophilic fraction 

Fractionized values Relatively long analysis time 

Target: biological activity 

ATP 
Live biomass concentration (total = 

intracellular + extracellular) 
Fast and sensitive Relative value 

FCM Cell number (total = live + dead) Fast and easy 
Not covered all the cell, limitation 

on cell size 
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4.3.1 In-situ biofilm observation using OCT 

A key aspect of biofilm studies involves the analysis of biofilm structure, which 

can predict the biofilm behavior, and thus, the impact on membrane filtration 

performance 20. Biofilm structure analysis implicates the use of imaging technique (i.e. 

confocal laser scanning microscopy, CLSM), where the sample is destructively removed 

from the membrane 21. For the ex-situ analysis, the sample has to be removed from the 

reactor, dried or stained before imaging. Therefore, the biofilm structure will be altered 

by ex-situ analysis associated with drying (or dehydration) (for SEM) or staining (for 

CLSM). On the other hand, the OCT can be used as a tool to acquire non-destructively 

online information about the biofilm development at a meso-scale level 22. 

 In this study the OCT was used as the initial step in the characterization of the 

biofilm on a flat sheet membrane. The approach adopted allowed investigating a selected 

membrane area and coupling the structural information acquired non-destructively with a 

fouling composition analysis acquired destructively by membrane autopsy. This way it is 

possible to combine information about the biomass structure with fouling analysis for a 

specific and wide area. Despite that CLSM provides a higher image resolution, the 

observed area is too small to fully explain and correlate the biofilm behavior on a larger 

area 23. As stated by a previous study (Morgenroth et al., 2009), the meso-scale is 

essential to understand the biofilm behavior. In the present study, the customized 

membrane module (9 cm x 5 cm) was scanned with OCT in fifteen different positions, 

each 2.25 cm2, directly in the tank. The acquisition time for each OCT scan was only 50 

s, a significantly less amount of time for each scan required compared to other commonly 

used imaging techniques used to study biofilm structures.  



 

 

139 

An OCT cross sectional scan of one of the fifteen (15) positions is shown in 

Figure 4.2a. The biomass layer (dark orange) is homogeneously deposited on the 

membrane surface (bright orange). The biovolume of the fifteen positions was calculated 

from each OCT 3D dataset using a customized MATLAB code. The 3D OCT dataset can 

be directly imported into any advanced 3D analysis software for scientific data. Figure 

4.2b shows an analyzed area of the rendered file in Avizo®. The 3D analysis software 

visualizes a 3D object allowing a detailed observation of biomass morphology. Once the 

OCT stack is segmented, it is possible to create a sub-volume of the biomass, and to 

perform a specified structural analysis. 

(a) 

 

(b)  

 

Figure 4.2. OCT scan images: a) 2D OCT cross sectional scan for 1.5 cm, and b) 3D 
rendered OCT scans of one position (1.5 cm x 1.5 cm). 
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 Based on the results obtained, OCT is considered a suitable technique to study the 

biofilm distribution in membrane filtration processes, and can be used as an aid for final 

characterization of fouling. The possibility of acquiring scans in the centimeter (cm) 

range allows advanced assessment of the fouling distribution and homogeneity over a 

larger membrane surface. Furthermore, the OCT acquisition is very fast, does not require 

any sample preparation, and can be performed in-situ under continuous operation. Due to 

the complex nature of biofouling in MBRs, OCT can potentially be used as the first step 

before conducting a membrane autopsy thereby determining the number of samples 

required for a representative membrane autopsy. 

 

4.3.2 Fouling distributions 

In this study, a detailed fouling analysis was performed aiming to evaluate the 

biofilm distribution on a flat sheet membrane in a GD-SMBR operated for 43 d. GD-

SMBR is a novel MBR configuration where only the pressure head above the membrane 

module drives the filtration with no additional energy required for suction. Flux under 

gravity driven operation has been reported to tend to stabilize over time 5. Operating the 

system with low permeate flux has also been considered an approach to reduce the 

membrane biofouling. Peter-Varbatens et al. 5 linked the flux stabilization to the 

biofouling layer properties, resulting in a constant thickness and hydraulic resistance 
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being achieved after 7 d of operation. Tests were conducted with different types of feed 

water. Recently, Fortunato et al. 25 monitored and assessed in a real-time the fouling layer 

evolution in gravity driven membrane filtration system. A similar behavior was observed 

in this study where a stable flux is achieved after 30 d operation (Figure 4.3).  

 

 

Figure 4.3. Normalized permeate flux pattern of GD-SMBR over time (Initial flux = 25.5 
kg/m2h). 

 

 Analyses on fouling structure and fouling composition in this study are presented 

in Table 4.2. Image analysis from OCT scans showed that a highly homogeneous layer of 

biomass formed over the membrane after 43 d of operation, without backwash or 

relaxation. The biomass presented a regular morphology along the whole membrane, 

where analysis of the biomass on 75 % of the available space had an average biofilm 

thickness of 171 μm (STD 5 μm), and average absolute roughness value of 5 μm (STD 1 

μm) (Figure 4.4). Under low-pressure gravity-driven operation, the biomass expanded 
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over time reaching a kind of steady state (homogeneous) covering uniformly all the 

available area on the membrane.  In this specific case, where the biomass covered 100% 

of the membrane, the biovolume and the average biofilm thickness are linearly correlated 

as shown in Figure 4.4.  

(a) 

 

(b) 
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(c) 

 

Figure 4.4. Biomass analysis on the biomass morphology performed directly in the tank 
using OCT monitoring: a) Average thickness, b) Biovolume, and c) Relative roughness. 
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Table 4.2. Fouling distribution on fouled membrane after 43d of operation. a) Biomass 
architecture analysis performed on OCT scans, b) Fouling composition analysis (TOC 
and LC-OCD), and c) Biological activity (FCM and ATP). 

 (a) Biomass architecture analysis 

Average Thickness 

(μm) 

Biovolume 

(mm3/cm2) 

Biomass Volume 

(mm3) 

Absolute Roughness 

(μm) 

Relative Roughness 

 

171±5 

(n=15) 

15.6±0.7 

(n=15) 

35.1±1.6 

(n=15) 

5±1 

(n=15) 

0.028±0.006 

(n=15) 

(b) Fouling composition analysis 

TOC 

(n=12) 

DOC 

(n=12) 

BP 

(n=12) 

HS 

(n=12) 

BB 

(n=12) 

LMW-N 

(n=12) 

LMW-A 

(n=12) 

133±16 

 (μg/cm2) 

112 ± 9 

(μg/cm2)  

6.3±0.7 

(μg/cm2)  

9.4±1.6 

(μg/cm2)  

2.3±0.7 

(μg/cm2) 

28.7 ± 2.6 

(μg/cm2)  

6.0±0.7 

(μg/cm2) 

5.50±0.78 

(μg/mm3) 

4.63 ± 0.36 

(μg/mm3) 

0.26±0.03 

(μg/mm3) 

0.39±0.07 

(μg/mm3) 

0.09±0.02 

(μg/mm3) 

1.19±0.11 

(μg/mm3) 

0.25±0.03 

(μg/mm3) 

(c) Biological activity 

Live cell 

(n=12) 

Dead Cell 

(n=12) 

Intr ATP 

(n=12) 

3.9± 0.9e+07 

(events/cm2)  

0.2±0.1e+07 

(events/cm2)  

2130±400 

(pg/cm2) 

1.6±0.4e+06  

(events/mm3) 

0.9±0.3e+05 

(events/mm3) 

60±7 

(pg/mm3) 

 

  

4.3.3 Biomass analysis 

After 43 d of operating the GD-SMBR, a membrane autopsy was performed on 

the fifteen marked positions used for the OCT analysis. Membrane autopsy is a 

commonly used tool to investigate and understand the fouling nature in membrane 

filtration process, where different approaches and analytical targets are reported in 

literature. Vrouwenvelder et al. 26 used ATP and TOC as biofouling indicators in spacer 
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filled channel studies. In MBR filtration systems, the extracellular polymeric substances 

(EPS) has received considerable attention as it is considered one of the main significant 

factors in biofouling 27,28. However, detailed analysis (i.e. fractionation) of the 

composition of organic foulants deposited on membranes in MBR systems is lacking, 

especially for GD-SMBR. 

In Table 4.2, the autopsy values support the result provided by the structural 

analysis, confirming the homogeneity of the fouling layer on the membrane surface. 

Results are expressed according to the common practice as value by the area (cm2) of the 

analyzed membrane (Table 4.2b and 4.2c). In this study non-destructive structural 

analysis was performed precisely for each position on the membrane in the tank, thereby 

making it possible for the first time to relate all the values based on the biomass volume 

(Table 4.2a). In fact, the proposed approach enabled acquiring the structural information 

and fouling composition on the exact same sample. This is the first time that the autopsy 

values can be expressed as values/volume (X/mm3). In addition, intracellular ATP (intra 

ATP) concentration by filtering the sample through the 0.22 μm filter could be 

distinguished by excluding the extracellular ATP (extra ATP) excreted by cell lysis. 

Results indicate that 1.6±0.4e+06 cells/mm3 can be related to 60±7 pg/mm3 of intra ATP. 

Moreover, the proposed approach provides a tool to better understand the biomass nature, 

allowing evaluating the biological activity of the biomass deposited on the membrane, 

and normalizing the analytical values for the biomass volume. For example, it allowed 

quantifying the number of cells for a volume of biomass deposited on the membrane. 

Hence, it could be used to distinguish between different types of fouling.  
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In the biofilm membrane reactor (BF-MBR), one of the major foulants is 

constituted by the submicron particles 29. Recently, Matar et al. 30 found the dominance of 

LMW-N in the characterization of MBR fouling on different membrane surfaces. During 

the ultra low pressure (gravity-driven) UF, LMW organics were found to be one of the 

dominant factors responsible for the membrane fouling 31. As shown in Figure 4.5, the 

LC-OCD results confirm the abundance of LMW-N in the foulant composition on the 

fouled membrane in GD-SMBR. The GD-SMBR system in this study combines the 

bioreactor with a low-energy membrane-based separation. Thus, the biological 

degradation of organic matter occurs in the reactor due to the high retention time 

provided by the GD-SMBR system, generating more LMW organic compounds. It was 

reported that the LMW organics, released from substrate metabolism and biomass decay, 

were found to have a great impact on organic and biofouling 32.  

(a) 
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(b) 

 

Figure 4.5. Organic foulant composition in biofilm analyzed by LC-OCD: (a) average 
values in organic fractions; and (b) a LC-OCD chromatogram. 

 

 

Another reason of the organic distribution analyzed by LC-OCD is due to the use 

of a UF membrane (20 kDa of MWCO) in the GD-SMBR. As reported by Raspati et al. 

33, the hydrophobic-hydrophilic interaction represented the dominant mechanism in 

natural organic matter (NOM)-membrane interaction and fouling. The molecular shape 

(structure) and the MW (size) constitute the important factors in affecting the flux 

decline. The UF membrane used in this study (20 kDa) has smaller pore size than these 

macromolecular organic forms, so it generally may be caused by sequential or 

simultaneous processes of surface (gel-layer) coverage during filtration (i.e. cake 

filtration). Macromolecules of a relatively hydrophilic character (e.g. PS and PN) were 

effectively rejected by UF membranes, suggesting that macromolecular compounds 
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and/or colloidal organic matter in the hydrophilic fraction may be a problematic foulant 

on UF membranes 34–36. PS and/or PN in macromolecular and/or colloidal form have 

been reported in literature 37,38 to contribute to significant organic fouling. Interestingly, 

PN contents in BPs detected on the membrane in the GD-SMBR studied were about 2-3 

times higher than PS. As shown in Figure 4.5a, the BPs constituted 12% of the total DOC 

of the foulant. This result is due to the separation effect provided by the UF membrane. 

However, it was found that filtration by UF membranes removed negligible DOC, 

particularly the MW fraction of organic foulants (88%) with a smaller size than the UF 

membrane pore size (20kDa). In fact, the MWs of HS and BB are approximately 1kDa 

while LMW organics are even less than 350 Da 16,39. Hence, theoretically the UF 

membrane cannot remove these compounds. However, it is known that the fouling by 

high MW organic occurs during UF filtration, based on adsorption inside the membrane 

pores and on the membrane surface 40. This effect can results in a decreased passage path 

for water molecules while it can also lead to an increase in removal efficiency of 

medium-MW and low-MW compounds (i.e. HS/BB and LMW-A and LMW-N). The 

superior removal efficiency was achieved in the phase of the stable flux (i.e. 70% DOC 

with 88% BPs, 93% HS, 60% BB and 58% LMW-N). The cake layer (or biofilm) on the 

membrane therefore includes these organic compounds. As observed in the flux pattern, 

the transition into the cake filtration was relatively fast. This indicates that the dominant 

fouling mechanism in GD-SMBR was cake filtration, which is mainly by LMW organics 

(LMW-A=11±1% and LMW-N=55±5%) as shown in Figure 4.5a and b. Interestingly, it 

was found to be homogeneous organic fouling deposition on the membrane (Figure 4.6), 
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which was similar to the biomass structural analysis by OCT. This indicates that GD-

SMBR led to an even organic fouling distribution on the membrane. 

(a) 
 

 

(b) 
 

 
Figure 4.6. Homogeneous organic fouling deposition of the 12 positions on the 
membrane in GD-SMBR after 43d of operation; (a) concentration (b) relative abundance.  
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4.3.4 Biomass imaging 

In this study the biofouling structure was analyzed directly in the tank using OCT, 

acquiring information about the biomass structure and its distribution on the membrane. 

The OCT can obtain a depth analysis based on backscattered light allowing the 

acquisition of structural information such as biofilm thickness and biovolume. On the 

other hand, the OCT is only able to provide information about the total structure and 

cannot distinguish between components in the structure. Hence, OCT is not sufficient to 

provide qualitative information about the nature and composition of the fouling layer 20.  

SEM is one of the most common methods used to characterize fouling in 

membrane filtration system, since it allows a direct observation of the fouling layer with 

a high resolution 41. Hence, in this study, three different SEM techniques: ESEM, freeze-

drying SEM and cryo-SEM, were employed as conventional air-dried SEM had a 

limitation for the study of biofouling considering that a biofilm consists of a high portion 

of water.  

SEM images are shown in Figure 4.7. ESEM can be used to image the biofilm in 

normal hydrated conditions. With this technique, the biofilm structure can be observed in 

a state as close as possible to the in situ environment in the reactor, but without the 

pressure gradient across the biofilm. The ESEM requires minimum sample preparation 

and therefore, the sample can be imaged directly after the membrane autopsy. As 

mentioned in section 2.5.1, the biofilm could be imaged using ESEM while still hydrated. 

The ESEM analysis at lower magnification (Figure 4.7a) confirmed the homogeneous 

structure observed in-situ with the OCT. ESEM imaging of the biofilm at higher 

magnification showed that the hydrated surface was covered with bacteria and EPS in a 
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granular form (Figure S4b). The disadvantage of this technique, however, is the lower 

resolution capability compared to conventional SEM.  

Cryo-SEM is used to image the biofilm in a frozen hydrated condition. The 

advantage of this technique is the ability to take images in an ultra-high resolution mode. 

Cryo-SEM imaging of the biofilm shows the presence of bacteria on the surface and in 

the matrix. As shown in Figure 4.7c and 4.7d, it is possible to notice the presence of 

different sizes or shapes of bacteria on the surface, confirming a diverse bio-community.      

To image the surface of a dried biofilm using conventional SEM in high vacuum 

environment, the water content of the biomass is removed using a freeze-drying 

technique. Unlike the air drying procedure commonly used 42, where the surface tension 

of water damages the structure of biological samples and causes collapsing of the 

structure (i.e. biofilm in this case), freeze-drying removes water by sublimation and 

minimizes the damage which may occur during drying. The advantage of this technique 

is that samples are imaged in a high vacuum environment allowing ultra-high resolution 

imaging of the surface of the matrix. However, this technique requires a freeze drying 

machine and long sample preparation time (more than 24 h) to remove the water from the 

sample.  

SEM analysis of the freeze-dried membrane showed rod-shaped bacteria attached 

to a scaffolding of biomass (Figure 4.7e and 4.7f) indicating that the microorganisms in 

the biomass were interconnected through the fibrils EPS matrix. Freeze-drying SEM 

imaging also showed large amounts of voids in the dried biomass matrix confirming 

previous findings that water is the major component of biomass (99%) 43. Moreover, 

from the SEM image, it was possible to notice that the EPS matrix constitutes the 
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majority of the dry mass. As stated by Flemming et al. 44, the EPS matrix can account for 

over 90% of the dry mass while the microorganisms account for less than 10%. This 

specific SEM technique is suitable for the analysis of the EPS matrix, in fact it is the only 

technique that allows imaging the dry fraction of the biomass deposited on the membrane 

surface preserving the fouling structure. Although this technique improves the drying 

condition by eliminating the surface tension during sublimation, the artifacts associated 

with drying are still present. Thus, the SEM image of the bacteria showed shrinkage and 

folding of its surface (Figure 4.7f). 

The SEM is a high-resolution technique capable to provide detailed information 

about the fouling surface. The combination of three different SEM techniques provides 

more details about the nature of the fouling layer deposited on the membrane. In this 

study, the SEM investigation confirms the presence of a homogeneous fouling layer on 

the flat sheet membrane, although the portion of fouled membrane imaged is too small 

with respect to the OCT. Furthermore, the SEM doesn’t provide depth resolved 

information about the fouling layer necessary to study the fundamental biofilm 

information (i.e. biofilm structure and hydraulic resistance). Moreover, the SEM is time 

consuming, requires qualified personnel and can only be performed ex-situ destructively.  
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Figure 4.7. a) Environmental SEM (ESEM) image of the surface of biomass layer in 
normal hydrated condition. b) Higher magnification ESEM showing rod-shaped bacteria 
distributed on the surface and/or in the hydrated matrix. The surface of biomass shows 
areas of smooth and granular morphologies. c) Cryo-SEM images of the surface of 
biomass layer in frozen hydrated condition. Low magnification of the surface showing 
rod-shaped bacteria distributed on the surface and/or embedded in the matrix. d) Higher 
magnification Cryo-SEM of the boxed area shows rod-shaped bacteria in division 
(arrows) on the surface. The biomass appears granular in nature. e) Conventional SEM 
image of the surface of biomass layer after freeze-drying. f) Higher magnification of the 
boxed area in a showing rod-shaped bacteria attached to the biomass scaffolding (EPS 
matrix). Large areas of void on the surface and in the matrix represent loss of water in the 
biomass. 
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4.4 Conclusions 

The OCT was used as a new technique for final characterization of fouling on the 

membrane in GD-SMBR. The biomass layer was homogeneously deposited on the 

analyzed membrane surface with an average biofilm thickness value of 171±5 μm, and 

absolute roughness of 5±1 μm. The dominant fouling mechanism in a GD-SMBR was 

found to be a cake layer deposition, comprised mainly of LMW organics. The use of 

three different SEM techniques provided a better understanding of the biofilm formed. 

The freeze-drying SEM allowed imaging the biofilm matrix in the preserving of fouling 

structure. 
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Abstract 
The use of optical coherence tomography (OCT) to investigate biomass in membrane 

systems has increased with time. OCT is able to characterize the biomass in-situ and non-

destructively. In this study, a novel approach to process three-dimensional (3D) OCT 

scans is proposed. The approach allows obtaining spatially-resolved detailed structural 

biomass information. The 3D biomass reconstruction enables analysis of the biomass 

only, obtained by subtracting the time zero scan to all images. A 3D time series analysis 

of biomass development in a spacer filled channel under representative conditions (cross 

flow velocity) for a spiral wound membrane element was performed. The flow cell was 

operated for five days with monitoring of ultrafiltration membrane performance: feed 

channel pressure drop and permeate flux. The biomass development in the flow cell was 

detected by OCT before a performance decline was observed. Feed channel pressure drop 

continuously increased with increasing biomass volume, while flux decline was mainly 

affected in the initial phase of biomass accumulation. 

The novel OCT imaging approach enabled the assessment of spatial biomass distribution 

in the flow cell, discriminating the total biomass volume between the membrane, feed 

spacer and glass window. Biomass accumulation was stronger on the feed spacer during 

the early stage of biofouling, impacting the feed channel pressure drop stronger than 

permeate flux.  

 

Keywords: OCT; feed spacer; fouling; ultrafiltration; biofilm.  



 

 

160 

5.1 Introduction 

In the last decades the use of membrane filtration to produce high quality drinking water 

has increased. One of the major problem of membrane filtration systems is biofouling 1,2. 

Biofilm formation is caused by the accumulation of microorganisms, including 

extracellular polymeric substances (EPS) produced by microorganisms, on a surface due 

to either deposition and/or growth. A biofilm causing an unacceptable decline in 

membrane performance is defined as biofouling. Performance losses are caused by 

increase in feed channel pressure drop, permeate flux reduction and/or salt passage 3. 

The complex configuration of the membrane modules makes it difficult to study 

biofouling in-situ. Lab-scale monitors have been developed to allow easier access and 

better analyses of biofilm development in spiral wound membrane modules 4,5. 

Membrane fouling simulator (MFS) was proved to be a suitable tool to study biofouling 

in spiral wound membrane systems 6.  

A key aspect of biomass studies involves the analysis of biomass structure 7, which can 

predict the biomass behavior, and thus, the impact on membrane filtration performance.  

Several approaches are reported in literature to study biomass, most often involving 

destructive methods 8,9. Microscopic techniques are considered an important tool for 

biomass structure investigation. However, these techniques involve sample preparation, 

and are less suitable to study the biomass development in-situ. 

To better understand the biomass development in membrane systems, in-situ qualitative 

and quantitative analyses of the biomass under operational conditions are needed). 

Several techniques are currently available to study the biomass formation under 
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membrane operational conditions, such as nuclear magnetic resonance spectroscopy 

(NMR), planar optodes and optical coherence tomography (OCT) (Valladares Linares et 

al., 2016).  

Optical coherence tomography (OCT) has the ability to investigate biomass formation 

and 3D structure in-situ, without any staining procedures, OCT has recently been used to 

study biofouling in membrane filtration systems 11,12. OCT was used to characterize the 

biofilm deposited on the membrane 13,14. Dreszer et al. (2014) evaluated the suitability of 

OCT to study the biofilm development, and permeate flux change using microfiltration 

(MF) membrane. The biofilm time-resolved deformation was calculated in real-time from 

cross sectional OCT scans 16. Fortunato et al. 17 monitored in real-time the fouling layer 

evolution in a submerged membrane bioreactor. Yang et al. (2000)  demonstrated the 

importance of 3D structural analyses for biofilms grown on a membrane surface. West et 

al 19 correlated the biomass accumulation to the feed channel pressure drop increase in 

time using OCT. Li et al (2016) used the 3D OCT to characterize the biofilm developed 

on carriers in lab-scale moving bed biofilm reactors. The 3D image analysis offers 

several advantages with respect to the 2D analysis, such as quantification of biomass 

growth defined by biovolume, porosity, heterogeneity, thickness and spatial distribution.  

The objective of this study was to spatially-resolve quantifying the biomass formation in 

a spacer filled flow channel under representative conditions for spiral wound membrane 

filtration systems. A novel approach is proposed to process 3D OCT scans to quantify 

biomass distribution over the feed spacer and membrane surfaces and to evaluate the 

impact of accumulated biomass on membrane filtration performance measured by feed 

channel pressure drop and permeate flux.   
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5.2 Materials and methods 

Biomass formation with OCT was studied in a spacer filled channel under representative 

operating conditions for spiral wound membrane systems.   

5.2.1 Experimental setup 

For all the experiments the biomass was grown on sheet of membrane and spacer in 

membrane fouling simulator (MFS) 21. To enable in-situ non-destructive observation of 

the biomass formation by OCT, the MFS cover contained five millimeter thick glass 

window. For each experiment a 20 cm × 10 cm ultrafiltration (PAN UF, with a molecular 

cut-off of 150 KDa) membrane coupon and 31 mil (787 µm, Trisep, USA) thick feed 

spacer was inserted into the MFS. The ultrafiltration (UF) membrane was necessary to 

allow water permeation at one bar through the membrane due to the low hydraulic 

pressure thereby mimicking the flux through the system and resulting hydraulic 

resistance. Moreover, the use of this membrane enabled the investigation of the 

biofouling in spacer filled channel without any influence of concentration polarization or 

other types of fouling.   

The MFS was operated under constant hydraulic pressure of one bar at ambient 

temperature (20 ̊C). The MFS was fed with tap water by a gear pump (Cole Palmer, 

USA) at a flow rate of 45.5 L∙h-1, resulting in a 0.16 m∙s-1 linear flow velocity at the inlet 

side of the flow channel, representative for practice (Vrouwenvelder et al., 2009). The tap 

water was filtered through carbon and cartridge filters (5 µm pore size) to remove 

residual chlorine and to avoid larger particles entering the MFS (Figure 5.1). Water 

permeation though the UF membrane was accomplished with one bar pressure. The 

hydraulic pressure was regulated by a back-pressure valve (Hydra cell, Wanner 
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Engineering Inc., USA) located on the outflow of the MFS. During the five days 

experimental period the biomass development was monitored by OCT imaging and its 

impact on performance was evaluated by the feed channel pressure drop (Deltabar, 

Endress + Hauser PMD75, Germany) (Bucs et al., 2015), and permeate flux (Sensirion, 

Switzerland) measurements. 

 
Figure 5.1. Schematic representation of the experimental setup consisting of carbon (A) 
and cartridge filters (B), a tank containing nutrient solution, pump (C), dosing pump, 
flow meter (D), pressure reducing valve (E), differential pressure transmitter, membrane 
fouling simulator (MFS), and optical coherence tomography (OCT) device. 

 

5.2.2 Biomass growth 

To enhance biomass formation a nutrient solution containing sodium acetate, sodium 

nitrate, and sodium phosphate in a ratio of 100:20:10 was dosed to the feed water. A 

concentrated nutrient solution was prepared and continuously dosed (Stepdos 03, KNF 

Lab, Germany) into the feed stream of the MFS at a flow rate of 1 ml∙min-1, resulting in 

800 µg C∙L-1 carbon concentration in the MFS feed water. To avoid bacterial growth in 

the nutrient stock the pH of the solution was adjusted to 11, with sodium hydroxide (1M).  

The setup was operated for 24 hours with tap water only to condition the membrane 

before starting nutrient dosage. During the first hours of the biofouling experiments the 

setup showed constant water permeation. 
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5.2.3 Imaging and data processing  

An OCT (Thorlabs GANYMEDE GmbH, Dachau, Germany) with a central wavelength 

of 930 nm equipped with a 5× telecentric scan lens (Thorlabs LSM 03BB) was used to 

investigate the biomass growth in the MFS flow channel containing membrane and feed 

spacer sheets. The MFS was mounted on a stage under the OCT probe in order to monitor 

the biomass development over time in a fixed area (one feed spacer square element) 

positioned at 5 cm from the feed inlet over time (Figure 5.2). The monitored area 

corresponds to 5.3 mm × 5.3 mm with 2.7 µm axial resolution. The OCT lens depth of 

field was adjusted to 950 µm (slightly higher than the total flow channel height of 787 

µm) to allow capturing a part of the membrane and cover glass window. The resulting 

image stack resolution was (545 × 545 × 482) pixels, with a lateral resolution of 11 µm.   
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Figure 5.2. Orthogonal view of OCT images of accumulated biomass (orange color) on 
the feed spacer, membrane and cover glass window (5.3 mm × 5.3 mm × 0.95 mm) in the 
MFS after one day of operation. The yellow lines shows the location of the orthoslices. 

The OCT images were processed using ImageJ software (Version 1.48). A multi-step 

processing sequence was applied, consisting of (1) subtraction the initial image t0 from 

the image taken at any given time (tX), (2) adjustment of contrast and brightness of the 

resulting image (3) application of a median filter and (4) binarization of the image with 

Otsu algorithms 24. This approach allows the elimination of the cover glass, membrane 

and feed spacer from the OCT image stack, and allowing the quantification of the 

accumulated biomass (Figure 5.3). 
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Figure 5.3.  OCT scans at different times at the same position: (a) image before biomass 
formation at t0, (b) image with accumulated biomass after certain time period tX and 
spatially-resolved biomass quantification (c) after subtracting the image at time 0 from 
the image taken after a certain time period (tX – t0). The final image shows only the 
biomass (orange color) without the background signals (glass, membrane and feed 
spacer). 

The initial scan was subtracted from the successive scans (step 1) in order to avoid the 

over or the under estimation of the accumulated biomass in the scanned area the feed 

spacer geometry and other structures present in the flow channel need to be eliminated 

from the scans. The binarized datasets were then further analyzed to assess the 

accumulated biomass volume (VTot) using the ImageJ plug-in voxel counter.  

Two different biomass descriptors were used to quantify the biomass development in the 

flow channel. The total biovolume (mm3/cm2) for the scanned (monitored) area was 

calculated with the following equation: 

        Eq. 1 
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where VTot is the total biomass volume and AScanned is the scanned area (in this case 0.53 

cm x 0.53 cm). The specific biovolume (VSpecific) was calculated using the following 

equation:  

       Eq.2  

where Vbiomass is the biomass volume, Ai the covered area of the investigated element (i) 

of the flow channel (membrane, feed spacer, cover glass). The total biomass VTot is the 

sum of biomass accumulated on the membrane, spacer and cover glass surface. The 

specific biovolume (Vi
Specific) for each element was calculated using the following 

equation:  

        Eq.3 

where Vi
Specific is the specific biovolume of each individual flow cell element (i.e. 

membrane, feed spacer, cover glass). The developed approach allows to separately 

evaluate the accumulated biomass on the membrane, feed spacer and cover glass surface 

respectively.  

Three different masks (A, B, C) were created for the three elements one for the spacer (B) 

and two for the glass (A) and membranes (C) (Figure 5.4). The size of masks was 

determined according to the maximum thickness of the biomass observed on the surface 

of the elements. For the cases where the biomass is attached simultaneously to two 

elements (Figure 5.4), the biomass volume is calculated by equally distributing the 

biomass over the two elements. First the voxels are counted in the areas where the masks 
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belonging to two different elements intersect (A∩B and B∩C) and the total number of 

voxel are divided by two and subtracted from the total number of voxels counted in each 

mask (equations 4 – 11).  

(a) 

 
 (b) 

 

 
Figure 5.4. a) 2-D view of the spatial distribution of the biomass on the three elements 
(membrane, feed spacer and cover glass). Three masked areas A, B and C (the boundaries 
of the masked area are represented by dashed lines) are distinguished in correspondence 
of the three elements. Biofilm is represented by brown color. b) 2-D representation of 
areas where the biomass is simultaneously attached to two elements (membrane, feed 
spacer and cover glass). The hatched regions represents the areas where the biomass is 
attached to two elements. The dashed lines represent the boundaries of the three different 
masked areas and the brown color symbolizes the biomass. 

 
Voxel counting in the three different masks: glass (A), spacer (B) and membrane (C).  

For the cases where the biomass is attached simultaneously to two elements (Fig S2), the 

biomass volume is calculated by equally distributing over the two elements. First the 

voxels are counted in the areas where the masks belonging to two different elements 

intersects (A∩B and B∩C) and the total number of voxel are divided by two and 

subtracted to the total number of voxels counted in each mask (Eq. 4 – 11). 
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Eq. 4 

      Eq. 5 

 
Eq. 6 

 
Eq. 7 

 
Eq. 8 

 
Eq. 9 

 
Eq. 10 

        Eq. 11 
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5.3 Results  

In this study, the biomass development in a spacer filled channel was monitored in-situ 

non-destructively with OCT (optical coherent tomography). A novel approach was used 

to process the 3D OCT scans allowing spatially resolved (i) biomass volume 

measurements in time, and (ii) biomass distribution quantification and visualization. 

Membrane performance parameters, such as pressure drop and permeate flux, were 

monitored during the study.  

5.3.1 Image processing  

The OCT was used to monitor the biomass formation at a fixed position in the spacer 

filled channel two times per day throughout the five days experimental period. To 

quantify the biomass development the accumulated biomass volume was calculated from 

the OCT scans. The feed spacer was not transparent for the OCT. When the feed spacer 

was present a shift of the location of the membrane and possible biomass below the feed 

spacer filaments were observed (Figure 5.5 a,b). The applied image processing method 

allows visualization of the biomass only and thus excludes the membrane, feed spacer 

and cover glass structure from the collected scans (Figure 5.5). 
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Figure 5.5. Three-dimensional (3D) rendered OCT image with biomass (brown color), 
the spacer, membrane and cover glass were eliminated by using the scan at time zero as 
baseline. 

The rendered volume development over time shown in Figure 5.6 represents only the 

biomass.  
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Figure 5.6. Biomass development over time. Flow direction from bottom to top (arrow). 

 

5.3.2 Biomass quantification 

OCT scans confirmed the presence of biomass after one day of operation with nutrient 

dosage (Figure 5.7a). As reported in section 2.3, the biomass grown in a specific area can 

be quantified with different descriptors as biomass volume (Vtot), scanned biovolume (V) 

and specific biovolume (VSpecific). The scanned biovolume normalizes the biomass volume 

for the scanned area, allowing comparison of data obtained with the same feed spacer 
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(and flow channel height). However, the specific biovolume is the only descriptor that 

allows comparing the biomass volume with different feed spacers, normalizing the 

biomass volume for the available surfaces (membrane, feed spacer and glass window) in 

the flow cell. In Table 5.1 are reported the biomass values over the time according to 

different descriptors. 

The OCT scans taken periodically during the experimental period confirm the 

exponential biomass growth (r2 = 0.97). In the first two days of nutrient dosage only a 

small amount of biomass was detected. A specific biovolume of 0.22 mm3∙cm-2 was 

detected in the position monitored after one day, corresponding to 0.9 percent of the 

available volume. From the third day a steep increase in biomass volume was observed 

(Figure 5.7a). Towards the end of the study the rate of increase in biomass volume started 

to decrease. At the end of the experimental period, the final biomass volume occupied 

24.9% of the monitored area reaching a specific biovolume of 6.29 mm3∙cm-2. 

 

Figure 5.7. (a) Development of biomass and membrane performances over time. (a) 
Specific biovolume calculated from the OCT scans. (b) Normalized pressure drop over 
the MFS feed channel due to biomass development. (c) Permeate flux. 
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Table 5.1. Biomass development in the flow cell in time with the four descriptors. 

Time 
(hours) 

Biomass 
Volume (mm3) 

Scanned 
Biovolume 
(mm3∙cm-2) 

 

Specific 
Biovolume 
(mm3∙cm-2) 

 

Feed channel 
void volume %* 

27 0.17 0.61 0.22 0.9 

39 0.22 0.78 0.28 1.1 

45 0.45 1.60 0.58 2.3 

54 0.93 3.31 1.19 4.7 

63 1.69 6.02 2.17 8.6 

72 2.7 9.61 3.47 13.7 

81 3.19 11.36 4.09 16.2 

93 3.96 14.10 5.08 20.1 

102 4.50 16.02 5.78 22.9 

114 4.90 17.44 6.29 24.9 

*Percentage of the occupied volume occupied by the biomass from the total available 
volume. The fixed area = 5.3 mm x 5.3 mm; flow channel height = 0.787 µm; feed 
channel volume = 22.1 mm3; feed spacer porosity = 0.89; available feed channel volume 
= 19.7 mm3. 
 

 

5.3.3 Membrane performance 

Pressure drop over the feed channel and permeate flux through the membrane were 

monitored throughout the experimental period. Additionally, biomass volume was 

calculated from the OCT scans.  

Biomass accumulation was confirmed by the feed channel pressure drop increase. A 

rapid increase in feed channel pressure drop was observed after two days of operation 

with nutrient dosage (Figure 5.7b). By the end of the experimental period the normalized 

feed channel pressure drop reached a value of 980 mbar/m due to biomass accumulation.  
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Feed channel pressure drop was measured over the whole flow channel length (20 cm) 

while the OCT data is from a fixed position. In the present study, the OCT scans covered 

a much smaller area than pressure drop measurements, 5.3 mm × 5.3 mm in our case with 

a 2.7 µm resolution positioned at 5 cm from the feed inlet. This gives the possibility to 

detect biomass deposition and growth at an early stage with micrometers resolution. 

Because of the use of a UF membrane, the initial permeate flux of the clean membrane 

was 105 L·m-2·h-1. With nutrient dosage a small flux decline was observed at the first day 

of the experimental period, followed by a rapid decrease (1.27 L·m-2·h-1) on the second 

and third days (Figure 5.7c). On the fourth day the rate of flux decline was slowed down 

(0.21 L·m-2·h-1) and reached a final permeate flux of 30 L·m-2·h-1 at the end of the 

experimental period.  

5.3.4 Biomass distribution  

Images presented in Figure 5.6 show the biomass distribution in the flow channel with 

time. On the first day of MFS operation with nutrient dosage, biomass accumulation was 

mainly observed through the OCT on the feed spacer. From the second day on, biomass 

was seen to accumulate as well on the membrane and glass surfaces.  

The method adopted in this experiment allows studying and evaluating the distribution of 

the biomass on the different elements of the flow channel (i.e. membrane, cover glass, 

feed spacer). The total biomass volume of the monitored area was further analyzed and 

the biomass volume accumulated on each element of the flow channel was calculated. 

Figure 5.8a shows the biomass volume development for each element present in the 

MFS: feed spacer, cover glass, and membrane surface. For the fifth day of the 
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experimental period, biomass volume calculation for the different elements of the flow 

channel was not possible due to the high amount of accumulated biomass. As the biomass 

develops on different locations and merged to form a continuous biomass volume makes 

it impossible to calculate the exact amount of biomass volume per element. The method 

of biomass localization is suitable for early stage when the biomass does not cover most 

of the available volume, which is representative of real operative conditions. 

 

Figure 5.8. Biomass volume (a) and specific biovolume (b) in time on the feed spacer, 
and membrane surface in the MFS. Specific biovolume is the biomass volume over the 
available surface area (area of both membrane and cover glass was each 28 mm2 and of 
feed spacer was 21.9 mm2). 

As seen in Figure 5.8a, the biomass mostly attached to the feed spacer (86% of total 

biomass volume) after one day. As the total biomass volume increased with time, the 

ratio between the biomass volume on the feed spacer and total biomass volume 

decreased. By the second day, almost about the same biomass volume was accumulated 

on the feed spacer as on the membrane (58% on the feed spacer).  

However, considering the different surface areas available on the membrane, feed spacer 

and glass windows, the volume deposited on each element can be expressed as specific 

biovolume for each element, defined as the biomass volume over the available surface 
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area (see Eq. 3). The proposed biomass descriptor allows comparing the biomass growing 

on different surfaces and normalizing the biomass volume for the available surface area. 

Based on image analysis and calculations of the clean flow channel, the surface area for 

the membrane and cover glass was 28.0 mm2 and 21.9 mm2 for the feed spacer 

respectively (Figure 5.8b). Most of the biomass was accumulated on the feed spacer 

compared to the membrane and cover glass during the first three days of MFS operation 

(Figure 5.8b). 

5.3.5 Biomass and performance decline 

Based on the OCT images, the accumulated biomass volume was calculated for each 

measurement time thus enabling to quantify changes in biomass volume. As the biomass 

volume increased the feed channel pressure drop increased (Figure 5.9a) and the 

permeate flux decreased (Figure 5.9b). The two performance indicators feed channel 

pressure drop and permeate flux, were seen to respond differently by the increasing 

biomass volume. During the biomass accumulation in the flow cell two phases were 

observed in the rate of permeate flux decline (a sharp decrease followed by less sharp 

decrease), while the feed channel pressure drop increased with increasing biomass. 
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Figure 5.9. Normalized feed channel pressure drop (a), and permeate flux (b) as function 
of the accumulated biovolume during the 5 day experimental period. 

Increase in the feed channel pressure drop can be explained by the biomass distribution in 

the flow channel (Figure 5.9a). Quantification of the accumulated biomass volume on the 

membrane and feed spacer surfaces showed more biomass accumulation on the feed 

spacer than on the membrane surface (Figure 5.8a).  

The impact of the accumulated biomass on the different flow channel elements 

(membrane, feed spacer and cover glass) on the feed channel pressure drop increase is 

shown in Figure 5.10. The biomass accumulated on the feed spacer and on the cover 

glass had a higher impact on the feed channel pressure drop increase than the biomass 

accumulated on the membrane surface.  
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Figure 5.10. Accumulated biomass volume on the three different elements (membrane, 
feed spacer and cover glass) in function of feed channel pressure drop increase. 

 

5.4 Discussion 

In this study a novel approach for 3D reconstruction of OCT images was presented. The 

method presented enables monitoring and quantification of biomass growth during 

operation. The approach was used to evaluate the effect of the (i) biomass on membrane 

performance and evaluate the (ii) biomass spatial distribution in the flow channel.  

5.4.1 OCT image analyses 

The novel image processing method presented in this study (i) eliminates the background 

signal (feed spacer, membrane and cover glass) from the images and (ii) enables 

reduction of the noise of the OCT scans. By applying the scan at time zero as a baseline, 

all changes in the subsequent images can be normalized to time zero. Besides subtracting 

the signals due to the three elements (spacer, cover glass and membrane) it removes also 

the signal due to the water present in the flow cell. Therefore, the proposed approach 

reduces the background noise, simplifies the binarization and facilitates the visualization 

of the biomass.   
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West et al. 19 used an image masking process on OCT scans to avoid the structures not 

corresponding to the biomass. The data presented in this study are similar with the results 

shown by West et al. (2015), but obtained with a different OCT scan processing method. 

The method presented in this study enabled the detailed visualization of the biomass 

deposition in the monitored area.  

Other imaging techniques used to study biofilms such as confocal laser scanning 

microscopy (CLSM) and scanning electron microscopy (SEM) generate images with a 

higher resolution, however, OCT enables studying larger areas necessary to gain 

knowledge on biofouling behavior and how it may influence the performance of 

membrane filtration systems. As reported by Wagner et al. (2010), the structural 

information at micro-scale and nano-scale level might be of minor relevance to 

characterize the behavior of macro-scale biofilm processes as they occur in membrane 

filtration systems.  

Meso-scale investigation of the biomass by OCT gives insight to the biofouling 

distribution in a spiral wound membrane module. Biomass formation under different 

conditions, like various spacer geometry, hydrodynamic conditions or cleaning strategies 

can be evaluated at a meso-scale range, due to the repetitive geometry of the feed spacer 

(Bucs et al., 2015; Radu et al., 2014). The possibility to evaluate biomass development 

under operational conditions, in-situ, at a meso-scale range (mm3) is one of the 

advantages of OCT compared with other imaging techniques. 

Obtaining 3D biomass structures formed under representative conditions for spiral wound 

membrane systems may be used as additional tool to better understand the impact of 
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different operational conditions on the biomass formation and to evaluate the effect of 

control strategies on the biomass structure. In-situ real time detailed image analysis on 

the acquired biomass morphology could be used to evaluate how the biomass structure 

responds to the operational conditions (i.e. feed pressure). 

The proposed approach for analyzing OCT scans can be used to evaluate biomass 

development: (i) under various operating conditions, (ii) on different membranes and 

spacers (e.g. coatings / modifications) and (iii) in the presence of biocides.  

5.4.2 Biomass accumulation and membrane performance 

The delay in increasing feed channel pressure drop with respect to the biomass increase 

as detected by OCT scans can be explained by the higher sensitivity of the OCT and the 

position of the scanned area. When biofilm starts to form and grow in the feed channel 

the pressure drop starts to increase. However, in an early stage of biomass accumulation 

the biomass may not have an immediate impact on feed channel pressure drop. Bucs et al. 

(2014) demonstrated that a 5 µm thin biofilm and small biofilm patches in the flow 

channel might not be detected by feed channel pressure drop measurements. Conversely, 

OCT imaging allows to capture and visualize these thin biofilms.  

The higher impact on feed channel pressure drop increase of biomass accumulation on 

the feed spacer has been observed in other studies as well (Bucs et al., 2014). As shown 

in Figure 5.10 the biomass accumulated on the membrane has lower impact on the feed 

channel pressure drop in respect to the biomass accumulated on the other elements.  

The effect of biomass on permeate flux in spiral wound elements (reverse osmosis, 

nanofiltration) depends on the membrane surface coverage, flow channeling, biofilm 
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hydraulic resistance, biofilm porosity and thickness 29. At the initial phase of biofilm 

formation, studies showed that a thin biofilm layer is deposited on the surface 30. At this 

phase the biofilm is a thin porous structure with low hydraulic resistance, meaning that 

the membrane surface coverage will be the main factor which impacts water flux 19. As 

the biofilm grows (i.e. more biomass volume), thickness, porosity and hydraulic 

resistance change. Studies have shown that young biofilms are less porous and tend to 

have a low hydraulic resistance compared to a mature biofilm 29,31. The rapid flux decline 

observed in the early stage of biomass accumulation may be attributed to the pore 

blocking fouling mechanism in UF membranes 32.  Once the biomass layer is formed on 

the membrane surface the flux depends mainly on its properties and the flux decline rate 

decreases (Figure 5.7c, days 3 and 4). As shown in figure 5.8a, on the third and fourth 

day the biomass volume only slightly increases on the membrane surface while sharply 

increases on the other two elements (feed spacer and glass).  

The biomass accumulation in the flow channel had different impact on the membrane 

performance parameters. While the pressure drop increases as the biomass increases, the 

permeate flux decrease is significantly affected in the initial phase of biomass 

accumulation. 

5.4.3 Biomass location in the flow channel 

The biomass accumulation occurred mainly on the feed spacer in the early stages may be 

an indication of either a higher affinity of bacteria to attach to the feed spacer material 

(polypropylene) or preferential deposition due to the hydrodynamics of the system. Other 

studies have also reported that at initial stages of biomass formation, more biomass 

accumulates on the feed spacer than on the membrane surface 2,33,34. As reported in 
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Vrouwenvelder et al. (2008) feed spacers play an important role in biofouling 

development and also in membrane cleanability 35.  

A lower biomass volume was measured on the membrane surface compared to the cover 

glass surfaces (Figure 5.8). The difference in the biomass volume distribution in flow cell 

can be attributed to the water flux through the membrane or the flow cell design. For this 

study a UF membrane was used, resulting in a high water flux (105 LMH). It was shown 

previously that the biomass compacts, decreasing in thickness and thus in biomass 

volume under high flux conditions 15,36. This may have affected the measured biomass 

volume and underestimated the amount on the membrane surface. However, in a spiral 

wound membrane systems the flow channel is delimited by membranes on both sides 

therefore the biomass accumulated on the membrane surface may have a lower impact on 

the feed channel pressure drop. 

5.4.4 Use of OCT in biofouling studies  

The main advantage of OCT is that it allows observation and monitoring of biomass 

development during MFS operation without sample preparation such as the use of stains 

or contrast agents.   

The effect of various cleaning strategies (e.g. chemical cleaning, air flushing, back 

washing etc.) on biomass developed can also be evaluated. Moreover, the reconstructed 

3D biomass structures can be further imported into modeling software for mathematical 

modeling to increase the understanding of biofouling processes. The 3D biomass analysis 

presented in this study shows that OCT is a promising tool to study biofouling in 

membrane systems. 
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5.5 Conclusions 

The experimental evaluation of biomass development in the membrane fouling simulator 

operated with permeate production using 3D reconstructed OCT scans leads to the 

following conclusions: 

• The applied imaging approach consisting of subtracting the scan at time zero to 

the subsequent scans is suitable for evaluation of biofilm development. It enables 

spatial quantification of biofilm in a flow channel with feed spacer and membrane 

and also eliminates the signals due to other elements and reduces the background 

noise of the raw images. 

• OCT detects biofouling before membrane performance is affected. The presence 

of biomass was confirmed by OCT one day earlier than performance decline was 

observed with the used setup. 

• Early stage biofouling occurs mainly on the feed spacer. Analysis of the biomass 

accumulation showed a higher biomass volume on the feed spacer than on the 

membrane surface. Also the feed channel pressure drop was mainly affected by 

the biomass accumulated on the feed spacer. 

• Accumulated biomass differs in impact on feed channel pressure drop increase 

and flux decrease. Feed channel pressure drop continuously increased with 

biomass volume increasing, while the permeate flux was mainly affected in the 

initial phase of biomass accumulation.  
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Abstract 

Membrane systems for water purification can be seriously hampered by biofouling. The 

use of optical coherence tomography (OCT) to investigate biofilms in membrane systems 

has recently increased due to the ability to do the characterization in-situ and non-

destructively The OCT biofilm thickness map is presented for the first time as a tool to 

assess biofilm spatial distribution on a surface. The map allows the visualization and 

evaluation of the biofilm formation and growth in membrane filtration systems through 

the use of a false color scale. The biofilm development was monitored with OCT to 

evaluate the suitability of the proposed approach. A 3D time series analysis of biofilm 

development in a spacer filled channel representative of a spiral-wound membrane 

element was performed. The biofilm thickness map enables the time-resolved and spatial-

resolved evaluation and visualization of the biofilm deposition pattern in-situ non-

destructively.  

 

Keywords: Spacer filled channel; Feed spacer; Optical coherence tomography; 

Biofouling; Biomass 

  



 

 

191 

6.1 Introduction 

Membrane filtration systems have increasingly been used in the last decades to produce 

high-quality water. Biofilm formation is inevitable in all water treatment systems and is a 

key challenge in all membrane filtration systems applied to both saline and freshwater 

environments. The development of a biofilm on the membrane surface causing an 

unacceptable decline in membrane performance is defined as biofouling. Performance 

losses are observed by an increase in feed channel pressure drop, permeate flux 

reduction, and/or salt passage increase in desalination systems 1. To maintain water 

production, fouled membrane elements require periodic cleaning and eventually 

replacement when cleaning is no longer effective. Biofouling has been identified as one 

of the major operational problems in spiral-wound nanofiltration and reverse osmosis 

membrane operation2,3.  

A key aspect of biofilm studies involves the analysis of the biofilm structure 4, which can 

predict the biofilm behavior, and thus, the impact on membrane filtration performance.  

Several approaches are reported in the literature to study biofilm formation in membrane 

systems, most of them requiring destructive procedures. Optical coherence tomography 

(OCT) has gained popularity in the study of biofilm formation and evolution on surfaces 

in aqueous environments. OCT is capable of evaluating the internal structure of a 

biological tissue, performing high resolution cross sectional images by measuring the 

backscattered light. This technology was first applied in ophthalmology for imaging the 

retina in real time 5. Due to its ability to investigate biofilm formation in-situ, non-

destructively and without additional preparation of the biofilm (e.g. staining procedures), 
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OCT has recently been used to visualize/monitor biofilm growth in membrane filtration 

systems 6,7. 

So far, the OCT has mainly been used for two-dimensional (2D) studies in which the 

structural data are gained by analyzing each single slice of a scan, and calculating the 

biofilm thickness from the 2D scans 8,9. OCT scans were also used to evaluate the 

efficiency of two-phase cleaning flow in a spiral-wound nanofiltration element 10. In 

spacer filled the feed channel pressure drop was correlated with the amount of biofilm 

11,12. Gao et al. 13 used the OCT to characterize the dynamic process of the fouling during 

membrane filtration. In another study, the OCT was used to study in-situ the evolution of 

the fouling layer morphology in a gravity driven membrane bioreactor 14. 

In this study, 3D OCT image analysis is used to visualize and evaluate the biofilm spatial 

distribution in-situ under continuous operation in a spacer filled channel representative of 

spiral wound element. A novel approach is presented using image analysis to provide 

biofilm thickness maps as a tool to assess biofouling formation and distribution in 

membrane filtration systems. The maps allow the visualization and evaluation of the 

biofilm formation and growth through the use of a false color scale.   
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6.2 Material and methods 

6.2.1 Spacer filled channel – spiral-wound module 

A modified membrane fouling simulator (MFS) was used to grow a biofilm on the 

surface of a membrane and feed spacer, and the glass lid of the feed channel, simulating 

spiral-wound membrane modules. Details of the initial MFS system can be found 

elsewhere 15. The modified MFS was operated with a linear crossflow velocity of 0.05 

m/s, without permeate production, for 40 h. A 5 mm thick glass cover on the MFS 

allowed in-situ non-destructive observation of the biofouling formation and evolution, 

monitored through a series of OCT scans. The flow channel height was 787 µm to 

accommodate a standard 31 mil thick feed spacer (TriSep) commonly used in commercial 

spiral-wound modules. A TriSep TS80 polyamide-based nanofiltration  (NF) membrane, 

molecular weight cut-off (MWCO) 100-200 Daltons, was used. The system was operated 

under gravity driven conditions, adjusting the flow rate by setting the height of the air 

bubble trap on the feed prior to the MFS (Figure 6.1). A feed solution of 0.3 g∙L-1 of yeast 

extract was used and re-circulated in the system. The feed solution was pumped through a 

bubble trap to avoid the presence of bubbles in the system. Feed solution was refreshed 

every 10 h.  
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Figure 6.1. Schematic representation of the experimental setup consisting of a tank 
containing feed solution, pump, air bubble trap, membrane fouling simulator (MFS), and 
optical coherence tomography (OCT) unit, used to study biofilm development in time in 
3D. 

 

6.2.2 OCT and data processing approach 

An Optical Coherence Tomography (OCT),  Ganymede 930 Spectral Domain, Thorlabs, 

GmbH, fitted with a 5x telecentric scan lens (Thorlabs LSM03BB) was used to 

investigate the biofouling evolution. A video camera included in the OCT device enables 

focusing and selection of the area of interest (referred to as “camera” in this paper). The 

MFS was fixed under the OCT stage in order to monitor the same area for the duration of 

the experiments. An area representing one square of the feed spacer was chosen, resulting 

in a scanned space of 6 mm × 6 mm x 0.96 mm. The corresponding pixel size for the 

scanned image is 600 × 600 × 482, giving an axial resolution of 2.7 µm and a lateral 

resolution of 10 µm.   

The OCT images were processed using the open source software, ImageJ (Version 1.48). 

A multi-step sequence was applied, consisting of: (1) the image at time zero subtracted 
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from all the subsequent images, (2) the contrast and brightness adjusted, (3) the image 

cropped, (4) the image filtered, and (5) the image binarized. The subtraction operation 

allows eliminating external elements from the OCT stack (e.g. membrane, glass and feed 

spacer) in order to assess only the biofilm data. The resulting stack was then processed 

with a customized MATLAB code to obtain the thickness map.  

6.3 Results and discussion 

6.3.1 Fouling thickness map 

In biofouling monitoring, there is a need to quickly assess and evaluate the spatial 

development of the biofilm on the membrane over time. Biofilm thickness maps are 

presented in this study as a new tool to assess the biofilm spatial distribution on a surface. 

It is a similar approach as the classical distribution map that depicts the distribution of a 

phenomenon on a surface, where different colors are used to show and evaluate the 

distribution in a physical map.  

In figure 6.2 the biofilm thickness maps are shown for a spacer filled channel 

representative of a spiral-wound membrane. Compared to the method used for direct 

observation through the membrane (DOTM) 16, 3D visualization and thickness maps 

allow a better understanding of the biofilm deposition, providing a depth-resolved biofilm 

structure. As matter of fact, cross-sectional analysis is necessary to enable the distinction 

of biofilm accumulation in different elements (i.e. membrane, feed spacer and glass for 

the spacer filled channel) and for quantifying the thickness. Applying 3D OCT image 

analysis to a specific area enables the analysis of information related to the spatial 

distribution and to the homogeneity of the biofilm. In Figure 6.2, areas shown in red 

represent higher amounts of biofilm, and are more easily and rapidly detected. With 
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respect to the 3D volume rendering image analysis 12, thickness mapping images require 

less imaging skills, less computational resources and automated data handling is therefore 

more feasible. Furthermore, interpretation of fouled systems applying 3D rendered 

volume images is more difficult compared to the thickness maps. In the 3D rendering 

images, biofilm deposited on the glass may obscure visualization of lower areas and thus 

impact the image results. Thickness maps can be obtained directly from raw images 

without any correction (e.g. time zero as baseline) or data segmentation, where the image 

data is not only due to the biofilm but also the other elements (e.g. feed spacer, glass and 

membrane). 

 
Figure 6.2. Biofilm development in a spacer filled channel (flow direction left to right) b) 
flat sheet membrane. A camera mounted on the OCT probe (left), 3D biofilm rendered 
volume (center) and biofilm thickness map (right column). 
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Figure 6.3. Biofilm thickness map in a spacer filled channel. The calibration bar allows 
estimating the biofilm thickness deposited on the flat sheet membrane.  

 

Another advantage of mapping images is the calibration of the color scales, making it 

possible to relate each color with a corresponding thickness value. In this way, 

quantifying the amount of biofilm deposited over a specific area can be done while 

evaluating the spatial distribution.  An example of calibrated maps for the system studied 

in this paper is shown in Figure 6.3.  

The approach proposed can easily be applied to any membrane configuration. It is 

possible to evaluate the biofilm thickness distribution on the membrane surface and 

distinguish between different fouled areas. The colored scale allows identifying zones 

with lower biofilm deposition, which can further be related to the water flow (i.e. lower 

hydraulic resistance). In this study, the approach was used to assess the biomass thickness 

and the spatial distribution over a single frame (Figure 6.3), to evaluate the biofouling 

development over the time (Figure 6.4) and to assess the pattern distribution on each 
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elements of the flow cell (Figure 6.5). The same approach can be extended to the 

evaluation of the biofilm distribution over any surfaces. 

6.3.2 Applicability of OCT imaging and analysis 

In this study, the 3D OCT image analysis was tested on a spiral-wound membrane 

module mimicked in a modified MFS. Imaging the spacer filled channel with OCT is 

complex due to the presence of the feed spacer. The region monitored in this study 

corresponds to an area of 6 mm × 6 mm x 0.96 mm. The possibility to observe an area in 

the mm range (meso-scale) is a beneficial feature of the OCT, and particularly important 

to better understand biofouling in a spiral-wound element where a complete section of the 

feed spacer can be studied. Although other imaging techniques (i.e. CLSM and SEM) can 

provide images with a higher resolution, they require destructive procedure and the area 

observed is too small and includes only a small part of the membrane or the feed spacer. 

The common practice consists in the investigation of just membrane without the feed 

spacer. Therefore, this is also not suited to fully investigate and understand biofouling 

behavior and responses over time and how this may impact the membrane filtration 

processes in spacer filled channel. In fact, the structural information at micro-scale and 

nano-scale level might be of minor relevance to characterize the behavior of macro-scale 

biofilm processes 17. The capacity of OCT to capture images at the meso-scale is an 

important feature in the analysis of biofouling behavior and response in different 

membrane module configurations under realistic operating conditions, however, 

obtaining images with detailed information at this scale is a challenge. Applying the 

biofilm thickness mapping approach as proposed in this study appears to be a useful tool.  



 

 

199 

6.3.3 Time Series 

One of the main benefits of the in-situ non-invasive 3D image analysis using OCT is that 

biofilm development, evolution and change can be monitored over a given time frame. 

The mapping approach is well suited for monitoring biofouling development over time as 

image acquisition and analysis is relatively quick and gives detailed analysis for a 

predefined specific area. An example of such an analysis is shown in Figure 6.4. Results 

show that after circulating the feed through the flow cell for 20 h, the initial biofilm 

growth could be observed on the feed spacer filaments through 3D OCT image analysis. 

The biofilm thickness map shown in Figure 6.4 corresponds only to the biofilm. Image 

signals of the glass, feed spacer and membrane (i.e. MFS setup) are removed using the 

time zero image as baseline. Therefore, the 3D image analysis make it possible to quickly 

and selectively assess the evolution of the biofilm distribution in a specific area. In the 

spacer filled channel (Figure 6.4), most of the biofilm development was found on the feed 

spacer filaments at the early stages. After 40 h operation, the biofilm covered most of the 

flow channel.  

 
Figure 6.4. Biofilm development in spacer filled channel (20 hours, 30 hours, 40 hours). 
Biofilm thickness map. Flow direction is from left to right. 
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6.3.4 Deposition Pattern 

Moreover, starting from the acquired 3D OCT scans (stack) it is possible to select the 

corresponding area occupied specifically by each element: glass, feed spacer and 

membrane. Hence, the resulting thickness map can be used to analyze the biofilm 

development patterns on each element. As shown in figure 6.5, it is possible to identify 

different deposition patterns for each element. As reported by Radu et al. the deposition 

patterns in spiral wound NF/RO membranes are a function of the feed spacer orientation 

18. After 40 hours of operation for the given experimental conditions of this study (Figure 

6.5), the most fouled area was observed to be on the thinner part of the upper filament of 

the feed spacer, upstream the bottom filaments on the glass, and downstream the upper 

filament on the membrane.  

 
Figure 6.5. Biofilm thickness map for each element of the flow cell after 40 h of 
operation (the flow is from left to right). The map can be used to evaluate the biofilm 
deposition pattern in spacer filled channel on feed spacer and membrane. 

 

6.3.5 Feed Spacer 

Feed spacers are essential for spiral-wound NF and RO membrane modules, with the dual 

functions of keeping the membranes apart to form a flow channel and positively affecting 

channel hydraulics by generating flow turbulence for improved performance. Various 

models based computational fluid dynamics CFD and biofilm formation have been 
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proposed to describe biofouling behavior in spiral wound modules.  The proposed 

approach could be used as an experimental tool to validate such theoretical models, 

considering that the area examined in CFD models corresponds to a single feed spacer 

frame, the same area covered in a single scan in this study. Vrouwenvelder et al. 19 

reported that biofouling is mainly a feed spacer problem, being more significant than 

fouling of the membrane surface, causing increase in feed channel pressure drop and 

subsequently performance decline. Recently, Fortunato et al. 12 observed that during the 

early stage of biofouling the biomass accumulated mainly on the feed spacer, impacting 

the feed channel pressure drop. At the reported experimental conditions, biofilm is mainly 

observed to accumulate on the feed spacer at an early stage, as shown in Figure 6.4. This 

may be an indication of either a higher affinity of biofilm to attach to the feed spacer 

material (e.g. polypropylene) or preferential deposition on the feed spacer due to the 

hydrodynamics of the system.  

6.4 Conclusion 

In summary, 3D OCT image analysis has been demonstrated to be an effective tool for 

the evaluation of biofilm development over the time in a membrane filtration system. The 

biofilm thickness mapping is an approach and method that can be used as a tool to rapidly 

analyze a predefined fouled area, providing time series to assess the evolution. The 

approach can be applied to characterize the biofouling and can also be beneficial in 

assessing the effectiveness of biofouling mitigation and antifouling strategies.  
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7 Chapter 7. Conclusions 
 

7.1 Conclusions 

Membrane fouling represents the main problem in membrane filtration systems in 

terms of cost in full scale operating plants. Most of the techniques available for fouling 

characterization currently used are based on membrane autopsies and only provide 

information at the specific time chosen to conduct the autopsy and are thus dependent on 

the condition at the time of stopping the process. These techniques also typically require 

samples of the membrane to be extracted from the module and subsequently do not fully 

represent the operating conditions (i.e. pressure, flow etc.) that may impact the foulant 

properties. Furthermore, some of the techniques may require sampling preparation such 

as drying or staining procedures, which have the risk of altering the fouling structure. 

Moreover, since the fouling is a dynamic process and will evolve over time there is a 

need to monitor the fouling development over time under continuous operation. The aim 

of this study was therefore to evaluate the suitability of OCT as an in-situ and non-

destructive tool to gain a better understanding of biofouling behavior in membrane 

filtration systems. The OCT was employed to investigate fouling behavior in two 

different membrane configurations: (i) a submerged flat-sheet membrane module in a 

gravity driven MBR process and (ii) spacer filled channel typical of a spiral wound 

membrane module. Moreover, through the on-line acquisition of OCT scans and the 

study of its morphology, it was possible to relate the impact of the fouling on the 

membrane performance (i.e. flux decrease and feed channel pressure drop). The approach 

adopted in this study revealed to be a valid tool in the understanding of the fouling 

development and its effect on the overall performance.  
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In the gravity driven operation the flux was observed to stabilize over the time. 

The in-situ investigation performed with OCT allowed monitoring the evolution and 

formation of the fouling on the membrane surface over tine under gravity driven 

operation (Chapter 2). Through the combined analysis of the flux and the biomass 

morphology it was possible to observe four different phases, with the achievement of a 

stable flux in the last phase. The biomass layer showed a dynamic evolution in the 6 

week period of observation. In the first two phases the higher flux was related to the 

higher roughness and macro porosity of the biomass layer. The stable flux observed 

during the last phase was directly related to the achievement of a constant biomass. The 

morphology analysis acquired through the OCT monitoring was used to implement 

computational modeling, providing a new level of understanding of the biofilm behavior. 

Time-resolved OCT scans were also used to provide an insight to the fouling 

mechanisms in a submerged system. In Chapter 3 the OCT scan frequency was set in 

order to obtain a time-lapse development (video) of the fouling layer. In the first hours of 

operation the change in the biomass morphology was calculated in real-time through the 

image analysis of OCT scans. In the first 2 days the flux decrease was directly correlated 

with the membrane coverage and the fouling layer thickness. Moreover, the in-situ non-

destructive observation of the fouling layer allowed to “capture” a particular morphology 

after 3 days of operation which consisted of two layers, a dense layer on the bottom and a 

looser one the top. Over time the biomass accumulated on the membrane surface 

developed to form a multilayered structure. 

In Chapter 4 the OCT was used as a first non-destructive step followed by a 

membrane autopsy. The approach used involved using the OCT as part of a toolbox 
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needed to characterize the biomass deposited on the membrane surface. The OCT 

allowed scanning non-destructively three-quarters of the membrane surface directly in the 

tank right after the end of the experiment, avoiding any risk of altering the structure. The 

analysis showed the homogeneity of the fouling deposited on the membrane surface. 

Therefore it was possible for the first time to express the final values of autopsy in 

function of the biomass volume scanned with the OCT. The analysis of the biomass layer 

revealed the abundance of low molecular weight (LMW) organics in the fouling 

composition. 

In a spacer filled channel, the OCT was used to assess the biomass development 

and its impact on permeate flux decline and feed channel pressure drop in a membrane 

fouling simulator (MFS) representative of spiral-wound membrane elements (Chapter 5). 

A new approach was proposed consisting of subtracting the scan at time zero to the 

subsequent scans. Moreover, the approach allowed spatially-resolved evaluation of the 

biomass on the elements present in the flow cell (membrane and feed spacer). The OCT 

detected the biomass development in the flow cell before any performance decline could 

be measured. During the early stage of biofouling more biomass was observed on the 

feed spacer, impacting the feed channel pressure drop stronger than permeate flux. 

In Chapter 6 the biomass thickness map was proposed as a new tool for the 

evaluation of biofilm development over time in a spacer filled channel. Mapping the 

biofouling is an approach and method that can be used as a tool to rapidly analyze a 

predefined fouled area, providing time series to assess the evolution. The approach can be 

applied to characterize the biofouling and can also be beneficial in assessing the 

effectiveness of biofouling mitigation and antifouling strategies.  
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7.2 Recommendations 

The use of OCT in studying the fouling development in membrane filtration 

systems aided to gain a better understanding of the fouling behavior but also revealed 

new areas of further research. Work in this area will further improve the understanding of 

the fouling mechanisms, the optimization of the process and its operation, and its 

application can be extended to other systems and types of fouling.  

 

The study conducted on the submerged membrane experimental setup was performed 

under continuous operation with diluted synthetic wastewater (secondary effluent). The 

system was operated under gravity without any fouling mitigation techniques such as 

relaxation or air scouring. Future work could focus on the following.  

• The system needs to be operated with real wastewater (secondary or primary 

effluent). Tests should be performed to evaluate the suitability of OCT in 

monitoring wastewater with high turbidity and/or suspended solids (i.e. activated 

sludge). The effect of the wastewater composition (i.e. C/N ratio and salinity) on 

the biomass formation should be investigated in detail. In this thesis the biomass 

morphology was related to the permeate flux to assess the impact of the fouling 

on the system. However, other parameters related to the membrane performance 

could be monitored on-line. For example the effluent could be analyzed with a 

regular frequency in order to assess the effect of the biomass developed on the 

membrane on the permeate quality.  
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• The submerged gravity driven system should be extended to treat other than 

wastewater. Recently, the use of gravity driven membranes with a pressure head 

of 40 mbar was investigated for pretreatment in seawater desalination. The 

approach adopted in this thesis could be extended to investigate how the seawater 

impacts the biomass layer and the hydraulic resistance (i.e. the presence of ions 

will affect the biomass morphology and composition). 

• Operational parameters should be implemented in the experimental setup. 

Therefore, the approach adopted in this thesis could be extended to evaluate the 

impact of varying operating parameters on the biomass. For instance, it could be 

used to understand the response of the biofilm to external changes. In addition, 

time-resolved OCT scans could be used in-situ to assess the effect of air scouring 

and relaxation on the biomass deposited on the membrane. The combined used of 

OCT and modeling will also help to improve the design of the system. As final 

intent we believe that it can be used to find the best condition in order to optimize 

the process with each specific feed water. 

 

The approach applied in the lab-scale submerged membrane system, could be extended as 

a monitor of a real operating MBR plant. The OCT could be used to evaluate the 

morphology (i.e. thickness) of the biomass layer deposited on the membrane as a function 

of the operational parameters (i.e. backflushing, relaxation, air scouring and aeration). By 

directly linking OCT observations with cleaning cycles the information gained to could 

be used to more efficiently restore the filtration capacity of the system. Ideally, the OCT 

could be operated directly in the real plant, requiring the optimization of the probe and of 
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the system design. Alternatively, it could be used as a small at-line monitor for fouling 

control and feed-back loop for process optimization in MBRs. In fact, as for the MFS for 

spacer filled channel, a small reactor representative of the hydrodynamics of the real 

system could be used as representative monitor of the full-scale operating plant. 

 

In this thesis work, the membrane biofouling monitor for spiral wound (MFS) was 

operated with low pressures using a UF membrane.  

• A new optimal version of the monitor should be operated at high pressures (10-60 

bar) with RO or NF membranes in order to simulate more realistic conditions and 

to study the impact of concentration polarization on biofouling development.  

• The system could be operated directly with seawater to evaluate the impact of salt 

on the biomass structure and hydraulic resistance. In fact, the salinity of the feed 

water will affect the biomass characteristic and the structural proprieties. 

• Cleaning cycles could be implemented in the experimental setup in order to 

visualize and assess on-line the effectiveness on removal of the deposited 

biomass. Moreover, through the analysis of the spatial distribution it would be 

possible to evaluate the specific response of the biomass deposited in each cycle 

as well as on different elements of the flow cell.  

 

In this thesis the OCT was mainly used as tool to monitor the biomass development in 

membrane filtration systems. Studying the biomass on-line is a necessary step for a better 

understating of the behavior and impact on the membrane performance. Nowadays, the 

research trend is keen in finding new strategies to control fouling. The approach used in 
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this study can be extended into the evaluation of the effectiveness of different control 

strategies.  

 

• Biocides are used in spacer filled channels to control and reduce biofouling. They 

can be used in continuous dosing or as shock dosage. The OCT is a potential tool 

to investigate online the effect of the biocide on the biomass deposited in the flow 

channel. In particular, the spatial distribution analysis could provide a new insight 

in the biocide mechanism of action.  

• The time resolved analyses could also be used to evaluate the efficacy of surface 

modified membranes (i.e. coatings). Several studies have investigated surface 

modification as a way to delay and mitigate the attachment of biofilms on a 

surface. The analysis of OCT scans allows assessing the eventual delay in the 

formation of the fouling layer on the surface and quantifying the difference in 

biomass volume deposited. Moreover the integrated approach applied for the 

autopsy of the membrane in MBR can be used to specifically characterize the 

activity and composition of a certain volume of compounds deposited on a 

surface. 

• The study conducted in the feed spacer channel reveled the importance of the feed 

spacer in the biofouling development. Recently, 3D printed feed spacers were 

proposed as a novel technique to test new spacer configurations to mitigate 

fouling development in spiral wound elements. The approach proposed in this 

thesis could be applied to characterize the spatial distribution of the deposited 
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biomass in the feed channel, allowing a better understanding and to rationalize the 

effect of the new proposed feed spacers geometry on the membrane performance.  

 

 

Coupling OCT with hydrodynamic simulation offers an advanced toolbox for 

analyzing membrane filtration processes in the presence of and formation of a fouling 

layer. In fact, on-line monitoring of the fouling evolution in membrane filtration provides 

a better physical understanding of the system, necessary for the optimization of the 

processes. The possibility of acquiring the biomass outline in-situ non-destructively 

opens new paths in terms of membrane modeling and performance prediction. The OCT 

monitoring can be used (i) to validate computational modeling and (ii) to propose and test 

new control strategies. Although in this thesis the computational approach was only used 

in the submerged system it can be extended to other configurations.  A natural next step 

is to apply this in spacer filled channels to evaluate the fouling deposition pattern and 

propose new spacer designs aiming to optimize the process and reduce the effect of 

biomass deposition on pressure drop. In particular, the thickness map can be used to 

quickly assess the pattern deposition in the flow channel while the 3D geometry can be 

directly imported in computational models.  

 

Although this study revealed the suitability and capacity of OCT in acquiring information 

directly in-situ non-destructively, much remains to be done to improve the quality of the 

OCT scans. With respect to other imaging techniques the quality of OCT raw images is 

lower, making image analysis of the biomass morphology a challenge. The speckle noise 
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characteristic of the interferometry technique represents the main bottleneck for the 

images segmentation. in fact, in the case of the spacer filled channel (Chapter 5), whereas 

different elements are present in the scans, the segmentation and quantification of the 

biomass developed in the channel were possible thanks to the method applied (consisting 

in the subtraction of the scan at time 0). However, this approach is possible only when the 

initial position is kept constant for the whole period of the observation, limiting the 

applicability of the monitoring tool. Therefore, there is a constant need in finding 

algorithms to reduce the OCT noise and correct eventual artifacts in the scans. The 

algorithm should be implemented in the pre-processing of the OCT scans in order to help 

and facilitate the acquisition of fouling structural information from each scans. 

Moreover, all the steps involved in the image pre-processing should be automatized (i.e. 

contrast adjustment, noise reduction, etc.). The automation is essential to compare data 

extracted from scans that belong to independent experiments, acquired by different users 

with different settings. 
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