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ABSTRACT 

Investigation of the Effect of Operational Parameters on the Fouling 

Development and Control in a Membrane Photobioreactor for the Treatment 

of Simulated Secondary Wastewater 

 

Andres Felipe Lamprea 

 

The release of water effluents rich in nutrients such as nitrogen and phosphorus without 

adequate treatment represents environmental and human health concerns. Growing 

concerns about these impacts have resulted in increasingly stringent water quality 

regulations that encouraged the adoption of advanced treatment processes. Microalgae-

based advanced wastewater treatment has gained momentum owing to its well-known 

advantages for advanced wastewater treatment, including the recovering of nutrients for 

the production of fertilizers, biofuels and fine chemical from microalgal biomass. 

Nevertheless, the progressive membrane fouling and permeate flux declining hamper the 

large-scale commercialization of membrane photobioreactors (MPBRs) in the wastewater 

sector. In order to get a further understanding of the fouling mechanisms and antifouling 

control strategies, this study investigated the effect of the hydraulic retention time on the 

fouling development, and the effect of different physical fouling control strategies in the 

fouling mitigation. 
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A synthetic secondary effluent was continuously fed to three MPBRs operated at different 

HRTs (12, 24 and 36 hours). Different fouling behaviors were found as the HRT changed, 

which was confirmed by continuously monitoring the transmembrane pressure (TMP) and 

by measurements in the biomass and its algal organic matter (AOM) properties. Lowering 

the HRT resulted in higher fouling rates due to changes in the biomass and AOM 

properties. Higher HRTs led to lower fouling rates and to a lower organic rejection across 

the membrane. The retention of small-MW organics in SMPBR12h was found to exacerbate 

the fouling resistance, whereas the accumulation of large-MW biopolymers enhanced the 

rejection of organics, despite of not imparting significant resistance in SMPBR24h.  

In order to assess the impact of different physical fouling control strategies, namely 

relaxation, backwash and air scouring, OCT in-situ monitoring was employed in MPBR12h 

to provide real-time information of the fouling layer properties (thickness and relative 

roughness) and its interaction with the membrane surface. Different fouling mechanisms 

were observed under different fouling control strategies. MPBRRLX and MPBRBW 

presented similar fouling rates despite of the lower permeate productivities of the latter. 

The lowest fouling rates were observed in MPBRSC, where  stronger interactions between 

the membrane and small-MW organics and particles was observed.  
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CHAPTER 1: INTRODUCTION 

 

1.1. LITERATURE REVIEW 

1.1.1. Recent trends in membrane technology for wastewater 

treatment 

1.1.1.1. Wastewater and conventional treatment 

The release of wastewater directly to the environment without adequate treatment has 

detrimental impacts on human health, economic productivity, and in the quality of 

freshwater resources and ecosystems. The decomposition of the organic matter contained 

in untreated wastewater leads to nuisance conditions and to health risks associated with the 

numerous pathogenic microorganisms and toxic compounds. Wastewater also contains 

nutrients, which can stimulate the growth of aquatic plants, which has harmful effects in 

the aquatic life. Failures in the wastewater management cycle represent a major social and 

environmental problem which hampers the efforts towards achieving a sustainable 

development [1, 2].   

As the global demand for water has increased, the quantity of wastewater produced and its 

overall pollution load have been boosted worldwide. This becomes especially relevant in a 

context where around 80% of all wastewater is discharged without treatment, and where 

ensuring the availability and adequate management of water and sanitation has been 

recognized as one of the Sustainable Development Goals [1].  
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Due to the global water and energy challenges, wastewater has acquired importance as a 

sustainable and cost-efficient source of water, products and energy. This has played a major 

role in shifting the wastewater management approach towards a paradigm of reuse, recycle 

and resource recovery. The potential benefits of this paradigm have implications on food, 

climate change mitigation, energy security, economy and human and environmental health. 

The recovery of nutrients, mainly phosphorus and nitrogen, and energy can add new value 

streams, improving the economic performance of the process [1]. 

Wastewater treatment employs a combination of physical, chemical and biological 

processes in order to remove wastewater constituents. In preliminary treatment, large solids 

that may affect the treatment performance are removed. In primary treatment, physical 

operations such as sedimentation are applied, seeking the removal of the floating and 

settleable materials present in wastewater. The advanced primary treatment employs 

chemicals in order to enhance the removal of suspended solids and, to a lesser extent, 

dissolved solids. The secondary treatment achieves the removal of the organic matter and, 

in a lower degree, nutrients and micropollutants, through biological and chemical 

processes. The advanced or tertiary treatment uses a combination of unit operations and 

processes to remove residual suspended solids and other constituents such as nutrients that 

are not reduced significantly by conventional secondary treatment [2, 3]. 

 

1.1.1.2. Membrane bioreactors, current status and tendencies 

The use of membrane bioreactors (MBRs) in wastewater treatment is a perm-selective 

process that associates biological reactors with membrane separating processes. The treated 
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water passing through the membrane is termed the permeate and those constituents 

rejected, such as biomass and suspended solids, are termed retentate [3-5].  

The membrane materials used in wastewater treatment have a broad range of 

configurations based on their composition, pore size and structure and surface charge. 

Polymeric and ceramic membranes used in wastewater treatment can be classified based 

on their pore size as microfiltration (MF) and ultrafiltration (UF), with average pore size 

diameters ranging from 0.1-10 μm and 0.001-0.1 μm, respectively. Commercial UF and 

MF membrane materials span the range of fully hydrophobic such as cellulose acetate (CA) 

membranes, to fully hydrophobic such as polytetrafluoroethylene (PTFE). The most widely 

used materials for wastewater treatment include polysulfone (PS), polyethersulfone (PES), 

polyacrylonitrile (PAN) and polyvinylidene difluoride (PVDF). Flat sheet, hollow fiber 

and tubular membranes are the most common used geometric configurations for 

wastewater treatment, although other configurations such as spiral-wound and pleated filter 

cartridge are available in the market [3].   

MBRs can operate with submerged or side-stream modules. In the first case, a membrane 

module, located inside the biological tank or in an external filtration tank, removes the 

permeate by suction, while the draw solution has no direct crossflow. A side-stream reactor 

circulates the draw solution into an external membrane module by the use of a recirculation 

pump, the velocity caused by the recirculation generates a flow tangentially across the 

membrane surface [5, 6]. 

The use of MBRs in wastewater treatment is a mature technology, registering an annual 

growth rate of 12.8% between 2014 and 2019, and an expected capacity of 5 million m3 of 

wastewater per day for 2019, representing a market of $777.7 million [7]. The application 
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of this technology has rapidly grown due to its advantages in comparison to the 

conventional biological treatment. These advantages include a lower footprint due to the 

elimination of the clarification and biomass recirculation steps required in conventional 

systems and their capability to generate more stable and high-quality effluent 

independently from the biomass settleability characteristics. Furthermore, they enable to 

decouple the solids retention time and hydraulic retention time (HRT), allowing higher 

loading rates while having a lower surplus sludge production, which reduces the sludge 

treatment and disposal costs [4, 5, 8]. 

Despite the wide application of the MBR technology within the wastewater treatment 

sector, the process exhibits a higher energy demand compared to the conventional 

biological process. The average specific energy requirements in a MBR operation ranges 

between 0.4-1.6 kWh/m3, depending on the size and operating conditions, whereas this 

value ranges between 0.3 and 0.6 kWh/m3  in a conventional biological process [7]. 

Membrane fouling, caused by deposition of biomass, suspended solids and other cells 

debris on and within the membrane, leads to an increase in the transmembrane pressure 

(TMP) and to a decline in the permeate flux. As a result, higher aeration rates and more 

frequent physical and chemical membrane cleaning are required in order to maintain the 

production by restoring the membrane permeability. This increases the energy 

requirements and therefore, the operational costs, being one of the major challenges that 

burdens the economic feasibility and large-scale application of MBRs [4, 7, 8].  In fact, 

Gil, et al. (2010) studied the energy consumption two MBR systems and found that the 

coarse bubble aerator represents 33 to 44% of the total energy consumption, followed by 

the mixer, inlet pump and permeate pump [9]. 
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1.1.1.3. Tendencies and current status of nitrogen and phosphorus 

removal in wastewater 

Potential eutrophication is among the main constrains for secondary municipal wastewater 

reuse. It is caused by high concentrations of nutrients, particularly in the forms of NH4
+-N 

and NO3
−-N, and phosphorus in the form of PO4

3−-P in the water effluents. It leads to 

microalgal blooms that deplete the dissolved oxygen, increase the turbidity, odor and cause 

the loss of important species, resulting in the degradation of freshwater ecosystems [10, 

11]. Growing concerns about eutrophication had led to increasingly stringent water quality 

regulations that have encouraged the adoption of advanced tertiary treatment processes for 

further removal of nutrients beyond the secondary treatment. This has led to the adoption 

of new technologies to comply with the acceptable limits of nutrients concentration and to 

prevent the eutrophication in aquatic environments [12].  

The most common process used in municipal wastewater plants for nitrogen removal is 

known as the Modified Ludzak-Ettinger process, which consists of anoxic and aeration 

tanks located in series that carry the complete aerobic oxidation of ammonia to nitrate, 

followed by the conversion of nitrate into nitrogen gas by an anoxic respiration process 

that employs organic substrates as carbon and electron source and nitrate as terminal electro 

acceptor [2, 13]. 

In biological phosphorus removal or enhanced biological phosphorus removal, the 

phosphorus in the wastewater is incorporated into cell mass to excess levels higher than 

the required for the cell maintenance and synthesis. This is achieved by using anaerobic 

and aerobic reactors in series, to encourage the growth of phosphorus accumulating 
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organisms (PAO). The phosphorus contained in the biomass is removed from the process 

as a sludge and then extracted through wet-chemical processes, using strong acids or alkalis 

[2, 13, 14]. 

Tertiary processes require larger land areas and higher inputs of energy and chemicals 

derived from additional aeration, recirculation and substrate requirements, leading to an 

improvement of the effluent quality, but causing deleterious impacts in the environment 

and in human health, mainly related to the emission of greenhouse gases and to the release 

of chemicals into the environment. A life cycle analysis of the process demonstrates that 

the benefits of eutrophication reduction achieved by the advanced nutrient removal are 

diminished or reversed by the increase of other indirect impacts in climate change and 

toxicity [12]. Due to the high energy and capital cost associated with conventional tertiary 

treatment, less energy-intensive processes such as partial nitritation–anammox (CANON), 

nitrite shortcut (NSC) and struvite crystallization (SC) have been encouraged [15], as well 

as processes for the recovery of nutrients in the form of biofertilizers or products such 

biofuels, or bio-oils in Membrane Photobioreactors (MPBRs) [11, 16-18]. 

 

1.1.2. Membrane photobioreactors 

1.1.2.1. Process description 

In the last decades, the use of diverse groups of microalgae for the production of biofuels 

has gained momentum as the increasing environmental constrains have encouraged the 

adoption of close-loop systems of materials and energy utilization, which aim at 

minimizing minimizing the environmental impacts and maximizing the use of energy and 

valuable materials. The traditional algal cultivation systems for biofuels production 
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included mainly open ponds (OP) and conventional photobioreactors (PBRs). OP 

presented challenges such as water losses via evaporation, large space requirements and 

external contamination of the biomass. PBRs can be seen as the second-generation 

cultivation system, designed to tackle the existing challenges in OPs by improving the 

photosynthetic efficiency and reducing the footprint of the process. However, both systems 

present challenges related to poor biomass settleability, washout and harvesting limitations. 

In facts, it is reported that harvesting and isolation of products from the microalgae cultures 

represents 30 and 40% of the total biofuel production cost, respectively. This burdens 

severely the capital and operational costs of the process [19].  

Due to the nature of the cell algal size and to its low density, settleability and relatively 

slow growth in media, conventional separation processes such as centrifugation and 

flocculation present high a capital and operational cost. Therefore, the incorporation of 

membrane technology to the process has been proposed as a feasible alternative due to its 

lower cost and higher simplicity. MPBR technology combines a conventional PBR with a 

membrane process to achieve a complete separation of the algal biomass from the liquid 

media [16, 19].  A typical MPBR is comprised of an enclosed PBR with a submerged or 

side-stream membrane (usually hollow fiber/flat sheet and MF/UF) that carries the solid-

liquid separation (Figure 1), tackling issues related to biomass washout and allowing the 

decoupled control of the solids retention time (SRT) and hydraulic retention time (HRT). 

Its design aims to enhance the light accessibility to the biomass by using high surface to 

volume ratios and to provide an efficient mixing of the biomass [16, 20]. 

A high consumption of fertilizers represents a second bottle neck in the algal cultivation 

systems. Without the replacement of energy intensive commercial fertilizers, the 
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environmental and economic performance of micro-algal biofuel production is unlikely to 

be competitive compared to traditional fossil fuels in the near term. In fact, these chemicals 

have been reported to contribute up to 30% of the total energy use of the process [21]. 

Therefore, there is an increasing need to improved access to low cost, low-energy intensity 

nutrient (nitrogen and phosphorus) sources. The use of wastewater has been proposed as a 

method to reduce the production costs since it contains the chemical components necessary 

to the algal growth, such as carbon, nitrogen and phosphorus. Furthermore, environmental 

benefits derived from the wastewater treatment and the absorption of CO2 enhance 

environmental performance of the process when analyzed through methodologies such as 

life cycle assessment [17, 21, 22]. In fact, it has been reported that up to 5 billion gallons 

of algal biofuel per year could be generated from the municipal wastewater in the U.S [21]. 

Microalgae-based advanced wastewater treatment has gained momentum owing to its well-

known advantages for advanced wastewater treatment, including:  

1) Simultaneous nitrogen and phosphorus removal via photosynthetic assimilation, 

which can be recovered for the production of fertilizers, food, biofuels and fine 

chemical from microalgal biomass [10, 11, 16]. 

2) Increased dissolved oxygen (DO) concentration:  when nutrients are removed 

through the photosynthetic pathway, large amounts of oxygen are released into the 

water solution, increasing the DO concentration up to 100-400% of saturation 

levels. This enhances the removal of smells and can be used as complementary DO 

elevation for aerobic oxidation of organic matter by heterotrophic bacteria, 

enhancing the capital performance of the energy-intensive aeration process [10, 11, 

16]. 
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3) Environmentally friendly process: it does not require addition of chemicals and 

serves as CO2 leading to a mitigation strategy for climate change [10, 11, 16]. 

4) It can be used for the removal of heavy metals, including Cu2+, Zn2+, Fe3+, Al3+, 

Mn2+, Ca2+, Mg2+, K+ and Na+, which have been reported to be removed by different 

pathways such as biomass absorption and adsorption, detoxification by 

metallothioneins, complexion by chelatins and polysaccharides, or alkaline 

precipitation. Adsorption is the most contributive pathway to metal ion removal, 

allowing the recovery of the metal ions through biomass harvesting [10]. 

 

Figure 1. Schematic diagram of MPBR system [16] 

Gao et al. (2016) [23] evaluated the performance of two membrane photobioreactors 

(MPBRs) cultivated with Chlorella vulgaris and Scenedesmus obliquus for continuous 

microalgae cultivation and nutrients removal from aquaculture wastewater. The authors 

calculated a required HRT of 5 days using a traditional Photobioreactor (PBR) to keep the 

microalgae from washing out, leading to a productivity of 7.3 mg L-1d-1. In contrast, using 

a MPBR with PVDF hollow-fiber microfiltration membranes as solids-liquid separator 
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allowed higher nutrient loading rates without washing out the algal cells, reaching 

productivities of 42.6 mgL-1d-1 (around 5.8 times higher) at an HRT of 1 day [23]. It is 

widely accepted that decoupling the HRT and SRT allows higher biomass productivities 

and enhances nutrient removal efficiency with lower land requirements [16, 23]. 

 

1.1.2.2. Parameter affecting the performance 

1.1.2.2.1. Environmental conditions and wastewater characteristics 

 Nitrogen to phosphorus ratio: Water parameters such as nitrogen to phosphorus 

ratio (N/P) and their concentration are vital for the growth of microalgae, the CO2 

concentration and presence of toxic substances can also influence the nutrient 

removal in the process. Based on the general formula for algal biomass 

(𝐶100𝑂48𝐻183𝑁11𝑃). The Redfield N/P ratio generally used for microalgal biomass 

is 16:1 [23], although other studies suggest an optimal N/P ratio of 5:1. Overall, it 

is widely accepted that an overly high (above 50) or too low (below 1) N/P ratio 

can lead to nutrient limitation conditions and therefore affect the biomass 

productivity [10, 23]. The general N/P ratio of secondary municipal wastewater is 

around 30:1, leading to P limiting conditions in the reactors [10]. 

 Carbon source: high concentrations of organic matter may lead to the growth of 

heterotrophic bacteria and cause contamination problems. Some microalgae species 

can grow under heterotrophic conditions, although their biomass productivity and 

removal performance might hampered under this conditions [16]. The CO2 

enrichment has been proved to efficiently enhance the biomass productivity. 
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However, the use of flue gas in the large scale has presents bottle necks related to 

transportation and toxicity due to high concentrations of NOX, and SOX [10]. 

 Temperature: Changes in temperature affect the enzymatic activity and thus, the 

metabolic process of microalgae. The optimal temperature reported for effective 

growth of microalgae fluctuates between 25 and 30°C [16]. 

 pH:  photosynthetic activity leads to an increase in the pH. The optimal pH for 

cultivating microalgae varies depending on the strain. A pH between 7 and 8 is 

usually reported for the growth of microalgae. Low pH leads to higher CO2 

concentrations and to a decrease in the concentrations of the species CO3
2− and 

HCO3
− [16].  

1.1.2.2.2. Species 

The performance in terms of biomass produced and nutrients removed is species-

dependent. An optimal strain of microalgae used for wastewater treatment should present 

the following characteristics: 1) fast growth rates;2) nutrient requirements with a N/P ratio 

similar to that of the wastewater influent; 3) high consumption of nutrients; 4) high 

tolerance to environmental changes; 5) high resistance to bacterial contamination; 5) los 

production of algogenic organic matter (AOM); and 6) low fouling propensity [10].  Due 

to its high photosynthetic efficiency and high productivity, the genera Chlorella and 

Scenedesmus have been the most frequently used species for biomass production and 

wastewater treatment. Biomass concentrations up to 5,000 mg/L have been reported for 

Chlorella sp. [16]. 
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1.1.2.2.3. Operating conditions 

Hydraulic retention time and solids retention time 

As aforementioned, the use of membrane technology allows to decouple the SRT and HRT 

of the system. Different studies have reported HRTs between 6 h and 5 d for MPBRs [16]. 

The optimal HRT depends on factors such as the wastewater characteristics (N and P 

concentration) and the microalgal growth rates. Longer HRTs may lead to higher nutrient 

removal efficiency but also decrease the loading rates and thus can lead to nutrient 

limitation and lower biomass productivities [16]. 

The SRT controls the sludge age and thus, increasing the SRT leads to higher biomass 

concentration and a more stable nutrient removal. Higher biomass concentrations can 

compensate shorter HRTs, but long SRTs (above 36 d) can affect negatively the biomass 

productivities due to a low food to microorganism ratio (F/M). Both HRT and SRT must 

be assessed in parallel based on the F/M ratios. Is it also worth noting that the use of 

membranes enables the use of longer SRT even under low HRTs, allowing the growth of 

slow growing algal species. For effective growth of algae, operating SRTs between 15 and 

20 days have been suggested, but this parameter may vary depending on the species and 

operating conditions [16]. 

Lighting 

The biomass productivity relies directly on the photosynthetic efficiency and thus, the light 

use efficiency of the microalgae. Maximizing surface/volume ratio is highly desirable to 

increase the illumination efficiency. Parameters such as light intensity, wavelength, and 

light/darkness cycles are of vital importance for the performance of the process [16]. The 

light wavelength absorbance is dependent on the cellular composition and thus it varies 
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between species. In order to optimize the light utilization, the wavelength used should 

match the absorbance spectra of pigments such as chlorophyll a and b. Generally, the most 

effectively absorbed wavelengths are blue (400-500 nm) and red (600-700 nm) [16]. 

Aeration 

The aeration in a MPBR provides the CO2 for the photosynthetic process, as well as mixing 

and membrane scouring for fouling control. Due to the low concentrations of CO2 in air, 

pure CO2 and flu gas have been proposed as alternatives for algal growth. Flue gas is a 

cheap waste product from power plants that presents high CO2 concentrations that may 

enhance the production of biomass. Aeration rates above optimal levels can lead to a 

significant cell damage by the shear stress caused in the system, in contrast to low aeration 

rates, which are insufficient in the fouling control and in the CO2 supply for the biomass 

[16].  

Flux 

The flux used in MPBRs is directly related to the fouling rates and its control, lower fluxes 

lead to reduced convection forces towards the membrane and thus, control the deposition 

of algal cells or algogenic organic matter (AOM) onto the surface. The latest studies use 

fluxes that range between 2.6 and 15 Lm-2h (LMH). Although lower fluxes are preferred 

to fouling control, it leads to a decrease production and thus, to a decrease in the capital 

performance of the process. The membrane fouling in MPBRs is impacted by different 

characteristics specific to the algal species, operating conditions and membrane properties 

[16]. 
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1.1.2.3. Areas of research and challenges 

Different studies have demonstrated the efficiency of microalgae for advanced wastewater 

treatment. Praveen & Loh. (2015) [24] evaluated the performance of an osmotic membrane 

photobioreactor (OMPBR) for TN and TP removal from wastewater using Chlorella 

vulgaris. An OMPBR is based on forward osmosis, wherein water permeates selectively 

across the membrane under an osmotic pressure gradient, in absence of any hydraulic 

pressure. The authors report removal efficiency for NH4
+-N, NO3

−-N and PO4
3−-P of 95%, 

53% and 89%, respectively. Gao et al. [23] report removal efficiencies of 86.1% and 82.7% 

for total nitrogen (TN) and total phosphorus (TP) by algal assimilation at N/P ratio of 34.9 

(higher than the Redfield ratio), leading to effluent concentrations of 1.3 and 0.12 mgL-1 

for TN and TP, respectively [23].  

Biofouling is widely reported as one of the major constrains for the application of the 

technology, leading to a decrease in the flux and therefore to the HRT of the system due to 

lower loading rates caused by the resistance created by algal cells and they EPS on the 

membrane surface that reduce the driving force for the membrane permeation [24]. The 

resulting diminished water permeability in the long term makes the filtration system 

economically unfeasible if it is not managed adequately [25]. Among the different 

approaches for membrane fouling control, the most widely applied from the operational 

point are working under the subcritical flux, physical controls such as backwash and 

membrane relaxation and imposing shear/rates via air scouring systems [25, 26].  

Recent studies have studied the application of microalgal-bacteria consortia for nutrients 

and organic removal from wastewater, although challenges related to homeostasis of the 
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consortia, relations of competence and predation and the exchange of molecular signs 

might hamper the stability of the system in the long term [11].  

 

1.1.3. Membrane fouling 
 

Membrane fouling is a phenomena resulting from the interaction between the membrane 

surface and the rejected mixed liquor constituents during the membrane filtration process 

[7]. These constituents, attracted by convective forces, tend to accumulate at the membrane 

surface, leading to a decrease in the water flow through the membrane, or flux (defined as 

the quantity of permeate passing per unit of membrane area, liters per m2 per hour or LMH), 

when operating under constant transmembrane pressure (TMP), or to an increase in the 

TMP when operated at a constant flux. This leads to a decrease in the ratio flux/TMP 

(LMH/Bar), which is termed the membrane permeability [3, 7].  

Fouling in MBR systems under constant flux is described as a three stages process. The 

first stage is considered as conditioning fouling [8], characterized by strong interactions 

between the membrane surface and the exopolysaccharides (EPS) present in the mixed 

liquor. The fouling intensity of this stage is strongly dependent on the membrane properties 

such as pore size, surface chemistry and hydrophobicity. Phenomena such as colloidal 

adsorption and initial pore blocking might be expected, leading to an initial short-term rise 

in the TMP [3, 8] .  

The second stage is termed slow fouling. It is characterized for the further adsorption and 

deposition of foulants across the whole membrane surface, facilitated by the previous 
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adsorption of EPS during the first stage. This stage is characterized by a linear or 

exponential TMP rise and the gradual formation of a cake layer [3, 8]. 

The third stage is associated with a sharp rise in the TMP and in the fouling rates. A 

heterogeneous fouling distribution across the membrane surface leads to a lower 

permeability in the fouled areas, and this results in the redirection of the flux towards the 

less fouled areas, exceeding the critical flux in these localities, and causing a rapid increase 

in the TMP, nearly exponentially with the flux [3, 8]. A flow diagram of the fouling stages 

and mechanisms involved is presented in Figure 2.  

 

Figure 2. Mechanisms of membrane fouling operating at constant flux [8] 

 

1.1.3.1. Contributing factors in membrane fouling 

The factors contributing to membrane fouling can be classified in three main categories, 

being these operating conditions, biomass characteristics, and membrane characteristics.  
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Figure 3. Contributing factors to membrane fouling [8] 

 

1.1.3.1.1. Membrane characteristics 

Membrane characteristics such as pore size determine the occurring fouling mechanism, 

being this parameter strongly influence by the particle characteristics in the mixed liquor 

solution. Smaller pores allow a wider range in the rejection of materials, causing an 

increase in the cake layer resistance, which is more readily removed than other fouling 

mechanisms such as pore blocking or surface adsorption taking place in membranes with 

larger pore size. However, smaller pore size is linked to a lower membrane permeability, 

creating a trade-off between permeability and fouling propensity and recovery.  
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Different membrane configurations differ in fouling mechanisms. Hollow fiber (HF) 

membranes are less cost demanding and allow higher packing densities and backwashing, 

but they are less readily controlled hydrodynamically than flat-sheet (FS) or microtubular 

(MT) membrane configurations. Packing density affects parameters such as scouring 

efficiency, shear stress and clogging between membranes.  Chemical properties such as 

hydrophilicity affect the interactions between the membrane material and microbial cells 

and EPS [3, 8].  

 

1.1.3.1.2. Mixed liquor properties 

Different constituents present in the mixed liquor solution affect directly the fouling 

behavior taking place on the membrane. The presence of inorganic matter in the influent 

capable of forming insoluble salts such as calcium carbonate (CaCO3) can have a 

substantial impact in membrane fouling  [3, 8]. 

In the case of the biomass, the foulants can be present either in the suspended solids or in 

the supernatant, the fouling in the latter is attributed to EPS, which are the soluble and 

colloidal matter derived from the biomass. Due to their properties, EPS are assumed to be 

responsible for the membrane pore blocking, whilst the suspended solids account mainly 

for the cake layer resistance [3, 8]. 

In terms of suspended solids, parameters such as the biomass concentration can affect the 

cake layer resistance and the critical flux values. However, there is no clear correlation 

between this parameter and a specific fouling characteristic, highlighting the unsuitability 

of using MLSS concentration alone as an indicator for fouling propensity. A high biomass 
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concentration impacts the scouring efficiency and the lateral movement of bubbles across 

the membrane surface in immersed modules. Smaller floc or particle sizes, compared to 

the pore size of the membranes, tend to contribute to clogging of the membrane channels, 

whereas larger floc sizes tend to contribute to the formation of cake layer. The surface 

charge and hydrophobicity in the floc particles leads different fouling behaviors based on 

the electrostatic interactions between the membrane surface and the floc particles [3, 8]. 

The term EPS encompasses different kinds of molecules such as carbohydrates, proteins, 

nucleic acids, lipids and other polymeric compounds found at or outside the cell surface 

and in the intracellular space of microbial aggregates that are secreted by the cell or are 

generated by cell lysis. It forms a protective barrier around the cells and allows their 

adhesion and aggregation into the membrane surfaces, blocking the membrane pores and/or 

forming a gel structure that generates a hydraulic resistance to the permeate flow [3, 8].  

 

1.1.3.1.3. Operation conditions 

Operation conditions such the solids retention time (SRT) can have indirect impact in the 

fouling propensity by controlling the biomass concentration inside of the reactor, which 

increases with higher SRT. Lower hydraulic retention time (HRT) leads to higher loading 

rates of nutrients into the reactor. Both parameters, the SRT and the HRT impact the food 

to microorganism ratio (F/M), defined as the amount of the rate of substrate applied per 

unit of volume of mixed liquor [2]. This alter the biomass characteristics, by causing 

starvation conditions for the microorganisms at very low F/M ratios. [2, 3]. 
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1.1.3.2. Types of fouling  

The foulants can be defined in three different ways: practically, based on permeability 

recovery; mechanistically, based on fouling mechanism, and by material, based on 

chemical or physical nature or origin [3, 27]. 

Table 1. Fouling definitions [3] 

Practical Mechanism Foulant material 

 Reversible: Removed 

by physical cleaning 

 Pore plugging: 

complete pore 

blocking 

 Inorganic: scaling 

agent, salts 

 Irreversible: 

Removed by chemical 

cleaning 

 Pore narrowing: 

intermediate pore 

blocking 

 Biofouling:  

Microbial cells 

Exopolysaccharides 

(EPS) or Soluble 

Microbial Products 

(SMP) 

 Irrecoverable: Not 

removed by any 

cleaning method 

 Cake layer: 

Accumulation on the 

membrane surface 

 

Based on permeate recovery, fouling can be classified as reversible irreversible and 

irrecoverable. Reversible fouling is recovered after physical cleansing mechanisms such as 

backwash or relaxation, irreversible fouling is removed by chemical cleaning, and 

irreversible fouling is not recovered by any cleansing agent [3, 27] .  

In terms of fouling mechanism, it can be classified in pore narrowing, pore plugging and 

cake layer. Pore narrowing is attributed to the sorption of soluble and colloidal substances 

with a size much smaller than that of the membrane pore size, causing a narrowing in the 

membrane channels. Pore plugging is attributed to the deposition of particles with a size 

similar to those of the membrane pores, blocking the pass of permeate through the pores. 

Cake layer is formed on the membrane surface by particles whose size is greater than that 

of the membrane pores [7, 27]. 
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Based on the biological and chemical characteristics of the foulant, fouling can be 

classified as inorganic fouling and biofouling. Inorganic fouling, or scaling, results from 

the chemical precipitations of inorganic salts from metal ions such as Ca2+, Mg2+, Fe3+, and 

Al3+, that attach onto the membrane surface or block the membrane pores.  Biofouling is 

the phenomenon resulting from the deposition and growth of microorganisms or materials 

of biological origin, such as proteins and polysaccharides (from the EPS and SMP), on the 

membrane surface [3, 27] 

 

1.1.3.3. Tendencies in fouling control 

The control and mitigation of membrane fouling is crucial for membrane bioreactor 

systems in order to ensure cost effective and long-term operation. The applied strategies 

can be classified in:  

 Feed pretreatment: consists in the application of unit processes such as screening 

before the membrane filtration for controlling clogging and fouling caused by 

bigger particles [3, 7]. 

 Physical cleaning: This includes means such as backwashing or relaxation, the 

duration and interval of both parameters are essential in the effectiveness of fouling 

control. In backwashing, the permeate flow is reversed seeking to remove the 

particles attached to the membrane surface and to reduce the compaction of the gel 

polarization layer. Backwash is efficient in recovering the membrane performance 

reduced by pore clogging and cake formation [3, 8, 27].  Relaxation stops the flux 

in order to relieve the membrane from the generated pressure, encouraging the 
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diffusive back transport of foulants away from the membrane surface [7, 8]. 

Physical leaning in practice does not return the permeability to the original 

condition, and only a finite number of cleaning cycles can be applied before a 

threshold pressure is reached and flux is not recovered by these means. At this point 

a chemical cleaning must be performed [3].  

 Chemical cleaning: Chemical cleaning is used to remove the fouling which is not 

reversible by physical means. It employs chemical agents to remove strongly 

attached foulants from the membrane surfaces. Chemicals such as sodium 

hypochlorite and citric acid are used to remove biofouling and inorganic fouling, 

respectively. However, in the long term this agents have detrimental effect on the 

membranes and reduce their lifespan [7]. 

 Flux reduction: Working under moderate flux conditions decreases the convective 

forces that move the foulants towards the membrane surface. Reducing the flux 

controls fouling but impacts the capital cost of the process demanding a higher 

membrane area [3]. 

 Air scouring: Aerators are used to provide agitation, oxygen and to provide 

membrane scouring. The gas bubbles induce fluctuations in que liquid flow and 

local tangential shear stress over the membrane surface. The shear created increases 

the back transport and thus, controls the deposition of particles such as suspended 

solids and colloids on the membrane surface. In hollow fiber systems, aeration 

causes movements on the membrane surface, impacting an additional shear through 

the motion of the membrane and the interface. Parameters such as flow and bubble 

size impact the distribution of air over the area and thus, strongly influence the 
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efficiency of the process. Larger bubble sizes and higher aeration rates (under the 

so-called critical aeration rate) are preferred for fouling control [3].  Increasing the 

aeration rates above certain intensity may have a negative impact on the membrane 

performance as it increases the amount of EPS in solution by damaging the cell 

structures [3, 8, 27]. 

 Mechanical cleaning: Strategies such as rotating and vibrating membranes have 

been proposed lately as an effective way for generating shear stress on the 

membrane surface [8, 27]. 

 Modified membrane surfaces: Modifying the physical and chemical properties of 

the membrane surface has been propose to limit the interactions between the 

membrane and the foulants. The antifouling surfaces are based on active or passive 

control of the membrane fouling. Passive antifouling strategies aim to suppress the 

non-specific interactions between membrane surface and foulants by the means 

such as hydrophilic coatings. Active antifouling strategies use antibacterial agents 

attached on the membrane surface such as silver nanoparticles to disrupt microbial 

cells [8, 27].  

 Biological fouling control: Uses means such as quorum sensing (QS) to disrupt the 

biofilm formation process or by degrading substances that play a significant role in 

the biofilm formation process, such as EPS, by the use of agents such as enzymes 

[8, 27]. 
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1.2. PROBLEM STATEMENT 

The direct release of wastewater into the environment without adequate treatment has 

detrimental impacts on human health, economic productivity and in the quality of 

freshwater resources and ecosystems [1, 2]. Specifically, nutrients such as nitrogen and 

phosphorus from the water effluents represent one of the main constrains for secondary 

municipal wastewater reuse, as they lead to microalgal blooms that deplete the dissolved 

oxygen, increase the turbidity, odor and cause the loss of important species  [10, 11]. 

Growing concerns about eutrophication had led to increasingly stringent water quality 

regulations that have encouraged the adoption of advanced tertiary treatment processes for 

further removal of nutrients beyond the secondary treatment. However, tertiary processes 

require large land areas and high inputs of energy and materials, which lead to deleterious 

impacts in the environment and in human health, mainly related to the emission of 

greenhouse gases and to the release of chemicals into the environment [12].  

The use of microalgae has been proposed as an alternative to tackle the global water and 

energy challenges. As a source of biofuels, algae have many desirable characteristics, 

including its rapid growth and capability to grow in very different environments. However, 

its high production cost is a key barrier hindering the scale-up production of algal biofuels. 

Therefore, wastewater used as media for the algae feedstock production has been proposed 

as a favorable option since it provides an ample supply of nutrients and water. Among the 

techniques for algal biomass separation from the liquid media, membrane technology has 

been found to represent a more efficient and less energy intensive alternative, allowing the 

complete cell separation from the liquid media while preserving their structure and 
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properties [16, 19]. Nevertheless, progressive membrane fouling and permeate flux 

declining hamper the large-scale commercialization of MPBRs in the advanced wastewater 

sector. A better understanding of the fouling mechanisms and of the antifouling strategies 

is critically important in order to enhance the economic and environmental performance of 

the membrane separation process of algal biomass and thus, to facilitate the widespread 

application of a less energy intensive and more environmentally efficient process. 
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1.3. OBJECTIVES 

1.3.1. General objective  

The main objective of this study is to investigate the effect of different operational 

parameters on the fouling development and mitigation in an algal membrane 

photobioreactor for the treatment of simulated secondary wastewater 

1.3.2. Specific objectives 

 Investigate the effect of the hydraulic retention time on the fouling behavior and 

biomass characteristics of Chlorella vulgaris  

 Evaluate the impact of different physical fouling control strategies on the fouling 

and cake layer properties of Chlorella vulgaris. 
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CHAPTER 2: EFFECT OF THE HYDRAULIC RETENTION TIME 

ON THE FOULING DEVELOPMENT AND BIOMASS 

CHARACTERISTICS IN AN ALGAL MEMBRANE 

PHOTOBIOREACTOR 

 

2.1. MATERIALS AND METHODS 

2.1.1. Experimental setup 

2.1.1.1. Algae inoculum and pre-cultivation  

The microalgae Chlorella vulgaris (UTEX 259) used in this study was purchased from 

UTEX Culture Collection of Algae (US). The seed was pre-cultivated autotrophically in 

Modified Bold’s Basal Medium (BBM) purchased from Sigma-Aldrich. An algal seed 

from a running photobioreactor with the same media characteristics and growing 

conditions was taken for the experiments.  

2.1.1.2. Membrane  

New polyvinylidene fluoride (PVDF) micro filtration hollow fiber membrane modules 

(GETM, USA) were used as the solid/liquid separator inside of the reactor. The membrane 

properties are presented in Table 2. 

Table 2. Membrane characteristics 

Membrane characteristic Value 

Pore size 18 nm 

Porosity 36.39% 

Zeta potential  -30 ± 1.1 mV 

Conductivity 0.43 mS/cm 

Inner diameter 1.2 mm 

Outer diameter 1.9 mm 
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To remove preservative materials prior to filtration, new membranes were soaked in Milli-

Q water for 24 hours with the water changed at least three times. Then, the membrane 

modules were cleaned and rinsed 5 times and then were operated with DI water at a flux 

of 10 LMH during 2 hours.  

2.1.1.3. Media 

A simulated secondary wastewater effluent was prepared using the following receipt: 

Table 3. Simulated secondary wastewater composition 

Wastewater component 
Concentration 

(mg/L) 

Macronutrients 

Ammonium chloride (NH4Cl) 229.245 

Potassium phosphate monobasic (KH2PO4) 43.94 

Magnesium sulfate (MgSO4·7H2O) 3.75 

Calcium chloride (CaCl2·2H2O) 1.8 

Micronutrients 

EDTA 0.5 

FeSO4·7H2O 0.4 

MnCl2·4H2O 1.81 

ZnSO4·7H2O 0.222 

NaMoO4·5H2O 0.39 

CoCl2·6H2O 0.41 

 

The achieved total nitrogen (TN), and dissolved inorganic phosphorus (DIP) 

concentrations were 65 and 10 mg/L, respectively. The molar N/P ratio obtained was 

therefore 14:1, which is slightly lower than the Redfield ratio (16:1). 

2.1.1.4. Photobioreactor design  

A cylindrical glass airlift Membrane Photobioreactor (MPBR), with an internal diameter 

of 0.01 m and a height of 0.8 m was used in continuous mode operation. The total and 

working volume of the reactor were 2.5 and 2.0 L, respectively. The surface to volume 
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ratio of the reactor was 13.7, and the reactor was illuminated continuously with white LED 

illumination at a photosynthetic photon flux density (PPFD) of 130 µmol photons/m2/s. 

The synthetic secondary wastewater feed was provided continuously to the algal reactor 

using a peristatic pump (Masterflex ®, Cole-Parmer, United States) and the liquid level in 

the reactor was maintained constant by using a level controller (Figure 4). The as-grown 

C. vulgaris cell suspension was continuously fed into an automatic filtration unit (Osmo 

Inspector TM, Convergence, The Netherlands) where a hollow fiber module with an air 

scouring system located beneath to provide coarse air bubbles was used to uninterruptedly 

extract the permeate. The cell suspension was circulated from the reactor into the filtration 

unit at a speed of 2,000 mL/h. The permeate was extracted and collected in a pre-weighted 

tank, whereas the retentate was continuously recirculated back into the reactor, both 

operations were carried by pumps incorporated in the filtration unit.  

 

Figure 4. Experimental setup 
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2.1.2. Operating conditions 
 

Three different hydraulic retention times (HRT) were tested for the experiment, being 12, 

24 and 36 hours the values selected due to the optimal removal performance and biomass 

produced within these ranges reported by previous studies. Under each experimental 

condition, the reactor was operated under continuous mode for a period of 10 days at a 

constant permeate flowrate, and the corresponding analysis were taken.   

The three configurations were operated under a constant flux of 10 L/m2.h (LMH) by 

controlling the membrane area utilized in the filtration module. The specific aeration 

demand normalized to membrane area (SADm) was 0.6 m3/m2.h. The specifications of the 

modules are presented in Table 4.  

Table 4. Membrane modules design specifications 

HRT Flux (LMH) 
Membrane 

area (m2) 

Permeate 

flow (L/h) 

Scouring 

flow (L/h) 

Initial water 

permeability 

(LMH/Bar) 

12 h 10 0.016 0.16 9.6 148 

24 h 10 0.0083 0.083 5 149.5 

36 h 10 0.0055 0.055 3.3 153 

 

An algal seed from a running photobioreactor previously acclimatized during 120 days 

with the same cultivation conditions was used for the experiments, the initial biomass 

concentration after the initial seeding was 200 mg/L. Subsequently, during the 

acclimatization period, the biomass concentration, pH, and nitrogen and phosphorus 

removal rates were measured during a period than ranged in between 15 and 20 days, until 
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stable conditions were reached. Following, the initial biomass concentration was adjusted 

to 800 mg/L prior the experiments. The temperature was kept at 25°C and the pH was daily 

monitored and kept between 7 and 8 using sodium bicarbonate (NaHCO3). The 

biomass/solids retention time (SRT) was set at 10 days and it was controlled by pulling out 

200 mL of mixed liquor from the reactors every day. Compressed air was previously passed 

through a 0.2 μm filter and then bubbled through an air diffuser into the reactor at a rate of 

30 L/h. Compressed nitrogen gas was used for the scouring system, it was previously 

filtered with a 0.2 μm filter and it was provided at the rates presented in Table 4.  

 

2.1.3. Analytical techniques 

2.1.3.1. Biomass concentration 

The optical density was used as method for calculating the biomass concentration. A linear 

regression was made in order to obtain the correlation between biomass dry weight 

concentration and optical density. The algal dry weight was measured gravimetrically by 

filtering 10 mL of algal suspensions in triplicate with filter paper (Milipore, USA, 0.22 µm 

pore size, 47 mm diameter) which was previously dried and weighted. The filters were then 

dried in a hot air oven at 105°C for 1 hour, collected in a desiccator for 1 hour and then 

weighted using an analytical balance (Sartorius ED224S). The algal concentration then was 

measured as mg of dry weight per litter.  

Four different algal dilutions were plotted against the optical density values obtained.  The 

microalgae concentration was determined using the optical density of the microalgae 

culture at 680 nm (OD680) with a UV spectrophotometer (DR 2500, Hach®, United States). 

The correlation obtained was: 
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𝑀𝐿𝑆𝑆 (
𝑚𝑔

𝐿
) = 0.0025 𝑂𝐷680 + 0.0602  𝑅2 = 0.9987 

2.1.3.2. Particle size distribution 

Particle size distribution of biomass suspensions were analyzed by triplicate using a laser 

diffraction particle analyzer (Master Sizer Macro TM, Malvern, UK), using a refractive 

index (n) of Chlorella of 1.086, and water as dispersant (n=1.33) [28] at an obscuration of 

18%.  

 

2.1.3.3. Foulant agents  

The soluble algal organic matter (AOM) was quantified and then characterized in terms of 

protein and carbohydrate fractions in the algal suspension and permeate. The AOM was 

extracted and concentrated using the formaldehyde and NaOH method [29]. The 

carbohydrate content was determined by means of the phenol-sulfuric acid method, using 

glucose for calibration at a UV absorbance of 485 (Hach, DR 5000, US) [30].  The protein 

concentrations were determined by the modified Lowry method [31], using a Qubit® 

Protein Assay Kit (Invitrogen TM , US) with bovine serum albumin (BSA) for calibration. 

Carbohydrate and protein measurements were performed on quadruplicate samples.  

 

2.1.3.4. Total organic carbon 

Total Organic Carbon (TOC) is measured by oxidizing the samples at high temperatures 

(680°C) under the presence of a catalyst. The measurement of the resulting CO2 by infrared 

absorption and is used to determine the TOC concentration. The samples were previously 

filtered using a 0.45 µm PES filter (Milipore, USA) and then processed in a TOC-L 
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analyzer (Shimadzu TM, Japan) by triplicate using a volume of 20 mL in previously rinsed 

and sterilized vials.  

 

2.1.3.5. Characterization of the AOM by LC-OCD 

Liquid chromatography-Organic Carbon Detection (LC-OCD) (DOC Labor, Germany) 

was used to characterize the molecular weights of soluble compounds and the relative 

organic carbon in the mixed liquor supernatant. This type of analysis is based on size 

exclusion and allows the quantification of biopolymers, humic substances, building blocks, 

low molecular weight (LMW) neutrals and acids in water samples. The samples were 

previously filtered using a 0.45 µm PES filter (Milipore, USA), followed by the addition 

of 10 mL of each sample into disposable glass vials previously cleaned in order to remove 

possible contaminants. The sample volume injection was 2,000 μm and the running time 

was set at 180 minutes. Potassium phosphate monobasic and disodium hydrogen phosphate 

were used for the mobile phase at a concentration of 2.5 and 1.5 g/L, respectively.  

 

2.1.3.6. TMP 

The transmembrane pressure was continuously monitored and automatically recorded 

every 10 seconds using a pressure sensor incorporated in the filtration unit.  
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2.1.4. Zeta potential 

The Zeta-Potential of C. vulgaris, was assessed at room temperature by electrophoretic 

mobility measurements of the algal diluted suspensions according to the Smoluchowski 

model. The zeta potential was determined using a Zeta Sizer Nano-ZS (Malvern, UK). 
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2.2. RESULTS AND DISCUSSION 

2.2.1. Fouling behavior  
 

The fouling profile of the three different configurations operated at a flux of 10 LMH is 

presented in Figure 5. During the first 60 hours of operation, a similar trend was observed 

in the TMP profile from SMPBR24h, SMPBR36h and SMPBR12h. After 60 hours SMPBR12h 

presented a sharper TMP increase which continued through the operation, passing 11 kPa 

after 10 days of operation. SMPBR36h presented the most stable pressure profile across the 

experiments, reaching 6.1 kPa after 10 days. It was followed by SMPBR24h, where a 

pressure of 7.3 kPa was reached. 

Higher fouling rates were observed as the HRT was decreased, in accordance to Low et al., 

who attributed this to, among other factors, higher fluxes and thus, higher convection rates 

towards the membranes as the HRT was decreased [20]. In our study, although the three 

different configurations were operated under the same flux conditions, significant 

differences were noticed across the operation, suggesting that parameters different than the 

flux alone play a significant role in the fouling development.  

After 80 hours of operation, the fouling rates became more stable for the three 

configurations. No evident TMP jump was observed across the operation as reported in 

other studies [20, 26]. Low et al.(2016) reported a TMP jump in a MPBR after nearly 68 

days of operation, suggesting that a longer operation time might be needed to observe this 

stage in the TMP profile [20]. 
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Figure 5. Transmembrane pressure (TMP) profile comparative 

 

2.2.2. Effect of mixed liquor characteristics 

2.2.2.1. Biomass concentration and F/M ratio 

Biomass concentration has been found to impact the lateral movement of bubbles across 

the membrane surface and thus, the scouring efficiency [3, 8]. The algal biomass 

concentration in the three configurations is presented in Figure 6. The use of this parameter 

alone as a fouling indicator has generally been reported to be inadequate [3, 20], and 

although some studies have reported the direct impact of higher cell concentration on the 

membrane fouling, subsequent parameters such as changes in the food to microorganism 

ratio (F/M), EPS production or a decrease in the shear rates have been found to have a more 

direct relation with the fouling than the biomass alone [3, 19, 32].  
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Figure 6. Biomass concentration across 10 days of operation  

It is widely accepted that lower HRT and high loading rates favor the logarithmic growth 

phase of microalgae, reaching a steady growth and higher biomass concentrations [33]. 

The suspended biomass concentration presented significant differences between the 

reactors, reaching SMPBR24h nearly 1,700 mg/L after 10 days of operation, whereas the 

concentrations in SMPBR12h and SMPBR36h were 1,418 and 817 mg/L, respectively. 

SMPBR12h presented a higher tendency for aggregation onto the glass reactor and 

recirculation line surfaces, creating a light shading effect for the microalgae in suspension 

and lowering their biomass productivity even under higher loading rates. Bilad et al. (2014) 

reported shading limitation as a constrain for the biomass growth under concentrations 

higher than 1 g/L in a MPBR [34]. This was also reported by Praveen & Loh. (2015), who 

presented a decrease in the biomass in suspension in an Osmotic Membrane 

Photobioreactor (OMPBR) cultivated with Chlorella vulgaris as is aggregated and formed 

biofilms [24].  
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The scouring rate was normalized per membrane area and therefore, the SMPBR12h 

presented the highest scouring rates per reactor volume (9.6 L/h vs 5 L/h and 3.31 L/h for 

SMPBR24h and SMPBR36h, respectively), which might have caused an additional shear 

stress on the algal cells, limiting their growth. Inhibition in microalgal growth has been 

related to the shear stress caused by excessive mixing/stirring [10]. Our results support the 

hypothesis of the unsuitability of biomass concentration alone as a fouling indicator, as the 

configuration with the highest fouling rate (SMPBR12h) presented a lower concentration 

than SMPBR24h and having the latter a very similar fouling profile to that of SMPBR36h, 

despite of presenting significant differences in their biomass concentrations. This results 

are in accord to Low et al. (2016), who found that very similar MLSS concentrations (1,912 

and 1,950 mg/L for the HRT of 24 and 6.5 h, respectively) presented very different fouling 

behaviors, suggesting that the use of MLSS concentration alone as a fouling indicator 

might be inadequate [20].  

Some approaches support the idea of a direct correlation between biomass concentration 

and fouling propensity. Kanchanatip et al. (2016) characterized the fouling in two 

submerged bioreactors harvested with Arthrospira maxima, using UF disc PVDF 

membranes with different pore density. The flux decline was investigated as a function of 

the filtration rate and cell concentration. Their results indicate that cell solids contribute as 

the primary foulant to the membrane as the result of deposition of suspended matter on the 

membrane surface or adsorption within the membrane pores. They report a flux decline 

when increasing the algal concentration, showing a reduction of 63% of the flux when 

operating at 10 g/L during 30 minutes, compared to a reduction of 86% when operating at 
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40 g/L. This is explained by the higher chances of coagulation and cake layer formation at 

higher cell concentrations [19].  

Other studies relate higher biomass concentrations with higher EPS production and more 

severe fouling. Javadi et al. (2014) [32] modeled the cross-flow microfiltration of Chlorella 

sp. suspension, evaluating the effects of the TMP, feed flow rate and algal concentration 

on the permeate flux. The authors indicate a decrease in the flux with an increase in the 

algal concentration, which was explained by faster algal cake formation and more severe 

concentration polarization. Higher cell densities were related to higher EPS concentrations, 

inducing a more compact and nonporous cake layer on the membrane surface, which 

prevents the EPS transmission and decreases the ratio of permeate/feed EPS [32]. 

The food to microorganism ratio (F/M) has been proposed as a more suitable indicator to 

fouling propensity  [2, 3, 13], being this parameter related to the cell concentration and 

nutrients loading rates, and at the same time with operation parameters such as the HRT 

and SRT. The F/M ratio is given by the expression 

𝐹

𝑀
=

𝑄𝑆0

𝑉𝑋
 

Where Q is the feed flowrate, So the substrate concentration in the feed, V the volume of 

the reactor, and X the biomass concentration. Lower HRTs lead to an increase in the 

loading rates into the reactor, whereas higher SRT lead to higher biomass concentrations 

[2, 13] The food to microorganism ratio is presented in Figure 7. The reactor with the 

highest F/M ratio (i.e., SMPBR12h) presented the most severe fouling. However, higher 

fouling rates were presented in SMPBR24h in comparison to SMPBR36h, albeit presenting 

lower F/M ratios.  
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Figure 7. Food to microorganism ratio during 10 days of operation. 

To further elucidate the effect of biomass concentration and F/M ratio on the membrane 

fouling rate, the linear correlation coefficients were calculated using the TMP data across 

the days of operation in the different configurations (Table 5 and Figure 8). A strong 

correlation between both MLSS and F/M ratio to the TMP can be observed under the HRTs 

of 12 and 24 hours. However, SMPBR36h did not present a strong correlation for F/M or 

MLSS concentration, indicating that these parameters are not suitable for the fouling 

assessment under low nutrient concentrations and stationary growth.  
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Figure 8. Linear correlation of biomass concentration in SMPBR12h, SMPBR24h, and SMPBR36h (5a, 5b and 

5c, respectively) and F/M ratio (5d, 5e and 5f) respect to the TMP increase 

The results are in accordance with Dhakal et al. (2018), who correlated the membrane 

fouling index of different algal species with their cell and AOM concentration. The authors 

found a positive correlation between the AOM concentration (expressed in terms of 

proteins and polysaccharides) and the membrane fouling index during the growth phase 

and stationary/death phase, whereas a poor relationship was found between the fouling and 

the algal cell density during the stationary/death phase compared to the growth phase [35].    

Table 5. Correlation parameters between TMP to F/M ratio and MLSS concentration 

Parameter 12 H 24 H 36 H 

F/M (d-1) r= -0.92514 r= -0.94289 r= -0.033444 

MLSS (mg L-1) r= 0.95616 r= 0.98355 r= 0.022464 

 



55 

 

Wu at al. (2013) [36] examined the effect of different F/M ratios in the biomass 

characteristics and membrane fouling propensity in a conventional MBR operated at 

constant biomass concentration. They report the influence of the F/M ratio in the 

characteristics of the EPS produced by microorganisms, inducing higher F/M ratios a 

higher surplus of substrate and energy that could induce higher excretion of EPS, while 

low F/M ratios lead to lower growth rates and higher levels of endogenous metabolism and 

cell lysis. Overall, a lower F/M ratio was correlated with lower fouling rates and lower EPS 

concentration over 130 days of operation. Increasing the F/M ratio was also found to 

influence the relation of proteins to polysaccharides in the EPS fraction, leading higher 

F/M ratios to higher fractions of polysaccharides over proteins.  Soluble protein in the cake 

layer did not adversely influence the membrane fouling behavior in the low F/M ratio, but 

it was significantly related with membrane fouling at high F/M ratios [36]. 

Different studies support the hypothesis that higher loading rates lead to higher fouling 

rates [20, 36-38]. Chen et al. (2013) [37], correlated the biofilm development of 

Pseudomonas aeruginosa and its EPS on reverse osmosis (RO) membranes under different 

nutrient conditions. Their results suggest that nutrient limitation conditions could reduce 

the biofilm formation and therefore limit the increase in the TMP during operation. These 

results are in accordance to Kitade et al. (2013) [38], who investigated the fouling 

propensities of microfiltration membrane and reverse osmosis membranes operated with 

different F/M ratios. Higher F/M ratios were found to induce higher membrane fouling 

rates (5 fold) compared with the low F/M MBR, which was attributed to higher organic 

substances such as polysaccharides, TEP and DOC in the permeate at higher F/M ratios. 
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Lower F/M ratios were related to a lower production of organic substances, inducing less 

fouling [38].  

Medina & Nais (2007) [33] investigated the influence of the F/M ratio and HRT on the 

process performance of symbiotic flocs of sludge and Chlorella vulgaris sp., studying the 

aggregation and floc formation of the inoculums.  Lower F/M ratios were found to lead to 

lower algal concentration in solution and to higher tendency for aggregation in flocs, and 

although no significant differences were found in the EPS concentration under different 

loadings, a more compact arrangement of the EPS matrix is reported at low F/M, compared 

to a less compact and more open matrix of EPS at higher F/M ratios, suggesting a higher 

influence in the arrangement of the EPS in the aggregation than that of the concentration 

[33].  

Lower F/M ratios have also been associated with higher floc stability [33, 39].  Barbusiński 

& Kościelniak (1995) [39] report the influence of substrate loading intensity on the floc 

size in activated sludge. Higher loads were related to higher propensity in the flocs for 

breaking up, and the sizes of activated sludge flocs changed in direct response to the 

loading rate, although the degree of mathematical correlation was not too high. 

The results demonstrate a high correlation between biomass concentration and membrane 

fouling in the reactors with steady growth, suggesting a high correlation of membrane 

fouling and algal concentration and F/M ratios under logarithmic growth phase. In the 

stationary growth phase, other factors such as the release of Intracellular Algogenic 

Organic Matter (IOM), or cell debris resulting from the cellular lysis might determine the 

algal fouling [16]. Higher loading rates might have caused less stable algal aggregates with 

a higher propensity for breaking up, which increased the concentration of AOM in the 
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solution. The influence of AOM in membrane fouling will be discussed in the following 

chapters.  

 

2.2.2.2. Particle size distribution 

The particle size distribution and the membrane pore size determine the fouling 

mechanism. Particles and solutes with a size larger than the membrane pores are retained 

and accumulated on the membrane surface, forming a cake layer that, albeit reducing the 

water permeability, is generally reversible depending on its adhesive properties. In 

contrast, particles with a size smaller than that of the membrane pores lead to pore blocking 

or pore narrowing, causing a more severe and irreversible fouling. [3, 40, 41]. Figure 9 

presents the volume-based and particle number-based size distribution of the particles in 

solution in the days 5 and 10 of operation, and Table 6 presents the statistical results of the 

particle size distribution after 10 days. 
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Figure 9. Comparative particle size distribution a. Volumetric-based particle distribution day 5; b. 

Volumetric-based particle distribution day 10; c. Number-based particle distribution day 5; d. Number-

based particle distribution day 10 

The size of the particles in the reactor were overall bigger than the membrane pore size 

(0.02 µm), indicating that the cells were completely retained on the membrane surface due 

to size exclusion. As a result, a cake layer was developed, and it that was found to be the 

main contributor to the filtration resistance as reported in previous studies [3, 19, 36, 40, 

41] and in the results of in-situ fouling monitoring (Chapter 2). From the volume-based 

particle size distributions (Figures 4a and 4b), it can be noticed that the algal particles 

presented a broader range of sizes in SMPBR12h than in SMPBR24h and SMPBR36h, with 

modes around the sizes 1.5, 3.2, 10.8, and 42.5 µm. In contrast, SMPBR24h presented 

modes in 3.19, 17.25 and 44.82 µm, similarly to SMPBR36h, which had modes only in 3.19 

and 44.82 µm. A narrower range can be noticed in the number-based distribution (Figures 
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4c and 4d), presenting SMPBR12h modes around 1.5 and 3.5 µm, whereas SMPBR24h and 

SMPBR36h presented a unimodal distribution around 3.92 µm.  

Table 6. Particle size distribution after 10 days of operation 

HRT 
Volume-based (μm) Number-based (μm) 

Mean D (0.1) D (0.5) D (0.9) Mean D (0.1) D (0.5) D (0.9) 

12 h 20.38 2.96 15.69 45.91 1.95 0.87 1.54 3.25 

24 h 9.11 3.31 5.85 15.01 3.79 2.38 3.44 5.44 

36 h 6.86 3.3 4.74 7.18 3.92 2.78 3.73 5.3 

 

Longer HRTs led to a narrower and more stable size distribution, in accordance to previous 

studies on algal and activated sludge [33, 36, 39, 42]. As aforementioned, lower F/M ratios 

are related to a more compact arrangement of the EPS matrix in the algal flocs, leading to 

more stable and resistant particles, which contrasts with the less compact and more open 

aggregates present at higher F/M ratios [33]. Low et al. 2016 reported the increase in the 

average particle size from 8.5 μm to 13.1 μm by reducing the HRT from 72 to 6.5 hours. 

A correlation was observed between the trend of increase in the volumetric-based particle 

size and that of SMP concentration as the HRT was decreased [20]. In contrast, Medina & 

Nais (2007) discard the influence of EPS concentration on algal and flocs distribution, 

suggesting that the physical arrangement and physicochemical properties of the EPS might 

be a better indicator of aggregation [33]. 

The particle size and their size distribution are the result of dynamic equilibrium state 

between formation, transformation and breakage of microbiological aggregates and may 

change in a broad range depending on the process conditions [39]. Higher loading rates led 

to a small number of bigger and less stable flocs, which were more prone to break up and 

release AOM in the solution, which explains the broader size range in SMPBR12h (Section 
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2.3). The number of larger particles increased with higher nutrient loading rates (Figures 

4a and 4b), although only to a marginal extent when compared to the total number of 

particles (Figures 4c and 4d). Higher loadings in SMPBR12h led overall to a decrease in the 

mean particle size (number-based) as can be seen in the distribution around 1.5 and 3.5 

µm, compared to the unimodal distribution of SMPBR24h and SMPBR36h around 3.92 µm. 

Smaller particle size leads to a higher cake specific resistance due to a lower cake layer 

porosity than that caused by particles with a larger size [43, 44]. Bourcier et al. (2016) 

investigated the relationship between particle characteristics, such as size and shape, and 

the cake filtration behavior. The study confirmed that the main parameter impacting the 

specific cake resistance and compressibility factor is the particle size distribution (mean 

diameter and variation coefficient), suggesting that the mean particle diameter alone as a 

fouling indicator is not enough in a plant scale operation. As the study considers, an 

extended particle size distribution leads to a cake made up of uneven layers with different 

particles sizes, with the smallest ones being more prone to move from one layer to another 

as the filtration pressure increases [44]. This causes a loss in the local permeability at 

different locations of the cake layer, which loses connectivity and resistance and leads to a 

flux redistribution in a reduced surface area above the critical flux consequently causing 

higher convective forces and therefore, a more rapid TMP rise [3, 44]. This was confirmed 

by our results, indicating that broader distributions and smaller particles lead to more 

severe fouling.  

The relation between a larger particle size and higher cake resistance was investigated by 

Shekhar et al. (2017), who compared the filtration characteristics of different algal species 

suspensions, reporting that larger cells may be more prone to forming a thicker cake layers 
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that results in a higher resistance [45]. In contrast, Marbelia et al. (2016) found that large 

particle sizes, near to spherical shape and narrow size distribution present the best 

filterability properties due to a higher cake porosity, although parameters such as cell shape 

and size, cell wall rigidity and their interaction with the AOM play a significant role in the 

cake resistance, and specially in its compressibility [41]. Chlorella vulgaris is characterized 

by the presence of a rigid cell wall [41, 45], and thus its cake layer compressibility is 

determined by the interactions between algal cells and AOM, composed of hydrophilic 

polysaccharides, hydrophobic proteins, and humic-like substances with highly variable 

molecular weight and size [26, 41]. Babel and Takizawa, 2010 found that the cake 

resistance increases linearly with increasing the deposition of algal cells. However, as the 

algal biomass releases EOM, the cake becomes less porous and is compressed, distancing 

the fouling rates from a linear behavior. In the absence of EOM, cells are dispersed as they 

are negatively charged, leading to void spaces and to undisrupted fluxes. However, as the 

cells release EOM, the void spaces are filled and the extracellular materials cause linkages 

between the cells, inducing a more compact deposit which results in an increased resistance 

as the water flows through the matrix of EOM, causing its further compression (Figure 10) 

[46].  
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Figure 10. Interaction between algal cells and EOM in the filtration [46] 

Liao et al., 2012 investigated the interparticle interactions affecting the stability of sludge 

flocs at different SRTs. At higher F/M ratios, hydrogen bonds and ionic interactions, 

resulting from a higher production of carbohydrates, proteins, and DNA in the EPS, were 

found to play a dominant role in binding flocs together by overcoming the repulsive 

electrostatic interactions, whereas their effect was diminished at lower F/M ratios, where 

their higher stability was explained by the potential involvement of physical enmeshment 

of EPS and hydrophobic interactions. Lower F/M ratios at higher SRTs presented lower 

EPS concentrations but a higher stability, suggesting that poorer stability cannot be 

explained by the lack of EPS production, but other parameters such as the composition of 

EPS may be more important. The results suggest that variations in the physicochemical 

properties of the floc surfaces and therefore in the dominant particle interactions play an 

important role in the floc stability [42]. 

Higher shear stress imposed by higher scouring rates may have enhanced the cell damage 

and deflocculation rates at lower HRT, explaining the presence of particles with size 

smaller than that of the algal cells (around 3.5 µm) in SMPBR12h. Additionally, in regards 

of the scouring mechanism for fouling control, it is worth noting that bigger flocs 
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experience shear-induced diffusion and dragging forces, which increases with the particle 

size, whereas smaller particles such as colloids and macrosolutes experience Brownian 

back diffusion, which decreases with their size [3, 36, 38]. This suggests that the scouring 

efficiency was lower in SMPBR12h due to the presence of smaller particles whose 

detachment from the membrane surface was more difficult to control, leading to a more 

severe fouling. 

The present results are in accordance with previous studies where higher loading rates were 

found to lead to less stable particles with wider size distribution that reduced the cake 

porosity and increased the resistance to water permeation as presented in SMPBR12h. 

Smaller particles may be more prone to stay attached onto the membrane surface and to 

migrate through the void spaces in between larger particles, forming a more compact and 

less porous cake layer that reduced the water permeability and leads to a higher TMP 

increase.  Finally, the packing arrangement of the AOM and its interactions with the algal 

flocs play a more important role in describing the fouling behavior than the particle size 

alone, as will be further discussed in section 2.3.  

 

2.2.2.3. Zeta potential 

Algal surfaces consist of a complex and heterogeneous mixture of binding sites for metals 

and protons. The concentrations and characteristics of proton-active carboxylic, 

phosphoric, phosphodiester, hydroxyl, and amine functional groups on cell surfaces play a 

major role in surface binding capacity, biomineralization, bacterial adhesion and biofilm 

formation. [47]. The Zeta Potential measures the charge in the diffusive layer developed at 

an interface, allowing to characterize the stability of colloidal particles [2]. High zeta 
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potential  values (negative or positive) are characteristic in electrically stable particles, 

whereas particles with a low zeta potential present a higher tendency to aggregate or to 

adhere to a surface [2]. The average zeta potential after 10 days of operation is presented 

in Figure 11. Negatively charges surfaces prevailed during the experiments, with an 

average value of -25.79±3.5, -29.32±1.94, and -29.11± 3.94 mV for SMPBR12h, 

SMPBR24h, and SMPBR36h, respectively.  

The results are in accordance with previous studies, where the zeta potential of Chlorella 

vulgaris was found to range between -20 and -30 mV for pH values between 7 and 8, as 

the anionic properties of its cell surface result in a negative charge [48-51]. Based on the 

results and in the zeta potential value of the hydrophilic membranes used in the study (-30 

± 1.1 mV), it can be noted that a net repulsive electrostatic interaction in the double layer 

prevailed across the experiments, leading a higher (negative) zeta potential to stronger 

repulsive force between the surfaces. The algal attachment and fouling development in the 

three configurations demonstrate that the electrostatic repulsion force was overcome by 

attractive van der Waals and acid-base interactions, as described by the extended 

Derjaguin–Landau–Verwey–Overbeek (XDLVO) model, which can be applied to explain 

the change in total interaction free energy (ΔG) between algal particles and a surface as a 

function of van der Waals, acid-base, and electrostatic interactions [47, 49, 52, 53]. A lower 

zeta potential observed in SMPBR12h may have led to a weaker electrostatic repulsion and 

a higher tendency for attachment and aggregation.  
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Figure 11. Zeta potential across operation 

Chlorella vulgaris has a polysaccharide cell wall, composed of uronic acids, neutral sugars, 

glucosamine, and protein expressing hydrophilic surface groups such as carboxyl, 

hydroxyl, and amine. Among the neutral sugars, it is possible to find mainly rhamnose, 

arabinose, xylose, mannose, galactose, and glucose [47, 54]. Ionizable functional groups (-

OH, -COOH, -NH2) can be deprotonated or protonated based in the system pH and can 

create surface charge and consequently surface potential. At lower pH values, these groups 

are protonated (i.e., -COOH and -NH3
+), creating a net positive surface charge. However, 

at high pH these functional groups are deprotonated (i.e., -COO- and -NH2), resulting in 

the in a net negative surface charge [53]. Variations in the pH along the operation (7.5-8.5) 

may have affected the protonation and deprotonation of functional groups out of the Point 

of Zero Charge (PZC) [53]. Additionally, the presence of multivalent ions such as Ca2+ and 

Mg2+ can influence the acid-base interaction of cell to cell and cell to substrata systems by 

partly neutralizing the surface groups that are electron acceptors. Different CaCO3 dosages 
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applied to keep the pH within the desired range may have affected the acid-base 

interactions between the cells and the membrane by increasing the concentration of Ca2+ 

ions, additionally increasing the ionic strength of the solution, resulting in the decrease of 

the thickness of the electric double layer and therefore in the electrostatic repulsion [49, 

50, 53].  

The magnitude of electrostatic interactions increases with increasing the cell size [53]. 

Cells with larger diameter would experience larger attractive or repulsive forces. Smaller 

particle sizes lead to lower electrostatic repulsive forces, and to a higher tendency for 

adhesion onto the membrane surface, as demonstrated by Bin et al. (2017), who reported a 

lower zeta potential values for the cell debris (-20.8 mV) in comparison to alive cells (-

34.4 mV), and a higher tendency of the debris to adhere to membrane surfaces than the 

cells due to a lower electrostatic repulsion [48]. Smaller particle sizes lead to an increased 

attractive van der Waals interaction due to the increased surface area for interactions, and 

in consequence, smaller particles (as in SMPBR12h) present a larger magnitude in the 

attractive van der Waals interactions, which may overcome the electrostatic repulsive 

forces between the membrane and the particles, whereas larger particle sizes in SMPBR24h, 

and SMPBR36h may have presented lower van der Waals attractive forces and higher 

electrostatic repulsive forces  [48, 53]. 

As aforementioned, C. vulgaris has a hydrophilic surface due to its cellulose based cell 

wall. However, the presence of long chain hydrocarbons with hydrophobic groups such as 

methyl and methylidene can modify the cell surface, conferring hydrophobic properties 

[50]. The carbohydrate fraction in the AOM has been reported to present a higher number 

of hydrophilic groups that leads to more irreversible fouling due to the formation of 
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hydrogen bonds between the carbohydrates and the hydrophilic membrane surface [26, 42]. 

Larger carbohydrate concentrations were presented in SMPBR12h (Section 2.3), explaining 

the higher fouling rates presented in this configuration [26, 42, 47]. 

Different studies have investigated the electrostatic interactions between algal cells and 

membrane surfaces [41, 46, 48, 55, 56]. Marbelia et al. (2016) investigated the efficiency 

of hydrophilic negatively charged membranes in controlling the fouling of Chlorella 

vulgaris and found no clear correlation between the filterability characteristics and the zeta 

potential of the species. The membrane charge was found to be favorable in reducing the 

fouling only during the beginning of the filtration, becoming its effect negligible after 120 

minutes of operation due to the deposit of foulants its surface, covering the negative 

charges and reducing the membrane ability to repel the AOM and algal cells [41]. 

The hydrodynamics of the system play an important role in controlling the interactions 

between algal cells and AOM and the membrane surface. Ozkan & Berberoglu (2013) 

demonstrated that for a flow rate of 1 ml min-1 during cell desorption experiment in parallel 

plate flow chamber, the net force acting on a cell adhered over a substratum decreased from 

1.9x10-11 to 3.3x10-12 N as the effective cell diameter, and thus the surface interactions, 

decreased from 10.4 to 4.3 µm. At a velocity of 1.5 mm s-1, C. vulgaris presented a kinetic 

energy equivalent to the attractive energy, preventing the attachment of the cells to the 

substratum [50]. This is in accordance with Low et al. (2016), who reported that the 

XDLVO forces were overcome by convective and hydrodynamic forces since no 

correlation was found between the fouling rates and the zeta potential of the algal particles 

[20]. 
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The combined effect of electrostatic repulsion/attraction, hydrophobicity and van der 

Waals interactions between the membrane and the foulants is strongly affected by the 

physicochemical properties of the foulants. Controlling operating parameters such as the 

pH, ionic strength and the hydrodynamic forces in the system determines the extent to 

which the membrane fouling is influenced by these colloidal forces [26]. The 

hydrodynamic and convective forces, along with the physicochemical properties of the 

AOM produced strongly influence the effect of the colloidal forces in the membrane 

fouling. A slightly lower zeta potential in SMPBR12h may be explained by smaller particle 

sizes and a lower ionic strength in the solution, although further studies with a narrower 

pH and controlled hydrodynamic conditions will further elucidate the net effect of the zeta 

potential and the electrostatic interactions on the membrane fouling.  

 

2.2.3. Effect of supernatant characteristics 

2.2.3.1. Effect of soluble AOM in membrane fouling 

The soluble AOM released by algae into the culture medium contains high concentrations 

of proteins and polysaccharides. These compounds present a wide range of molecular 

weights and chemical compositions that vary significantly depending on the algal 

characteristics, growth phase, and nutrients availability [57-59]. A higher hydraulic 

resistance has positively been correlated to higher concentrations of AOM in solution, as 

it tends to deposit on the membrane surface due to its low back-transport velocity and 

strong static interactions with the membrane surface [19, 51]. Therefore, AOM is widely 

studied as a key parameter to understand the fouling phenomenon.  The concentration of 

proteins and carbohydrates in the mixed liquor and permeate are presented in Figure 12.  
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Figure 12. Protein (12a, 12c) and carbohydrate (12b, 12d) comparative concentrations in the permeate and 

feed 

The amount of AOM released from C. vulgaris was affected by the different loading rates. 

The results indicate that carbohydrates were the main component of the AOM, although 

the protein concentrations presented more significant differences between the 

configurations.  

Table 7. AOM concentrations after 10 days of operation 

HRT 
Proteins 

(mg/L) 

Carbohydrates 

(mg/L) 
MLSS (mg/L) 

Protein/MLSS 

(mg/mg) 

Carbohydrates/ 

MLSS (mg/mg) 

12 h 5.546 12.829 1418 0.00390 0.00904 

24 h 4.717 8.855 1675 0.00281 0.00528 

36 h 1.41 6.820 817 0.00123 0.00832 

  

The configuration with the highest fouling rates (SMPBR12h) presented the highest protein 

and carbohydrate concentrations in the mixed liquor, indicating the significance of AOM 
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in the membrane fouling. The results are consistent with previous studies where higher 

F/M rations were found to induce a higher surplus of substrate and energy that could induce 

higher excretion of EPS, whereas lower F/M ratios were related to a lower production of 

EPS, inducing less fouling [36, 38]. By comparing the AOM concentrations normalized 

per algal biomass (Table 7), SMPBR12h and SMPBR36h were found to have similar 

carbohydrate concentrations, whereas the proteins were significantly higher in SMPBR12h. 

The results indicate that the proteins were responsible to a greater extend for the fouling 

resistance created on the membrane in SMPBR12h, whereas carbohydrates had a higher 

impact on SMPBR36h.The results are in agreement with Wu et al. (2013), who found that 

soluble protein in the cake layer did not adversely influence the membrane fouling behavior 

in the low F/M ratio, but it was significantly related with membrane fouling at high F/M 

ratios [36]. 

The AOM can be either released by metabolic activity (EOM) or generated due to cell 

rupture (IOM). In the logarithmic growth phase, the AOM is characterized for being 

principally composed of EOM as the cells have good integrity and death or lysis does not 

occur. In the stationary phase, the depletion of nutrients and the consequent cell ageing and 

lysis lead to the release of IOM into the solution and to a drastic increase of the total AOM, 

as the IOM content of a cell is greater than the EOM produced [26, 48, 55, 59]. 

Carbohydrates have been found to be the main component of EOM, whereas the IOM is 

richer in proteins [26]. Higher protein concentrations in SMPBR12h may be the result of an 

increased cytolysis resulting from the higher shear stress caused by the air scouring. This 

finding is also consistent with Kanchanatip et al. [48], who found that IOM was more prone 

to cause flux decline than the EOM. Nevertheless, SMPBR36h presented lower protein 
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concentrations, suggesting that shear stress had a higher impact on cell cytolysis than the 

natural cell decay. 

Previous studies have found that the AOM from stationary growth phase contains greater 

amounts of organic carbon and substances responsible for membrane fouling and flux 

decline [58]. Significantly higher concentrations of carbohydrates in SMPBR36h indicate 

that these substances had a stronger impact on membrane fouling of this configuration. 

Carbohydrates generally represent a significant fraction of the hydrophilic neutral 

compounds of the AOM characterized for forming  stronger and less irreversible 

intermolecular bridges through hydrogen binding [60]. Cake resistance has been found to 

increase linearly with the increase in cell deposition when no EOM is released. However, 

the EOM released by the algae creates linkages between cells, and this diminishes the algal 

dispersion and fills void spaces between them, distancing the fouling rates from a linear 

behavior [46]. This finding is consistent with the biomass concentration results, where no 

strong correlation was found between the algal concentration and fouling resistance, 

suggesting that EOM has a greater impact in this configuration.  

Lower loading rates in SMPBR36h led to stressful conditions that induced higher EOM 

production in the biomass. As a result, the algal flocs were highly homogeneous and more 

stable as observed in Section 2.2.2., and the membrane-AOM interactions may have been 

stronger as a thinner cake layer had a lower EOM retention capability. In consequence, due 

its hydrophilic properties, the carbohydrate fraction may have been responsible for causing 

more adsorptive and irreversible fouling than that of the algal cells [48, 60].  

Proteins have been associated with a more severe flux decline [58]. It has been reported 

that these compounds present higher hydrophobicity as a result of amino acids with 
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hydrophobic side groups [61]. These properties are claimed to be the cause of weaker 

interactions with hydrophilic membranes, leading to a loose and reversible fouling by 

means such as backwash  [60, 62]. Hydrophobic proteins tend to associate to form larger 

“gel-like” substances that act as charge neutralizers due to the presence of positively 

charged amino groups that neutralize anionic functional groups [61]. Our results indicate 

that among the AOM fractions, proteins caused a more severe fouling in SMPBR12h, 

although further studies in the reversibility and hydrophilicity/hydrophobicity of the AOM 

fractions are required to further elucidate the membrane-AOM interactions.   

Although carbohydrates were found to present a higher significance for the membrane 

fouling in SMPBR36h, the accumulation of proteins on the membrane surface was found to 

be the main component of the AOM responsible for higher resistances in SMPBR12h. This 

indicates that specific properties such as in hydrophobicity/hydrophobicity and molecular 

weight played a major role on the AOM-membrane interactions.  

 

2.2.3.2. Total Organic Carbon 

The average Total Organic Carbon (TOC) in the mixed liquor and its rejection are 

presented in Figure 13. The experimental data revealed significant differences in the TOC 

concentration along the 10 days of operation. The TOC concentration in SMPBR36h was 

significantly lower compared to SMPBR24h and SMPBR12h, presenting the latter the highest 

TOC concentration across the experiments.  
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Figure 13. Total Organic Carbon (TOC) in the mixed liquor (13a) and TOC rejection across the membrane 

(13b) 

 

Differences in the TOC removal efficiencies were revealed. SMPBR36h presented the 

lowest removals, with a permeate TOC concentration close to that of the mixed liquor. 

SMPBR12h exhibited the highest rejection across the membrane, with values above 90% 

during the experiments. The discrepancies can be attributed to the molecular weight 

distribution of the organics and to differences in the cake porosity and rejection capacity. 

A higher TOC rejection was observed at higher TMP values such as the ones presented in 

SMPBR12h. Higher amounts of biomass attached led to a better removal of organics, 

demonstrating the importance of the cake layer in the additional filtration of small organics 

that might pass through the membrane.  

Table 8. Comparative TOC concentration in day 10 

HRT 

Mixed liquor  Permeate 

TOC (mg/L) 
TOC/MLSS 

(mg/mg) 
TOC (mg/L) Rejection (%) 

12 h 15.741 0.0129 0.864 94.51 

24 h 11.142 0.00665 1.732 88.45 

36 h 8.759 0.00107 4.575 47.76 
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Increasing the nutrients loading rates led to higher levels of AOM, whereas a higher shear 

rate induced a more heterogeneous particle distribution. This resulted in a more compact 

and nonporous cake layer on the membrane surface, responsible for the rejection of AOM 

in the case of SMPBR12h. This is in accordance to previous studies where the trade-off 

between membrane permeability and organic rejection has been highlighted, and where the 

cake layer retention has been claimed to be the main mechanism of rejection for low 

molecular weight organics [32, 48, 55]. 

 

2.2.3.3. LC-OCD 

The LC-OCD chromatograms for the soluble AOM in the mixed liquor and permeate are 

presented in Figure 14. Based on its molecular weight, the LC-OCD analysis allows to 

classify the AOM in four categories: 1) high molecular weight (MW) biopolymers 

(>20,000 Da); 2) humic-like substances (500-20,000 Da); 3) medium molecular weight 

components such as building blocks (350-500 Da), and low-MW neutrals (<350 Da) [63]. 

AOM is heterogeneous in size distribution and hydrophobicity, the hydrophilic small 

molecules may penetrate into membrane pores and cause pore blocking, whereas larger 

particles accumulate on the membrane surface and increase the cake layer resistance [48, 

58]. In the solution, major peak intensities were presented in medium and low-MW organic 

components in SMPBR12h, whereas SMPBR24h presented significantly higher intensities 

for high-MW biopolymers. Furthermore, SMPBR36h, presented a higher amount of low-

MW substances in comparison to the other configurations, which may be the result of a 

prolonged contact time between the algal cells and the organics produced, leading to the 

biological breakdown of large biopolymers into smaller organics. At the permeate side, 
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SMPBR12h presented a unimodal distribution around humic-like substances. In contrast, a 

bimodal peak distribution associated with humic-like substances and building blocks was 

observed in SMPBR24h and SMPBR36h, presenting the latter a greater intensity in building 

blocks and low-MW substances. 

 

 

Figure 14. LC-OCD Chromatograms of supernatant (Fig 14a) and permeate (Fig 14b) in day 10 of 

operation 

The UF membrane efficiently removed the biopolymers present in solution, as more than 

90% of the biopolymers were rejected in all the configurations (Table 9). This indicates 

that high-MW compounds were accumulated on the membrane surface, playing a 

significant role in the development of the cake resistance in all the experiments. A higher 

concentration and accumulation of these compounds was observed in SMPBR24h, although 

no significant fouling was developed. This suggests that a more homogeneous MW 

distribution towards larger compounds in SMPBR24h resulted in more porous and less 

compact layer responsible for a lower resistance.  



76 

 

A low rejection of humic-like substances was observed in all the configurations, suggesting 

that these organics could more easily enter the inner membrane structure. However, due to 

weak interactions between these compounds and the membranes, high transmissions to the 

permeate side were observed. This is in accordance to Low et al., where a low rejection of 

humic-like substances was related to a lower importance of these organics in the fouling 

resistance [20]. The high transmission of humic-like substances and the retention of low-

MW organics in SMPBR12h supports previous studies where mechanisms different than 

size exclusion such as membrane and cake layer adsorption have been reported to play a 

major role in the rejection of soluble organics [55]. 

Table 9. LC-OCD characterization of AOM in feed and permeate in day 10 of operation 

 

A higher rejection of organic substances with smaller size such as building blocks, low-

MW neutrals and LMW acids was observed in SMPBR12h, indicating that a more compact 

layer responsible for a higher rejection of organics was developed. The consequent 

accumulation of these substances on the cake layer and membrane surface resulted in 

exacerbated fouling resistance since they can strongly attach to the inner pore structure of 

DO C >> 20.000 300-500 < 350 < 350

HO C* CDO C

Bio- Building LMW LMW

polymers Blocks Neutrals Acids

Disso lved Hydrophob ic Hydrophilic

ppb-C ppb-C (%DOC) ppb-C (%DOC) ppb-C (%DOC) ppb-C (%DOC) ppb-C (%DOC) ppb-C (%DOC)

HRT 12 H

Feed 2499 8 (0) 2492 (100) 783 (31) 980 (39) 150 (6) 579 (23)

Permeate 471 218 (46) 253 (54) n.q 229 (49) 10 (2) 7 (1)

HRT 24 H

Feed 1951 7 (0) 1942 (100) 1207 (62) 469 (24) 73 (1) 234 (12)

Permeate 533 82 (15) 451 (85) 18 (3) 281 (53) 67 (13) 85 (16)

HRT 36 H

Feed 1265 47 (4) 1218 (96) 256 (20) 374 (30) 278 (22) 409 (32)

Permeate 638 116 (18) 523 (82) 4 (0) 205 (32) 123 (19) 276 (43)

Approximate molecular weights in g/mol
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the membrane and cake layer by adsorption and irreversible plugging  [61, 62]. In contrast, 

a high transmission of medium and low-MW compounds presented in SMPBR24h and 

SMPBR36h was related to lower fouling rates across the operation. This confirms statements 

from previous studies where an increase in the AOM transmission has been related to a 

reduced fouling [32]. Additionally, the results suggest that a less porous and more resistant 

fouling layer resulting from the deposition of smaller particles and organics in SMPBR12h 

improved the AOM rejection (Figure 13b), in accordance to previous studies where the 

cake retention has been found to be the main mechanism for retention of low-MW 

compounds [48, 55]. 
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2.3. CONCLUSIONS AND FUTURE WORK 

 

Different fouling mechanisms and foulant-membrane interactions were observed as the 

hydraulic retention time was changed under constant flux operation, as it was successfully 

confirmed by measurements in the algal cells and AOM characteristics. The biomass 

concentration was positively correlated to an increased fouling resistance during 

logarithmic growth in SMPBR12h and SMPBR24h. In contrast, the fouling resistance in 

SMPBR36h did not present such a strong correlation, and other parameters such as the 

carbohydrate fraction of the AOM seem to have played a more significant role in the 

resistance developed.  

Higher loading rates led to looser and less stable flocs, which in combination with higher 

shear rates imparted in SMPBR12h resulted in a broader range of particle sizes and in a 

higher release of AOM into solution. Smaller particles and higher concentrations of small-

MW proteins led to lower electrostatic repulsive interactions between the membrane and 

the foulants, which may have caused more adsorptive and irreversible fouling by pore 

narrowing and pore blocking. Furthermore, smaller particles and dissolved organics filled 

the void spaces in the cake layer formed by the algal cells, resulting in a greater 

permeability loss as a more compact and less porous layer was developed. This layer was 

found to increase the rejection of organics, specially the small-MW fraction (350-500 Da), 

further exacerbating the fouling resistance as smaller pores in the cake layer were clogged 

by these compounds. The high transmission of humic-like substances indicates that size 

exclusion was not necessarily the only mechanism for rejection of small organic molecules. 
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Membrane and cake layer adsorption may have governed the rejection of the smaller 

organic fraction, whereas weaker interactions with humic substances led to higher 

transmissions to the permeate.  

Lower loading rates in SMPBR36h resulted in a stationary growth. The carbohydrate 

fraction of the AOM was found to play a more significant role in the fouling resistance of 

this configuration compared to the others, as it was demonstrated by the normalized 

carbohydrate concentration and by the biomass to TMP correlations.  Higher concentration 

of carbohydrates conferred higher stability to the particles, resulting in a heterogeneous 

size distribution. Furthermore, higher contact times between the algal cells and the organics 

resulted in higher amounts of small-MW compounds, which may be an indicative of 

biological breakdown processes. The resistance to water permeation in gel layer resulting 

from the AOM released in this configuration was relatively low compared to the other 

experiments, and it was found to lead to an increased transmission of organic carbon and 

high-MW compounds to the permeate, highlighting the existing trade-off between solutes 

rejection and fouling resistance.  

Greater particle size and large-MW organics in SMPBR24h were found to alleviate the 

membrane fouling as the result of a more porous and less resistant cake layer that led to a 

lower flux decline at a hydraulic retention time close to the ones used in advanced 

wastewater treatment. The fouling resistance was found to be strongly influenced by the 

algal cell concentration, which was found to be homogeneously distributed. A narrowed 

and bigger particle size distribution in combination with a lower AOM production resulted 

in a porous and less resistance layer responsible for a relatively stable flux across the 

operation.  
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In order to get a further understanding of the results presented and of the algal fouling 

behavior in MPBRs, future research in the effect of the shear stress caused by the scouring 

systems must be carried out. Additionally, the effect of fluxes beyond the critical flux and 

that of lighting, aeration rates and of the solids retention time are critical factors that require 

further research.  

Lower hydraulic retention times resulted in an exacerbated fouling, whereas increasing this 

parameter resulted in a reduced rejection and high transmission of organics. Overall, the 

SMPBR24h was found to present a moderated and efficient permeation performance, being 

the most suitable configuration in order to prevent the development of severe fouling while 

keeping relatively high permeate and biomass productivities.   
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CHAPTER 3: EFFECT OF PHYSICAL FOULING CONTROL 

STRATEGIES ON THE ALGAL GROWTH AND MEMBRANE 

ATTACHMENT 

 

3.1. MATERIALS AND METHODS 

3.1.1. Experimental setup 
 

In order to evaluate the effect of the fouling control strategies in the biomass development 

and attachment, a running membrane photobioreactor operated under continuous mode at 

an HRT of 12 hours was used.  The reactor was previously acclimatized for a period of 30 

days under the conditions specified in Materials and Methods of Chapter 2.  The biomass 

concentration was adjusted to 500 mg/L and the experiments were carried at a constant 

flux of 20 LMH. A PVDF new membrane filtration module was used as biomass/liquid 

separator, its characteristics are presented in Table 10.   

Table 10. Membrane characteristics 

Membrane characteristic Value 

Pore size 16 nm 

Porosity 46.23% 

Zeta potential  -28.9 ± 1.8 mV 

Conductivity 0.389 mS/cm 

Outer diameter 1.2 mm 

Water permeability 300 LMH/Bar 

Membrane area 3.7x10-3 m2 
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The backwash (MPBRBW) experiments applied a backwash flow of 25 LMH continuously 

during 10 minutes for each cycle. For the scouring system (MPBRSC), compressed pure 

nitrogen gas was previously passed through a 0.2 μm filter and then bubbled through an air 

diffuser into the reactor at a rate of 2.22 L/h continuously during the 10 minutes period of 

each cycle. For relaxation (MPBRRLX), the permeate flux was suspended and no 

recirculation movement was applied from the reactor into the filtration module.  

 

3.1.2. Fouling assessment 

3.1.2.1. TMP and fouling rates 

The fouling propensity of the MPBR operated under a constant flux of 20 LMH was 

assessed by measuring the TMP increase over the time.  Three different fouling control 

strategies namely relaxation, backwash and air scouring were evaluated. An experiment 

consisting in continuous filtration without any fouling removal mechanism was applied as 

a control (MPBRCT). The experiments were performed by applying cycles of 20 minutes 

of membrane filtration followed by 10 minutes of the physical fouling controls. No 

permeation took place during the fouling control periods and thus, two cycles led to a total 

filtration time of 60 minutes and an effective permeation time of 40 minutes. Subsequently, 

the fouling rates were normalized by the increase in TMP for the effective permeation time 

and was expressed as bar/mL of permeate.   
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3.1.3. 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 formation 

and growth of the algal biomass on the hollow fiber submerged membrane. The OCT probe 

was fixed to a motorized frame (Velmex, USA) in order to allow 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 2D cross 

section scans (1666 x 680 pixel) corresponding to 5.0 x 1.4 mm (width x depth) were taken 

within a fixed rectangular position of 5.0 x 0.5 mm during all the experiments.  

 

3.1.3.1. Image analysis 

For the analysis of the images, the OCT scans were preprocessed using FiJi software. A 

multi-sequence step was applied: 1) the images were filtered: 2) contrast and brightness 

were adjusted and, 3) the images were thresholded and binarized. This was followed by the 

calculation of the thickness and roughness of the algal biofilm formed on the membrane 

surface 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 algal 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. (2012) [64]. 

𝑍′ =
1

𝑛
∑ 𝑍𝑖𝑛

𝑖=1           (1) 
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𝑅𝑎 =
1

𝑛
∑ (|𝑍𝑖 − 𝑍′|)𝑛

𝑖=1          (2) 

𝑅′𝑎 =
1

𝑛
∑ (

|𝑍𝑖−𝑍′|

𝑍′
)𝑛

𝑖=1          (3) 
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3.2. RESULTS AND DISCUSSION 

 

The comparative TMP profile across the experiments is presented in Figure 15, and the 

comparative fouling rates expressed as Bar/min and Bar/mL of filtrated permeate are 

presented in Figures 16a and 16b, respectively. As expected, the control experiment of 

continuous permeation without any fouling control mechanism presented significantly 

higher fouling rates, overpassing the pressure threshold of the filtration unit of 0.6 Bar 

nearly after 120 minutes. This confirms the positive effect of the physical controls in 

mitigating the fouling development on the membrane surface. 

 

Figure 15. Comparative TMP profile for the different fouling control strategies 
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Among the three techniques, air scouring presented the lowest fouling rates, while a similar 

behavior was observed in backwash and relaxation when assessing the TMP increase as a 

function of the total filtration time (Bar/min). However, it is worth noting that analyzing 

the fouling rates using this expression may lead to misinterpretations as the effect of the 

required energy and permeate inputs are ignored, albeit having a significant impact on the 

system performance and economic viability. In fact, backwash, scouring and relaxation are 

characterized by presenting different mechanisms, involving none or higher consumption 

of energy and permeate. The loss of productivity due to the use of permeate used during 

the backwash cycle is not always considered in studying the effect of the control strategies 

[65]. Therefore, another alternative for comparing the performance of the system under 

different fouling control mechanisms is to normalize the TMP to the effective permeation 

time or amount of permeate produced. By expressing the rate of fouling as TMP/mL of 

permeate produced, different results were obtained.  As shown in Figures 16a and 16b, 

although the relaxation and backwash presented similar fouling rates when expressed per 

total filtration time, differences were observed when the fouling rates were expressed in 

terms of Bar/mL, presenting relaxation a better performance when related to the permeate 

produced.  
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Figure 16. Comparative fouling rates per total filtration time (15a) and effective permeation (15b) 

 

Backwash consists in the application of permeate backflow at a pressure greater than that 

within the membrane. As a result, the thickness of the foulant layer is expanded and 

fluidized [19]. The required use of permeate reduces the total productivity of an installation 

and thus, depending on the minimum backwash flow rate required for expanding and 

fluidizing the foulants attached to the membrane, the performance of a filtration system 

can be considerably reduced. In contrast, relaxation achieves the foulant removal by 

stopping the permeate suction and therefore the convective drag force towards the 

membrane surface, facilitating the back diffusion-induced detachment of different foulant 

agents [25, 66]. In a full-scale operating plant, the efficiency of these techniques, often 

linked to foulant-specific properties, becomes critical for the economic viability of the 

process. Backwash is a permeate and energy demanding process as it pumps the permeate 

backward during the cycle. In this study, by operating the reactors with a concentration of 

500 mg/L and a flux of 20 LMH, relaxation and backwash presented a similar TMP value 

after four filtration cycles, corresponding to 80 minutes of effective permeation. However, 

as aforementioned, the latter technique reduced the permeate production.  
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3.2.1. In-situ monitoring 
 

In this study the OCT in-situ monitoring was employed aiming to provide a better 

understating of different fouling control mechanisms. This work represents the first attempt 

to monitor the effect of physical cleaning strategy on the biomass formed on the membrane, 

providing real-time information of the biomass morphology. The following approach 

enables to evaluate the changes in morphology during operation at different time intervals. 

Figure 17 shows the time series OCT images of the algal biomass formed on the membrane 

at 20, 40, 60, and 80 minutes of effective permeation time. Considerable differences in 

terms of biomass formed on the hollow fiber membrane surface were observed among the 

different fouling control strategies. For the scans corresponding to the experiment where 

the air scouring was employed as physical cleaning, the amount of algal biomass deposited 

on the surface was significantly lower. The use of the OCT besides visualizing the algae 

structure allowed to assess and quantify the changes in the structural properties of the 

fouling layer. As presented in Figure 18a, it was possible to determine the average algal 

cake thickness over the time for each experiment. For the air scouring control, a minimum 

and constant value in the range of 10-15 µm was observed across the period of observation. 

During the first 40 minutes of operation a constant and similar increase in the average 

thickness of the algal layer was observed for the control, backwash and relaxation 

experiments, presenting values of 19.6, 25.3 and 26.1 µm, respectively. Starting at 50 

minutes, sharper and growing differences were observed in the biomass thickness in the 

different runs. At the end of the experiments, the highest algae thickness was observed in 
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MPBRRLX, followed by MPBRBW and MPBRCT. By analyzing the OCT scans, it was clear 

that the physical cleaning mechanism of action affected the algal cake morphology over 

the time. Although the amount of biomass deposited on the membrane surface directly 

impacts the filtration efficiency, the algal biomass thickness is not the only morphological 

factor that impacts negatively the filtration performance. Even though the biomass 

developed under the relaxation presented the highest thickness, it appeared to be looser and 

less dense compared to the other cases, leading to a performance comparable to that of the 

backwash experiment.  

 

Figure 17. OCT images after 20, 40, 60 and 80 minutes of effective permeation time 

The biomass cake roughness is another morphological parameter with a significant impact 

on the filtration performance (Figure 18b). It has been found that the biofilm roughness 

developed on a UF membrane has a significant impact on the permeate flux [67, 68].  As 

can be noticed in Figure 18b, the relative roughness of the biomass layer developed in 

MPBRCT presented an opposite and decreasing trend compared to the other experiments. 

This is in agreement with previous studies that reported at early stage a decrease in 

roughness as a more compact and dense layer is developed [69]. A different trend was 
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observed for MPBRRLX and MPBRBW, which presented a constantly increasing relative 

roughness value across the total period of observation.  

 

Figure 18. Algal cake thickness(17a) and relative roughness (17b) 

The growing conditions and algal concentration were constant in all the experiments, 

demonstrating the differentiated effect of the fouling control mechanisms in the membrane-

biomass interactions, as it was reflected in the TMP and biomass layer thickness.  

 

3.2.2. Studying the impact of fouling control strategies 
 

As aforementioned, each filtration cycle was composed of 2 phases: 20 minutes of growth 

(i) followed by 10 minutes of biomass control with no permeation (ii). The control 

strategies have a double effect on the algae deposited in the system by affecting both the 

morphology of the biomass deposited on the membrane and the biomass present in the 

feed. The non-destructive monitoring allowed studying in real time the biomass 

morphology response. In this study, the OCT was employed to study the behavior during 

the control mechanism cycle of action.  By changing the acquisition scan frequency, it was 
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possible to perform a detailed time-resolved analysis of the physical cleaning. Therefore, 

it was possible to generate a video (time series) of the response of the biomass to the cycle 

of action (Appendix 1). The proposed approach enables getting an insight of the effect of 

the control strategy on the algae formed on the membrane.   

 

3.2.2.1. Relaxation 

Among the physical cleaning strategies, relaxation is the less energy intensive as it consists 

in stopping the permeation during certain interval of time. The intermittent cessation of the 

permeation has been implemented in submerged membrane processes to mitigate the 

fouling during operation. In our results, relaxation was found to have a similar impact on 

the performance compared to backwashing, although some studies have considered it as 

more favorable due to the fact that backwash may lead to higher membrane pore narrowing 

and blocking [70]. During the cycle of 10 minutes of relaxation, significant changes took 

place in the morphology of the biomass attached. As presented by the OCT scans, the 

biomass thickness increased during the cycle of relaxation. This phenomenon is due to the 

absence of permeation and thus, of convective forces towards the membrane, allowing the 

redistribution of the foulants present in the cake layer. Different studies have found that 

the cake layer deposited of Chlorella is compressible [46]. Therefore, it is not surprising 

to find that after suspending the pressure at the permeate side, the algal biomass became 

less compressed and more porous. As reported in the literature, the permeated flux and the 

applied pressure affect the relaxation and compaction of the biomass [71, 72]. At the end 

of the 10 minutes control cycle, when the relaxation ends and the permeation restarts, the 

biomass is compressed again. The change in morphology during the relaxation period 
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affects the algal structure over the time. In fact, as presented in Figure 17a, after 80 minutes 

of effective permeation, the algal biomass under this control strategy presented the highest 

thickness and the loosest and most irregular structure. The in-situ observation performed 

in this study confirmed previous studies where it has been proved that relaxation leads to 

a more porous and less attached fouling layer [68].    

 

3.2.2.2. Backwashing  

The backwashing requires an additional energy and water inputs in order to flow back the 

permeate through the membrane. As shown in Figure 15, the backwash did not present 

significant enhancement in the filtration performance compared to MPBRRLX. 

Furthermore, considering that during the backwash cycle there was no permeation through 

the fiber, the results suggest that pumping back the permeate might also have an adverse 

impact on the filtration. As stated by Wu et al. (2008), frequent backwashing might induce 

macromolecules to enter the membrane pores changing the fouling layer composition, 

increasing the percentage of irreversible fouling after the first cycles [70]. Metzger et al. 

(2007), proposed a mechanism of action for the backwash process, where the cake layer 

detachment leads to an increase in the impact of the SMP fraction in the irreversible fouling 

as the cake layer sieving capability of organics is removed, resulting in more severe fouling 

[73]. The method proposed in this study observed the biomass behavior during the 

backwashing, allowing to capture the partial detachment of the biomass from the 

membrane. As shown in Figure 17 and Appendix 1.a., during the 10 minutes of action, the 

biomass firstly presented a relaxation period, followed by a detachment which was 

observed in most of the monitored area with the exception of a miniscule zone, which acted 
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as the anchor point. Conversely to the assumption made by Metzger et al. (2007) [73], the 

backwash did not lead to the complete detachment of the cake layer, suggesting that the 

pressure applied for the backflow was not strong enough to reach a complete detachment 

of the cake layer. This is in accordance to the results presented in the Section 2.3 of Chapter 

2, where a lower HRT resulted in a higher amount of AOM produced and to a more 

compact and strongly attached layer. As shown in Appendix 1.a. during the cycle of 

backwash the algae resulted to be anchored to the membrane through a spot of few 

micrometers, although this phenomenon was found to be reversible as the detached algal 

biomass returned back to the membrane surface shortly after restarting the filtration cycle. 

The temporary detachment of the cake layer from the membrane surface exposed the latter 

to smaller particles responsible for more severe fouling. The results presented in this study 

are in agreement with previous reports where the backwash was not found to present 

significant positive effects when compared to relaxation [70]. It was found that backwash 

leads to the removal of part of the cake layer, although it was found to lead to an increase 

in pore clogging and pore narrowing caused by the AOM present in solution.  

 

3.2.2.3. Aeration 

In membrane bioreactor, the air scouring is the most cost demanding fouling control 

strategy in terms of energy consumption. In the submerged configuration, the air scouring 

systems reduce the cake layer deposited on the membrane surface by inducing the non-

homogeneous distribution of air bubbles on the membrane surface, resulting in localized 

and uneven cross-flow conditions. Nevertheless, despite its high energy cost, scouring 
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systems have been found to be ineffective in controlling the irreversible fouling caused by 

small particles and AOM [19, 74]. 

In this study, the in-situ observation was performed to provide a better understanding of 

the mechanism of action. However, the detailed time-resolved imaging was restricted by 

the presence of air bubbles and the continuous movement of the membrane that hindered 

the real-time monitoring at high frequency during the cycle of aeration.  

Among the three fouling control strategies, MPBRSC had the strongest impact in 

controlling the algal deposition on the membrane surface. Two mechanisms of action were 

noticed: 1) the scouring of the foulants that get in contact with the bubbles via drag force 

and 2) the induced vibration on the membrane leading to additional shear forces 

contributing to the detachment of the foulants. As stated by Cui et al. (2013), depending 

on the looseness of a fiber, the air bubbles used in scouring systems can induce the lateral 

movement of the hollow fiber [75]. The induced vibration has been proved to be an 

effective strategy to mitigate the fouling submerged configuration [76].  

As demonstrated by the in-situ monitoring, no significant deposition was observed after 80 

minutes of effective permeation. Unlike to the other controls, only a thin layer was 

deposited on the hollow fiber with an average thickness in the range 10-15 µm, which 

prevailed until the end of the experiment. The constant and low value in algal biomass 

average thickness contrasts with the increasing TMP over the time, suggesting a different 

fouling mechanism responsible for the increase in the resistance. As stated by Meng & Liu. 

(2013), the cake layer formed on the membrane surface of an A-MBR system prevents 

further pore blockage and narrowing by small foulant agents, providing an additional 

filtration layer [77]. According to our results, the almost complete removal of the cake 
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layer led to a higher deposition of small particles of AOM on the hollow fiber 

membrane.  Contrary to other three experiments, where a TMP increase was related to an 

increase in the amount of biomass attached over the time, the TMP rise in the MPBRSC was 

not found to be related to changes in the cake layer morphology on the membrane surface.  

In summary, the use of the air scouring as control strategy for fouling mitigation has a 

double and contradicting effect. The aeration is capable of reducing the cake layer 

deposited on the membrane surface however it leads to an increase of the algae 

concentration and the fraction of components that contribute more to fouling. 
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3.3. CONCLUSIONS AND FUTURE WORK 

 

The impact of the algal fouling on the process performance was found to differ under the 

different control strategies, as it was observed by the fouling rates and the structural 

properties of the fouling layer visualized by the use of in-situ monitoring. The air scouring 

presented the lowest fouling rates, whereas a similar behavior was found in backwash and 

relaxation when assessing the TMP increase as function of the total permeation time. When 

the fouling rates were expressed as effective permeation time, significant differences were 

found between MPBRRLX and MPBRBW, having the latter a lower performance as a result 

of its high permeate consumption. The results highlight the existing trade-offs between 

fouling control and permeate productivity, being the latter hampered when high permeate 

back-fluxes are demanded as a consequence of strongly attached foulant layers, as it was 

observed in MPBR12h. 

The algal biomass thickness was not correlated to the fouling rate, as MPBRRLX presented 

a thicker algal layer albeit having lower fouling rates than those presented in MPBRCT. 

Higher fouling rates observed in MPBRCT were due to the formation of an increasingly 

dense and homogeneous fouling layer resulting from the deposition and compaction of the 

biomass.  

Different mechanisms and results in controlling the fouling layer were observed by 

analyzing the algal characteristics and the fouling morphology. Relaxation showed a 

positive effect in mitigating the fouling, as it was shown to present lower fouling rates 

respect to the control experiment. The effectiveness of this control strategy was found to 
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be positively correlated to changes in algal cake morphology towards a looser and more 

irregular structure that led to lower hydraulic resistance. In contrast, backwash did not 

present a significantly better filtration performance compared to relaxation. A part of the 

foulant layer was not detached during the backwashing cycles, indicating that the backflow 

applied was not sufficiently strong to lead to the complete cake detachment. This 

exacerbated the cake development in the remaining attached anchor point after the filtration 

cycle was restarted and allowed small algal and AOM particles to directly interact with the 

membrane in the areas where the cake was detached as its sieving capability was removed. 

The use of air scouring as control strategy resulted in the development of a thin layer close 

to the detection limit of the OCT, whose thickness was relatively constant across the 

experiment, suggesting a different fouling mechanism mainly caused by the deposition of 

AOM and small particles with a high compaction capability. The removal of the big 

constituents of the cake layer led to a reduced sieving capability and thus, to a more severe 

and irreversible fouling.  

Future research in the effect of different backwash frequencies and intensities under in-situ 

monitoring would further elucidate the effect of the complete cake detachment in the 

membrane filtration performance. Additional characterization of the cake layer developed 

under the different controls as well as the effects of the physical fouling controls on the 

biomass properties would provide a further insight of the specific interactions between 

algal foulants and the membrane under each specific control.  
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