
 

Advanced Monitoring and Characterization of Biofouling in Gravity-driven Membrane 

Filtration 

 

Thesis by  

Yiran Wang 

 

In Partial Fulfillment of the Requirements 

For the Degree of Master of Science 

 

King Abdullah University of Science and Technology 

Thuwal, Kingdom of Saudi Arabia 

 

©April 2016 

Yiran Wang 

All rights reserved 



 2 

EXAMINATION COMMITTEE APPROVALS FORM 

 

The thesis of Yiran Wang is approved by the examination committee. 

 

 

 

Committee Chairperson: Dr. TorOve Leiknes 
Committee Members: Dr. Pascal Saikaly, Dr. Chunhai Wei 

  



 3 

ABSTRACT 

Advanced Monitoring and Characterization of Biofouling in Gravity-driven Membrane 

Filtration 

Yiran Wang 

Gravity-driven membrane (GDM) filtration is one of the promising membrane bioreactor 

(MBR) technologies. It operates at a low pressure by gravity, requiring a minimal energy. 

Thus, it exhibits a great potential for a decentralized system, conducting household in 

developing and transition countries. Biofouling is a universal problem in almost all 

membrane filtration applications, leading to the decrease in flux or the increase in 

transmembrane pressure depending on different operation mode. Air scoring or regular 

membrane cleaning has been utilized for fouling mitigation, which requires increased 

energy consumption as well as complicated operations. Besides, repeating cleaning will 

trigger the deterioration of membranes and shorten their lifetime, elevating cost 

expenditures accordingly. In this way, GDM filtration stands out from conventional MBR 

technologies in a long-term operation with relative stable flux, which has been observed 

in many studies. The objective of this study was to monitor the biofilm development on a 

flat sheet membrane submerged in a GDM reactor with constant gravitational pressure. 

Morphology of biofilm layer in a fixed position was acquired by an in-situ and on-line 

OCT (optical coherence tomography) scanning at regular intervals for both visual 
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investigation and structure analysis. The calculated thickness and roughness were 

compared to the variation of flux, fouling resistance and permeate quality, showing 

expected consistency. At the end of experiment, the morphology of entire membrane 

surface was scanned and recorded by OCT. Membrane autopsy was carried out for 

biofilm composition analysis by total organic carbon (TOC) and liquid chromatography 

with organic carbon detection (LC-OCD). In addition, biomass concentration was 

obtained by flow cytometer and adenosine tri-phosphate (ATP) method. The data of 

biofilm components indicated a homogeneous biofilm structure formed after a long-term 

running of the GDM system, based on the morphology observation by OCT images. The 

superiority of GDM in both flux maintaining and long-term operation with production of 

high quality effluent was demonstrated, as well as the suitability of OCT for biofouling 

monitoring was emphasized.  
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Chapter1. Introduction 

The exploding population and improved living standard have boosted the water 

consumption for industrial and municipal use, which is accompanied with an increasing 

discharge of wastewater to the environment. Nowadays, water issue, for both scarcity and 

quality, has been brought to the forefront globally, with more concerns in stringent 

regulations, energy efficiency and expenditure saving. Therefore, innovative 

improvements are highly required and over the past two decades, the membrane 

bioreactor (MBR) technology, a combination of biological treatment with membrane 

modules, has got an enhanced application in wastewater treatment and reclamation1. As 

shown in Table 1 and Figure 1, the global market of MBR is expanding with a compound 

annual growth rate of 11.2% through 2005 to 2015, playing as a primary growth role 

among all advanced wastewater treatment systems, and is expected to be $777.7 million 

by 20192,3. 

1990 1995 2000 2005 2008 2010 2013 2014 2015 2019 
CAGR% 

2005-2015 
1.0 11.4 107.9 216.6 296.0 337.0 380.1 425.7 627.0 777.7 11.2% 

Table 1. Summary of membrane bioreactors market since 1990 (millions)2,3 
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Figure 1. Summary of membrane bioreactors market, 1990-20192,3 

1.1 Conventional membrane bioreactor technology 

Typically, the traditional activated sludge processes (ASPs) go through three stages 

including primary clarification of screened influent, biological process with activated 

sludge and secondary clarification for biomass settlement and removal (Figure 3). In 

MBR system, membrane modules are applied following the biological process4. Different 

configurations have been designed out according to the membrane functions:  

 

Figure 2. Conventional activated sludge process with three stages. 
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(i) Diffusive MBR (or aeration MBR in some literatures) increases the efficiency of 

bubbleless oxygen transfer and utilization by aerating gas under bubbling pressure, 

while introducing the membranes as carriers and maintaining a stable 

environment for the attachment and growth of microorganisms5.  

(ii) Extractive MBR feeds the wastewater into the lumen side of membranes apart 

from the activated sludge. Silicone or other hydrophobic membranes are 

especially used to select and extract contaminants with toxicity or low solubility 

into bioreactors for biodegradation6.  

(iii) Separation MBR or rejection MBR (rMBR) shows the most widespread 

application among three configurations. The membrane modules displace the 

secondary clarifier in conventional APS for solid/liquid separation. It provides 

filtered effluent of high quality by microfiltration (MF) or ultrafiltration (UF) with 

a pore size (average diameter) ranging in 0.1-10 μm and 0.001-0.1 μm 

respectively, rejecting microorganisms, colloids and dissolved macromolecules 

(e.g. proteins) in the sludge mixed liquor1. Without specification, the MBR 

discussed is rMBR hereinafter. 

The selection of membrane modules is a key factor in MBR package. Geometries 

including hollow fiber, flat sheet and tubular membranes are three representative modules 

in commercialization, mostly being prepared by polymeric materials like poly (vinylidene 
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fluoride) (PVDF), polyethylene (PE) and polyethersulfone (PES), etc7. Membrane 

modules coupled with bioreactors in two basic installments: placing membranes 

externally to the reactor as a sidestream MBR (sMBR), or integrating inside as an 

immersed (also called submerged) MBR (iMBR). The latter one also dominates a major 

market of MBR technology1,3.  

(i) The commercialized sMBR for shipboard wastewater treatment was first 

developed in Dorr-Oliver Company using the flat sheet UF membranes in late 

1960s, when the studies on MBR just started. Later on, more tests on the 

combined ASP and membrane separation systems in bench-scale had been 

reported, but all existed as sMBR with limited flux and membrane lifespan8.9. The 

separate MBR offers stable and reliable operation as well as easy membrane 

cleaning and replacement. The bio-treated mixed liquor from the bioreactor is 

pumped into the membrane separation system, with solids and macromolecules 

being retained by the barrier and liquid proceeding through the membranes into 

effluent, as well as the concentrated mixed liquor being returned to the reactor for 

reuse. Generally, the influent is operated at high flow rate in order to decrease the 

deposition of foulants onto membrane surfaces and maintain a stable flux, which 

may lead to higher energy cost. Meanwhile, the shear force caused by the 
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circulating pumps can destroy the microorganisms and weaken the biomass 

activity, reducing the treatment efficiency10.  

(ii) The iMBR emerged after 20 years. In 1989, Yamamoto et al. immersed the 

hollow fiber membrane modules into an aerated bioreactor with suction pumps for 

direct solid/liquid separation and effluent collection11. As of today, the removal 

efficiency, operation parameters and retrofitting of iMBR are still being widely 

studied. In iMBR, the majority of contaminants from raw wastewater have been 

decomposed, followed with effluent filtered through membranes under a 

minimized differential pressure by suction pumps or head water. In addition, the 

aerator below introduces oxygen to microorganisms for degradation of organics, 

with bubbles scouring the membrane surface to retard the settlement of foulants. 

Moreover, aeration in an intermittent model (i.e. suction of effluent at regular 

interval) also avoids membrane fouling and prolongs the operation period. 

Though with a bit more complicated operation in membrane cleaning and 

replacing, compared to sMBR, iMBR still shows remarkable strengths in less 

operating costs and energy consumption as well as simplified installments, thus 

possesses around 98% market of membrane bioreactor systems1,3,12,13. 

The costs of membrane have decreased rapidly and therefore MBR technology has been 

used for not only domestic and municipal fields, but also extensive applications in 
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hospital, agricultural, landfill leachate as well as industrial (e.g. petroleum, textile, 

mining, steel making, etc.) wastewater treatment4. Compared to other treatment processes, 

MBR technology shows significant superiorities mainly summarized as follows: 

(i) Stable effluent of higher quality, showing a suspension and turbidity close to zero and 

a strong rejection of the pathogenic bacteria and viruses due to the size 

exclusion12,14,15. The effective solid/liquid separation of membranes maintains a high 

concentration of biomass and facilities the thorough degradation of organics: a 

prolonged solids retention time (SRT) grows some slower-growing communities like 

nitrifying bacteria, thus improves the removal of ammonia and nitrogen 

compounds12,13; the steady condition satisfied the growth of microorganisms, 

enabling the continuous consumption of particulate, colloidal and macromolecular 

contaminants15. 

(ii) Reduced footprint. Shorter hydraulic retention time (HRT) enables a higher 

concentration of mix liquor suspended solids (MLSS), promoting the tolerance and 

efficiency of systems, allowing a lowered size of reactors as well as less aeration 

demand, hence less energy consumption16. 

(iii) Less net sludge production and decreased post-treatment cost. With longer SRT in 

MBR, the biomass concentration stabilizes with equilibrium between growth of 

microorganisms and consumption of endogenous respiration, and theoretically, no 
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excess sludge being produced17. 

(iv)  Optimized control. A requirement in adequate growth of solid particles (or flocs) to 

the minimum size (>50 µm) can be negligible with a split operation of SRT and HRT, 

countering the sludge bulking problems and showing potential in automation17. 

Nevertheless, compared to conventional biotreatment processes, the normal MBR is to 

some extent constrained in higher capital equipment and operating costs such as cleaning 

and fouling control. Membrane price as well, though decreased a lot during the past 

decades, is still of considerable proportion in total costs. Optimization of energy recovery 

and membrane preparation has partly offset these weaknesses. Besides, working on novel 

MBR configuration and reactor design can be also promising to promote MBR 

technology into more feasible and practical implementation1,3,4.  

1.2 Ultra low-pressure gravity-driven membrane system 

Gravity-driven membrane (GDM) system under ultra-low pressure is one of the 

beneficial developments for water treatment in a wide spectrum, with diluted wastewater 

and surface water included. There are several reasons behind the viability of GDM 

system. 

In the first place, strict legislation and regulation in both drinking and wastewater 

treatment also exert an influence on MBR expansion. The secondary treated water 
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followed with disinfection presents desirable removal of colloids and dissolved organics, 

albeit with a small amount of nitrogen, phosphorus and persistent organics. Discharging 

into the natural water system as a supplement is a general way out. Other directions 

involve agricultural irrigation and reclamation18. With sophisticated standards for water 

quality being revised and severe eutrophication arising, tertiary or advanced treatment is 

required for enhancing removal of nutrients. Different from the conventional MBR in 

secondary treatment process, tertiary or advanced phase only treats water with quite low 

biomass concentration but for more detailed and precise objectives. Accordingly, large 

investment and energy depletion are hardly necessary19.  

There is one more point researchers should touch, that the increasing capacity and 

broaden application of MBR also calls for centralized robust systems and facilities, which 

are often insufficient in developing and transition countries, causing lacking of adequate 

and microbiologically safe drinking water, leading to the use of untreated water (surface 

or underground water) with chemical or microbial pollutants20. Hygiene or sanitation 

problem of water sources is a leading cause of water-borne disease via microbial and 

toxic chemical (e.g. fluoride and arsenide) routes, being obligated to a large proportion of 

deaths in DC and TC21. For instance, 1.8 million deaths (3.1% of all annual deaths) are 

ascribed to the affection of diarrheal disease, while almost all are in developing countries 

especially with dense populations22. Solution to safe water supply in these regions varies 
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according to local policy and socio-economy, with the basic principle of sustainability 

and low costs in equipment and maintenance to bear in mind23. In addition, in the lightly 

populated rural areas including that in industrialized countries, centralized systems with 

auxiliary and time-consuming utilities stir conflict between economization and 

pleasurable water quality invariably. Typically, central strategies are seldom available in 

these cases for the following reasons: 

(i) Financial problems. Central infrastructure has to be shared and the wastage gradually 

exceeds the maintenance and proper operations because of the economies, and finally 

falls into disrepair24;  

(ii) Technical problems. Water treatment technology like slow sand filtration in these 

areas often fails to remove pollutants thoroughly and provide adequate safe water. Less 

knowledge in operation and maintenance such as regular washing of filter media has led 

to reduced treatment efficiency, let alone the impact of seasons and weather, when high 

rainfall enhance the turbidity of raw water and ruin the required flow rates24;  

(iii) Lack of hygiene education and health-risk perception as well as unequal information. 

Folks in rural regions are generally reluctant in cash contributions for such 

community-level supply infrastructures. Even in richer urban areas, where most of the 

poor people have noticed the importance of hygiene water and has been reported to pay 

more than richer people, most of the services are provided only to wealthy community25. 
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Compromising alternatives on these issues have been proposed in decentralized forms 

either for water quantity limitation or quality problems as summarized in Table 2 and 

Table 3. 

 

Table 2. Comparing of solutions in limited water quantity. 
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Table 3. Solutions practiced for water quality problems30,31. 

* Though for small village or several families with larger capacity than POU and POE, SSS is still distinctly 
smaller than centralized systems. 
** Technologies for decentralized systems are common and can be applied in all three systems. 
*** Refer to coagulation, flocculation and precipitation respectively. 
**** Membrane filtration not included in this part. 

Feasibility of these solutions has been verified in a slice of specific areas, but still failed 

in worldwide application in terms of either heavier burden on construction or unreliability 

of water quantity and quality. Hence more economic, portable and credible decentralized 

systems are required. The concept of MBR can be transplanted into this field by the 

combination of membrane technology with conventional decentralized systems. 

Considering the spread of humanitarianism and environmentalism as well as the 

blossoming technology, there exists a subtle balance between individual health concerns 
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and environmental sustainability, where GDM, an energy-saving approach, can play an 

important part in both advanced wastewater and household tap water treatment. 

The GDM filtration was first tested by the Swiss Federal Institute of Aquatic Science and 

Technology (Eawag)32. The system is operated under ultra-low pressure (40-60 mbar) 

with less maintenance compared to traditional UF systems20,21. In lab-scale test, the flux 

stabilization (2-20 L/m2) was reached without the need for backwashing and was 

assumed to be attributed to the formation of biofouling on the membrane surface33,34. 

1.3 Biofouling problems and fouling characterization 

As a derivative technology of conventional MBR, GDM system provides production with 

favorable quality and palatability, but also inherits drawbacks from MBR. The inevitable 

membrane fouling is a typical problem that hampers the extension of either centralized or 

decentralized MBR technologies, or even all of the membrane systems like naval surface 

ship35. The accumulation of foulants (e.g. solutes, colloids, microorganisms, biopolymers 

etc.) on the surface will negatively affect the functionality of system. The surfaces 

include membranes, pipes, heat exchanger, and even hull of the ship. In all water related 

industry, membrane biofouling is the major concerned issue because it mainly contributes 

the loss of membrane life and the consumption of membrane is one of the highest costs in 

operation36. Since the mid 1990s, research in membrane fouling has been a great interest 

in MBR studies, undergoing the observation of fouling process, exploration in fouling 
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factors and mechanisms, quantification with mathematical models as well as control 

and/or mitigation from materials and configurations, sludge characteristics, operational 

parameters and membrane cleaning, etc37,38,39.  

Membrane fouling is mostly attributed to pore blocking and cake layer formation and 

accumulation especially in UF and MF membranes. When some small colloidal and 

soluble organics, such as extracellular polymeric substances (EPS) and soluble microbial 

products (SMP), are flushed onto membrane surfaces, the small size ones will get stuck 

within the membrane pores causing pore blocking. On the other hand, large particles 

cannot go into the pores due to the size exclusion. However, a dense layer can be formed 

on the membrane surface causing increase in overall hydraulic resistance of the 

system40,41. 

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

understood and most problematic type of fouling in the MBR systems. In MBR systems, 

increasing the transmembrane pressure (TMP) under constant flux operation or reducing 

the permeate flux under constant pressure mode are direct consequences of the biomass 

deposition on the membrane. However, compared to the investigation of TMP, the 

analysis of biofouling structure and components is more straightforward to study 

membrane fouling41,42,43,44. 
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The characterization of biofouling can be carried out by attached microbial substances 

examination such as adenosine triphosphate (ATP) and soluble foulants evaluation like 

total organic carbon (TOC)45,46. A novel and thorough method, Liquid 

chromatography-organic carbon detection (LC-OCD) works as a tool to analyze colloidal 

and soluble organics in MBRs47,48,49,50.  

Direct observation of nature structure of biofouling on membranes is more 

straightforward. In this way, various observation techniques have been widely reported. 

Confocal laser scanning microscopy (CLSM) yields images to display the composition 

and architecture of biofouling by staining samples with fluorescent dyes. CLSM 

facilitates the acquiring of three-dimensional (3D) appearance and spatial distribution of 

distinguished constituents (i.e., proteins, polysaccharides, and cells) in biofouling matrix51. 

The feasibility of CLSM in different types of influent and systems has been proved. Sun 

et al. observed the components of biofouling in hollow fiber UF membranes for drinking 

water treatment and related these parameters to the membrane permeability52. However, 

during sample preparation such as dry (dehydrated) and confined (wet) mountings, 

mechanical altering the morphology and dimension of fouling layer is arisen53,54. Other 

techniques such as atomic force microscopy (AFM), scanning electron microscopy (SEM) 

and environmental SEM have also been reported in membrane biofouling study. Given 

that these methods are carried out by membrane autopsy and no more ordinary 
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information can be provided55,56,57,58, a time-resolved in-situ monitoring is demanded 

since the development of biofouling is a dynamic process, showing complicated evolution 

mechanism in relation to time and ambient conditions.  

Some online direct observation techniques have been proposed with a simple assembly of 

microscope and digital video camera59. Optical coherence tomography (OCT) has been 

used in biofilm monitoring in many studies, which surpasses others as an in-situ and 

non-destructive observation technique while maintaining the original appearance of 

object60,61. The technique is derived from the concept of tomogram, an image displaying 

the internal structure of a sample. Similar to other tomography, OCT generates slice 

images from series of depth scans by backscattering. The difference is that OCT takes 

advantage of the light coherence for high depth resolution based on low coherence 

interferometry (LCI) technique62,63,64,65. The improved depth resolution gets over the 

limitation of sites and distinguished OCT from conventional 3D scanning, as it enables 

the time-resolved imaging by achieving the scan of different points in a linear depth 

instantaneously and simultaneously66. The sensitivity and dynamic range of OCT 

provides abundant information in the structures, the constituents and the dynamic process 

of accumulation of biofilm or biofouling67,68. Its innovation facilities the further analysis 

in the thickness and roughness and porosity of fouling layers. Meanwhile, the automatic 

sampling of 3D images in real-time provides numerous data for computational fluid 
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dynamics (CFD) simulation, enabling study in mechanisms of biofilm formation as well 

as the mitigation and prevention of biofouling69,70. Dreszer et al. investigated the 

biofouling in NF and RO membrane filtration process by OCT and related the relevant 

parameters with the membrane performance. They observed an increased hydraulic 

resistance under thinner but denser biofilm triggered by an increased flux, which revealed 

the influence of not only the thickness, but also the structure of biofilm on compromised 

membrane performance67. Blauert et al. studied the dynamic deformation and mechanical 

properties of biofilm by applying different shear stress. They calculated the elongation 

and deforming angle of the biofilm structure from the images captured by OCT and 

introduced a possible cleaning alternatives by changing the shear stress for biofilm 

detachment68. Another study reported by Akhondi et al. quantified the OCT images by 

calculating the thickness, roughness and porosity of biofouling, and provided a viable 

method to relate the morphology with the filtration performance71. OCT generates 

cross-sectional images of the non-destructive biofilm samples with high resolution in 

real-time investigation, showing superiority in providing authentic information of biofilm 

for quantitative and dynamic analysis. 

The objective of this study is to monitor on-line the biofilm development in submerged 

GDM system for treating secondary wastewater effluent during the continuous operation. 

The biofilm growth was monitored in-situ for 43 days (six weeks) and 49 days (seven 
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weeks) respectively using the OCT. A detailed biofilm morphology image analysis was 

performed based on the OCT scanning, aiming at relating the biofilm morphology to the 

membrane filtration performance. Components measurement of biofilm layer was carried 

out by LC-OCD, TOC, ATP and flow cytometer methods at the end of operation, to 

further analyze the evolution of biofilm structure in a GDM system.  
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Chapter 2. Materials and Methods  

2.1 Immersed gravity-driven membrane filtration set-up 

A customized polysulfone (PS), ultrafiltration (UF), flat sheet (FS) type membrane 

module (PHILOS, Korea) with a corresponding area of 45 cm2 (9 cm × 5 cm) and 20 

KDa of molecular weight cut-off (MWCO) was manufactured by MemSis Turkey used in 

a submerged membrane reactor (SMR) (Figure 3). The module was labeled and divided 

into 15 parts for final membrane autopsy and soaked in DI water for 24 h prior to 

application. 

 

Figure 3. Flat-sheet membrane module. 
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Figure 4. Schematic drawing of SMR set-up coupled with OCT equipment used in this study. 

The membrane module was submerged and connected by Teflon tubing in a 70 cm-height 

tank (Figure 4). The system was operated in gravity driven mode under constant 

temperature at 20 ± 1 ˚C and permeate (or the effluent) was collected from the bottom of 

the tank. The synthetic secondary wastewater effluent was pumped continuously into a 

level regulator to keep the constant water level in the filtration tank for stable pressure 

head of 45 cm above the membrane, corresponding to 45 mbar (4.5 kPa). A 1 mL of 

activated sludge was initially added in the filtration tank to enhance the formation of 

biofilm on the membrane (to represent a SBR). The feed solution was recirculate. The 

whole system was covered with aluminum foil to avoid the growth of algae. The SMR 



 29 

system was run for 43 days and 49 days respectively in two following experiments. 

2.2 Feed water 

A synthetic secondary wastewater effluent (SSWE) was used as feed solution to grow the 

biofilm on the membrane according to Nopens et al72. 0.5 mL activated sludge collected 

from a lab aerobic AS system was added into the tank at the beginning. Based on 

different dilution ratio, the chemical oxygen demand (COD) of two experiments is 15 

mg/L and 7.5 mg/L respectively. The feed solution was refreshed every 7 days. 

2.3 Filtration performance 

The flux was calculated by weighing the collected permeate. Here, effective membrane 

area was 0.0045 m2. In addition, on-line flow rate was checked using a flow meter. The 

SMR system was operated under constant pressure by maintaining water head.  

The total hydraulic resistance (m-1, R) was calculate based on Darcy’s law: 

Rtotal = TMP/ (µ20 ˚CJ20 ˚C) 

where TMP is the transmembrane pressure which is 45 mbar constantly in this case, and 

µ20 ˚C is the permeate viscosity at temperature 20 ˚C, J20 ˚C is the flux measured in the 

experiment. 
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2.4 Biofilm monitoring and image analysis 

2.4.1 Optical coherence tomography (OCT) 

An OCT system with a central wavelength of 930 (Thorlabs, GmbH, Dachau, Germany) 

equipped with a 5X telecentric lens (Thorlabs LSM 03BB) was used for investigation. 

The OCT probe was mounted on a motorized frame (Welmex) allowing the movement in 

a system of coordinates with a precision of x and y and z. The scans (800 x 652 pixel) 

corresponding to 4.0 x 1.8 mm were taken at a fixed position during the entire experiment. 

Three kinds of sampling methods were carried out: 

(i) Time-series scanning for the first 24 h in every ten minutes to acquire the initial 

formation of biofilms; 

(ii) Routine sampling everyday in a fixed time to monitor the development and 

evolution of biofilm layer on membrane; 

(iii) Final investigation of the whole membrane by the end of both the experiments to 

check the distribution and homogeneity of the fouling layer and verify the 

representativeness of the specific monitoring position. 

2.4.2 Image processing and analysis 

In an image analysis, the OCT scans were preprocessed using FiJi (NIH, USA) software. 
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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 

represents 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 pixel from the top layer of biofilm to the membrane surface. 

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

were calculated according to Derlon et al33. 

 

where 𝑛 is the number of measurements and 𝑍𝑖 is the biofouling layer thickness (µm) 

in specific position. 
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2.5 Permeate effluent characterization 

The effluent quality was measured in regular intervals by LC-OCD. The samples were 

filtered by a 0.45 µm hydrophilic filter and the particle-free was delivered to an 

autosampler. The detector was a non-destructive UV-detector (UVD) followed with the 

organic carbon detector (OCD) and nitrogen detection49. 

2.6 Membrane autopsy and components analysis 

At the end, the membrane module with biofilm accumulation was taken out for 

membrane autopsy. Membrane autopsy was performed immediately by cutting the 15 

positions into pieces and removed into 15 centrifuge tubes with 30 mL DI water added 

prior in each. The 15 positions have covered around 80% of the whole membrane and are 

considered to be representative. Each piece with biofilm attached was vortexed and 

applied diverse operation (e.g. filtering, staining, etc.) for different composition analysis 

by LC-OCD, TOC, ATP and flow cytometer73.74.  
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Chapter 3. Results 

3.1 Flux reduction and stabilization 

The gravity driven membrane reactor was operated under a constant gravitational 

pressure of 45 mbar (4.5 kPa) supported by the water head for 43 days (six weeks) and 49 

days (seven weeks), respectively. A level regulator was installed to maintain the water 

level above the flat sheet membrane module as shown in Figure 3. During the whole 

experiment, a flow meter was used to log the data fluctuation while the weights of 

collected permeate were also measured every day. No backflushing, aeration, relaxation 

or disinfection were applied in order to acquire a pristine adjustment of gravitational 

influence on membrane biofouling 

Figure 5. Permeate flux pattern over the time (divided into four phases; phase I: 1st-6th day, phase II: 

7th-11th/13th day, phase III: 12th/14th-30th day, and phase IV: 31st-43rd/49th day). 
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Similar to some previous studies reported, stabilization of flux existed in the system after 

a period of running32,71,75,76,77. Figure 5 plots the variation of flux under constant TMP in 

two experiments. The flux change in both two experiments (E1 for the first experiment 

and E2 for the second experiment) shows the same trend and can be generally divided 

into four phases based on flux pattern. The flux decreased significantly during the first six 

days (phase I: 1st-6th day) from ~25 LMH to 4.5-6 LMH and stabilized at this value after 

11-13 days ultrafiltration (phase II: 7th-11th day and 7th-13th day). Then a slightly gradual 

decline was observed after 30 days (phase III: 12th-30th day and 14th-30th day) with about 

0.125 LMH/day of decreasing rate, and became stable afterwards (phase IV) at 2 LMH 

and 3.5 LMH till the end of the experiment respectively. The flux variation exists the 

similar pattern observed in a previous GDM system study reported by Akhondi et al71. 

Though flux stabilization has been observed almost in all GDM system cases in spite of 

different operating conditions, prior research on flux level demonstrates that the degree of 

flux stabilization can be quite different and depends on the operating temperature, 

hydrostatic pressure and influent properties etc71. Given that the gravitational pressure 

was maintained at 45 mbar as well as a constant ambient temperature and other 

operations, the different level of stabilized flux can be explained by the COD 

concentration of influent wastewater. In view of the halving concentration of influent in 

E2, it’s rational that the flux level in both stable stages (phase II and phase IV) are about 
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1.5-fold (6 LMH compared to 4.5 LMH in phase II and 3.5 LMH compared to 2 LMH) 

that in E1. In the GDM filtration study by Perter-Varbanets, feed water with varying TOC 

collected from river, lake and diluted wastewater were applied for flux test under the 

same hydrostatic pressure. The research found that the diluted wastewater with the 

highest TOC of 12.5 mg/L showed the lowest stabilized flux level at around 7 LMH, 

while the river water with TOC of only 2.5 mg/L reached the highest flux level up to10 

LMH, which is consistent with this study32. Moreover, flux reduction is resulted from 

membrane fouling in membrane filtration systems under stable TMP operation mode, and 

influent with higher concentration always contributes to severer membrane fouling. The 

similar high flux in the first day in both experiments also elucidates a similar membrane 

filtration condition in the initial stage, which then differed from each other due to distinct 

membrane fouling based on varying feed wastewater properties. 

The fouling resistance were calculated according to the flux and displayed with a 

converse trend as shown in Figure 6. The development of resistance is similar to the flux 

profile with four-stage phenomenon. Initially, the fouling resistance was primarily 

decided by the intrinsic resistance of membrane and was independent of the feed water 

concentration. In phase I, with sharply decreased flux, the fouling resistance increased 

evidently and turned into stable level in phase II, same as the tendency of flux. While in 

phase III, the growing resistance with gentle slope in E2 corresponds with the relatively 
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higher flux, whereas in E1, the resistance performed a greater increasing range and 

almost doubled the resistance in E2 at the end of this phase. It’s noticed that by the end of 

phase III (day 30), there was a visible drop in resistance similar to other GDM studies32. 

Flux stabilization always happens after the drop due to the balance between resistance 

decrease caused by biological induced structural changes and resistance increase caused 

by non-dissolved material deposition as well as irremovable fouling development78,79. 

After entering phase IV, both resistances stabilized in a limited range with occasional 

fluctuation in several days, matching with the variation of flux.  

Figure 6. Fouling resistance based on flux profile in two experiments (divided into four phases the same as 

flux profile). 

3.2 Biofilm formation and development 

The biofilm morphology was obtained from in-situ, on-line imaging by OCT during 

continuous operation. Time-series scanning was taken in the initial 42 h in every ten 
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minutes. Then routine scanning was carried out every day. 

3.2.1 Early stage accumulation of biofilm 

Figure 7 depicts several selected premier time-series images. The lightest layer shows the 

membrane surface. The surface fouling started until running the system for 15h. 

Considering the flat sheet membrane was installed vertically, the foulants just 

accumulated quite loosely as flocs on the membrane surface. The cotton-like biofilm kept 

moving in terms of deposition and detachment, then eventually covered the whole 

investigating area after 24 h in a porous morphology. As time goes by, the fouling layer 

developed in both thickness and density, which can be distinguished by the brightness. In 

the end of the time-series monitoring, a shaped thin biofilm existed but still in a loose 

structure.  

The flow rate changing in the first day was recorded by a flow meter and transformed 

into flux as depicted in Figure 8. Despite of some obvious fluctuation caused by the 

instrumental error, the trend of the flux was generally decreasing from 30 LMH to 10 

LMH，showing a large drop in the first 24 h. Since the surface fouling was quite thin and 

sparsely accumulated on the membrane, the sharp reduction of flux can be explained by 

the pore blocking, where solutes or colloids were adsorbed within/on membrane and 

triggered rapid rise in filtration resistance as well as strong decline in flux after an initial 

short-term running80. 
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Figure 7. Time-series scanning of the biofilm morphology in the first 42 h by OCT. 

 

Figure 8. Flux reduction in the first day of operation. 
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3.2.2 Biofilm development and evolution in morphology 

Figure 9 presents a set of 2D scans of the biofilm development over the time in both two 

experiments. The biofilm was observed on the membrane from the even first day. As have 

been discussed in section 3.2.1, the biofilm was extremely thin and fluffy during the first 

day, hence the selected set of routine monitoring starts from the second day and typical 

images in each phase are displayed according to the flux variation.  

Overall, the evolution of the biofilm layer in both experiments exhibits similar pattern, 

starting with a comparatively thinner and irregular attachment. Subsequently, a smooth 

and dense layer was detected in the bottom part of the biofilm by the end of phase I (day 

6), where the flux has dropped to a significant low level (Figure 5).  

From day 7, where phase II started and a short period of stable flux showed up, the 

fouling layer were subjected to the accumulation of materials in different size such as 

bacteria, colloids, particulate organics and inorganic substances81. Accordingly, the 

biofilm altered into quite loose and heterogeneous morphology. The lower dense layer 

was still maintained, but the upper part shifted frequently with time. The amount of 

biomass deposited on the membrane increased during this phase. After 11-13 days of 

operation, the porous structure of upper layer toward a more compact morphology, 

resulting in thickness decrease compared to the beginning of this stage.  
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Figure 9. Changes in biofilm morphology by OCT routine scanning over the time. 
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After entering phase III, the observed thickness of biofilm increased steadily. Meanwhile, 

with the retained organic substances on the membrane facilitating the growth of 

microorganisms and metabolism, increased excretion like EPS aggregated, filling the 

vacancy and squeezing the pores. Hence the biofilm layer became denser and more 

compact71, revealing the diminishing flux due to enhanced fouling resistance.  

In time of phase IV, The formed biofilm layer has been fairly stable and homogeneous in 

both cases, which is different from some previous GDM system studies, where 

heterogeneous structures of biofilm layers were observed by CLSM scanning and maybe 

on account of the destructive operation in sample preparation as well as the inoculation 

and predation of eukaryotes32. A recent research in diverse membrane modules applied in 

GDM filtration cells also supported the uniform fouling architecture formed in the final 

stable stage77. Although with similar topography and interval construction, there existed 

distinction in thickness development between two experiments during the final phase. In 

E2, compared to day 40, the biofilm layer got thinner but brighter in images at the end of 

the operation (day 49), indicating a condensation of the biofilm in to a highly dense layer. 

Nevertheless, In E1, a double layer biofilm structure with a dense layer on the bottom and 

a looser one on the top was formed. The thickness of dense layer was stable and not 

changing but whole biofilm layer increased compared to day 30. Afterwards, the biofilm 

morphology kept constantly with analogous thickness and shape.  
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On the other hand, when comparing the two experiments, the results showed that the 

thickness of biofilm layer of each day in E1 was almost all larger than that of the 

corresponding day of E2. The thickness in phase III and phase IV reached approximately 

1.5-2.0 times of that in the second experiment, corresponding to the flux level in the end, 

where the second experiment stabilized at a higher flux degree. The accumulation and 

compaction of the biofilm were also faster in E1 especially during phase I. However, a 

counter relationship appeared in phase II, where the fouling layer in E1 shows quite 

abnormal topography and clear-edged internal pores, while the fluctuation in E2 was 

gentler with loosely adhesive upper layer. And by the end of this phase, fouling 

substances in E2 has assembled into smooth and uniform layer (day 13), yet not in E1 in 

day 11. Above the fouling layer, visible particles were still accumulating on the fouling 

surface because of a higher nutrient concentration in feed wastewater but seemed not to 

affect the flux strongly (Figure 5). To sum up, the subsequent change in the biofilm 

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

GDM filtration operation.  

3.2.3 Biofilm quantification based on OCT image analysis 

To further quantify the biofilm on membrane surface, image analysis was carried out 

based on the approach described in section 2.4.2. To calculate the mean biofilm thickness, 

absolute and relative roughness presented in Figure 10.  
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Overall, different form flux and resistance, non-linear trend was noticed over the 

observation period in all three descriptors of both experiments, but with general 

consistency to the morphology changing captured by OCT in Figure 9. The thickness 

(Figure10a) increased over the time reaching 490 µm at the end of E1, almost doubled 

that in E2 where only 250 µm were reached on day 30 and kept ongoing decreasing 

gradually to around 200 µm in the end, corresponding to the direct observation of 

thickness in OCT. Both experiments elevated linearly in the first few days in thickness, 

where additional fouling resistance existed and flux dropped strongly in the first phase. 

Afterwards, with the foulants aggregating and biofilm compacting, the thickness 

decreased in a short period time in phase II, leading to a stable condition in flux, and then 

slowly increased when came into phase III. The trend of phase IV in E2 conforms to the 

image illustration in section 3.2.2, where the biofilm condensed and lowered the 

thickness. The values varying from 200 µm to 260 µm is quite a tiny range, thus 

contributing to a constant flux. Nevertheless, thickness changing in E1 was tricky as 

considering the flux stabilization, because the thickness kept going up from 352 µm (day 

31) to ~490 µm in the last few days. The higher COD concentration can be a 

consideration. Besides, taking a panoramic view of the whole tendency, there was a peak 

in day 7 (phase II), where the thickness arrived at 280 µm, larger than most of that in the 

initial part of phase III. But the flux in phase II was still obviously higher than phase III, 

indicating that the thickness is not a definite decision to the flux. The similar trend found 
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in E2 also demonstrates this. 

(a)  

(b)  

(c)  

Figure 10. Biofilm descriptors calculated for each obtained routine scan from OCT: (a) thickness, (b) 

relative and (c) absolute roughness. 

Combing with the results of absolute roughness and relative roughness (Figure 10b, 10c), 

the integral effect of biofilm morphology on flux can be explained more clearly. As 

shown in Figure 10b, the relative roughness coefficient started with comparatively 
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fluctuating shape and higher value varying between 0.2-0.4, indicating the heterogeneous 

of biofouling layer. After around 22 days filtration, this coefficient in both E1 and E2 

stabilized at the value varying between 0.05-0.1, suggesting a constant and homogeneous 

biofilm structure. Therefore, though the biofilm layer in E1 became thicker all the time in 

the final stage, the uniform structure with stable porosity was assumed to work as a 

second membrane and played an efficient part in filtration and flux stabilization. In phase 

II, although an improved thickness was obtained, the influence on flux has been partly 

offset by more porous structure with less resistance indicated by the higher coefficient, 

thus higher flux was guaranteed compared to phase III. Moreover, during around day 6 to 

day 15, an evident reduction trend was noted in either absolute or relative roughness, in 

accordance with the biofilm homogenization in routine images, which has initiated its 

role as the second filtration layer, clarifying the mitigation in flux decline after phase I to 

some extent. Additionally, it’s important to notice that there was a prominent jump of 

roughness in E2 during day 17 to day 20, illustrating an existed heterogeneous structure 

in biofilm, which was expected on its way to uniformity. Considering the dynamic 

process of fouling development and the possible existence of eukaryotic predation, it’s 

reasonable displaying such kind of abnormal phenomenon33, besides it didn’t hamper the 

steadiness of flux due to the smaller thickness during this time. 

The variation of thickness and roughness strongly supports as well a dynamic change of 



 46 

biofouling layer during GDM filtration. The combined information is important and 

completed to link the morphology of biofilm to flux.  

3.3 GDM removal efficiency and filtration performance 

The effluent quality was monitored regularly in terms of organic substances by LC-OCD 

as presented in Table 4 and Figure 11. 

LC-OCD was based on size and chemical functions. The biopolymers is composed of 

substances in high molecular weight and can be rejected by the UF membrane used 

during the experiment. Building blocks and humic substances with molecular weight 

cut-off around 10kDa, are smaller than the membrane. The size of low molecular weight 

substances are around 300Da, so in theory, these substances couldn’t be rejected by the 

membrane. But by the end of the experiment, The DOC was only 835 µg/L in the end, 

reflecting a high removal of the organic material. The concentration of humics and LWM 

neutrals also lowered over the operation time from 155 µg/L and 883 µg/L to 55 µg/L 

and 456 µg/L respectively. Moreover, the low molecular weight neutrals also reached a 

negligible value, so we can assume that the homogeneous and dense biofilm layer after 

phase II can work as a second filtration layer and kept these substances. 

Furthermore, at day 8, nearly all fractions had increased concentrations. There was 

almost no difference in biopolymers (74-64 µg/L) and polysaccharides (64.38-64 µg/L) 
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and even slightly elevation in building blocks (41-63 µg/L). Overall, the organic 

substances were mostly retained by membrane filtration and the lowered concentration 

suggests the filter function of biofilm layer82. 

Table 4. Characteristics of permeate by LC-OCD. 

 

Figure 11. LC-OCD of supernant and permeate samples collected at regular intervals during the 

experiments. 
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3.4 Membrane autopsy and components analysis 

In the end of the second experiment, a final characterization of biofilm morphology was 

operated by OCT scanning almost the entire surface and the module was then taken out 

of the cell. Membrane autopsy was performed immediately by cutting the 15 positions 

into pieces and removed into 15 centrifuge tubes with 30 mL DI water added prior in 

each. The 15 positions have covered around 75% of the whole membrane and are 

considered to be representative. Each piece with biofilm attached was vortexed and 

applied diverse operation (e.g. filtering, staining, etc.) for different composition analysis. 

3.4.1 Composition of fouling layer 

The average organic substances and microorganism concentration of the whole 

membrane by LC-OCD, TOC, FCM and ATP methods are depicted in Table 5.  

Table 5. Organic substance composition, cell count and ATP concentration in biofilm. 



 49 

The measurement of biofilm components shows that the concentration of dissolved 

organic carbon was 107, and total organic carbon was higher, which was 127. 

Concentration of biopolymers was relatively low, and can be resulted from the 

degradation during system operation, and contributed to part of the low molecular weight 

neutrals83. The high concentration of LMW neutrals indicate again the role of biofilm 

layer in working as a second filtration. The standard deviation of each descriptor is in 10% 

range, which indicates the similar condition of each sample and also prove the 

homogeneous structure. 

3.4.2 Homogeneity of biofilm morphology  

Final image scanning by OCT showed homogenous biofilm layer of the whole membrane 

(Figure 12). Image analysis to calculate the thickness and roughness of each position 

followed the same procedure as section 3.2.3. 
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Figure 12. OCT images of 15 positions for final characterization of biofilm layer. 

Despite of the uneven membrane surface, the biofilm layer in 15 points appeared similar 

thickness and homogeneity deposited on the membrane, encouraging the 

representativeness of the fixed point chosen for routine scanning. Table 6 and Figure 13 

illustrate the three descriptors of biofilm morphology. The average thickness of each 

location was ranging from 218 µm to 245 µm, corresponding to the final average of the 

fixed points in Figure 10a. The relative and absolute roughness was varying from 0.018 

to 0.052 and 4.45 µm to 11.56 µm. In view of the micro-scale magnitude, the variation 

was extremely tiny. Recalling the relative roughness and absolute roughness both 

stabilized in phase IV at around 0.05 and 8 µm, the similar average roughness of the 

biofilm layer indicates a homogeneous structure of biofilm layer formed in the end. 
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 (a) 

 
(b)                                  (c) 

 

Figure 13. Plot of morphology information of 15 positions: (a) average thickness (µm), (b) relative 

roughness and (c) absolute roughness (µm). 

Average thickness (um) Relative roughness Absolute roughness (µm) 

228±7 0.031±0.05 6.95±0.96 

Table 6. Average thickness and roughness of entire biofilm layer. 

Both OCT and components results can prove the representativeness of this fixed position, 

so the above analysis about the biofilm formation and evolution and their link to flux are 

reliable and credible. 
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Chapter 4. Discussion 

In this study the biofilm development in a GDM system was monitored in-situ, on-line 

using OCT scanning. The approach adopted in this study allows studying the biofilm 

development on flat-sheet membrane under gravity-driven operation. A detailed image 

analysis was therefore performed to obtain the biofilm structural information. The biofilm 

morphology deposited on the membrane investigated different phases over the time 

involving significant structural changes. The biofilm layer morphology was then related 

with flux decrease. 

During the operation of gravity-driven membrane system, the flux decreased due to the 

biomass development. After 30 days running, the flux stabilized at a certain level range, 

which is not agree with other MBR systems, countering the concept of “TMP jump” in 

most fouling studies. A dynamic evolution of the biomass deposited on the membrane 

was confirmed by OCT scanning. Acquirement of morphology descriptors (i.e. thickness, 

relative roughness, absolute roughness) matched well with flux and resistance variation. 

4.1 Importance of in-situ monitoring of biofilm formation 

Commonly applied methods to analyze biofilms deposited on the membrane surfaces are 

mostly ex-situ and destructive: either the removal of membrane itself or the biofilm from 

the membrane. Biofouling diagnosis in membrane-based water treatment systems is 
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usually based on flux or TMP measurements47,48 and membrane autopsies involving 

destructive opening and direct inspection of the membrane. As consequence of these 

procedures, the biofilm samples used to be damaged or contaminated, and their structure 

is changed51,52,53.  

The OCT has recently gained attractiveness in the biofilm characterization as a 

non-destructive technique. The possibility to observe an area in the millimeter range 

(mesoscale) is a main feature of the OCT, whereas other imaging techniques (i.e. CLSM 

and SEM) have a higher resolution, the area enable to observe is too small to comprehend 

biofouling behavior affect the membrane filtration processes84. Morgenroth et al. 

emphasized the importance of structure to understand biological mechanisms85. The 

observed area can be extended even up to 1.5 cm2 by using the OCT with a lower 

magnification lens (Thorlab LSM04), therefore the approach could be extended to 

understand the biofilm behavior at more macroscale. 

Recently, the OCT has been used to investigate the impact of biomass in the membrane 

filtration processes. Filtration performance losses were closely linked to biofilm thickness 

obtained from OCT images analysis68. Wibisono et al. utilized the OCT for assessing the 

efficiency of two-phase cleaning flow in membrane fouling simulator86. In another study, 

compaction and relaxation of biofilm with changes in permeate flux were analyzed 

through 2D OCT scans87. West et al. also correlated the amount of biofilm to the feed 
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channel pressure drop by analyzing 3D OCT datasets88.   

4.2 Possibility of accurate observation of biofilm layer and development phases 

The main advantage of gravity driven membrane filtration is the acquirement of permeate 

without any additional pumping energy. The low-pressure head reduces the possibility of 

excessive cake layer formation on the membrane1. As stated by Peter-Varbanets, the flux 

under gravity driven operation with diluted wastewater tended to stabilize reaching a 

stable flux32. Chomiak et al. linked the flux stabilization in gravity driven UF system with 

the extent of foulants removal80. Zheng et al. operated a gravity driven MBR 

continuously without cleaning for more than 3 months89. Recently, as shown by Akhondi 

four different phases were observed in the gravity driven filtration operation. In this study, 

the same trend (four phases) was observed, with the achievement of a stable flux of 2-3.5 

LMH in the stable phase (Phase IV as shown in Figure 5). A slight increase was observed 

in the second phase and it is comparable to the one observed with analogous experimental 

condition (40 mbar and 21 ˚C) by Akhondi et al71.  

As confirmed by monitoring a fixed position for almost 50 days in this study, the biofilm 

evolved dynamically over the time with changes of its structure (Figure 9). Different 

morphologies were also observed. At the early stage corresponding to the first phase the 

biofilm showed an irregular structure. It was assumed that a thicker porous biofilm 

structure formed during the phase II collapse to a dense layer with a consequent reduction 
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of void spaces (phase III).  From 14th day to 30th day, the amount of biomass deposited 

on the membrane increased with a subsequent rise of the thickness (phase III). In this 

phase the biofilm layer showed a dense and compact morphology. From 30th day to the 

end of operation, the biofilm revealed a double structure, with a dense layer on the 

bottom and a looser one on the top. Even though the overall biofilm thickness increased, 

the lower dense layer maintained the same thickness observed at the 30th day. The 

increase in overall thickness was resulted from the formation of a porous layer on the 

upper layer. Hence the stable flux could be associated only with the lower dense layer 

that remained constantly after 30 days of operation. The upper loser biofilm layer could 

not influence the resistance. 

This study also confirms the dynamic evolution of the biofouling layer previously 

observed in literatures32,33,90. The bacterial activity is capable to alter the distribution of 

the biofouling layer. Recently Akhodi et al. linked the shift of microbial community 

composition over the time to different biofouling morphologies. According to these 

studies some microbial species propagates leading to different structure and the predation 

activity may generate waste material that could have reduce the porosity occupying void 

volume71. 

4.3 Acquisition of various biofilm descriptors 

Several techniques have been used to characterize and describe the biofilm structure 
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deposited over a membrane. The SEM allowed obtaining information about the upper 

surface at the microscale. CLSM allows the qualitative analysis of the components 

imbedded in the biofilm matrix through the use of fluorescent dyes. However all these 

techniques are not suitable for time series study being destructive and ex-situ. The 

information about the biomass structure is gained just once at the end of the experiment51. 

On the contrary, the OCT enables to study the development of the monitored area under 

continuous operation by in-situ and on-line monitoring. Moreover, the OCT is able to 

provide the depth profile of the biofilm, which is necessary to study the internal structure, 

through the use of backscattered light. 

In this study the biofilm morphology under gravity-driven operation observed four phases 

over the time involving significant structural changes shown in Figure 9. For better 

understanding of the dynamic biofilm layer evolution, a detailed biofilm image analysis 

was performed on each acquired scans (Figure 10).  

As reported by Derlon et al., the biofilm thickness is usually used to quantify the amount 

of biomass in a filtration process33. Due to the heterogeneous and dynamic structure of 

the biofilm, additional descriptors have been proposed for accurate quantification of the 

biofilm deposition on the membrane91.  

The thickness (Figure 10a) showed a non-linear trend with the first peak 149 μm at Day 7, 

however the enhanced raise is due to the presence of holes in the biofilm. In fact, the 



 57 

biofilm thickness was not considering the presence of void space under the biofilm layer, 

not distinguishing between empty and filled pixel. Therefore the thickness just 

represented a limited amount of biomass for porous morphology observed in phase II.  

The biofilm development was monitored non-destructively in-situ online for entire 

experimental period. The setup was designed to allow the biofilm observation through the 

OCT probe. During the whole period of observation a fixed position (4.0 mm2) was 

monitored without moving and thus biofilm sample was not affected. This approach 

allowed obtaining a time lapse of biofilm development on a submerged flat sheet 

membrane under continuous operation to a precise position. Hence, it was possible to 

gain real-time information on the biofilm structure and relate it to the change in the flux 

profile.  

Future studies in GDM system and OCT should focus on retrofitting of configurations for 

higher efficiency as well as further analysis in fouling mechanisms by either CFD 

modeling or distribution of foulants analysis. Hollow fiber membrane can be an optimal 

choice for membrane autopsy as regular intervals. At some special points of morphology 

changing observed by OCT, a further investigation of specific components of the biofilm 

can be quite promising.  
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