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Abstract 

Microalgae is one of the photoautotrophic microorganisms that has attracted significant 

attention in wastewater treatment and biofuel production. Although researchers claimed that 

microalgae cultivation in wastewater treatment has a very high potential for nutrient removal and 

economic benefit from downstream production, microalgae brought drawbacks such as extra cost 

and energy consumption due to diluted concentration, lower effluent quality because of suspended 

biomass, and risk of contamination by bacteria. Biofilm cultivation is considered an alternative to 

overcome the prementioned disadvantages. Furthermore, involving membrane technology in 

biofilm cultivation could further promote biomass harvesting efficiency and effluent quality. Thus, 

the new biofilm membrane bioreactors such as membrane carbonated microalgal biofilm reactor 

(MCMBR), and extractive membrane microalgal biofilm reactor (EMMBR) should have great 

prospects in sewage treatment.  

In order to take full advantage of those new reactors in industrialization, a comprehensive 

knowledge of microalgal biofilm formation is required. For this perspective, we processed 

fundamental research to elucidate the microalgal biofilm formation mechanism on multiple 

hydrophobic membrane materials through laboratory experiments (bioreactor cultivation) and the 

rapid detective method (QCM-D). A model to predict microorganisms in membrane 

photobioreactor was also developed further to inspire the optimization of operating conditions 

during natural cases.  

The results suggest that the contact angle (hydrophobicity), surface free energy, and free 

energy of cohesion of membrane materials alone could not sufficiently elucidate the selectivity of 

microalgae cell adhesion and biofilm formation on membrane materials surfaces, and membrane 

surface roughness played a dominant role in controlling biofilm formation rate, under tested 
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hydrodynamic conditions. Furthermore, hydrophobicity, surface free energy, free energy of 

cohesion, and zeta potential played an important role in controlling biofilm formation under low 

shear stress conditions. Under high shear stress conditions, the hydrodynamic conditions and the 

presence of a fraction of small particle sizes (<10 µm) of microalgae species were the dominant 

factors in controlling biofilm formation. In contrast, the importance of the surface properties of 

microalgae species was diminished. For the same microalgae species, the presence of a fraction of 

small particle sizes (<10 µm) of the microalgae cells/flocs played a dominant role in controlling 

biofilm formation under different hydrodynamic conditions. The relative importance of 

hydrodynamic conditions and surface and physical properties of microalgae cells in controlling 

biofilm formation would change under different conditions. The quartz crystal microbalance with 

dissipation (QCM-D) results revealed that the adhered microalgal layers exhibited viscoelastic 

properties. The relative importance of these mechanisms in controlling microalgae cell attachment 

and biofilm formation might vary, depending on the properties of specific microalgae species and 

hydrophobic membrane materials used. The model investigation is suggested for predicting the 

membrane bioreactor performance, which could shorten the experimental period spent on 

optimization.   

The results obtained in this work replenish the fundamental knowledge of microalgal 

biofilm mechanisms and provide more insights into how the microalgal biofilm performance will 

be affected by the properties of microalgae and membrane materials. The thesis results contributed 

to the knowledge of the optimization of membrane bioreactor operation during laboratory or 

industrial cases.  
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Chapter 1: Introduction 

1.1. Overview  

Microalgae are photosynthetic microorganisms that have attracted significant attention due 

to their potential as a sustainable source of biofuels, high-value compounds, and wastewater 

treatment [1]. Despite the numerous advantages of microalgae cultivation, several challenges are 

still associated with current applications [2]. One of the major challenges is the high cost associated 

with large-scale cultivation, which limits the commercial feasibility of microalgae-based products. 

These high costs are primarily attributed to the energy requirements for maintaining optimal 

growth conditions and the extra costs of harvesting diluted suspended microalgae [3]. One 

promising approach to cultivating microalgae is biofilm technology, where microalgae are grown 

on a surface in a matrix of extracellular polymeric substances, forming a cohesive community [4]. 

Microalgal biofilm can compensate for the deficiency of low harvesting efficiency of suspended 

microalgae [5, 6].  

Moreover, microalgal biofilm cultivation has other advantages over traditional planktonic 

cultivation, such as higher productivity, lower energy requirements, and reduced bacterial 

contamination risks [6-8]. Microalgal biofilm cultivation can be used widely, including wastewater 

treatment, aquaculture, biofuels, and high-value compounds [9]. However, insufficient knowledge 

of the microalgal biofilm formation mechanism is still hindering the microalgal biofilm application 

[6, 7, 10]. In general, microalgal biofilm formation is influenced by various factors such as attached 

substrate properties, microalgae species, and environmental conditions, which can mainly affect 

the adhesion and productivity of microalgal biofilm [11, 12].  

Another aspect of promoting microalgae cultivation is building a multi-species ecosystem. 

Co-culture of phytoplankton is suggested to address several troubles associated with microalgal 
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monocultures, such as harvesting efficiency and resource utilization [13]. Moreover, researchers 

mentioned that bacterial communities could play a crucial role in both biofilm formation and 

microalgae’s function, as they provide essential nutrients and create a favourable environment for 

microalgal growth [14, 15]. Many studies revealed that the co-culture of phytoplankton combined 

with heterotrophic bacteria benefits all groups [16-18]. As a result, the concerns about microalgal-

bacterial co-cultivation have been rising in the last decade besides individual microalgae strain 

cultivation. In addition, microalgae-bacteria membrane photobioreactors (MB-MPBRs) have 

gained significant attention in recent years as an effective approach to wastewater treatment [19]. 

The photobioreactors utilize a membrane separation system that facilitates the separation of 

community biomass from a liquid medium, thereby providing higher harvesting efficiency [20]. 

Furthermore, the application of MB-MPBRs has shown promise for wastewater treatment, as the 

microalgae and bacteria can effectively remove nutrients and contaminants from wastewater while 

simultaneously producing biomass for various applications [21, 22]. However, severe membrane 

fouling and competition between microorganism strains are current issues that influence microbial 

biomass production performance. Multiple studies have been conducted to explore the optimal 

conditions for MB-MPBR cultivation [19, 23, 24]. Models of examining microorganisms' growth 

kinetic are also applied prior to laboratory experiments to reduce the extra work on optimization 

[25-27].  

Considering the techniques mentioned above, a new concept of cultivation that includes 

biofilm construction, microalgal-bacterial co-culture, and membrane photobioreactor can increase 

cost-efficiency in wastewater treatment with advantages such as large biomass production, 

economic benefits from further downstream production and effective pollutant removals [28, 29]. 

Despite microalgal-bacterial biofilm membrane photobioreactors showing promise as a 
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sustainable and efficient technology for microalgae cultivation, several challenges still need to be 

addressed to realize their full potential. One challenge is the optimization of the physical and 

chemical parameters that affect the growth of microorganisms in the biofilm. This includes the 

optimization of operation conditions, cell-substratum adhesion, as well as optimization of 

environmental conditions and so on [11, 30-32]. Another challenge is the development of efficient 

and cost-effective membrane materials that can facilitate biofilm formation and biomass retention 

[20]. Selecting suitable membrane materials is crucial for achieving high biomass productivity, 

preventing fouling, and maintaining long-term system stability [33, 34]. Furthermore, the scale-up 

of MB-MPBR systems remains challenging, particularly for large-scale commercial applications. 

This requires careful consideration of system design, energy consumption, and cost-effectiveness. 

Despite these challenges, the MBB-MPBR technology has several prospects for future 

development and applications. One potential application is using MB-MPBR systems for 

wastewater treatment, where microalgae and bacteria can remove nutrients and pollutants from 

wastewater [24, 35, 36]. In addition, producing high-value compounds, such as bioactive 

molecules or pigments, using MB-MPBR technology offers a promising approach for commercial 

applications. Lastly, the potential of MB-MPBRs for biofuel production also presents an attractive 

alternative to conventional fuel sources, and ongoing research is exploring the feasibility of this 

technology [15, 37, 38]. Overall, the MB-MPBR technology shows great potential for sustainable 

and efficient microalgae cultivation. However, further research and development are necessary to 

overcome the current challenges and realize their full potential. 

The main goal of this dissertation was to study the biofilm formation mechanism via 

investigation of the interaction between cell-substratum, microalgae traits, and operation 
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conditions of reactors. I was aiming to construct a more comprehensive fundamental knowledge 

for further microorganism biofilm membrane photobioreactor applications. 

1.2. Novelty 

The present thesis comprehensively investigated, for the first time,  the impacts of 

membrane and microalgae surface, physical, and chemical properties on microalgae cell adhesions 

and biofilm formation by exploring interactions between microalgae and hydrophobic and 

hydrophilic membrane materials in a CDC (Centers for Disease Control and Prevention) biofilm 

reactor. Additionally, for the first time, advanced technologies, such as quartz crystal microbalance 

(QCM), were used to provide new insights into the interactions of microalgae cells and 

hydrophobic membrane materials. Furthermore, a fundamental mathematical model has been 

developed, for the first time, to predict the hydraulic and solid retention time (HRT and SRT) and 

influent COD/N ratio effects on the biological performance (COD, N and P removals, bacteria 

biomass, and microalgae biomass concentration) of microalgal-bacterial membrane separation 

photobioreactor (MB-MSPBR). 

1.3. Objectives of the proposed study 

The overall objectives of this study were to 

1. investigate the surface properties of membrane materials and their role in cell adhesion and 

biofilm formation of microalgae in a CDC biofilm reactor; 

2. investigate the surface properties of microalgae and their role in microalgal cell adhesion and 

biofilm formation under different hydrodynamic conditions in a CDC biofilm reactor; 

3. investigate the microalgal cells' adhesion on hydrophobic membrane substrate and the effect of 

membrane materials and microalgae surface properties on cell adhesions by employing an 

emerging rapid detective technique (QCM-D); 
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4. construct a numerical mathematical model to simulate the microalgal-bacterial membrane 

photobioreactor performances in terms of HRT, SRT, and influent COD/N ratio influences. 

The following chapters are presented in this thesis to address the proposed objectives. 

Chapter 1 is the introduction (present chapter) that briefly discusses the importance, rationale, 

novelty, and objectives of this study in the thesis. 

Chapter 2 briefly introduces the microalgal biofilm cultivation process and microalgae-bacterial 

process in the current wastewater treatment area. The literature summarized the microalgal biofilm 

formation mechanism research and the numerical methods for predicting microalgae-bacterial 

growth behaviours in past studies.  

Chapter 3 investigates the influences of membrane surface properties and physical and chemical 

properties of Chlorella vulgaris cells on microalgal cell adhesion performance in a CDC biofilm 

reactor. Chlorella vulgaris cells have a high adhesive affinity on nylon substrate. 

Chapter 4 reveals the effect of surface, physical, and chemical properties of different microalgal 

strains on cell adhesion on nylon membrane substrate under different hydrodynamic conditions in 

a CDC biofilm reactor.   

Chapter 5 employs the quartz crystal microbalance with dissipation (QCM-D) technique to study 

the microalgae initial adhesion mechanism on the hydrophobic membrane substrates in real-time 

monitoring conditions. The effects of surface properties of different membrane materials and 

different microalgae species on microalgae cell adhesion were studied using QCM-D. 

Chapter 6 demonstrates a numerical method to simulate the microalgae performance in membrane 

photobioreactors. The effects of hydraulic retention time (HRT), solid retention time (SRT), and 
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influent N/P ratios on the biological performance (N, P removals, and microalgae biomass growth) 

of MPBR were simulated using the proposed mathematical models.  

Chapter 7 demonstrates a numerical method developed based on the previous chapter to simulate 

the biological performance of microalgal-bacterial cooperation in membrane photobioreactors. 

The effects of hydraulic retention time (HRT), solid retention time (SRT), and influent COD/N 

ratios on the biological performance (COD, N, P removals, bacteria biomass and microalgae 

biomass growth) of MB-MSPBR were simulated using the proposed mathematical models.  

Chapter 8 summarizes conclusions and suggestions for future research. 

1.4. The list of publications 

Liao, Y., Bokhary, A., Maleki, E., Liao, B. (2018). A review of membrane fouling and its control 

in algal-related membrane processes. Bioresource Technology, 264, 343-358. 

Liao, Y., Alam, N., Fatehi, P. (2022). Semitransparent films from low-substituted 

carboxymethylated cellulose fibers. Journal of Materials Science, 57(22), 10407-10424. 

Chapter 3 has been published in the Journal of Biofouling 

Liao, Y., Fatehi, P., Liao, B. (2023). Surface properties of membrane materials and their role in 

cell adhesion and biofilm formation of microalgae. Biofouling, 39:8, 879-895. 

Chapter 5 has been published in Colloids and Surfaces B: Biointerfaces  

Liao, Y., Fatehi, P., Liao, B. (2023). Microalgae cell adhesions on hydrophobic membrane 
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Chapter 2: Understanding of microorganism biofilm 

cultivation and current photobioreactor system: a 

review 

Abstract 

Microorganism biofilm cultivation and photobioreactor systems have emerged as promising 

approaches for the sustainable production of biofuels, high-value compounds, and wastewater 

treatment. This review provides an overview of the current understanding of microorganism 

biofilm cultivation and photobioreactor systems, highlighting recent advancements in the field. 

The review discusses the importance of microbial interactions and biofilm formation for efficiently 

cultivating microorganisms, particularly microalgae. Developing novel photobioreactor systems, 

such as membrane photobioreactors, has shown promising results for improving microalgal 

productivity and biomass accumulation. However, much must be learned about the complex 

mechanisms involved in biofilm formation and bacterial-microalgal interactions and how these 

can be harnessed for more efficient and sustainable cultivation methods. The review also discussed 

the modelling development on microorganism growth and revealed its importance in membrane 

photobioreactor study, which could accelerate the operation optimization before experimental 

research. Comprehensively understanding microorganism biofilm cultivation and photobioreactor 

systems offers a promising path toward sustainable and environmentally friendly technologies for 

producing biofuels and high-value compounds. 

Keywords: Microalgal biofilm, wastewater treatment, microalgae-bacteria, membrane 

photobioreactor, modelling 
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2.1. Introduction 

Microalgae have earned much attention in decades, and microalgae-based products have 

been applied to a wide range of areas such as nourishment, cosmetics and biochemical [1-4]. 

Microalgae biomass also can be the feedstock of biofuel due to its high lipid content [5]. Based on 

this premise, some literature suggested that microalgae also could be applied to the biological 

process of wastewater treatment as it can consume the nutrients from wastewater while supplying 

biomass for biofuel production [6-8]. Conventional biological wastewater treatment is aerobic 

activated sludge or anaerobic technologies, primarily employing the bacteria as objective 

microorganisms. These traditional biological processes require high energy consumption that 

could occupy about 60% to 80% of the total energy consumption of the whole wastewater 

treatment process [9]. As a by-product of wastewater treatment, activated sludge could cause 

serious environmental problems even though they are currently utilized as a prominent participant 

in wastewater treatment [10-12]. Compared to the bacterial-based process, the microalgal process 

could lower the energy expenditure due to its photo-autotrophic property. In contrast, the 

microalgal biomass can be further supplied to more valuable downstream production [13]. 

However, the industrialization of microalgae wastewater treatment has been restricted by 

problems such as growth limited by environmental conditions (illumination, CO2), contamination 

from other organisms, and high harvest cost compared to the activated sludge process [14-17]. 

Vandamme et al. mentioned that the biomass concentration of typical microalgal cultivation in 

both closed and open pond photobioreactors ranges from 0.5-5 g/L [18]. This diluted concentration 

requires larger land occupation for cultivation and extra harvesting to achieve the desirable 

biomass. Literature has been studied to optimize the operation parameter to facilitate the 

microalgal biomass production yield [19, 20]. However, even though more studies have been done, 
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suspended cultivation mode cannot fulfill the sustainable purpose of wastewater treatment. Yang 

et al. mentioned that water consumption in suspended cultivation could reach 200 times the amount 

of microalgae products [21]. As a result, the concept that culture microalgae in that form of biofilm 

could be a solution to improve the dilution issue [22]. Biofilm was initially considered a role that 

causes membrane fouling during wastewater treatment [23, 24]. In the beginning, researchers try 

to mitigate biofilm growth because it will shorten the life cycle of the membrane and increase the 

operation cost  [25]. Then, the literature investigated microalgal biofilm cultivation in wastewater 

treatment and found that they performed better than suspended microalgae [26-28]. When 

microalgae are grown as biofilms attached to the substrate, the biomass concentration is 

concentrated, which even could reach tenfold the suspended concentration [29]. Moreover, 

harvesting becomes easier, lowering downstream operation costs [22]. Recently, Gao et al. 

suggested that wastewater treatment harvest efficiency and effluent quality could be further 

improved if a microfiltration membrane module was employed in the photobioreactor [30]. The 

separated solid retention time and hydraulic retention time can be individually controlled during 

the culture period, which leads to a high-level biomass concentration maintained without the effect 

of hydraulic loading of the reactor [31, 32]. Gao et al. investigated this membrane module and 

found that Chlorella vulgaris exhibited a higher nutrient removal in this system (4.13 mg nitrogen 

L-1d-1 and 0.43 mg phosphorus L-1d-1, respectively) compared to conventional photobioreactor 

(0.59 mg nitrogen L-1d-1 and 0.08 mg phosphorus L-1d-1, respectively) [33].  

Another solution for reducing production expenses could be the utilization of the symbiosis 

between microorganisms, especially bacteria and microalgae. Microalgae-bacteria symbiotic 

interactions have advantages such as promoting microorganism growth, accelerating wastewater 

removal efficiency, facilitating the accumulation of carbohydrate lipid content in microalgae 
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biomass, and increasing the bio-flocculation between microalgae and bacteria [34]. 

Subashchandrabose et al. pointed out that microalgae-bacteria-based biotechnology is more 

promising in sustainability and industrialization than individual microorganisms-based ones [35]. 

However, microalgal-bacterial interactions are more complex than the individual organism 

because they include diverse relationships ranging from synergy to competition [36]. Microalgae 

and bacteria could be the mutual providers of gas and nutrients. The former supplies oxygen and 

organic carbon; the latter offers carbon dioxide, fixed nitrogen, and siderophores [37, 38]. In 

addition, research also reveals that most bacteria can accelerate the bio-flocculation of microalgae 

by secreting extracellular polymeric substances (EPSs), which will benefit biomass harvesting [39]. 

However, the antagonistic effects, such as competition among microorganisms, are also a non-

negligible part of the development of microalgae and bacteria during cultivation. Microorganisms 

(either bacteria or microalgae) will produce inhibitors such as toxins or exotoxins to limit the 

growth of other organisms when the resource supplication (nutrient, living area, etc.) is insufficient 

[39, 40]. Thus, the optimization of operating conditions for microalgal-bacterial cultivation is 

required. Many experiments have been done to investigate the impact factors that influence the 

performance of microalgae-bacteria cultivation [41-43].  

Nevertheless, the optimization of microorganism cultivation is time-consuming and 

usually species-dependent. Thus, more rapid research techniques to monitor real-time 

microorganism growth in photobioreactors are required to shorten the optimization period. As a 

result, the mathematical models used for studying and predicting microalgal-bacterial growth 

behaviour have also been developed [44]. The mathematical models are highly adaptable to 

examining different dynamic variables compared to the experiment. Appropriately employing a 
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mathematical model as the pre-testing method can facilitate optimizing the microalgal-bacterial 

system design.  

Accordingly, a microalgal-bacterial-based membrane photobioreactor could take the most 

advantages in wastewater biological treatment, such as high pollutant removal, efficient biomass 

harvesting, and good economic benefits. The employment of mathematical models in the initial 

experiments could shorten the reaction optimizing stage, thus promoting the efficiency of 

experiments. However, the study on microalgal-bacterial based membrane photobioreactor is 

limited and lacks comprehensive fundamental knowledge regarding biofilm formation mechanism, 

the interaction among the microorganisms (bacteria and microalgae), and model fitting on 

simulation real-time microorganisms’ activities. More experimental studies are required to 

construct the benchmark and fundament of this system for further industrialization.  

The objective of this work is to provide a comprehensive fundamental review to discuss 

the different studies of microalgal biofilm cultivation in the photobioreactor, the major factors 

affecting the biofilm formation in the culture system and recent research on the microalgal-

bacterial system in membrane photobioreactors. It also investigates the current status of 

applications of microalgae biofilm photobioreactors for wastewater treatment with a particular 

emphasis on establishing a common view for microalgal biofilm membrane photobioreactors. 

Further biotechnological applications of microalgal-bacterial combinations and the appropriate 

strategies to promote their practical applications are critically assessed. The main challenges ahead 

to scale up microalgal biofilm photobioreactor and the corresponding recommendations for further 

research are also addressed. This critical review is expected to replenish the fundamental 

understanding of the microalgal biofilm formation mechanisms and the microalgal-bacterial 

membrane photobioreactors. And guiding and inspiring researchers to solve the present 
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environmental problems and to motivate large-scale applications of microalgal biofilm 

photobioreactors in wastewater treatment. 

2.2. Development of microalgae cultivation on wastewater treatment. 

Microalgae are one group of photoautotrophic microorganisms that widely exist in nature 

and the human living environment. As previously mentioned, microalgae biomass has a wide range 

of applications and a high potential for the next generation of energy applications. Besides, 

microalgae cultivation is also considered to mitigate greenhouse gas emittance due to its ability of 

CO2 fixation [45]. However, obtaining a significant amount of microalgal biomass in the natural 

environment is impossible except for algal bloom, which leads to severe environmental problems 

and harms the ecosystem [46]. As a result, photobioreactors for microalgae cultivation have been 

developed to obtain a considerable amount of microalgal biomasses. Initially,  microalgae 

cultivation focused on biomass harvesting; until now, some have successfully applied it to large-

scale industrialization [47, 48]. Many studies reported that microalgae could uptake the inorganic 

nitrogen and phosphorus and convert them into organic biomass [49]. The studies of microalgae 

application in wastewater treatment can be traced back to the 1950s [50]. The initial application of 

photobioreactors for large-scale cultivation in pollutant treatment was introduced by the Carnegie 

Institute in 1953 [51]. Researchers are now considering microalgal-base biological processes in 

wastewater treatment as next-generation technology and are still working on optimizing operating 

conditions [52]. Microalgae can generally be divided into two basic structures: open ponds and 

closed systems. In the beginning, open ponds earned many concerns due to their low cost, simple 

construction and easy operation [52]. However, problems such as low biomass production yield, 

high risk of contamination, and limitation of environmental conditions came out, followed by 

further studies. In order to improve these issues, the concept of closed systems was introduced to 
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practical applications and scientific research. Different from traditional biological approaches in 

wastewater treatment, microalgal-based photobioreactors require a relatively high hydraulic 

retention time and extra growth factors such as light and carbon dioxide [17], which could be the 

limitation restricting photobioreactor performance in contrary.  However, current microalgae 

cultivation is still trapped in the diluted biomass concentration issue, and new versions or designs, 

such as hybrid photobioreactors, have been developed to improve their efficiency [51]. Among 

those emerging photobioreactors, microalgae biofilm photobioreactors are one of the most 

concerned systems. 

2.3. Microalgae biofilm cultivation in photobioreactor system 

2.3.1. Microalgae biofilm formation and cultivation systems 

As an emerging concept in the last decade, microalgae biofilm cultivation has attracted 

more and more concerns in water treatment and biofuel/biodiesel production due to its advantages, 

such as high production yield and low expense  [53, 54]. The formation of microalgae biofilm can 

be expressed as following steps: i) suspended microalgae cells adhere to the solid substrate surface 

by the interaction forces, such as van der Waals attraction to form an initial thin layer; ii) attached 

microalgae cells start to colonize which results in biofilm thickening and secreting extracellular 

polymeric substances (EPSs) to capture surrounded nutrients and maintain the layer matrixes; iii) 

Biofilm thickness became stable in a certain value due to the diffusion limitation; iv) Biofilm 

detaches from substrate surface because of the cell death [55, 56].  

Microalgal biofilm can be classified into two main types: single-species biofilm and 

multiple-species biofilm. The former aims to manufacture purposes such as bio-transformations, 

and the latter is mainly applied to wastewater treatment [57, 58]. Monospecies biofilm could easily 
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control the product quality, but it is rare and requires extra purification costs [59]. Individual 

species biofilm earns many concerns on biotechnology due to its ease in regulating system 

conditions, resulting in time-saving and cost-effectiveness [60]. When it comes to multiple-species 

biofilm, this type can take full advantage of consuming the nutrients from polluted water due to its 

mixotrophic property [61].  

Furthermore, multiple-species biofilms have higher environmental resistance, which can 

ensure their process easier regrowth undergoing a routine harvesting cycle, resulting in higher 

biomass productivity as the biofilm matures [62]. Nevertheless, multiple-species biofilm 

cultivation becomes more complicated than single species because it involves the interaction 

between microalgae species or even microalgae and bacteria. Besides, as Koedooder et al. 

mentioned, this interaction is governed by the species, leading to some compositional shift that 

happens when different microorganism species are grown together [63].  

Microalgal biofilm bioreactors can be classified into three different types : (a) Constantly 

submerged biofilm reactors, (b) Partially submerged biofilm reactors, and (c) Permeated biofilm 

reactors (Figure 2.1). Table 2.1 shows recent research on these three types of reactors and the used 

parameters. The choice of reactor type usually depends on their reusability, durability, pricing, and 

even microalgae species [64, 65]. Submerged biofilm reactors are the simplest ones with eased 

operation. Still, the drawbacks of submerged biofilm reactors are high requests for dissolved 

carbon dioxide supplication and long-term washout, resulting in the loss of substrate/carriers [66]. 

For the partially submerged biofilm reactor, even though it can increase the contact of carbon 

dioxide, the mechanical error could be caused by long-term constant mechanical movements, 

which lead to a low process flexibility [22]. Regarding permeated biofilm reactors, although 

permeated biofilm reactors contribute to a pretty high gas transfer efficiency to the microalgal 
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biofilm, the thicker biofilm can instead hinder the mass transfer of nutrients [55]. Currently, the 

large-scale applications of microalgal biofilm photobioreactors are still invalid, which requires 

more fundamental knowledge to optimize the microalgae biofilm growth and to increase biomass 

production yield.  

 

Figure 2.1. Schematic designs of the (a) constantly submerged, (b) partially submerged and (c) 

permeated microalgal biofilm bioreactor. 

Table 2.1. Recent studies on different types of biofilm reactors. 

Culture system Area(m2) Substrate Culture 

medium  

Species Biomass 

production 

Ref 

Constantly 

submerged biofilm  

 

Multi-layers 

photobioreactor  

0.007 Polyethylene 

foam 

Modified 

basal 

Botryococcus 

braunii  

34.40 g·m-2 [67] 

  
Glass fiber 

reinforced 

plastic 

 
 

63.80 g·m-2 
 

Flat plate 

photobioreactor 

0.004 Glass CHU-10 

diatom 

medium 

Nitzchia palea 2.8 g·m-2d-

1 

[68] 

Partially submerged 

biofilm  

 

Rotating flat plate 

photobioreactor 

0.036 Polyvinyl 

chloride 

Bold’s 

basal 

Chlorella vulgaris 

SAG 211-12 

3.35 g·m-2  [69] 

Rocking cultivation 

reactor 

0.019 Glass-

reinforced 

plastic  

Modified 

basal 

Chlorococcum sp. 4.26 g·m-

2d-1 

[60] 

  
Stainless steel 

 
Scenedesmus 

dimorphus 

0.39 g·m-

2d-1 
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Table 2.1. (Contd.) 

Culture system Area(m2) Substrate Culture 

medium  

Species Biomass 

production 

Ref 

Permeate biofilm        

Porous substrate 

bioreactor 

0.0012 Glass fiber 

filter paper 

BG-11 Anabaena 

variabilis 

2.88 g·m-2d-1 [70] 

Algal biofilm 

photobioreactor 

0.275 Concrete BG-11 Botryococcus 

braunii 

24.94 g·m-2 [71] 

2.3.2. Factors that influence the microalgal biofilm reactor performance 

The microalgal biofilm reactor performance can be affected by the behaviour of microalgal 

biofilm. The mechanism of microalgal biofilm formation is still being studied. Some literature 

points out that it could be attributed to three main aspects: substrate properties, microalgae 

properties and reactor operation conditions [72].  

2.3.2.1. Properties of the substrate 

As Kesaano and Sims mentioned, substrate properties play a significant role in the initial 

adhesion of the suspended microalgal cells [72]. Studies have been done to determine the influence 

of surface characteristics on biofilm formation to enhance microalgal cell attachment and biofilm 

growth [73-75]. The effect of substrate materials is usually attributed to physicochemical 

properties such as hydrophobicity, surface energy, and surface topography [76-78]. 

Hydrophobicity is one of the essential factors in cell-substrate interactions. Some literature noticed 

that microalgal cell adhesion preferred hydrophobic surfaces due to the water exclusion 

mechanism [79, 80]. Sekar et al. investigated attachments of multiple microalgae species 

(Chlorella vulgaris, Nitzschia amphibian, and Chroococcus minutes) on different material surfaces 

[81]. They found more extraordinary adhesion performance on hydrophobic surfaces (titanium, 

Perspex, and stainless steel). On the contrary, some research claimed that the hydrophilic substrate 
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could promote some microalgal biofilm growth due to the effective nutrient diffusion caused by 

its great liquid-holding capacity [77, 82, 83]. Tsavatopoulou et al. observed a similar phenomenon: 

Neocholris vigensis exhibited better biofilm attachment on the hydrophilic substrate than 

hydrophobic ones [84]. However, there is an argument that hydrophobicity can not solely explain 

the complex biofilm adhesion mechanism. Ozkan et al. pointed out that the surface hydrophobicity 

of material has little contribution to the adhesion strength of microalgal biofilms [74]. Another 

material property that could significantly affect biofilm formation is surface roughness. Rough or 

porous surfaces have a higher potential on remaining biofilm biomass and prevent detachment 

driven by hydraulic shear stress due to their larger groove area than the smooth material [59, 72]. 

Danaee et al. found that S. dimorphus gained thicker biofilm on modified polyethylene 

terephthalate (PET) threads due to the augment of roughness [85]. However, one drawback of 

rough or porous material is that microalgae harvesting becomes more challenging to remove the 

biomass from those microgrooves or pores from the surface [29].  

Moreover, the surface charges of the substrate could also be a factor taken into account in 

microalgal biofilm adhesion performance. The substrate with the charged surface has more 

intensive positive or negative performances due to the enhanced electrostatic interaction compared 

to the natural ones. As is known, microalgae cells usually exhibit a negative charge due to their 

extracellular polymeric substance properties [86]. As a result, microalgae cells are attracted to 

positive charges by neutralization and repelled to negative charges due to electron repulsion. Zeng 

et al. also mentioned that microalgal cells have a better preference to adhere to solid substrates 

with positive charges [87]. Moreover, Huang et al. claimed that membrane fouling could be 

mitigated by the utilization of a modified membrane with a negative surface charge because of its 

excellent repellence of microalgae cells [88].  
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2.3.2.2. Properties of microalgal cells 

During the thickening stage, microalgae biofilm tends to colonize to increase thickness 

rather than adhere to surrounding cells. As a result, the capacity of microalgal biofilm to maintain 

the three-dimensional matrixes is important, which will reflect in the intensity of cell-cell 

interaction. One dominant objective among interactions might be extracellular polymeric 

substances (EPS), a macromolecule secreted from microalgae cells. EPSs secreted from 

microalgae cells are developed into two categories: the soluble section dispersed into the culture 

medium, known as soluble EPSs or soluble microbial products (SMPs), and other remains 

surrounding cells for protection or binding purposes are called bounded EPSs [37, 89]. Cheah and 

Chan illustrated that EPS plays a role in maintaining biofilm structure and aggregation of nutrients 

from culture medium [90]. The cell-cell and cell-substrate interactions could be affected by EPSs 

because they generally express themselves as a cover layer outside the cells. As a result, the surface 

properties of the cell can be changed depending on the EPS properties  [37, 89]. Some researchers 

mentioned that they could describe EPS-surface interaction by extended Derjaguin-Landau-

Verwey-Overbeek (XDLVO) theory because the short-range thermodynamic interactions 

primarily controlled those interactions [91, 92]. The influences of EPS on biofilm formation can 

be divided into EPS production and EPS composition. Accumulation of EPS between the cell 

surface and substrate would enhance the microalgal biofilm adhesion strength due to the increasing 

affinity parts (whether hydrophilic or hydrophobic) [55].  Shen et al. investigated B. braunii 

biofilm formation on different substrates, and they found that higher attachment always came with 

a higher EPS concentration in the area [67].  

Moreover, scientists also reveal that the biofilm adhesion is affected by the EPS 

constitution because they observed that microalgae biofilm showed dependence on the affinity of 



22 

 

the dominant part of EPSs to the substrate [93, 94]. In addition, Mühlenbruch et al. also noticed 

that the acidic sugar monomers like uronic acid and sulfonic acid in the EPS could also facilitate 

cell aggregation to promote biofilm formation [93]. Moreover, the surface properties of the 

microalgal cells can also be represented by the surface properties of bonded EPS in some ways 

due to the bonded EPS forming the outside layer of microalgae cells. For instance, Ji et al. 

investigated the adhesion properties of Chlorella vulgaris EPS on polymethyl methacrylate 

(PMMA) and polytetrafluoroethylene (PTFE) materials, respectively. They found that the 

hydrophobic fractions were dominant in bonded EPS, resulting in a higher adhesion behaviour on 

hydrophobic PTFE than hydrophilic PMMA [95].  

Furthermore, regardless of EPS, some studies also mention that biofilm formation is 

affected by the microalgae species based on cell structure [96, 97], EPS formation [23, 37], and so 

on. Patwardhan et al. also pointed out that some microalgae species have a born affinity to adhere 

to solid surfaces instead of growing on a suspended medium. They mentioned that Nitzschia palea 

is a highly adherent example that could form a stronger biofilm than Scenedesmus obliquus [66]. 

Another significant factor in the microalgae aspect could be considered the morphology of 

individual cells (shape or size). As Gross et al. mentioned,  the influence of the size of the 

microalgal cell on adhesion behaviour could be associated with the surface textures of the substrate 

[98]. And literature also mentioned that more microalgae cells would remain on the rough substrate 

surface if their sizes are below the ridge spacing of the microgroove on the substrate surface [99-

101]. However, there is an argument that larger ridge spacing would not contribute to the adhesion 

of microalgae cells. Cui et al. believed that the strength of microalgae adhesion is driven by the 

amount of contact points between microalgal cell and substrate, and the adhesion strength would 

increase with the rising number of contact points [102]. Thus, they claimed that the highest 
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adhesion would be achieved due to the most contact points generated when the valley of the 

substrate surface is slightly larger but close to the microalgal cell [102].   

Table 2.2 lists some recent research that focuses on the interactions between microalgae 

cells and substrates. 

Table 2.2. Influence of interaction between microalgal cell and substrate on microalgal biofilm 

cultivation. 

Impact 

factor 

Bioreactor Substrate Culture medium  Species Biomass 

production 

Ref 

Substrate    

Surface 

wettability 

Flow lane 

incubators 

Hydrophilic 

Polyethersulfon

e membrane  

Sterilized f/2 + 

Si medium 

Cylindrothe

ca 

fusiformis 

39.47 ± 2.17 × 

109 cells·m-2 

[94] 

  
Hydrophobic 

Polyethersulfon

e membrane 

  
47.64 ± 4.03 × 

109 cells·m-2 

 

Surface 

wettability/r

oughness 

Plexiglass 

chamber 

Modified 

styrene-acrylic 

resin films  

BG-11 medium C. vulgaris 1.25 g·m-2 [80] 

  Styrene-acrylic 

resin films with 

15 wt% 

perfluoroalkyl 

ethyl acrylate 

  0.45 g·m-2  

Surface 

wettability 

Rectangular 

reactor 

Stainless steel  BG-11 medium Scenedesmu

s rubescens 

21.1 g·m-2 [75] 

  Silicone rubber   19.1 g·m-2  

 . Plexiglass   35.1 g·m-2  

  Cork   14.9 g·m-2  

  Denim   12.7 g·m-2  

  Sponge towel   21.0 g·m-2  

Surface 

roughness 

micro 

photobioreact

or 

Silicone 

modulates with 

a grooved 

surface 

BG-11 medium Scenedesmu

s obliquus 

165.84 g·m-2 [103] 

  Silicone 

modulates with 

a flat surface 

  145.11 g·m-2  
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Table 2.2. (Contd.) 

Impact 

factor 

Bioreactor Substrate Culture medium  Species Biomass 

production 

Ref 

Surface 

wettability 

Parallel plate 

flow chamber 

Glass BG-11 medium C. vulgaris 2757 ± 74 mm2 [74] 

  Indium tin 

oxide-coated 

glass 

  6890 ± 92 mm2  

Surface 

wettability 

Cuboid 

container 

Plain drawing  

paper 

Sterilized f/2 + 

Si medium 

Cylindrothe

ca 

fusiformis 

1.16 ± 0.07 × 

1010 cells·m-2 

[104] 

  Polypropylene 

fabric 

  6.99 ± 0.15 × 

109 cells·m-2 

 

  Polyethylene 

plastic 

  5.08 ± 0.08 × 

109 cells·m-2 

 

  Polyvinylidene  

fluoride 

membrane 

  1.56 ± 0.51 × 

108 cells·m-2 

 

Species       

 Continuous 

flow chamber 

Polyurethane Bold’s Basal 

Media 

Scenedesmu

s obliquus 

\ [23] 

    Chlorella 

vulgaris 

\  

Surface 

wettability/

Lipid 

content 

Vertical 

reactor 

Plexiglass BG-11 medium Botryococc

us braunii 

28.3 g·m-2 [84] 

    Neochloris 

vigensis 

8.4 g·m-2  

EPS 

production 

Flow lane 

incubator 

Polyvinylidene  

fluoride 

membrane 

F/2 + Si medium Amphora 

coffeaeform

is 

35.33*108 

cells∙m-2 

[105] 

 

    Cylindrothe

ca 

fusiformis 

3.78*108 

cells∙m-2 

 

    Navicula 

incerta 

7.78*108 

cells∙m-2 
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2.3.2.3. Operation conditions 

The third part that influences the microalgal biofilm reactor is the operating conditions, 

which include hydrodynamic conditions, nutrient loading rate, temperature, pH, illumination 

intensity and gas supplication [103, 106-109]. For instance, research has investigated the 

hydrodynamic conditions such as flow rate, stirring speed and rotating rate effect on microalgae 

adhesion [107, 110-112]. The hydrodynamic conditions have a contradictory impact on microalgae 

biofilm. On the one hand, high shear stress could facilitate biofilm growth by increasing nutrient 

diffusion [113]. On the other hand, high shear stress could cause biofilm detachment or damage 

once it exceeds the biofilm limit [114]. However, studies on the influences of hydrodynamic 

conditions on microalgal biofilm for biomass production are still in the initial stages of laboratory 

experiments. Light is the energy source for microalgae photosynthesis. Microalgae biofilm growth 

can be inhibited by over-lighting (photo-inhibition) or insufficient illumination (photo limitation) 

[115, 116]. The suitable illumination intensity varies among the species and could also be affected 

by the growth conditions. Literature has been done to determine the saturated illumination of 

different microalgae biofilms, such as periphyton-based [117], benthic algae-based [118], and 

freshwater microalgae-based [119]. Regardless of the light saturation, the microalgal biofilm 

growth under illumination has a higher algal density than that grown in the dark [120]. One 

bottleneck in applying microalgae biofilm in large quantities of wastewater treatment is limiting 

climate-dependent natural sunlight. The solar irradiance mentioned by Kesaano and Sims can 

easily exceed 2000 µmol·m-2·s-1 in summer but very low in the winter (below 100 µmol·m-2·s-1) 

[72]. And it is not an economical and sustainable option to employ artificial light on biofilm growth 

due to its high energy consumption.  
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Like other biological wastewater treatment, temperature shifts also affect microalgae-

biofilm performance [121]. As Adetunji and Odetokun mentioned, microbial activities such as 

metabolism controlled by enzymes have feedback on temperature fluctuation [122]. As a result, 

biofilm growth will be promoted when it is under the appropriate temperature. Fica and Sims 

reported that increasing the influent temperature to 27 ℃ (suitable for microalgal cell growth) has 

a significant positive effect on the productivity of the biofilm system [123]. Compared to 

conventional algal open ponds, microalgae biofilm systems require less water [71]. However, 

Posadas et al. pointed out that biofilm cultivation under a thin water layer is more sensitive to 

temperature fluctuation than suspended ones [124]. Consequently, most of the water is lost to 

evaporation, which causes water waste, water chemistry, and cell desiccation [71, 72]. Similar to 

solar irradiance, temperatures are also limited by seasons. A thermal model for microalgal biofilm 

photobioreactor predicted evaporative losses of 6.0, 7.3, 3.4, and 1.0 Lm-2d-1 in spring, summer, 

fall and winter, respectively [125]. Low temperatures can reduce the water evaporated loss but 

lead to weak cell activities [59, 72]. Thus, thermal control in wastewater-based microalgal biofilm 

systems should be considered to minimize temperature fluctuations and balance the water-

evaporated losses and temperature suitable for biofilm growth.  

Besides, the influence of nutrients on biofilm growth, biofilm formation, and species 

composition are also reported in some studies [21, 120, 126]. The nutrient tolerance of biofilm is 

dependent on the type of species. Generally, a microalgal-based biofilm (phototrophic) system 

rather grows in a medium with light and inorganic nutrients, while microalgal-bacterial-based 

(heterotrophic) biofilms prefer concentrated biodegradable organic matter [127, 128]. Moreover, 

there is a universal knowledge that insufficient nutrients could restrict microalgae growth and lead 

to low biofilm productivity [129, 130]. Carbon, nitrogen, and phosphorus are primary elements 
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during microalgae cultivation [65]. According to nutrient requirement variety among different 

microorganisms, nutrient concentration adjustment could control the biofilm organism 

composition [56]. Literature mentioned that the Redfield ratio (C: N: P 106:16:1 molar basis) was 

proposed as a typical optimal ratio for microalgae growth [131, 132]. This indicates that microalgal 

biofilm growth could be facilitated by maintaining the nutrient ratio around that range. Choi and 

Lee reported that Chlorella vulgaris productivity reached a maximum of 2.97 g·L-1·day-1 by 

increasing the N/P ratio to about 10 [133]. Furthermore,  a low organic/inorganic carbon ratio in 

culture medium could promote microalgae occupied a high fraction in microalgal-bacterial based 

biofilm [134, 135]. Table 2.3 exhibited the studies investigating the operating conditions affecting 

microalgae production. 

Table 2.3. Influence of operation conditions on microalgal biofilm cultivation. 

Operation 

conditions 

Bioreactor Substrate Setting parameter Species Biomass 

production 

Ref 

Hydrodyna

mic shear 

3-channel 

flow-cells 

Glass 1.0 m Pa Chlorella 

vulgaris   

5.2 µm3·µm-2 [107] 

   6.5 m Pa  6.4 µm3·µm-2  

   11.0 m Pa  8 µm3·µm-2  

Light 

intensity 

Single layer 

vertical plate 

attached 

photobioreact

or 

Glass 0 µmol·m-2·s-1 S. obliquus 0.7 g·m-2·d-1 [119] 

   150 µmol·m-2·s-1  10 g·m-2·d-1  
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Table 2.3. (Contd.) 

Operation 

conditions 

Bioreactor Substrate Setting parameter Species Biomass production Ref 

Temperature twin-layer 

porous 

substrate 

photobiorea

ctor 

Polyvinylidene  

fluoride 

membrane 

17 ℃ S. 

microadriat

icum 

72.7 g·m-2 [136] 

   22 ℃  66.4 g·m-2  

   27 ℃  34.2 g·m-2  

pH Parallel 

plate flow 

chamber 

polyvinyl 

chloride 

pH = 5.5  Chlorella 

sp. 

1600 

cells·mm-2 

[137] 

   pH = 6.8  1550 

cells·mm-2 

 

   pH = 8.1   1400 

cells·mm-2 

 

Nutrient   TN = 100 mg·L-1 

TP = 8 mg·L-1 

Chlorella 

vulgaris  

9 × 107 

cells·cm-2 

[138] 

   TN = 50 mg·L-1 

TP = 4 mg·L-1 

 7 × 107 

cells·cm-2 

 

   TN = 25 mg·L-1 

TP = 2 mg·L-1 

 5 × 107 

cells·cm-2 

 

In summary, the factors that influence biofilm performance are various, and they mostly 

have synergic interaction. Much research noticed that predicting biofilm performance by an 

individual element is impossible. The synergic impact between factors should be considered when 

dealing with such a complicated system.         

2.4. Recent microalgal-bacterial process in membrane photobioreactor- experiment and 

modelling  

As previously mentioned, mono-species microalgal cultivation is rare in the open system, 

and multiple-species cultivation could promote nutrient removal and production yield [23, 61]. 
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Moreover, microalgae-based cultivation has drawbacks such as diluted suspension concentrations, 

low organic matter removal efficiency, and ease of contamination [41, 139]. On the other hand, 

traditional biological technologies for wastewater treatment, such as aerobic activated sludge or 

anaerobic technologies, have downsides, such as high energy consumption due to technical 

limitations and inferior nutrient removal. As a result, the microalgae-bacterial combined process 

is suggested as a sustainable alternative for wastewater treatment as it shows a lower energy 

demand for gas supply (both carbon dioxide and oxygen) while guaranteeing effective pollutants 

removal (organic matter, nutrients) and resource recovery [34, 43]. The microalgae-bacterial 

cooperated system relies on the symbiotic relationship among the microorganisms (Figure 2.2). 

On the one hand, microalgae uptake nutrients such as nitrogen and phosphorus to convert inorganic 

carbon into organic carbon by photosynthesis and generate oxygen for bacteria growth. On the 

other hand, bacteria activities can produce carbon dioxide, which will benefit microalgal biomass 

growth. However, this synergic interaction is complicated and could change to competition mode 

if the balance is broken. Zhang et al. mention that some bacteria could produce toxic components 

to impede microalgae growth while the microalgae also could release exotoxins to inhibit bacterial 

activities[140]. Some literature suggested that the synergic relationship can be promoted by adding 

beneficial bacteria species in microalgae cultivation, such as nitrifying bacteria [141] and 

Brevundimonas diminuta [142]. General, microalgae-bacteria systems can be classified into the 

following categories based on the existing state of microalgae and bacteria in the bioreactor: 

suspended microalgal-bacterial system (SMB), immobilized microalgal-bacterial system (IMB), 

respectively. SMB system was utilized initially for nutrient removal during microalgal processing. 

In this system, microalgae and bacteria are suspended in the aqueous culture medium in a weak 

synergic interaction, which proved later would lead to a mediocre removal performance and 
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settleability [39, 143, 144]. The IBM system aims to enhance the aggregation of microalgae and 

bacteria to form a consortium, either floc/cluster or biofilm, which can facilitate the symbiotic 

relationship between them [35, 145]. The IMB system can be classified into two constitutions 

based on their accumulation mechanism: a) biofilm and b) self-flocculation. 

The former will supply a solid substrate as carriers or membranes for microalgae and 

bacteria to attach to form a thick mixotrophic biofilm layer. The latter mostly relies on the 

interaction between microalgae and bacteria, such as cell-cell aggregation or bio-flocculation [145]. 

Compared to the SMB system, the IMB system exhibits better performance in biomass production 

and removal of pollutants because the aggregation of microorganisms strengthens symbiosis [146]. 

For example, bio-flocculation could happen between microalgae and bacteria and present as 

microalgal-bacterial bio-flocs under the aggregative force driven by the extracellular polymeric 

substance (EPS) [145, 147]. Table 2.4 exhibits the pros and cons between SMB and IMB. The bio 

flocs show a uniform structure with small volume and low stability, which would benefit from 

achieving the growth balance and interaction between microorganisms [41].  

Moreover, the reactor performance could be further boosted when it comes to the biofilm-

based IMB system. As the previous section mentioned, biofilm-based cultivation has advantages 

such as cost-efficiency, low energy consumption and high production yield. Table 2.5 lists recent 

microalgae-bacterial system experiments on membrane photobioreactors. 



31 

 

 

Figure 2.2. Mechanism of wastewater treatment by means of microalgae-bacterial processes and 

resource recovery. 

Table 2.4. Comparison of SMB and IMB cultivation systems. 

Cultivation Pro Cons 

SMB Offsetting Greenhouse gas emission Extra harvesting cost 

 Enhanced microalgal growth Low and dynamic cell 

concentration  

 Easier harvesting Large space requirement  

   

IMB   

 Higher biomass productivity Harvesting may be limited 

 Low space requirement Extra cost on carrier/substrate 

 Efficiency wastewater removal  

 Shorter hydraulic retention time  

 No extra harvesting  
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Table 2.5. Laboratory experiments of the microalgal-bacterial system in the membrane 

photobioreactor. 

Microalgae Bacteria Medium Growth 

Promotion 

Effect 

Factor Performance Ref 

Chlorella sp. 

Scenedesmus 

sp. 

Nitzschia sp. 

Navicula sp. 

Activated 

sludge 

Cyanobacteria 

Secondary 

wastewater 

Biomass 

production 

increased   

Solid 

retention 

time 

Up to 2250 mg·L-

1 compared to 

control 200 

mg·L-1  

[148] 

Chlorella 

vulgaris 

Activated 

sludge 

Synthetic 

wastewater 

Increased TP 

removal  

Increased 

biomass 

concentration 

Solid 

retention 

time 

Up to 3.41 ± 0.12 

g·L-1 at SRT = 30 

days 

[149] 

Chlorella  

Nitzschia 

 Primary 

settled 

wastewater  

2.5 folds of 

inorganic 

nitrogen 

removal 

enhanced 

Carbon 

loading 

raters 

(CLRs) 

Up to 994 ± 63 

mg·L-1  at high 

CLR 

[150] 

Chlorella 

vulgaris 

Activated 

sludge 

Urine  Illumination 

period 

TN removal: 

20.43 ± 13.38 mg 

N·L-1 

TP removal: 

15.65 ± 15.01 mg 

P·L-1 

[151] 

Chlorella 

vulgaris 

Activated 

sludge 

wastewater Mixed 

cellulose ester 

membrane 

/ COD removal up 

to 54.3 % 

NH4 removal up 

to 94.35 % 

P-PO4
- removal 

up to 74.32 % 

[152] 

Instead of laboratory experiments, modelling is a time-saving alternative to predict the 

microalgal-bacterial performance in the photobioreactor system. Mathematical models are an 

effective tool to analyze insight into complicated systems such as microalgal-bacterial interaction. 

Furthermore, mathematically modelling the activity of microalgal-bacterial consortia before the 

actual experiment starts can predict their behaviour and give more views for optimization of the 

design of the photobioreactor. Mechanistic bacterial mathematical models for traditional 

wastewater treatment systems have been successfully developed and validated and are currently 

widely accepted and applied over decades [153]. And that was followed by a considerable amount 

of the simple model for steady-state microalgae. These steady-state models assume that microalgae 
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growth will maintain the factor values constant over time, initially designed to investigate 

microalgae performance changing with a single variable [154, 155]. Recently, more complex 

dynamics models of microalgae involving multiple physical factors have been studied based on 

Droop's or Monod's kinetics [44, 156-158]. In this case, the values of elements could be dynamic 

over time. 

Compared to the individual kind of microorganism model (either activated sludge or 

microalgae), the microalgae-bacteria model requests a higher complicated degree of mathematic 

derivation because it considers influences of multiple factors and interactions between organisms 

in wastewater treatment. The first mathematical model to describe the growth of microalgae and 

bacteria in high-rate algal ponds (HRAPs) was produced by Buhr and Miller [154]. In this model, 

microalgal growth was limited by carbon dioxide, total inorganic nitrogen, and illumination, while 

bacterial activities were restricted by organic substrate, dissolved oxygen and nitrogen. Afterward, 

more and more complex models were derived based on the augment of features and processes. For 

example, Reichert et al. developed a mechanistic model known as River Water Quality Model 1 

(RWQM1) that involves nitrogen and phosphorous variables in microalgal and bacterial growth 

[159]. The limitation of this model is that they hadn't taken the inorganic carbon influence, which 

would be the majority role in the microorganism growth, account into the system. Moreover, the 

following model developed by Sah et al. started to include more nutrients and physical or 

environmental factors (aeration, solar intensity, and temperature) in microalgal-bacterial processes 

[160]. These models mentioned below are generally based on Monod kinetics, and the microalgae-

bacteria interactions are expressed in a matrix format with kinetics and stoichiometric coefficients.  

Moreover, some dynamic models of microalgae and bacteria combining processes were 

designed for different purposes. Moreno Grau et al. developed a model for predicting the dynamics 
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of microalgae, bacteria and zooplankton in waste stabilization ponds (WSPs) [155]. The 

microalgae growth in their model relied on ammonia and phosphorus Monod functions, and the 

illumination and temperature were limited by the Steel function and Arrhenius equations, 

respectively [44]. Beran and Kargi investigated the flowing quality of WSPs through the model 

considering variables such as microorganism biomass, soluble chemical oxygen demand, 

dissolved oxygen and nutrient concentrations [161]. The microalgae growth in this model followed 

Liebig's "Law of the Minimum," which allows only one substrate to be restricted simultaneously. 

However, most integrated microalgal-bacterial models do not consider the synergic effects of those 

impact factors (light intensity, pH, gas concentration, etc.) in the entire system. Thereby, Solimeno 

et al. developed a new integral mechanistic model called BIO_ALGAW to conquer the limitations 

of past microalgae-bacteria mathemetic models [44].   

In the past 20 years, more complex microalgae-bacteria mechanistic models were 

developed by promoting increasing concern on applications of microalgae biomass in emerging 

bioproduct or biofuel areas. These models give a view on understanding the interaction between 

microalgae and bacteria and the optimization of experiment design.  Table 2.6 shows some of these 

mathematical models applied to the synergy process of the microalgae-bacteria system in the 

membrane photobioreactor.  

Table 2.6. Mathematical model of the microalgal-bacterial system in the membrane 

photobioreactor. 

Description  Model formula  Nomenclature Ref 

Nitrite 

inhibition 

model 

ETR = ΦPS Ⅱ∙E∙0.5 ΦPS Ⅱ: quantum yield of PS Ⅱ  

E: irradiance of the actinic light 

(µmol∙m-2∙s-1) 

ν/ νMAX – relative photosynthesis 

activity rate 

νMAX-non-inhibited 

photosynthesis activity rate 

I- photon concentration 

KI-50% inhibitor concentration 

n-Hill coefficient  

[162] 

 𝜈

𝜈𝑀𝐴𝑋

=
𝐾𝐼

𝐾𝐼 + 𝐼
 

 

 𝜈

𝜈𝑀𝐴𝑋

=
𝐾𝐼

𝑛

𝐾𝐼
𝑛 + 𝐼𝑛
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Table 2.6. (Contd.) 

Description  Model formula  Nomenclature Ref 

Light 

utilization 

evaluation 

model 

𝐼(𝑥) = 𝐼0𝑒𝑥𝑝(−𝑘𝑋𝑇𝑥) 
 

I0: initial light intensity, µmol∙m2∙s-1 

I(x): light intensity at location x meter away 

from the light source 

k: extinction coefficient, m-1∙g-1TSS 

XT: total suspended solid (TSS) 

concentration, g TSS∙m-3 

L: length of the light pathway inside the 

reactor, m 

Is: saturation light intensity, µmol∙m2∙s-1 

Iav: average light intensity, µmol∙m2∙s-1 

x: distance from the light source, m 

ka: extinction coefficient for microalgae, cm-

1g-1TSS 

kb: extinction coefficient for bacteria, cm-1g-

1TSS 

Xa: microalgae concentration, g-1 TSS 

Xb: bacteria concentration, g-1 TSS 

C: constant, cm-1 

[163] 

 
𝐼𝑎𝑣 =

𝐼0

𝑘𝑋𝑇𝐿
(1 − 𝑒𝑥𝑝(−𝑘𝑋𝑇𝑥)) 

 

 Output=
𝐼𝑎𝑣

𝐼𝑠
𝑒𝑥𝑝(1 −

𝐼𝑎𝑣

𝐼𝑠
)  

 Efficiency =
𝑂𝑢𝑡𝑝𝑢𝑡

𝐼𝑛𝑝𝑢𝑡
= 

𝐼𝑎𝑣

𝐼𝑠𝐼0
𝑒𝑥𝑝(1 −

𝐼𝑎𝑣

𝐼𝑠
)  

 𝐼(𝑥) = 𝐼0𝑒𝑥𝑝(−(𝑘𝑎𝑋𝑎 + 𝑘𝑏𝑋𝑏

+ 𝐶 )𝑥) 
 

2.5. Future developments and challenges 

2.5.1. Scale-up of microalgal-based photobioreactor 

Biotechnologies such as biofilm cultivation, membrane filtration, and multiple species 

could promote microalgae photobioreactor performance, such as pollutants removal, biomass 

harvesting, microorganism growth, and biomass production co-cultivation (microalgae-bacteria) 

[8, 13, 59]. In addition, previous studies also provided evidence that the benefits could reflect on 

the industrial market and the natural environment [4, 6, 43, 164]. In assumption, a large-scale 

microalgal-bacterial biofilm membrane photobioreactor could take full advantage of the 

wastewater treatment areas and offer a considerable amount of biomass to downstream 

applications such as biofuel, pigment and nourishment fields. However, the conflict between 

maintaining cost-efficiency and marketing profit hinders the scale-up of the microalgal biofilm 

bioreactor from the lab to the industrial level [14, 61, 164], which is mostly attributed to the 
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technological limitation and the lack of comprehensive fundamental knowledge of the interactions 

among microorganisms and substrates. Further studies of the impact factors affecting microalgal 

biofilm bioreactors are required for further development.   

2.5.2. The effects of operation condition on the accumulation of lipid content  

The previous section mentioned that one primary reason that microalgal-based 

biotechnologies received more and more concerns was due to the considerable prospects of 

microalgal feedstocks on biofuel production [20, 165, 166]. However, the high expenses during 

the lipid extraction process block the development of microalgae in biofuel applications [164, 165, 

167]. Literature provides evidence that the lipid content of microalgae in the attached biofilm 

system exhibited a higher value than the suspended system [168]. However, as Shen et al. 

mentioned, microalgae produce 5-15% lower lipid content in wastewater than in a culture medium 

[67]. Studies show that operation conditions such as temperature, pH, and illumination could be 

optimized to maximize the lipid production yield [169]. As the study of optimization lipid content 

on microalgal biofilm membrane photobioreactor through operation parameters is limited, 

comprehensive knowledge is required to fill the gap between biofuel application and microalgal-

based wastewater treatment.  

2.5.3. The potential applications 

The presented microalgae process focuses on the downstream product of the cultivation, 

mainly in the cosmetic, nutrient, and fertilizer industries [47, 169, 170]. Despite having a high 

potential for wastewater treatment, they haven't been applied to substitute the traditional aerobic 

activated sludge and anaerobic technologies due to limitations such as low harvesting efficiency, 

poor organic matter removal, and low tolerance to harsh conditions [41, 134, 145, 146].   
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Microalgal biofilm membrane bioreactor guarantees concentrated biomass harvest, 

replenishing the drawback of diluted microalga suspension [33, 109, 171]. Microalgal biofilm 

membrane photobioreactor has very high potential in applications that require a large amount of 

microalgal biomass, such as biofuel production [20, 108]. Microalgae can produce multiple times 

more biomass per unit of land area than terrestrial plants due to their higher photosynthetic 

efficiency [172, 173]. In addition, Microalgae have shorter growth periods and can undergo more 

frequent biomass harvesting compared to terrestrial plants that only allow harvesting in their 

respective seasons, such as crops [174].    

Biological wastewater treatment plays a significant role in the water treatment plant, and 

the conventional method requires high operation and maintenance costs during the daily procedure. 

These increased expenses can be mitigated by introducing the microalgal biofilm photobioreactor 

technology. Using microalgae biofilm systems to treat wastewater is energy-effective and makes 

it easy to harvest the bioproduct with high marketing potential.  These bioproducts produced from 

microalgae cultivation are highly required in other areas, thus creating revenue for wastewater 

treatment infrastructure and energy requirements of operations [49, 59]. Moreover, employing a 

microalgae biofilm system for wastewater reveals that it successfully removes 30-100% of 

nutrients from the wastewater [175, 176].   

As known, biofuel production is one of the downstream processes of microalgae cultivation. 

Microalgal biofilm photobioreactors can benefit biodiesel production due to their extremely high 

production yield [65]. Moreover, incorporating bacteria can further strengthen the biofilm 

photobioreactor [41]. Compared to the monospecies microalgal system, microalgal-bacterial based 

biofilm photobioreactor has the following advantages: 1) Better microalgae growth promoted by 

the phytohormones, or macro/micro-nutrient produced by bacteria [34, 39, 177]; 2) High potential 
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bio-flocculation facilitated by bacteria which enhance microalgae aggregation for better harvest 

efficiency [36]; 3) easier biodiesel or bioethanol conversion processes because anaerobic bacteria 

activities contribute to the microalgal recalcitrant cell wall break down [40, 178, 179]. Moreover, 

Saba et al. investigated a novel biotechnological device called photosynthetic algae microbial fuel 

cells (PAMFC) that combines photosynthetic microalgae and electrochemically active bacteria, 

which could convert solar energy [180]. Besides, this technology can also benefit from 

contaminant removal from wastewater and has high adaptability at a wide range of light 

wavelengths and intensities for power generation [181, 182]. 

2.6. Conclusions 

In conclusion, understanding microorganism biofilm cultivation and the current 

photobioreactor system has advanced significantly in recent years. The research has revealed the 

importance of microbial interactions and biofilm formation for the efficient cultivation of 

microorganisms, particularly for microalgae in wastewater treatment and for producing biofuels 

and high-value compounds. 

In addition, developing novel photobioreactor systems, such as membrane 

photobioreactors, has shown promising results for improving microalgal productivity and biomass 

accumulation. However, much must be learned about the complex mechanisms involved in biofilm 

formation and bacterial-microalgal interactions and how these can be harnessed for more efficient 

and sustainable cultivation methods. 

Future research should focus on integrating interdisciplinary approaches, including 

molecular biology and detective techniques on a micro-scale, further to unravel the complex 

interactions between microorganisms in biofilm cultivation. Moreover, efforts should be made to 

optimize the photobioreactor systems and develop cost-effective and scalable solutions for 



39 

 

commercial applications. Overall, understanding microorganism biofilm cultivation and the 

current photobioreactor system offers a promising path toward sustainable and environmentally 

friendly technologies for producing biofuels and high-value compounds. 
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Chapter 3: Surface Properties of Membrane Materials 

and Their Role in Cell Adhesion and Biofilm 

Formation of Microalgae 

Abstract 

This study investigated the effects of surface properties of membrane materials on microalgae cell 

adhesion and biofilm formation using Chlorella vulgaris and five different types of membrane 

materials under hydrodynamic conditions. The results suggest that the contact angle 

(hydrophobicity), surface free energy, and free energy of cohesion of membrane materials alone 

could not sufficiently elucidate the selectivity of microalgae cell adhesion and biofilm formation 

on membrane materials surfaces, and membrane surface roughness played a dominant role in 

controlling biofilm formation rate, under tested hydrodynamic conditions. A lower level of biofilm 

EPS production was generally associated with a larger amount of biofilm formation. The Zeta 

potential of membrane materials could enhance initial microalgae cell adhesion and biofilm 

formation through salt bridging or charge neutralization mechanisms.  

Keywords: Membrane carbonated biofilm reactor; extractive membrane microalgal biofilm reactor; 

microalgal biofilm, membrane material, membrane surface properties, extracellular polymeric 

substances. 
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3.1. Introduction 

Microalgae are photosynthetic microorganisms widely used in many areas, including food, 

cosmetics,  pharmaceutics, and wastewater treatment [1]. Microalgae have attracted much 

attention in wastewater purification in recent years because of their high potential for nitrogen and 

phosphorus nutrient removals, which can make up for the insufficient nutrient removal in 

conventional activated sludge wastewater treatment for organic pollutants removal [2, 3]. The 

microalgal biomass outlet can be the biofuel or biodiesel production feedstock because of its high 

lipid content [4-6]. However, one of the major shortcomings of microalgae application is that the 

suspended microalgae in the culture medium have a low biomass concentration (0.5-6 g/L) [7-9]. 

Furthermore, the conventional harvesting methods to concentrate the suspended microalgae, such 

as filtration, gravity sedimentation, flocculation, and centrifugation, require significant energy 

consumption, chemical usage, or land occupancy, which can occupy about 30% of the total 

production cost [10, 11].  

Compared to conventional suspended cultivation, an immobilized method known as algal 

biofilm cultivation has been recommended to enhance the cost-effectiveness of microalgae 

harvesting and wastewater treatment [9, 12-14]. Briefly, some research found that microalgae cells 

have an affinity to some substrates and tend to aggregate on the substrate surface to form biofilm 

[15, 16]. The microalgal biofilm can lead to concentrated biomass, and the biofilm biomass is more 

accessible to harvest than the suspended microalgae [10]. As a result, the algal biofilm reactor that 

can prolong microalgae's attachment has received much attention over the last decade [17]. An 

algal biofilm reactor can satisfy the wastewater treatment requirement and the microalgal biomass 

harvesting efficiency [18]. However, conventional microalgal biofilm reactors have faced the 
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challenges of CO2 transfer due to increased biomass concentration and growth and limited 

penetration distance of CO2 in biofilm.  

Furthermore, a settler is needed to separate the detached biofilm from treated effluent. 

Thus, the concepts of membrane carbonated microalgal biofilm reactor (MCMBR) and extractive 

membrane microalgal biofilm reactor (EMMBR) are proposed to overcome the CO2 transfer 

limitation and/or biomass separation problems in conventional microalgal biofilm reactors. The 

MCMBR utilizes hydrophobic membranes to transfer molecule CO2 to the microalgal biofilm 

formed on the outer side of the membrane. In contrast, the nutrients (N and P) from wastewater 

are transferred into the microalgal biofilm from an opposite direction in a counter-current 

approach, which is different from the conventional microalgal biofilm that has a co-current 

approach for CO2 and nutrients (N and P) deliveries. It is anticipated that the counter-current 

approach has a much higher process efficiency for microalgal biofilm growth and nutrient removal 

than the co-current approach. On the other hand, the EMMBR uses the hydrophilic membrane as 

a substrate to support biofilm formation on the membrane surface for nutrient uptake and serve as 

a separation barrier to permeate the treated effluent from the biofilm and get a zero-solids permeate 

and thus solve the biomass separation problem from treated effluent. Both MCMBR and EMMBR, 

as novel and emerging technologies, are highly desirable for exploration. 

Furthermore, a comprehensive understanding of microalgal biofilm’s characteristics is the 

premise of microalgal biofilm reactors efficiently applied in industrial applications and wastewater 

treatment. As Zhuang et al. (2018) mentioned, microalgal biofilm formation can be affected by 

microalgae species, substrate properties, and cultivation environment [14]. One of the major 

factors is the adhesion of microalgae cells for biofilm formation, which can be classified into two 

main aspects: microalgal properties and substrate properties [19, 20]. Some literature has studied 
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the different microalgae adhesion performances on different material substrates [9, 20-23]. Talluri 

et al. (2020) found that hydrophilic materials such as glass could bind water molecules via 

hydrogen bonding or electrostatic interaction, which could hinder microorganism cell adhesion 

[24]. Thus, Shen et al. (2016) mentioned that the hydrophobic material could be a good attached 

substrate for microalgae due to its high affinity [16]. 

Moreover, employing a porous substrate as a biofilm carrier has been suggested because 

the porous substrate (like a membrane), contains advantages such as high gas and liquid transfer 

efficiency thus increasing the microalgal biofilm productivity [9, 10, 25]. Literature also 

mentioned that the algal biofilm formed more easily on the porous substrate [14]. As a result, 

microalgal biofilm cultivation on a hydrophobic porous substrate seems to be an optimum option 

for microalgal biofilm reactor applications and MCMBR development. Even though much 

research has been done on the adhesion of microalgae and microalgal biofilm formation on various 

surfaces, no study is still focused on hydrophobic membrane materials for MCMBR development. 

And the exact factors that affect biofilm development on hydrophobic membrane material are still 

unclear. A study of microalgal biofilm attachment performance on hydrophobic membrane 

materials is required to fill the knowledge gap of microalgal formation performance and investigate 

the satisfactory membrane substrates for further microalgal biofilm reactor application for 

wastewater treatment.  

As the first step in developing the novel MCMBR and EMMBR technology, the most 

efficient and suitable membrane materials for fast CO2 delivery and/or fast microalgal biofilm 

formation should be identified. This study aimed to study the influences of five membrane 

materials with different surface roughness and hydrophobicity on cell adhesion and microalgal 

biofilm formation. This was done by examining the dynamic microalgal biofilm cultivation using 
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a CDC biofilm photobioreactor (Biosurface Technologies Corporation, Montana, USA). The 

change in biofilm quantity and biofilm formation with experimental time was monitored. The 

contact angle, surface energy, zeta potential, surface roughness of membrane materials coupons 

and extracellular polymeric substance properties of microalgal biofilm were characterized. The 

impact of membrane surface properties, microalgal biofilm properties, and floc properties on 

microalgal cell adhesion and biofilm formation was systematically assessed and explored. An 

improved fundamental understanding of the roles of membrane materials and biofilm properties 

on cell adhesion and microalgal biofilm formation rate was achieved. 

As compared to previous studies on microalgae cell adhesion and biofilm formation on 

substrates in the literature, this study distinguished itself from the studies in the literature with 

novelties in three aspects: (1) this study used membrane materials (for emerging membrane 

microalgal biofilm photobioreactor development) rather than conventional substrates, such as 

plastic rings and clay pellets etc., for cell adhesion and biofilm formation, (2) a comprehensive 

characterization of the surface properties, including contact angles, zeta potential, and surface 

roughness of membrane materials, which are not found for such a complete surface 

characterization in the studies in the literature for conventional substrates; and (3) this study was 

conducted in a CDC biofilm reactor under hydrodynamic conditions similar to the industrial 

application.  

3.2. Materials and methods 

3.2.1. Microalgae strains and culture medium 

Chlorella vulgaris (CPCC 90) was obtained from the Canadian Phycological Culture 

Centre at the University of Waterloo, ON, Canada. Microalgae were precultured in a 1.5 L plastic 
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reactor with BG-11 medium, followed by previous literature [26-28]. The element constitution and 

concentration of BG-11 medium were shown on supplementary material (Table 3.1). The plastic 

reactor was illuminated by fluorescent light (94.85 μmol/m2/s) with constant aeration (1.0 L/min) 

and placed in a walk-in incubator room under controlled environmental conditions at room 

temperature. The total suspended solids quantified the microalgal biomass concentration (g/L). 

Table 3.1. Element constitution and concentration of BG-11 medium. 

Component Concentration g/L 

 NaNO3 1.5 

 K2HPO4 0.03 

 MgSO4∙7H2O 0.075 

 CaCl2∙2H2O 0.036 

 Citric Acid  0.006 

 Na2EDTA∙2H2O 0.001 

 Na2CO3 0.02 

Trace element  
 

           H3BO3 0.00286 

           MnCl2∙4H2O 0.00181 

           ZnSO4∙7H2O 0.000222 

           NaMoO4∙2H2O 0.00039 

           CuSO4∙5H2O 0.000079 

           Co(NO3)2∙6H2O 0.0000494 

Algal biofilm productivity Pb (g/m2) was calculated as follows: 

                                                   Pb = 
𝑊𝑡−𝑊0

2𝐴𝑠
                                         (3.1) 

Wt and W0 are the dried weight of the membrane materials coupons harvested on a certain 

day (t) and before cultivation, respectively, and As = 0.000127 m2 is the effective surface of each 

side of each tested coupon (diameter: 12.7 mm). 

3.2.2. Materials  

Sodium nitrate, dipotassium hydrogen phosphate, citric acid, magnesium sulfate 

heptahydrate, calcium chloride, ethylenediaminetetraacetic acid tetrasodium salt dihydrate, 
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sodium carbonate, boric acid, manganese chloride tetrahydrate, cobaltous nitrate hexahydrate, zinc 

sulfate heptahydrate, sodium molybdate dihydrate, sodium chloride, copper sulfate pentahydrate, 

and sodium hydroxide were obtained from Sigma-Aldrich. The concentrations of these inorganic 

nutrients in the feed are listed in Table 3.1 in the supplemental materials. Hydrochloric acid 

(36.5%) obtained from Sigma-Aldrich was diluted to 3.65% wt. before use. CDC biofilm reactor 

and 5 different membrane material coupons (Polypropylene (PP), Polyurethane rubber (PU), 

Silicone rubber (Si), Polytetrafluoroethylene (PTFE), and Nylon) were purchased from Biosurface 

Technologies Corporation (Montana, USA) for adhesion and biofilm formation test. 

3.2.3. Experimental set-up 

The experimental set-up utilized a CDC biofilm reactor (Biosurface Technologies 

Corporation, USA) to build an immersed vertical microalgal biofilm system (Figure 3.1). The 

effective volume of the CDC biofilm reactor used was 360 mL. Five types of membrane materials 

coupons, Nylon, polypropylene (PP), polytetrafluoroethylene (PTFE), polyurethane rubber (PU) 

and silicone rubber (Si) were used; they were selected based on their suitability as membrane 

materials and high availability and affordable cost. All the membrane materials coupons were 

circular (0.0127 m × 0.0038 m, diameter × thickness). The coupons were rinsed with deionized 

water and dried in the oven at 44 °C for two days. Each coupon was weighed before microalgae 

cultivation. A total of 24 of the same type of coupons were immersed into the CDC biofilm reactor 

in each experimental run with a stirring speed of 125 rpm for 16 days of cultivation. The CDC 

biofilm reactor was in a semi-continuous phase; a 45 mL BG-11 culture medium (TN: 250 mg/L, 

TP: 5 mg/L) was pumped into the reactor, and the same 45 mL suspension was drained from the 

reactor daily. This gave a hydraulic retention time (HRT) of 8 days. Air with an aeration intensity 

of 1.0 L/min was provided to the CDC biofilm reactor to provide CO2 for microalgal growth. A 
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magnetic stirring speed of 125 rpm for the shaft of the membrane materials coupons (24 coupons) 

assembly (which was immersed vertically in the suspension) was provided to control the 

hydrodynamic conditions. The suspended microalgal mixed liquor was collected for further 

measurements (zeta potential, EPS extraction, and biomass concentration measurement). Four 

fluorescent lamps were installed around the CDC biofilm reactor, providing an illuminating 

intensity of 94.85 μmol/m2/s. The membrane materials coupons were removed from the CDC 

biofilm reactor after 2, 4, 6, 8, 10, 12, 14 and 16 days of cultivation. The attached microalgal 

biomass was collected for EPS extraction and biofilm attachment measurement. Zeta potential, pH, 

and suspended microalgal mixed liquor cell concentration were determined. Three coupons were 

removed from the CDC Biofilm reactor each time for biofilm characterization.  

 

Figure 3.1. Experimental set-up of the CDC biofilm reactor for different material coupons. 

3.2.4. Contact angle 

The contact angle of the five types of membrane materials coupons and Chlorella vulgaris 

cells was determined using the optical tensiometer instrument (Theta Lite, Biolin Scientific, USA) 

accoutred with a camera followed by a sessile drop method in Attension software. Briefly, 5 μL of 
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droplets from three reference liquids (distilled water, formamide and diiodomethane) were 

dropped onto the surface of the membrane materials, respectively. The average results of three 

independent tests were reported. Before contact angle measurement, the Chlorella vulgaris cell 

layer was prepared as a lawn constructed by vacuum-filtering with the 0.45 µm mixed cellulose 

esters (MCE) filter membrane (47 mm diameter, Merck Millipore Ltd, Ireland). 

3.2.5. Surface free energy (SFE) 

The SFE of the membrane materials and Chlorella vulgaris were determined through 

Young’s equation combined with contact angle [19]: 

     𝛾ζ=𝛾𝐿 cos 𝜃 + 𝛾𝑆𝐿                                                                         (3.2) 

where the 𝛾ζ is the SFE (mJ/m2) of the solid material, 𝛾L is the surface energy (mJ/m2) of 

the liquid, 𝜃 is the contact angle, and 𝛾SL is the interfacial energy (mJ/m2) between solid and liquid. 

According to Tsavatopoulou and Manariotis (2020), the interfacial energy between solid and liquid  

SL can be obtained by the Good thermodynamic approach, which mentions that 𝛾SL is composed of 

polar and non-polar components [8]: 

    𝛾SL = 𝛾𝑆𝐿
𝑃 + 𝛾𝑆𝐿

𝐿𝑊                                                                            (3.3) 

Moreover, polar and non-polar components can be determined by the positive and negative 

interfacial tensions by the Van Oss equation [8]: 

  𝛾𝑆𝐿
𝑃 = 2(√𝛾𝑆

+ − √𝛾𝐿
+)(√𝛾𝑆

− − √𝛾𝐿
−)                                              (3.4) 

  𝛾𝑆𝐿
𝐿𝑊 = (√𝛾𝑆

𝐿𝑊 − √𝛾𝐿
𝐿𝑊)2                                                               (3.5)   
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where 𝛾S+ and 𝛾S- are the acid and base interactions of the solid, and 𝛾L+, 𝛾L
- are the acid and 

base interactions of the liquid, 𝛾SLW and 𝛾LLW are Lifshitz-van der Waals forces/interactions for solid 

and liquid, respectively. The liquid properties (𝛾L+ , 𝛾L- and 𝛾LLW ) can be obtained from the liquid 

reference list [29, 30], and the solid properties can be calculated by the van Oss-Chaudhury-Good 

Equation [31]:  

 (1+cos𝜃) 𝛾L = 2(√𝛾𝑆
𝐿𝑊 ∙ 𝛾𝐿

𝐿𝑊 + √𝛾𝑆
+ ∙ 𝛾𝐿

− + √𝛾𝑆
− ∙ 𝛾𝐿

+)                 (3.6) 

By choosing a non-polar diiodomethane to Equation (3.6), acid and base interactions of the liquid 

are equal to zero, and Equation (3.6) will change to:   

   (1+cos𝜃) 𝛾L = 2√𝛾𝑆
𝐿𝑊 ∙ 𝛾𝐿

𝐿𝑊                                                             (3.7) 

Thus, the 𝛾SLW can be obtained. Then, further applying two other polar liquids (DI water 

and formamide) to Equation (3.6), the two remaining 𝛾S+ and 𝛾S- can be determined. Therefore, the 

SFE can be calculated through Equation (3.2) based on the known factors. Moreover, as van Oss 

et al. (1988) mentioned, the hydrophobicity of the microalgae cell or substrate surface can also be 

determined by their free energy of cohesion (∆Gcoh) with the following equation [32]: 

∆Gcoh = −2 (√𝛾𝑠
𝐿𝑊 − √𝛾𝐿

𝐿𝑊)
2

− [4(√𝛾𝑆
+ ∙ 𝛾𝑆

− + √𝛾𝐿
+ ∙ 𝛾𝐿

− − √𝛾𝑆
+ ∙ 𝛾𝐿

− − √𝛾𝑆
− ∙ 𝛾𝐿

+)]       (3.8) 

3.2.6. Extracellular Polymeric Substances (EPS) Extraction and Measurement 

The EPS extraction was modified according to Tong and Derek [21]. This study classified 

the microalgal organic matter extraction into two sections: soluble EPS from the microalgal 

medium in the CDC biofilm reactor and bounded EPS, which adhered to the microalgal cells. The 

microalgae biofilm biomass was gently scrapped off from the coupons and extracted with 20 mL 
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of 1.5 M sodium chloride at 30 ℃ for 1 h in the water bath with 120 rpm oscillation to extract the 

tightly bounded EPS from the microalgal cells. Both the collected samples were centrifuged at 

2500 ×g for 15 minutes. Then the soluble EPS and bounded EPS supernatant were filtered through 

a 0.45 µm MCE filter membrane (47 mm diameter, Merck Millipore Ltd, Ireland) to avoid the 

effect of cell debris on composition analysis. The EPS supernatant was then measured total 

carbohydrate and protein through a modified spectrometric detection method followed by Gaudy 

and Wolfe, and Lowry et al., respectively [33, 34]. Glucose and bovine serum albumin (BSA) were 

used as the standard for carbohydrates and protein measurement, respectively. Both absorbances 

of EPS sample for carbohydrate and protein were read on a UV spectrophotometer (Genesys 10S 

UV-Vis, Thermo, USA).  

3.2.7. Nutrient measurement  

The total nitrogen (TN) and total phosphorus (TP) were quantified with the alkaline 

persulfate digestion-UV spectrophotometric method and ammonium molybdate 

spectrophotometry, respectively [35]. Duplicate measurements of TN and TP were conducted for 

each sample, and the average values were reported. Both absorbances of the sample for total 

nitrogen and phosphorus were read on a UV spectrophotometer (Genesys 10S UV-Vis, Thermo, 

USA).  

3.2.8. Zeta potential  

A NanoBrook Zeta PALS (Brookhaven Instruments Corp, USA) was employed to analyze 

the zeta potential of the microalgae suspension. 1 mL of microalgae suspension was added to 5 

mL of prefiltered 1mM KCl solution for zeta potential measurement. The zeta potential of the 

membrane material coupons was gauged through a surface zeta potential electrode BI-SZP 
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(Brookhaven Instruments Corp, USA) applied in the culture medium (Table 3.1) of the microalgae 

growth. All zeta potential experiments were conducted at room temperature at a constant electric 

field (8.4 V/cm), and the average number of three independent measurements was reported.  

3.2.9. Particle size distribution (PSD) 

The particle size distribution of microalgae cells was determined by a Mastersizer Micro 

Plus 3000 (Malvern Instrument, Worcestershire, UK) in the range of 0.01 µm to 3500 µm. The 

suspended samples were stirred at 360 rpm to obtain adequate dispersed suspension before 

measuring the particle sizes. 

3.2.10. Surface roughness 

Three-dimensional (3D) images of the membrane materials coupon surface topography and 

roughness parameters were carried out by using an MFP-3D origin+ atomic force microscope 

(AFM) (Oxford Instruments, UK). The surface of coupons was scanned in a contact mode on the 

area of 20 × 20 µm2 with a scan rate of 1 Hz. Silicone AC160TS-R3 cantilevers (Oxford 

Instruments, UK) with nominal force constant 26 N/m and resonance frequency 300 kHz were 

employed to image the coupon surface during AFM measurement. The image and data were 

collected and processed by Asylum Research software across scanned areas 20 × 20 μm. 

3.2.11. Statistical analyses 

The experiment data were examined using a one-way ANOVA test and Spearman 

correlations conducted from the Origin software for significant difference analysis (p < 0.05). 
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3.3. Result and discussion 

3.3.1. Microalgae biofilm growth analysis 

In this study, the cell adhesion and biofilm formation of the Chlorella vulgaris strain were 

tested for a total of about 100 days of cultivation, including five materials phases (Nylon, PP, PU, 

PTFE, and Si) in the CDC biofilm reactor. As shown in Figure 3.2a, during the 100 days of 

cultivation, the suspended microalgae biomass concentration was maintained at around 1.63 g/L. 

The pH of the microalgae culture medium was stable at around 9.16. Figure 3.2b shows the zeta 

potential of microalgae suspension in the culture medium over 100 days was around -22 mV, which 

is similar to the literature value [36]. Figure 3.2c shows that the TN and TP concentrations in the 

microalgae culture medium were around 145.18 mg/L and 0.52 mg/L, respectively. The ANOVA 

test revealed that the population means were not significantly different among the five membrane 

materials coupon phases at the 0.05 level (ANOVA, p>0.05), which means that the conditions of 

the suspended microalgae in the reactor were relatively stable during the experimental time. 

Moreover, Table 3.2 shows the TN and TP removal efficiencies over the five membrane material 

coupon phases. The TP removal of the CDC biofilm reactor during all five phases was above 85%, 

and the TN removal ranged from 36% to 48 %. The moderate removal of the TN could be explained 

by the high nitrogen/phosphorus ratio (50:1) in influent, resulting in a low efficiency for nitrogen 

consumption due to phosphorus limitation [37]. Xin et al. (2010) also observed the nitrogen 

removal of Scenedesmus sp. dropped to 45% when the nitrogen/phosphorus ratio of the culture 

medium reached 20:1 [38]. However, the ANOVA test of either TN or TP removal revealed that 

the population means were not significantly different in the five membrane materials coupon 

phases at the 0.05 level (ANONA, p > 0.05). The reason for no statistically significant difference 

between the nutrient consumption among the five phases might be owing to the fact that the 
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quantity of biofilm on the membrane materials coupon surface was not large enough to cause a 

significant change in the nutrient consumption compared to the suspended microalgae. Moreover, 

Figure 3.3 exhibits the particle size distribution of the suspended microalgal culture medium on 

the 1st day and the 16th day. The particle size distribution showed that the microalgae cells or flocs 

were also under the similar particle size ranges, which indicated that particle size had no significant 

effects on biofilm formation in this study. Thus, it could be assumed that all the microalgae 

mediums of different membrane material coupon phases were under similar conditions.  
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Figure 3.2. a) Biomass concentration and pH of the microalgal culture medium, b) Zeta potential of 

microalgal culture medium, and c) Nutrient concentration of influent and effluent of CDC reactor 

at different material coupon phases. 
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Figure 3.3. Particle size distribution of microalgal culture medium in different material phases. 

Table 3.2. Nutrient removal of CDC reactor at different material coupon phases. 

 PP Nylon PU Si PTFE 

Nitrogen (TN) removal  36% ± 2% 39% ± 12% 48% ± 15% 41% ± 6% 45% ± 9% 

Phosphorus (TP) removal 87% ± 2% 90% ± 3% 90% ± 3% 94% ± 2% 87% ± 5% 
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3.3.2. Membrane material morphology   

The coupons made with different membrane materials were designed with the same 

dimensions (12.7 mm diameter disc coupon) (Figure 3.4). The differences among membrane 

material coupons were not only the materials' composition but also the materials' surface properties, 

including hydrophobicity, zeta potential, surface roughness, and so on. Compared to the silicone 

rubber (Si) and polyurethane (PU) rubber coupons, the rest three coupons (polypropylene (PP), 

nylon, and Polytetrafluoroethylene (PTFE)) had different forms on the surface of the coupon. 

Figure 3.5 shows the photograph of these two types of membrane material coupons. As shown in 

Figure 3.5, there is a ring texture structure on the polypropylene (PP) coupon but not on the silicone 

rubber (Si) coupon surface, which may affect biofilm attachment. Thus, the impact of surface 

roughness was also considered in this study and will be discussed in the following sections.   

 

Figure 3.4. Photograph of different material coupons before cultivation and after 16 days of 

cultivation. 



67 

 

 

Figure 3.5. Photograph of smooth a) silicone rubber coupon and rough b) polypropylene coupon. 

3.3.3. Microalgal biofilm production 

Figure 3.6 exhibits the wet biomass amount of Chlorella vulgaris biofilm after 1 hour of 

drying at ambient temperature after being taken out from the CDC biofilm reactor every two days 

over the cultivation period (16 days). The highest biofilm attachment reached 514.3 g/m2 on the 

Nylon coupon on the 16th day (growth rate: 32.14 g/m2/d). The second largest amount of wet 

biofilm attachment was on PTFE coupons (113.65 g/m2). The wet biofilm attachments of PP (28.61 

g/m2), PU (12.07 g/m2), and Si (6.43 g/m2) coupons were all below 30 g/m2.  

 Furthermore, the photograph of the attached biofilm on membrane material coupons also 

showed that the Nylon coupon has the thickest biofilm (Figure 3.4). Thus, based on the attachment 

performance, Nylon was the best material for fast Chlorella vulgaris biofilm cultivation under 

tested hydrodynamic conditions. The following sections will further investigate the factors 

affecting the biofilm formation rates observed in this study. 
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Figure 3.6. Wet biofilm attachment profiles of different material coupons undergo 16 days period. 

3.3.4. Factors affecting cell adhesion and biofilm formation rate 

Multiple factors could influence biofilm development: surface properties of the attached 

substrate, microalgae species, and environmental conditions such as pH, hydrodynamic conditions, 

temperature, and light intensity [39-41]. According to the previous microalgae growth analysis, 

the effect of environmental conditions was insignificant here, as the temperature and pH were 

relatively stable from the beginning to the end of the experiments. Furthermore, the hydrodynamic 

conditions were maintained the same. Thus, the surface properties of Chlorella vulgaris and the 

membrane material coupons were the majority factors that controlled the cell adhesion and biofilm 

formation rates in this study.  
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3.3.4.1. Influence of biofilm biomass EPS  

Figure 3.7a shows the EPS concentration of biofilm on different membrane materials over 

16 days of cultivation. On the 16th day, the biofilm on Nylon coupons contained the lowest total 

EPS content, about 67.29 mg/g biofilm. The highest total EPS can reach 239.96 mg/g biofilm 

achieved on the surface of silicone rubber (Si) coupons. The values of biofilm EPS production are 

not reported here for the early stage (2, 4 days), due to the limited amount of cell adhesion as 

biofilm and thus below the detection and analytical limits of EPS extraction and analysis. Figure 

3.8 exhibits the change in EPS productivity  (mg EPS/g biofilm) on biofilm formation for the last 

three days of biofilm sampling (days 12, 14 and 16). In general, lower EPS quantities  (mg EPS/g 

biofilm) of biofilms on Nylon, PTEF and PP, as compared to the larger EPS quantities of biofilms 

on PU and Si (Figure 3.7a), were associated with a larger amount of biofilm formation (Figure 

3.6). This may suggest that under carbon source and light penetration limitation for thicker biofilm 

(a larger amount of biofilm), the secreted EPS of biofilm might serve as a carbon source for cell 

maintenance and growth in the inner layer of the thicker biofilm. Thus the total amount of EPS 

(mg EPS/g biofilm) decreased with an increase in the biofilm quantity on the membrane materials 

and experimental time (Figure 3.8) [42, 43]. Shen et al. (2015) also observed a similar trend during 

B.brauinii cultivation, and they found the EPS/biofilm concentration reduced from 85 mg/g to 45 

mg/g after 20 days of cultivation [44].  

However, as Cheah and Chan (2021) described, EPS are biomolecules produced by 

microalgal cells and are a binding agent contributing to the aggregation of the microalgae cells on 

the attached substrates [39]. They also mentioned that EPS accumulation on the substrate surface 

would increase the adhesion strength between the cells and substrates. The microorganisms in the 

biofilm will tend to increase the secretion of EPS to maintain the biofilm matrix structure during 
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the later biofilm thickening period [39, 40]. The EPS production profiles did not support their 

claim, indicating that EPS production was not the significant or dominant factor influencing this 

study’s Chlorella vulgaris biofilm adhesion. Similar arguments were claimed by Devi et al. (2021) 

that the EPS amount is not the main dependent factor of cell adhesion strength [45]. Rather, as 

they illustrated, the biochemical composition diversity and EPS age play a more important role in 

biofilm adhesion behaviour than EPS amount. Figure 3.7b exhibits microalgal biofilm EPS’s 

carbohydrate and protein fraction on different material coupons. In this study, the protein had a 

higher fraction than that of the carbohydrates fraction in some phases. Some membrane materials' 

protein content can reach almost four-fold of the carbohydrates (79% protein vs. 21% carbohydrate 

of Nylon coupon on the 16th day). The low carbohydrate fraction of EPS in this study might also 

verify the previous suggestion that the microalgae biofilm consumed the EPS as a carbon sink to 

replenish the carbon shortage, which phenomenon also mentioned by some literature [21, 46, 47].  

Moreover, Ji et al. (2021) also illustrated that the hydrophobicity of the EPS influences the 

initial adhesion performance [48]. They found that the EPS of Chlorella vulgaris with the 

dominant hydrophobic fraction preferred to adhere to the hydrophobic PTFE surface rather than 

the hydrophilic polymethyl methacrylate (PMMA) surface. Thus, the effect of the varieties of EPS 

biochemical compositions and physicochemical properties should also be considered in future 

work. 
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Figure 3.7. The bounded EPS a) concentration and b) composition proportion of C. V biofilms at 

different coupon phases (the EPS of the 12th day of the PTFE membrane material was not 

measured due to unexpected laboratory closure of that day). 
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Figure 3.8. Changing of EPS productivity (mg EPS/g biofilm) on biofilm formation for the 12th, 

14th, and 16th day. 

3.3.4.2. Influence of membrane surface properties 

Tables 3.3 and 3.4 summarize the surface properties of the membrane materials and 

microalgae species (contact angles, surface free energy (SFE), free energy of cohesion (∆Gcoh), 

and zeta potential) and the surface roughness of the membrane materials, respectively. These five 

membrane materials' hydrophobicity range (the order from hydrophobic to hydrophilic) was Si > 

PTFE > PU > PP > Nylon. Except for Si and PTFE coupons, the PU, PP, and Nylon coupons 

exhibited hydrophilic properties based on water contact angle results. The SFE of the materials 

and microalgae ranged from 23.79 to 47.66 mJ/m2. The ∆Gcoh value of membrane materials ranged 

from -42.11 to -89.20 mJ/m2, and these ∆Gcoh had a similar trend with the water contact angle on 

hydrophobicity consequence: a more hydrophobic membrane material usually exhibited a high 
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∆Gcoh. As Table 3.3 shows, the zeta potential of the different coupons and Chlorella vulgaris. The 

zeta potential value of the coupons ranged from -11.37 mV to 4.77 mV, and the absolute value of 

zeta potential followed the trend: Nylon > PTFE > PU > PP > Si coupons. The Nylon and Si 

coupons exhibited negative potential, and the rest of the coupons showed a positive surface 

potential. As Table 3.4 displayed, Ra is the arithmetic roughness average of the coupons' surface, 

and Rq is the root mean square along the sampling length. The roughness of the membrane material 

coupons followed the sequence of Nylon > PTFE > PP > Si > PU. The 3D surface topography 

images (Figure 3.9) also reflected the same tendency of the materials' surface roughness.   

Figure 3.10 shows the correlations between the quantity of microalgal cell adhesion and 

biofilm formation and the water contact angle, zeta potential, difference of SFE between 

microalgae and substrate material, free energy cohesion (∆Gcoh), and surface roughness. It is clear 

that the absolute zeta potential (Figure 3.10b) and surface roughness (Figure 3.10e) exhibited 

positive correlations (rs = 0.9, p < 0.05 and rs = 1, p < 0.05; respectively) with the quantity of 

biofilm formation while the difference of SFE between microalgae and materials (Figure 3.10c) 

showed a negative correlation (rs = -0.9, p < 0.05) to the quantity of biofilm formation. On the 

other hand, water contact angle (Figure 3.10a) (rs = -0.7, p = 0.188 > 0.05) and free energy of 

cohesion (Figure 3.10d) (rs = 0, p = 1 > 0.05) had no statistically significant correlation to the 

quantity of biofilm formation. These results suggest that the surface roughness, the magnitude of 

zeta potential and the differences in SFE of membrane materials would play an important role in 

controlling microalgal cell adhesion and biofilm formation. The role of each parameter is discussed 

in-depth in the following sections. 
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Figure 3.9. 3D surface topography of a) Nylon, b) Polytetrafluoroethylene (PTFE), c) 

Polypropylene (PP), d) Silicone Rubber (Si), and e) Polyurethane (PU) coupon

 

Figure 3.10. Correlations profiles between the quantity of microalgal biofilm formation and the a) 

contact angle, b) zeta potential, c) Difference of SFE, d) free energy cohesion (∆Gcoh), and e) surface 

roughness. 
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Table 3.3. Contact angle and surface energy of different material coupons. 

Materials Contact angle (◦) Surface 

energy 𝛾s 

(mJ/m2) 

∆Gcoh 

(mJ/m2) 

 

Zeta potential 

(mV) 

 Water Formamide Diiodomethane       

Nylon 78.8 ± 1.5 44.8 ± 2.9 50.8 ± 3.4 39.00 -49.60 -11.37 ± 3.6 

Polypropylene 86.0 ± 1.9 67.4 ± 4.1 52.3 ± 4.6 33.75 -57.41 0.47 ± 0 

Polyurethane Rubber 86.7 ± 4.8 76.6 ± 1.9 66.0 ± 2.2 25.23 -42.11 1.70 ± 0.21 

Polytetrafluoroethylene 104.9 ± 1.3 82.7 ± 6.2 64.7 ± 0.4 25.88 -89.20 4.77 ± 0.10 

Silicone Rubber 106.1 ± 1.2 83.7 ±1.3 68.7 ± 4.7 23.79 -87.96 -0.3 ± 0.18 

Chlorella vulgaris 33.2 ± 1.5 33.4 ± 1.6 34.4 ± 3 47.66 26.52 -21.51 ± 0.92 

Table 3.4. Surface roughness of the membrane materials measured at a scanning area of 400 µm2. 

Material Ra (nm) Rq (nm) 

Polyurethane rubber (PU) 46.14 ± 19.78 63.26 ± 20.83 

Silicone rubber (Si) 53.65 ± 7.90 91.03±13.53 

Polypropylene (PP) 91.98 ± 20.64 118.16 ± 22.69 

Polytetrafluoroethylene (PTFE) 115.33 ± 26.70 149.60 ± 37.76 

Nylon 132.64 ±49.04 184.02 ± 60.14 

The free energy of cohesion (∆Gcoh) is another parameter that reflects the hydrophobicity 

of the material [13, 49]. Basically, when solid-solid interactions are stronger than solid-water, a 

positive ∆Gcoh represents hydrophilicity, while a negative ∆Gcoh indicates hydrophobicity. 

Moreover, Table 3.3 also shows the ∆Gcoh for the membrane materials in contact with the water 

liquid. Although the culture medium was not the same as water, it could also reflect the 

hydrophobicity somehow since most of the culture medium is water. As shown in Table 3.3, the 

∆Gcoh value of Chlorella vulgaris was positive, which indicated the hydrophilicity of microalgal 

cells in the culture medium. Different from the contact angle, the ∆Gcoh of membrane materials 
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were all negative, which indicated that they all exhibited hydrophobicity in contact with the culture 

medium. The most hydrophobic membrane material was the PTFE coupons and the lowest was 

the PU coupons. The literature indicated that microalgal cells had better adhesion on hydrophobic 

substrate surfaces [50-52]. In this study, the Chlorella vulgaris adhesion did not follow this trend; 

the highest biofilm attachment (i.e. the highest biofilm formation rate) was achieved in the most 

hydrophilic nylon coupons. Some studies also argue that the influence of hydrophobicity on 

microalgae adhesion is insignificant [12, 22, 24, 39]. Genin et al. (2014) study found that the 

hydrophobicity did not correlate with either biomass augment or decrease for a multi-

microorganism biofilm [53]. Irving and Allen (2011) also illustrated that it was impossible to 

predict biofilm growth by hydrophobicity alone after examining Scenedesmus obliquus and 

Chlorella vulgaris biofilm developments on different hydrophobic materials [54].  

On the other hand, Zeriouh et al. (2017) pointed out that SFE is a parameter presenting the 

available energy generated from the interaction of a solid surface when the functional group, atoms 

or molecules approach the solid surface [49]. They argue that SFE is an important physicochemical 

property that could account for the influence of the interaction between microorganisms and the 

surface. As Zhang et al. (2015) hypothesized, a decrease in the difference in SFE between 

microbial and solid surfaces would result in a larger degree of microbial adhesion [55]. Their later 

experiment proved this hypothesis by examining the adhesion behaviours of different bacterial 

strains (Pseudomonas putida, Salmonella Typhimurium, and Escherichia coli) on thoroughly 

cleaned microscopy glass and salinized glass slides. As displayed in Table 3.3, the Nylon coupon 

(39 mJ/m2) had the smallest difference to Chlorella vulgaris (47.66 mJ/m2) but had the thickest 

microalgal biofilm, and the silicone rubber (23.79 mJ/m2) had the thinnest biofilm due to the 

largest difference of SFE to the microalgae. However, the PP coupons did not follow this trend. 
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The PP coupon had less biofilm biomass than the PTFE coupon, even though it had a closer SFE 

to Chlorella vulgaris. Similar to Tsavatopoulou et al. (2021) study, they also found that the 

geotextile and silicone rubber didn’t exhibit the best adhesion performance even though they had 

the lowest difference to the SFE of B.braunii and N.vigensis, respectively [22]. The SFE alone 

played an important role but could not explain the biofilm adhesion in all cases studied.   

As Tong and Derek (2021a) mentioned, microalgae are easier to adhere to the substrate 

with the opposite charges [21]. However, the attachment performance of Chlorella vulgaris 

showed a similar trend as the absolute value of the substrate’s zeta potential, which was Nylon > 

PTFE > PP > PU > Si coupons. Basically, the substrate with a positive charge can facilitate the 

negative microalgae cells' adhesion, while the negatively charged substrate could limit the 

adhesion because of electrostatic repulsion [56]. For the material with the negative charge, Nylon 

with the highest negative zeta potential (-11.37 mV) exhibited a higher biofilm adhesion behaviour 

than those materials with positive zeta potential (PTFE, PP, and PU). This might suggest metal 

ions, like Ca2+, bridging mechanism between the negatively charged microalgae cells and Nylon 

played a significant role in the highest biofilm formation. On the other hand, the positive charge 

(the second largest absolute value of zeta potential, 4.77 mV) of the PTFE membrane materials 

could enhance biofilm formation (the 2nd largest amount of biofilm quantity) through charge 

neutralization. Based on the DLVO theory, the surface potential of both microalgae and membrane 

material substrate corresponds to the electrostatic interaction energy (GEL), which is one of the 

energy components of total interaction energy (GT) [57]. As Zeng et al. (2022) mentioned, when 

the solid substrate possesses negative surface charges, the decrease of the absolute value of the 

potential contributes to the augment of the GT [58]. The change tendency of the surface properties 

is the opposite of the total interaction energy when the solid substrate possesses a positive surface 
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charge. This study found the opposite trend between the materials with negative charges. The 

higher zeta potential Nylon (-11.37 mV) exhibited higher adhesion performance than Si (-0.3 mV). 

This fact indicated that the electrostatic interaction is not dominant in adhesion. Some research 

also found a similar phenomenon that microalgae achieved more significant attachment on the 

substratum with more negative charges [59-61]. For the positive zeta potential case, the PP 

coupons achieved a higher biofilm attachment than PU coupons due to their lower absolute zeta 

potential value (0.47 mV to 1.70 mV). The PTFE coupon exhibited better microalgae biofilm 

adhesion than PP coupons. This could be due to higher positive (PTFE) and negative (cells) charge 

neutralization. One explanation could be that the zeta potential is not the primary factor affecting 

the adhesion of microalgae cells since the GEL influence on GT will be negligible at longer 

separation distances [58]. These results might suggest that different dominant mechanisms of 

microalgal biofilm formation existed among different membrane materials, such as salt bridging 

and charge neutralization. 

Some studies mentioned that surface roughness could promote the attachment of the algal 

cell to the substrate [62, 63]. In this study, the largest, second largest, and third largest biofilm 

formation was achieved on the Nylon, PETF, and PP membrane material coupon, which had the 

roughest (Ra=132.64 nm) and the second roughest (Ra=115.33 nm), and the third largest roughest 

(Ra=91.98 nm) surface, respectively. These results indicated that the surface roughness of the 

membrane materials positively correlated to the microalgal biofilm formation rate and played a 

crucial role in controlling the microalgal biofilm formation. This phenomenon could be explained 

by the accumulation caused by the extra asperities and flow-stagnant areas on the rougher surface 

compared to the smoother ones [23]. When the suspended microalgae flowed above those surfaces, 

more microalgae cells could be detained and remain in those areas, thus exhibiting a higher biofilm 
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formation performance. When it came to the PP and PTFE coupons in SFE, despite the PP coupon 

having smaller differences in SFE to that of Chlorella vulgaris, the biofilm attachment in the PP 

was lower than the PTFE coupon (PP: 28.61 g/m2 vs. PTFE: 113.65 g/m2). This is because the PP 

coupon (Ra=91.98 nm) had lower surface roughness than the PTFE coupon (Ra=115.33 nm), 

enabling PTFE coupons to intercept more suspended microalgal cells for biofilm formation. The 

same tendencies were found in Zhang et al. (2020) research [23]. They discovered that Chlorella 

vulgaris exhibited a higher adhesion strength on rougher pine sawdust carriers than on smoother 

rice husk carriers. 

Moreover, the surface roughness could explain the conflict between this study and Ozkan 

and Berberoglu’s research (2011) that Chlorella vulgaris prefers adhering to the more hydrophobic 

material surface [51]. In this study, the low microalgal cells' attachment to more hydrophobic 

material (such as PU and Si coupons), compared to Nylon coupons, could be attributed to their 

considerably low surface roughness (46.14 nm and 53.65 nm, respectively). However, the SFE 

had the same significant influence on the adhesion behaviour of Chlorella vulgaris in this research 

as the surface roughness had. For instance, the explanation of adhesion behaviour between the PU 

and Si coupons is more reasonable by the SFE theory than surface roughness. Most of the adhesion 

increased with the smaller difference of SFE between the material and microalgae, even though 

some exhibited some changes under the surface roughness influence as well. This phenomenon 

revealed that biofilm formation was not driven by only a single influence factor but by multiple 

elements, such as surface roughness, zeta potential, hydrophobicity, and SFE. Different dominant 

mechanisms of controlling biofilm formation were observed in this study for different membrane 

materials. Thus, the synergy between the multiple affecting factors must also be considered during 

the microalgae biofilm formation mechanism study.  
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3.3.5. Implication to the development of membrane carbonated microalgal biofilm reactor 

and extractive membrane microalgal biofilm reactor 

The results from this study suggest that the surface roughness, SFE, zeta potential, and 

hydrophobicity of the membrane materials all played a certain role in controlling the microalgal 

biofilm formation rate in MCMBR and EMMBR; it is a combination of the roles of these properties 

that determines the biofilm formation with the surface roughness as a dominant factor in all the 

cases. The nylon and PTFE membrane materials are the best membrane materials properties that 

promote a fast biofilm formation for wastewater treatment from the view of microalgal biofilm 

formation.  

In the development of MCMBR and EMMBR, emerging technologies for wastewater 

treatment (nutrient removal), it would be expected that the membranes should have the capability 

of quickly forming a microalgal biofilm for stable nutrient removal and biofilm production in order 

to reduce the time between the cyclic operation (biofilm removal at the end and biofilm formation 

at the beginning) and having a high permeability of CO2 (for MCMBR). Thus, PTFE appears to 

be the most suitable membrane material for MCMBR development, considering its capability for 

quick microalgal biofilm formation and high CO2 permeability. At the same time, Nylon is an 

excellent membrane material for the development of EMMBR, considering its capability of the 

highest microalgal biofilm formation rate and excellent permeability of treated effluent. It is 

anticipated that the results from this study have identified two excellent membrane materials 

(PTFE and Nylon) for the further development of MCMBR and EMMBR, respectively. Further 

studies should optimize the conditions, such as microalgal species, process and environmental 

conditions to develop MCMBR and EMMBR.  
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3.4. Conclusion 

The experimental work presented herein investigated the role of different physicochemical 

surface properties of a group of membrane materials in controlling the adhesion of microalgae and 

biofilm formation using a CDC Biofilm reactor under a dynamic condition. Among the five tested 

materials (Nylon, polypropylene, polyurethane rubber, polytetrafluoroethylene, and silicone 

rubber), Nylon exhibited the highest wet biofilm attachment of Chlorella vulgaris, reaching up to 

514.3 g/m2 over 16 days of cultivation. The hydrophilic Chlorella vulgaris did not adhere better 

to the highest hydrophobic silicone rubber. These results revealed that membrane surface 

roughness played a dominant role in determining microalgal cell adhesion and biofilm formation. 

A rougher membrane surface was positively correlated to higher microalgal cell adhesion and 

biofilm formation rate under tested hydrodynamic conditions. The contact angle and 

hydrophobicity did not play the main role in the cell attachment of Chlorella vulgaris.  

Moreover, bounded EPS positively impacted the initial adhesion of microalgae biofilm and 

served a role in maintaining the biofilm matrix in the thickening period. As a result, bounded EPS 

productivity (mg EPS/mg biofilm) decreased with biofilm growth. For almost all membrane 

materials (except polypropylene), SFE played a significant role in biofilm adhesion. Furthermore, 

the zeta potential (positive and negative) of these membrane materials could play an important role 

as well through charge neutralization or salt-bridging mechanisms. 

Furthermore, the biofilm formation mechanism was complicated and influenced by 

multiple factors. The relative importance of these mechanisms could change depending on the 

specific microalgae species and membrane materials involved and tested hydrodynamic conditions. 

The synergy between the multiple affecting factors also needs to be further studied in the future. 

The thickest biofilm is achieved on Nylon coupons with the lowest difference between the SFE 
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and the Chlorella vulgaris cells. Based on these findings, Nylon and PTFE come first in membrane 

material selection for further development of the novel and emerging EMMBR and MCMBR 

technologies for wastewater treatment.  
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Chapter 4: Surface and physical and chemical properties 

of microalgae and their role on microalgal cell 

adhesion and biofilm formation under different 

hydrodynamic conditions 

Abstract 

Extractive membrane microalgal biofilm photobioreactors (EM-MBPBR) are one of the emerging 

and novel bioreactor systems for microalgae cultivation and wastewater treatment. In this study, 

three microalgae species (Phormidium tenue, Monoraphidium braunii, and Ankistrodesmus 

falcatus) with different surface and physical and chemical properties were examined in a CDC 

biofilm bioreactor with Nylon as the membrane material for biofilm formation under different 

hydrodynamic conditions. Physicochemical and surface properties of these microalgae species, 

including contact angle, surface energy, zeta potential, particle sizes, and extracellular polymeric 

substances (EPS), were examined to clarify their role in controlling microalgal cell adhesion and 

biofilm formation on Nylon membrane material under different hydrodynamic conditions. The 

results showed that under low shear stress conditions, hydrophobicity, surface free energy, free 

energy of cohesion, and zeta potential played an important role in controlling biofilm formation. 

Under high shear stress conditions, the hydrodynamic conditions and the presence of a fraction of 

small particle sizes (<10 µm) of microalgae species were the dominant factors in controlling 

biofilm formation. In contrast, the importance of the surface properties of microalgae species was 

diminished. For the same microalgae species, the presence of a fraction of small particle sizes (<10 

µm) of the microalgae cells/flocs played a dominant role in controlling biofilm formation under 

different hydrodynamic conditions. The results suggest that the relative importance of 
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hydrodynamic conditions and surface and physical properties of microalgae cells in controlling 

biofilm formation would change under different conditions. 

Keywords:  Extractive membrane microalgal biofilm reactor; microalgal biofilm; microalgae 

species; hydrodynamic conditions; surface properties. 

4.1. Introduction 

Microalgal biofilm cultivation has recently attracted much attention [1-3]. Compared to 

conventional suspended microalgae cultivation, microalgal biofilm cultivation can achieve 

condensed algal biofilm, thus reducing the constructive area and cost of the harvesting procedures. 

Although there are a number of advantages of the microalgal biofilm technology, the wide 

application of the microalgal biofilm technology is limited by CO2 transfer and the need for a 

settler for the detached biofilm separation from treated effluent. Thus, novel microalgal biofilm 

technology to overcome these challenges is highly desirable. Among the emerging microalgal 

biofilm technologies being developed, extractive membrane microalgal biofilm photobioreactor 

(EMMBPBR) is a promising approach to overcome the challenge of sloughed biofilm separation 

from treated effluent and obtain a superior quality of effluent (permeate) with zero-solids. The 

EMMBPBR uses a hydrophilic membrane as both the support media for biofilm attachment and 

the filtration medium to allow treated effluent from the biofilm to permeate through the membrane. 

There is no report of microalgal studies on this emerging EMMBPBR technology in the literature. 

To develop this novel type of EMMBPBR, the first step is to screen a suitable membrane material 

for this application. In our previous study, we identified Nylon, a widely used hydrophilic 

membrane material for wastewater purification, as an excellent membrane material for fast 

microalgal biofilm formation [4] and thus suitable for EMMBPBR development.  
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The mechanisms of microalgal biofilm formation reveal that a number of factors such as 

the physical, chemical and surface properties of the attached substrate, microalgae species, the 

hydrodynamic condition in biofilm reactor, culture media composition and concentration, and the 

mechanism of interaction between microorganism cell and substrate, etc. [5, 6]. These factors play 

a vital role in controlling the rate of microalgal biofilm formation or biomass amount of biofilm. 

Thus, fundamental studies on the role of these factors in controlling microalgal biofilm formation 

are highly desirable.    

   In order to fulfill the fundamental knowledge of the microalgae cell adhesion and biofilm 

formation mechanism, and particularly for the EMMBPBR development, the study of the 

microalgae-substrate (membrane) interaction is required. Based on membrane properties, one of 

the prerequisites that confirm microalgal biofilm cultivation application is the affinity of the 

microalgal cells to the membrane, which is reflected by the dynamic change of harvested biomass 

of microalgal biofilm. Some literature mentioned that different microalgae species result in 

different biofilm formation behaviours, which could be traced back to the EPS composition, 

surface properties, and physical-chemical properties of the microorganism cells [7-9]. 

Tsavatopoulou et al. claimed that microalgae strain played an indispensable role during microalgal 

cell attachment [7]. They found that Botryococcus braunii and Neochloris vigensis exhibited 

different behaviours on the same substrate.  

Moreover, Botryococcus braunii performed the best on plexiglass, while the sponge towel 

exhibited the highest attachment in Neochloris bigensis case [7]. The effect of microalgae species 

on biofilm formation has been studied for decades. However, the fundamental knowledge of 

microalgae-membrane interactions is still limited due to the abundant diversity of microalgae 

species. The most important is, as Zhuang et al. mentioned, the selection of microalgae species for 
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biomass production needs to fulfill industrial demands such as high productivity, ease of adhesion, 

and high value of by-products [6, 10]. Thus, studies on the role of microalgae species’ effects on 

microalgae biofilm cultivation are always required to complement the fundamental knowledge of 

microalgae cultivation.  

Literature also mentioned that the hydrodynamic conditions in the biofilm reactor, such as 

liquid flow velocity, aeration rate or shear stress, would influence the microalgae biofilm growth, 

even biofilm formation in bioreactors [11, 12]. Zeriouh et al. noticed that the shear stress caused 

by fluid-dynamic conditions also played a role in the N. gaditana cell attachment on the bioreactor 

wall beside the extended Derjaguin, Landau, Verwey, Overbeek (XDLVO) forces [13]. Zhang et 

al. revealed that surface roughness positively affected Chlorella vulgaris cell adhesion by creating 

ambient hydrodynamic conditions [14]. Although these studies all observed that the hydrodynamic 

condition influenced microalgal cell adhesion, researchers discussed less about that since it is not 

their main objective. For instance, despite Cheah and Chan pointing out that fluid flow velocity 

and shear stress have an effect on cell adhesion, hydrodynamic conditions were not considered in 

the extensively used XDLVO model to predict cell adhesion [15]. Thus, studying hydrodynamic 

conditions under a real cultivation environment is limited and urgently needed. Considering the 

reality of industrial application and the aim to open a further view of biofilm research, the effect 

of the shear stress on microalgal biofilm cultivation in the continuous submerged biofilm reactor 

is highly desirable.   

The overall goal of this study was to evaluate the role of different surface and physical and 

chemical properties of microalgae species on cell adhesion and biofilm formation on a widely used 

hydrophilic Nylon membrane material to develop an emerging EMMBPBR technology for 

wastewater purification. The objectives of this study were to (i) investigate the biofilm formation 
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of different microalgae strains and study the factors that affect biofilm formation mechanisms 

among the microalgae strains; (ii) characterize the surface, physical, and chemical properties of 

microalgae cells; and (iii) investigate the role of different hydrodynamic conditions that influence 

the biofilm formation of different strains of microalgae and fulfill the fundamental knowledge of 

the microalgal biofilm cultivation. For the previous paper, Nylon was identified as the optimal 

attachment membrane material for the Chlorella vulgaris biofilm formation to further develop the 

novel EMMBPBR technology for wastewater treatment. Therefore, three different microalgae 

species (Phormidium tenue, Monoraphidium braunii, and Ankistrodesmus falcatus) were 

employed and cultured in a CDC biofilm reactor at 16 days (each run) under different 

hydrodynamic conditions (two different rotation speeds of the magnetic stirrer). The physical and 

chemical properties, such as hydrophobicity, zeta potential, and EPS concentration and 

composition, of the microalgal strains were measured, and their role in controlling microalgal 

biofilm formation was identified and discussed.  

4.2. Materials and methods 

4.2.1. Microalgae strains and preculture 

Phormidium tenue (CPCC 424), Monoraphidium braunii (CPCC 625), and 

Ankistrodesmus falcatus (CPCC 669) were obtained from the Canadian Phycological Culture 

Centre at the University of Waterloo, ON, Canada. Algal precultures were prepared with BG-11 

medium [16]  in 1.5 L plastic bottle reactors. The aeration (1.0 L/min) and LED illumination (94.85 

μmol/m2/s) were continuously provided to ensure microalgae growth before the biofilm formation 

experiment.  
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4.2.2. Materials  

Sodium nitrate, dipotassium hydrogen phosphate, magnesium sulfate heptahydrate, 

calcium chloride, citric acid, ethylenediaminetetraacetic acid tetrasodium salt dihydrate, sodium 

carbonate, boric acid, manganese chloride tetrahydrate, zinc sulfate heptahydrate, sodium 

molybdate dihydrate, copper sulfate pentahydrate and cobaltous nitrate hexahydrate were obtained 

from Sigma-Aldrich and used as received. Hydrochloric acid (36.5%) obtained from Sigma-

Aldrich was diluted to 3.65% wt. before use. Nylon disc coupons were used in this study. 

4.2.3. Experimental set-up 

A CDC biofilm reactor (Biosurface Technologies Corporation, USA) with an effective 

volume of 360 mL was used to assess the role of the surface properties of microalgae species and 

hydrodynamic conditions on microalgal cell adhesion and biofilm formation. Briefly, twenty-four 

nylon coupons were immersed into the CDC biofilm reactor for 16-day cultivation in BG-11 

medium at stirring speeds of 125 rpm and 60 rpm, respectively, for each run. An aeration intensity 

of 1.0 L/min and LED illumination of 94.85 μmol/m2/s were provided to the CDC biofilm reactor 

for microalgae cultivation and biofilm formation. Daily, 45 mL of effluent was withdrawn from 

the CDC biofilm reactor and 45 mL of influent (BG-11 medium) was added to the CDC biofilm 

reactor. This is equivalent to a reaction time (or hydraulic retention time) of 8 days for the high-

strength nutrients wastewater.    

Biomass growth was monitored by measuring total suspended solids (TSS). The attached 

biofilm biomass was determined and collected for EPS extraction and attachment measurement. 

Zeta potential, pH, particle size distribution and cell concentration were determined in the liquid 

each time when three coupons were sampled.  
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4.2.4. Analytical methods 

4.2.4.1. Contact angle 

The contact angle of the sample and material was determined by using the optical 

tensiometer instrument (Theta Lite, Biolin Scientific, USA) equipped with a camera followed by 

a sessile drop method in Attension software. The average results of three independent tests were 

reported. The microalgae were prepared as a lawn of 0.0003 g/mm2, modified from the Zeriouh et 

al. study before contact angle measurement [13]. Briefly, microalgae were washed triple times 

with DI water and centrifuged to remove supernatants. The final centrifuges were resuspended in 

10 mL DI water and then filtered through a 0.45 µm mixed cellulose esters (MCE) filter membrane 

(47 mm diameter, Merck Millipore Ltd, Ireland). Next, the microalgal lawn remaining on the filter 

membrane was immersed in 1% agar (w/v) prepared in 10% v/v glycerol water solution for 30 

mins to stabilize the moisture content. The surface free energy of microalgae was determined 

through Young’s equation combined with contact angle, which is the same as the former studies 

[17-20].  

4.2.4.2. Other routine analysis 

The total nitrogen (TN) and total phosphorus (TP) were measured with the alkaline 

potassium persulfate digestion-UV spectrophotometric method and ammonium molybdate 

spectrophotometry, respectively [21, 22]. The EPS extraction and measurement were followed by 

the previous study [23]. Glucose and bovine serum albumin (BSA) were used as the standard for 

carbohydrates and protein measurement, respectively [24, 25]. The absorbance of the sample for 

spectrometric methods was read on a UV spectrophotometer (Genesys 10S UV-Vis, Thermo, 

USA). Zeta potential measurement was analyzed by a NanoBrook Zeta PALS (Brookhaven 
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Instruments Corp, USA) by using 1 mM KCl solution as a buffer solution. Particle size distribution 

measurement was achieved by a Mastersizer Micro Plus 3000 (Malvern Instrument, 

Worcestershire, UK).  

4.2.5. Statistical analysis 

The experiment data were examined through an ANOVA test conducted from Origin 

software to examine the statistically significant difference (p < 0.05) between phases. The Pearson 

correlations between surface properties and biofilm formation were also examined by the Origin 

software. All the results were satisfied with statistical analysis and were expressed as mean ± 

standard deviation. 

4.3. Result and Discussion  

4.3.1. Microalgae growth analysis 

Figure 4.1 shows the microalgae growth profile during the different species in about 32 

days under different hydrodynamic conditions (125 rpm and 60 rpm). Figure 4.1a shows that the 

biomass concentration of the three species (Phormidium tenue, Monoraphidium braunii, and 

Ankistrodesmus falcatus) is maintained at around 0.25 ± 0.08 g/L. The ANOVA test showed that 

the suspended biomass concentration is not significantly different at the 0.05 level (p > 0.05). Thus, 

the effect of the potential differences in suspended biomass concentration could be neglected. 

Moreover, the pH of these three species is also not statistically significantly different at level 0.05 

(p > 0.05), which indicates that the pH effect would not be considered in this study (Figure 4.1b). 

On the other hand, Figure 4.1c reflects the average zeta potential of three species during the 

cultivation periods significantly differ from each other at the 0.05 level (Phormidium tenue: -38.66 
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± 2.85 mV, Monoraphidium braunii: -36.95 ± 3.70 mV, and Ankistrodesmus falcatus: -35.33 ± 

1.74 mV) (p < 0.05). As a result, the zeta potential effect of microalgae on microalgal cell adhesion 

and biofilm formation will be discussed in the next section. Figure 4.2 shows the effluent total 

nitrogen and phosphorus concentrations in the different microalgae culture mediums. The effluent 

of Phormidium tenue has the highest total nitrogen concentration (184.03 ± 13.52 mg/L), followed 

by the Monoraphidium braunii (146.63 ± 20.55 mg/L), and the lowest total TN was found in 

Ankistrodesmus falcatus (140.54 ± 24.90 mg/L). The total phosphorus of these three species was 

3.49 ± 0.76 mg/L (Phormidium tenue), 3.01 ± 1.17 mg/L (Monoraphidium braunii), and 3.07 ± 

0.66 mg/L (Ankistrodesmus falcatus), respectively. Moreover, Table 4.1 shows the TN and TP 

removal efficiencies over three microalgae phases. The TN removal of the CDC reactor during 

phases was around 26% ± 5% to 44% ± 10%, and the TP removal ranged from 30 % ± 15% to 40 % 

± 23%. The nutrient removal follows the trend of Ankistrodesmus falcatus > Monoraphidium 

braunii > Phormidium tenue. In this study, the nutrient removals of all microalgae are below 50%, 

which could be ascribed to the low suspended biomass concentration limitation and high nutrient 

concentrations in the influent (TN = 250 mg/L; TP = 6 mg/L). Furthermore, the nutrient removal 

was most achieved by suspended microalgae (Phormidium tenue: 81.15% ± 5.40%, 

Monoraphidium braunii: 82.99% ± 3.34%, and Ankistrodesmus falcatus: 82.16% ± 3.86%, 

respectively) compared to microalgae biofilm (Phormidium tenue: 8.70% ± 6.08%, 

Monoraphidium braunii: 6.64% ± 3.76%, and Ankistrodesmus falcatus: 7.57% ± 4.34%, 

respectively) since it contained the greatest number of microalgae cells. 

Figure 4.3 shows the particle size distribution of these three microalgae species in the CDC 

bioreactor on the 16th day of cultivation under stirring speeds of 125 rpm and 60 rpm, respectively. 

Under 125 rpm, Monoraphidium braunii exhibited the biggest particle size (Dx (0.5): 225 µm), 
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followed by the Phormidium tenue (Dx (0.5): 118 µm). Ankistrodesmus falcatus is the smallest 

one (Dx (0.5): 99.6 µm). Except for Phormidium tenue, Monoraphidium braunii and 

Ankistrodesmus falcatus showed larger particle sizes under the lower stirring speed (60 rpm), 

which can be explained by more large microalgal flocs formation and less floc breakages under a 

smaller applied shear stress. The results of particle size distribution, as shown in Figure 4.3, 

indicate that Monoraphidium braunii and Ankistrodesmus falcatus were sensitive to the change of 

shear stress. An increase in shear stress (stirring speed) led to the breakage of large flocs and 

smaller floc sizes. In contrast, an increase in shear stress (stirring speed from 60 to 125 rpm) did 

not cause a significant change in floc sizes (except for a slight rise in the number of small flocs in 

the size range of 1-10 µm) of Phormidium tenue, indicating that Phormidium tenue had a higher 

tolerance for shear stress, compared to the other two microalgae. The morphology (Figure 4.4) of 

these microalgae species under an inverted optical microscope verified the observations of the 

particle size analysis (Phormidium tenue: diameter 2 µm; Monoraphidium braunii: width 2.5 µm, 

length 15 µm; and Ankistrodesmus falcatus: width 1.5 µm, length 12 µm, respectively). As Michels 

et al. mentioned, the higher shear stress could facilitate the intercellular junction’s separation and 

cause a chain, reducing microalgal clusters. They observed that the number of smaller floc of 

Skeletonema costatum increased when the applied shear stress level increased from 0.26 Pa to 5.4 

Pa [26]. The results from this study are consistent with those of Michels et al. [26]. 
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Figure 4.1. a) Biomass concentration, b) pH, and c) Zeta potential of microalgal culture medium in 

CDC reactor effluent at different microalgae species phases (Results = mean ± standard deviation, 

n= 6 each data point for zeta potential). 
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Figure 4.2. Total nitrogen and total phosphorus of effluent of CDC biofilm reactor in different 

microalgal species phases (Results = mean ± standard deviation, n= 2). 

Table 4.1. Nutrient removal of CDC reactor at different microalgae phases (Results = mean ± 

standard deviation). 

 Phormidium 

tenue 

Monoraphidium 

braunii 

Ankistrodesmus 

falcatus 

Nitrogen (TN) removal  26 % ± 5 % 41 % ± 8 % 44 % ± 10 % 

Phosphorus (TP) removal 30 % ± 15 % 40 % ± 23 % 39 % ± 13 % 
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Figure 4.3. Particle size distribution of a) Phormidium tenue, b) Monoraphidium braunii, and c) 

Ankistrodesmus falcatus under different hydrodynamic conditions on the 16th day of biofilm 

cultivation. 
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Figure 4.4. Optical microscope of a) Phormidium tenue, b) Monoraphidium braunii, and c) 

Ankistrodesmus falcatus. 

4.3.2. Microalgal biofilm attachment  

Figure 4.5 exhibits the wet biomass amount of different microalgal biofilms after 1 hour of 

taking it out from the reactor every two days over the cultivation period, under the hydrodynamic 

conditions of 125 rpm and 60 rpm, respectively. At 125 rpm, the highest biomass attachment was 

observed on Monoraphidium braunii biofilm, which reached 187.40 ± 10.57 g/m2 on the Nylon 

coupon on the 16th day. The second largest attachment was on Ankistrodesmus falcatus biofilm 

(73.10 ± 1.38 g/m2). The Phormidium tenue biofilm had the lowest attach performance, which is 

66.80 ± 6.79 g/m2. When the reactor was under 60 rpm, the highest attach behaviour was found on 

Ankistrodesmus falcatus biofilm (144.23 ± 6.52 g/m2), and the lowest attachment was achieved on 

Phormidium tenue biofilm (24.02 ± 0.39 g/m2).  

 Furthermore, the photograph of the different microalgal biofilms on nylon coupons also 

indicated that the thickest biofilms were Monoraphidium braunii at 125 rpm and Ankistrodesmus 

falcatus at 60 rpm, respectively (Figure 4.6). Multiple factors affected biofilm formation, including 

substrate properties, environmental conditions, and microalgae species [2, 15, 27]. This study will 

further investigate and discuss these two aspects: microalgae species and hydrodynamic conditions. 
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Figure 4.5. Wet biofilm attachment of different microalgae species at a) 125 rpm and b) 60 rpm

 

Figure 4.6. Photograph of different biofilm species on nylon coupons 16 days of cultivation under 

different stirring speeds. 
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4.3.3. Influence factors on biofilm attachment 

4.3.3.1. Influence of biofilm biomass EPS 

Figure 4.7a shows the EPS concentration of different microalgal biofilms on nylon coupons 

over 16 days of cultivation under 125 rpm. The early period EPS concentration was not reported 

due to the limited amount of cell adhesion as biofilm and thus below the detection and analytical 

limits of EPS extraction and analysis. On the 16th day, the Monoraphidium braunii biofilm on 

nylon coupons contains the lowest total EPS content, about 65.46 mg/g biofilm. The highest total 

EPS can reach 134.53 mg/g biofilm achieved on Phormidium tenue biofilm (125 rpm). The EPS 

profiles of different microalgal biofilms under 60 rpm conditions are also reported in this study, 

which exhibited a similar trend with the changing of EPS concentration (Figure 4.7b). The EPS 

concentration decreased, followed by the augment of biofilm biomass, which was also reported in 

a previous study [28]. As the literature mentioned, EPS concentration decreased during cultivation 

due to a higher microalgal biomass growth rate [28-30]. One possible explanation for the trend 

could be as follows: The increased biofilm thickness during the growth period limited the CO2 and 

light transfer efficiency to the inner side of the microalgal biofilm [31, 32]. As a result, the EPS 

will be consumed as a carbon resource to maintain the growth of microalgae cells in the biofilm’s 

inner side, leading to the EPS concentration decreasing with the biofilm biomass increasing 

(Figure 4.5 and Figure 4.7). Similar phenomena are also reported and mentioned in some literature 

[23, 30, 33]. Unlike the general suggestions that EPS has positive effects on biofilm adhesion (EPS 

concentration increases with the biofilm biomass increase) [15, 34], the EPS results in this study 

indicated that EPS had no significant influence on biofilm formation which was consistent with 

the point made by Devi et al.[35].   
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Figure 4.7. EPS concentration of different microalgae species in the hydrodynamic condition of a) 

125 rpm and b) 60 rpm. 

4.3.3.2. Influence of surface properties 

Table 4.2 shows the surface properties of microalgae and Nylon material (Contact angle, 

surface free energy, free energy of cohesion, and zeta potential). Based on the contact angle result, 

all these three microalgae and Nylon are considered hydrophilic (< 90°), and the contact angle of 

microalgae followed the trend: Ankistrodesmus falcatus > Monoraphidium braunii > Phormidium 

tenue. Table 4.2 also shows the zeta potential value of the different microalgae and nylon coupons. 

The zeta potential value of the microalgae ranges from -35.33 ± 1.74 mV to -38.66 ± 2.85 mV, 

and the absolute value of zeta potential follows the trend: Phormidium tenue > Monoraphidium 

braunii > Ankistrodesmus falcatus. Both the microalgae and Nylon material exhibited negative 

zeta potential. Moreover, the total surface free energy (𝛾Tol) of these three microalgae ranges from 

30.84 mJ/m2 to 48.69 mJ/m2, which followed the trend: Phormidium tenue > Monoraphidium 

braunii > Ankistrodesmus falcatus. Research claims the hydrophobic material is suitable for 

microalgal biofilm formation due to the water exclusion mechanism and hydrophobic attraction 

[36]. However, literature also reported that some hydrophilic microalgae prefer to adhere to 
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hydrophilic materials with an excellent liquid-holding capacity [37-39]. Table 4.2 shows three 

hydrophilic microalgae (Phormidium tenue, Monoraphidium braunii and Ankistrodesmus falcatus) 

formed biofilm on the hydrophilic Nylon material surface. As Shen et al. mentioned, this 

occurrence can be attributed to the promotion of initial attachment caused by hydrophilic materials’ 

high dispersive surface energy [40]. As a result, the formation of microalgae biofilms was observed 

on the Nylon material surface. Nevertheless, as some literature mentioned, the free energy of 

cohesion (∆Gcoh) can also be an index to determine the hydrophilicity and hydrophobicity of the 

microalgal or material surface [13, 41]. The hydrophilic surface presents a positive free energy of 

cohesion (∆Gcoh > 0), and vice versa is hydrophobic (∆Gcoh < 0) [42]. Regardless of the contact 

angle, as Table 4.2 shows, the Nylon surface was considered hydrophobic due to the negative 

∆Gcoh. The positive ∆Gcoh of three microalgae indicated that their surfaces were hydrophilic. 

Thereby, the hydrophobic property verified by ∆Gcoh might be why higher attachment is achieved 

on more hydrophobic microalgae (Monoraphidium braunii and Ankistrodesmus falcatus) instead 

of more hydrophilic Phormidium tenue. Thereby, this preference based on ∆Gcoh results could be 

ascribed to the water exclusion mechanism [36, 43]. Also, the XDLVO theory illustrated that the 

hydrophobic attraction driven by acid-base interaction force would occur between the microalgae 

and hydrophobic material [44]. The more hydrophobic microalgae cells are, the higher adhesion 

on the hydrophobic substrate was observed [23]. From this point of view, the biofilm formation in 

this study might be positively affected by hydrophobic attraction. However, the adhesion results 

at 125 rpm (Figure 4.5a) did not obey the trend below. The highest attachment was not achieved 

by the most (Phormidium tenue) or least (Ankistrodesmus falcatus) hydrophilic microalgae. 

Instead, Monoraphidium braunii, with moderate hydrophilicity, accomplished the highest biofilm 

attachment. Tong et al. also found that the highest attachment on pristine polyvinylidene fluoride 
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membrane was achieved on A.coffeaeformis with moderate hydrophilicity [45]. This occurrence 

proves that surface wettability might not be the only dominant factor in controlling microalgae 

biofilm formation under 125 rpm. Furthermore, Alexander and Williams also argued that 

hydrophilicity (water contact angle) is not the most suitable predictor of cell-substrate interactions 

due to the complicated material surface chemistry [46].  

Table 4.2. Contact angle and surface energy of different microalgae species. 

Materials Contact angle (◦) Surface energy (mJ/m2) ∆Gcoh 

(mJ/m2) 

 

Zeta 

potential 

(mV) 

 Water Formamide Diiodomethane 𝛾LW 𝛾AB 𝛾+ 𝛾- 𝛾Tol  

Nylon 

78.8 ± 

1.5 

44.8 ± 2.9 50.8 ± 3.4 33.82 5.19 3.18 2.11 

39.00 -49.60 

-11.37 ± 

3.6 

Phormidium 

tenue  

31.8 ± 

1.9 

32.7 ± 3 48.7 ± 3.8 35.00 13.69 0.99 47.17 

48.69 26.36 

-38.66 ± 

2.85 

Monoraphidium 

braunii  

35.4 ± 

2.8 

47.7 ± 4.1 50.1 ± 1.0 34.22 1.78 0.01 57.11 

36.00 46.68 

-36.95 ± 

3.70 

Ankistrodesmus 

falcatus  

36.7 ± 

0.1 

51.4 ± 2.1 53.9 ± 4.9 32.07 0.59 0.001 59.49 

32.66 51.41 

-35.33 ± 

1.74 

Surface free energy is another surface property affecting the microalgae biofilm adhesion 

[47]. As Ozkan and Berberoglu claimed, the Lifshitz van der Waals (LW) component (𝛾LW) 

represents the polarity of the cell surface [48]. The higher value of the LW component results in a 

higher apolar surface, leading to a higher attachment to material due to the lower affinity for polar 

water [48]. The LW component of the microalgae ranged from 32.07 to 35.00 mJ/m2, which 

occupied above 70% of the total surface free energy. The high ratio of LW components in total 

surface free energy also proves that LW interaction probably contributed the most among those 

interaction forces in the low-energy surface material. However, the microalgae with the highest 
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LW component did not exhibit the highest biofilm attachment, which indicates that the LW 

component of the surface free energy or polarity might not be the only factor affecting microalgae 

biofilm formation in this study. As Barros et al. mentioned, the AB component would represent a 

measure of hydrophilic repulsion when the microalgae exhibited a hydrophilic character (∆Gcoh > 

0) [49]. Thus, a higher value of the AB component is supposed to observe less biofilm attachment 

due to the higher hydrophilic repulsion. This may be one probable reason why Phormidium tenue 

shows the worst biofilm behaviour. Von Fraunhofer mentioned that surface free energy is an 

important index to measure the wettability of a solid surface [50]. Low surface free energy results 

in poor molecular attraction, which leads to a low biofilm formation [51]. When it comes to total 

surface free energy in this study, the highest biofilm amount was not achieved on either the species 

with the highest value or lowest value of the total surface free energy, which indicates that the 

relationship between total surface free energy and microalgal adhesion may not be linear under 

125 rpm. Some studies indicated that adhesion performance also corresponds to the difference in 

total surface free energy between microalgae strain and attached substrate [19, 52]. Regardless of 

the species and substrate types, Zhang et al. argued that the degree of the microorganism adhesion 

would linearly increase with the reduction of surface free energy difference [52]. They found P. 

putida exhibited the best adhesion performance due to the lowest surface free energy difference 

between the cell and substrate [52]. As Table 4.2 shows, the Monoraphidium braunii biofilm 

(35.47 mJ/m2) has the lowest difference between nylon coupon (39.00 mJ/m2) reached the highest 

attachment (187.40 ± 10.57 g/m2). The Phormidium tenue (48.69 mJ/m2) has the thinnest biofilm 

with the largest difference to the nylon surface free energy under the hydrodynamic condition of 

125 rpm (Figure 4.5a). The Dupré equation could explain this. As Baldan mentioned, the adhesion 

strength can be described by the work of adhesion (WA), which is equal to the sum of surface free 
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energies of two solid phases (γ1 and γ2, respectively) minus their interfacial tension (γ1,2) [53]. The 

closer the surface free energies of the two solid phases, the closer the interfacial tension (γ1,2)  is 

to zero [54]. Thereby, a higher work of adhesion was obtained, leading to a higher adhesion 

performance.  

Hwang et al. claimed that material with negative charges is generally unfavourable to 

negative microalgae biofilm formation due to electrostatic repulsion [31]. However, in this study, 

all three microalgae (Phormidium tenue, Monoraphidium braunii, and Ankistrodesmus falcatus) 

generated biofilm on the Nylon coupon surface. This observation could be attributed to the ionic 

bridging. Negative microalgal cells can be bridged with other negative particles or even substrate 

with negative charges with the existence of cationic particles (Ca2+ and Zn2+) [55]. In general, the 

less the absolute value of zeta potential, the less repulsion force was obtained, leading to higher 

adhesion should be observed [56, 57]. The attachment performance of the microalgae did not show 

a similar trend in this study, which indicates that the electrostatic interaction might not be the 

decisive factor in biofilm formation.  In the next section, further discussion will focus on the effect 

of hydrodynamic conditions. 

4.3.3.3. Influence of hydrodynamic conditions  

Figure 4.8 displays the microalgal biofilm performance under different hydrodynamic 

conditions. Some literature mentioned that hydrodynamic conditions such as shear stress or 

rotation speed would influence biofilm activity by affecting biofilm architecture or cell growth [58, 

59]. In the Phormidium tenue and Monoraphidium braunii biofilm cases, the biofilm attachment 

decreased (from 66.8 ± 6.79 g/m2 to 24.02 ± 0.39 g/m2 and 187.40 ± 10.57 g/m2 to 50.52 ± 2.77 

g/m2, respectively) when the stirring speed changed from 125 rpm to 60 rpm. However, the 

Ankistrodesmus falcatus biofilm shows the opposite behaviour to formers, increasing from 73.10 
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± 1.38 g/m2 to 144.23 ± 6.52 g/m2. This change can be attributed to the effect of the hydrodynamic 

conditions because the stirring speed was the only variable in this case. In general, shear stress 

might increase the detachment potential of biofilm once the shear force suppresses the adhesion 

force of microalgae cells [60]. As a result, intensive shear stress applications were usually 

suggested for the anti-biofouling of the membrane for removing undesirable microorganism 

biofilm [61, 62]. So, the augment of Ankistrodesmus falcatus biofilm attachment, when the stirring 

speed changed from 125 rpm to 60 rpm, might be due to less detachment occurring under lower 

shear stress.  

Nevertheless, researchers also argued that applying a higher surface shear stress could 

improve biofilm biomass by increasing nutrient diffusion for biofilm growth [63]. Therefore, the 

opposite results from Phormidium tenue and Monoraphidium braunii biofilm might be considered 

that lower hydrodynamic strength could not provide sufficient nutrient diffusion for biofilm 

growth, leading to less biofilm biomass. This study’s contradictory phenomena among microalgae 

indicated that the hydrodynamic condition influencing biofilm formation might be species-

dependent. As the literature mentioned, there is a tolerance limitation for microalgae biofilm on 

shear stress, which is the critical value of the interaction between shear force and adhesion [64, 

65]. Below this critical value, the adhesion force is higher than the shear force; thus microalgae 

cells exhibit adhesion on the substrate surface. As a result, higher shear stress below this 

microalgae tolerance limitation could increase nutrient diffusion and transfer, leading to better 

biofilm performance [66, 67]. However, once the applied shear stress exceeds the critical value, 

the detachment occurs and reduces biofilm [68]. Belohlav et al. claimed that the critical value of 

wall shear stress could be a processing parameter to control the stability of microalgal biofilm [69]. 

They also reported that no biofilm was observed when the flow rate of the culture medium 
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exceeded the critical value [69]. In this study, for the case of Phormidium tenue and 

Monoraphidium braunii, biofilm attachment decreases with the stirring speed decrease. One 

reasonable explanation is that the stirring speed is not large enough (125 rpm) to cause a significant 

biofilm detachment. Thus, the interaction of the dissolved nutrients and biofilm has less efficiency, 

resulting in lower growth under lower stirring speed (60 rpm). When it comes to the 

Ankistrodesmus falcatus case in which a higher stirring speed results in lower biofilm attachment, 

higher shear speed enhances biofilm detachment. The higher stirring speed increasing the scouring 

to the Ankistrodesmus falcatus biofilm surface resulted in reduced biofilm biomass.  



109 

 

 

Figure 4.8. a) Phormidium tenue, b) Monoraphidium braunii, and c) Ankistrodesmus falcatus biofilm 

formation at different hydrodynamic conditions. 
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Moreover, the presence of a fraction of small particle (microalgal cell or flocs) sizes (< 10 

or 20 µm) played an important role in controlling the microalgae biofilm formation; the increase 

in the quantity and formation rate of biofilm for both Phormidium tenue and Monoraphidium 

braunii under the higher stress (125 rpm) (Figure 4.8)) is correlated to the presence of a larger 

fraction of small particle sizes (<10 or 20 µm), as compared to that under lower shear stress (60 

rpm) (Figure 4.3a) and 4.3b)). Similarly, the higher quantity and formation rate of Ankistrodesmus 

falcatus biofilm under a lower shear stress (60 rpm) is correlated to the presence of a fraction of 

small particle sizes (< 6 µm) of microalgal cells/flocs (Figure 4.3c), as compared to that under the 

higher shear stress (125 rpm). This is because smaller cells and flocs have a higher tendency or 

higher affinity to attach to membrane surfaces for biofilm formation [70, 71]. 

4.3.4. Correlation of impact factors on biofilm formation  

Figure 4.9 exhibited the Pearson correlation between the impact factors (Contact angle, 

zeta potential, free energy of cohesion (∆Gcoh), surface free energy (SFE), and floc/cell size of 

microalgae) and microalgal biofilm formation under different hydrodynamic conditions (125 rpm 

and 60 rpm, respectively). It is evident that the floc/cell size showed a significant positive 

correlation with biofilm formation (r = 0.99734, p < 0.05 on the 12th day) under 125 rpm, while 

the rest factors didn’t exhibit a strong correlation (r < 0.8) at the 0.05 level. Regarding the lower 

shear stress (60 rpm), the factor of floc/cell size exhibited a very poor correlation with biofilm 

formation (r < 0.5, p > 0.05). Instead, the contact angle, zeta potential and free energy of cohesion 

(∆Gcoh) of microalgae showed a positive correlation (r > 0.8), while the SFE of microalgae 

exhibited a negative correlation (r = -0.96299 on the 12th day) with biofilm formation.  
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Figure 4.9. Correlation profiles between impact factors and biofilm formation under 125 rpm (a, b, 

c, d, and e) and under 60 rpm (f, g, h, i, and j), respectively. 
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In summary, the biofilm formation could be controlled by the surface and physical and 

chemical properties of microalgae cells under low hydrodynamic conditions.  As some literature 

revealed, the microalgae species have their own critical shear stress during cultivation [69-71]. 

When the hydrodynamic condition is below the critical value, the shear strength is not lower than 

the adhesion strength driven by microalgae cells. As a result, the biofilm formation was dominant 

by the attractive force caused by the microalgae properties (contact angle, zeta potential, free 

energy of cohesion, and surface free energy). Once the shear force is stronger than the adhering 

force of the biofilm, biofilm formation might be significantly affected by the hydrodynamic 

conditions. As a result, the biofilm formation was dominated by the factor (the size of microalgae 

cells/flocs) which highly correlates to the high-level shear stress. Thus, choosing microalgae 

species and shear stress are vital during the algal biofilm cultivation period, especially at the initial 

stage.  

4.3.5. Implication to the Development of Extractive Membrane Microalgal Biofilm 

Photobioreactor (EMMPBR)  

The results from this study reveal that the surface properties of microalgae, including SFE, 

zeta potential, and hydrophobicity, play a crucial role in controlling the rate of microalgal biofilm 

formation in EMMBR. The combination of these properties determines the biofilm formation, with 

hydrodynamic conditions being the dominant factor in all cases. Higher hydrodynamic conditions 

promote nutrient diffusion, but if the conditions exceed the critical value of microalgae, biofilm 

formation may be hindered. In developing EMMBR, an emerging technology for wastewater 

treatment, especially in nutrient removal, it is important to select microalgae species that can form 

biofilms quickly and recover effectively after harvesting to reduce the time between cyclic 

operations. A suitable hydrodynamic condition can also promote biofilm formation by increasing 
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mass transfer and nutrient diffusion, which shortens the growth period. These findings provide 

guidance for the selection and screening of microalgae species and hydrodynamic conditions to 

facilitate rapid microalgal biofilm formation in EMMPBR technology development. Moreover, 

the study shows that the relative importance of surface hydrophobicity, zeta potential, and surface 

free energy, which determine biofilm formation and biological performance, changes under 

different circumstances. Therefore, it is recommended to integrate the analysis of all these 

properties and their relative importance in controlling microalgae cell adhesion and biofilm 

formation. 

4.4. Conclusion 

The experimental work presented here investigated the role of surface and physical 

properties of different microalgae strains in controlling microalgae cell adhesion and biofilm 

formation on the membrane material surfaces (Nylon) under different hydrodynamic conditions. 

The following conclusions could be made: 

1.) Under a low shear stress condition (60 rpm), the hydrophobicity (water contact angle), 

zeta potential, and free energy of cohesion (∆Gcoh) of the microalgae species were positively 

correlated to the quantity and biofilm formation rate. In contrast, the surface free energy of 

microalgae species was negatively correlated to the biofilm’s quantity and formation rate, 

indicating the importance of surface properties in controlling microalgae cell adhesion and biofilm 

formation. 

2. Under a high shear stress, the hydrodynamic conditions and the presence of a fraction of 

small particle sizes of microalgae cells/flocs played a dominant role, over the surface properties of 

microalgae species, in controlling the quantity and formation rate of microalgal biofilm. 



114 

 

3. For the same microalgae species, the presence of a fraction of small particle sizes of 

microalgae cells/flocs played an important role in controlling biofilm’s quantity and formation rate 

under different hydrodynamic conditions. 

4.) The relative importance of the hydrodynamic conditions and surface and physical 

properties of microalgae species in controlling biofilm’s quantity and formation rate would vary, 

depending on specific experimental conditions and microalgae species used.  
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Chapter 5: Microalgae cell adhesions on hydrophobic 

membrane substrates using Quartz crystal 

microbalance with dissipation  

Abstract 

Microalgal cell adhesion and biofilm formation are affected by interactions between microalgae 

strains and membrane materials. Variations of surface properties of microalgae and membrane 

materials are expected to affect cell-membranes and cell-cell interactions and, thus, initial 

microalgal cell adhesion and biofilm formation rates. Hence, it should be possible to identify the 

dominant mechanisms controlling microalgal cell adhesion and biofilm formation. The effects of 

surface properties of three different microalgae strains and three different types of membrane 

materials on microalgal cell adhesion and biofilm formation were systematically investigated in 

real-time by monitoring changes in the oscillation frequency and dissipation of the quartz crystal 

resonator (QCM-D). The results revealed that, in general, a higher surface free energy, more 

negative zeta potential, and higher surface roughness of membrane materials positively correlated 

with a larger quantity of microalgae cell deposition, while more hydrophilic microalgae with a 

larger negative zeta potential preferred to attach to a more hydrophobic membrane material. The 

adhered microalgal layers exhibited viscoelastic properties. The relative importance of these 

mechanisms in controlling microalgae cell attachment and biofilm formation might vary, 

depending on the properties of specific microalgae species and hydrophobic membrane materials 

used. 

Keywords: QCM, Biofilm, Interaction, Microalgae species, Membrane material, Surface 

properties 
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5.1. Introduction 

Microalgal biofilm cultivation is a promising technology for wastewater treatment [1]. 

Microalgal biofilm cultivation aims to increase aerated carbon dioxide utilization efficiency and 

microalgae biomass production yield [2, 3]. A successful initial stage is an essential prerequisite 

for microalgal biofilm formation [4, 5]. Fast adhesion of microalgal cells on the substrate can 

reduce the cultivation time and the cost [6, 7]. Conventional cell adhesion measurements are based 

on cell counting or activity assays [8]. However, researchers pointed out that those approaches 

usually involve mechanical or fluorescence procedures such as atomic force microscopy (AFM), 

hydrodynamic assays, and traction force microscopy, which are considered invasive and can result 

in changes in cell adhesion performance due to the applied force breaking the cell physiology [8].  

Furthermore, the abovementioned measurements do not satisfy real-time monitoring under 

natural environmental conditions [9-11]. Huang et al. argued they have difficulty achieving fast-

tracking (monitoring rate range from s-1 to min-1) on the underlying interaction because of the 

intrinsic ex-situ nature [12]. The current detective method for minor changes on surface attachment 

is limited. Kreis et al. employed a micropipette force spectroscopy measurement to detect the 

adhesion behaviour of the single Chlamydomonas cell on the model substrate, such as silicon and 

magnesium oxide [13]. Their study offers new insight into the microalgal cell adhesion mechanism 

on a micro-scale rather than general bioreactor observation. However, although Kreis et al. studied 

the individual Chlamydomonas cell interaction and revealed its universal adhesion mechanism on 

the abiotic surface, they didn’t consider the interaction between the cells or the cells matrix, and 

the diversity of individual cells as well [13]. 

On the other hand, most microalgal biofilm studies currently focus on the biofilm 

thickening stage observed from bioreactor cultivation [14-16]. Although the observation based on 
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bioreactor cultivation can give a clear view of cell attachment performance after a certain period 

of time, it is time-consuming, and the interfacial contact between suspended microalgal cells and 

the substrate is difficult to observe due to the small amount of initial adhesion. Thus, a more rapid, 

safer, more comprehensive, and ultrasensitive technology is required to scrutinize the microalgae 

cell attachment in the initial stage of microalgal biofilm formation. 

Quartz crystal microbalance with dissipation (QCM-D) is an acoustic sensing measurement 

that can monitor the cell-substrate real-time adhesive interaction. As an emerging technology, 

QCM has received much attention in cell biologies, such as disease diagnosis and bacterial cell 

adhesion, due to its non-invasive and unlabeled capacity in recent years [8, 17]. The QCM-D 

technique can obtain more specific details of initial microalgal cell adhesion because it considers 

the viscoelastic behaviour of the microorganism biofilm [18]. Schofield et al. suggested that QCM-

D is a convenient real-time method to analyze the viscoelastic properties of biofilm when 

monitoring the S. mutans biofilm attachment behaviours [19]. Furthermore, the interaction 

mechanism between inorganic/organic adhesives and attached substrates could also be determined 

by QCM research. Walkowiak et al. utilized the QCM-D technique to analyze the proteins' 

adhesion mechanisms on the synthesis polyelectrolyte brush surface [20]. Peng’s group 

investigated the influence of Rhamnolipid in the Thiobacillus denitrificans biofilm formation on 

sulphur-based biofilter surface by the QCM-D technique [4]. Yongabi et al. studied the influences 

of ionic strength on the adhesion mechanism of S. cerevisiae in long-term interaction [9]. The 

bacterial biofilm formation mechanisms have been well studied in the last decade. Researchers 

suggested that the QCM-D method is a suitable technique because it can supply the adhesion data 

on micro dimensions [10], which is also suitable for the microalgae biofilm formation study. Still, 

fewer studies have been reported in this area. Moreover, another advantage of QCM-D for 
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microalgae biofilm formation study is that it can simulate the adhesion measurement in aquatic 

conditions similar to that in a bioreactor environment. Nevertheless, limited study focuses on 

microalgal biofilm formation through QCM measurement. Thus, comprehensive knowledge of 

microalgal biofilm formation is urgently needed.  

This study investigated the initial cell attachment behaviours between different microalgae 

strains and hydrophobic membrane materials employing a quartz crystal microbalance with 

dissipation monitoring (QCM-D) as a rapid, non-invasive and effective method. The 

physicochemical and surface properties, such as surface roughness, zeta potential, contact angle, 

interactions of microalgae strains and attached hydrophobic membrane material substrates were 

taken into account to explain the interfacial cell adhesion mechanism in micro-scale, which would 

provide new enlightenment for enhancing the microalgal biofilm formation in novel microalgal 

biofilm bioreactor development, including the emerging membrane carbonated microalgal biofilm 

photobioreactor (MCMBPBR) technology development and application.  

5.2. Material and methodologies 

5.2.1. Microalgae cultivation and microalgal suspension preparation 

 The microalgae stains (Phormidium tenue (CPCC 424), Monoraphidium braunii (CPCC 

625), and Ankistrodesmus falcatus (CPCC 669)) were obtained from Canadian Phycological 

Culture Centre at the University of Waterloo, ON, Canada and pre-cultivated with BG-11 medium 

[21, 22] in 1.5 L plastic bottle reactors, respectively. Aeration and illumination were continuously 

provided to ensure microalgae growth during pre-cultivation. The composition of the BG-11 and 

the cultivation conditions were all followed by a previous study [22]. Before QCM measurement, 

the cultivated microalgae suspension was centrifugated for 15 min at 5000 xg prior to washing 
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with Mili-Q water. The washing procedure was undergone three times, then the supernatant was 

drained, and the centrifuged biomass was stored in BG-11 culture medium at a 0.2 g/L suspension 

for QCM-D experiments. 

5.2.2. Analytical methods 

5.2.2.1. QCM  

The microalgal initial adhesion on the different hydrophobic membrane materials was 

investigated using a Quartz crystal microbalance with dissipation (QCM-D 401, E1, Qsense Inc. 

Gothenborg, Sweden). The QCM sensors coated with selected hydrophobic membrane materials 

(polytetrafluoroethylene (PTFE, QSX 331), polydimethylsiloxane (PDMS, QSX 900) and 

polyurethane (PUR, QSX 999)) were purchased from Biolin Scientific. In this series of 

experiments, the new sensors coated with these membrane materials were rinsed with fresh Mili-

Q water and then dried with nitrogen gas before measurement.  The flow rate of the involved 

solutions was maintained at 0.15 mL/min, and the entire experiment was operated at 22 ℃. The 

adhesion experiments of microalgal cells on PTFE, PDMS and PUR surfaces were conducted in a 

BG-11 medium. QCM-D measurement data was collected by a Q-Tools software (Q-sense, 

Gothenburg, Sweden) to obtain the frequency shift (∆f) and energy dissipation shift (∆D) curves. 

The third overtone was used to determine the adhered mass. The QCM-D cell adhesion experiment 

was repeated three times under each tested condition (each species + each membrane material) 

5.2.2.2. Other routine analysis  

An optical tensiometer instrument performed the contact angle measurement of the 

microalgae cell layers and QCM sensors (Theta Lite, Biolin Scientific, USA). Before testing, the 
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microalgae lawn was prepared as described in previous studies [23]. NanoBrook Zeta PALS 

(Brookhaven Instruments Corp, USA) was employed for analyzing the zeta potential profile of 

microalgae. Before the zeta potential test, the microalgae strain was washed thrice with Mili-Q 

water. The zeta potential of the hydrophobic membrane materials is from the literature [24-29] due 

to the challenges of directly measuring the zeta potential of these QCM sensors. Three-dimensional 

(3D) topography images and the surface roughness of QCM sensors were measured by employing 

an MFP-3D origin+ atomic force microscope (AFM) (Oxford Instruments, UK).  

5.2.3. Surface free energy (SFE) 

The SFE was calculated based on Young’s equation in the previous study [30]. So as to 

discuss the interactions between microalgae and the QCM sensor, the interaction energies were 

also calculated. As Hoek et al. mentioned, the total interaction energy (∆GTol, mJ/m2) between the 

microalgae and attached substrate in the aqueous system could consist of Lifshitz-van der Waals 

(LW) (∆GLW, mJ/m2), electrostatic repulsive double layer (EL ) (∆GEL, mJ/m2) and Lewis acid-

base (AB) interactions (∆GAB, mJ/m2)  [31]. According to extended Derjaguin, Landau, Verwey 

and Overbeek (XDLVO) theory, those interactions can be displayed as interaction energy per unit 

area between two infinite planar surfaces based on the following equations [31].  

∆GTol =  ∆GLW + ∆GAB + ∆GEL                                                                              (5.1) 

∆Gl0

LW =  −2(√γS
LW − √γW

LW)(√γM
LW − √γW

LW)                                                       (5.2) 

∆Gl0

EL =
εε0κ

2
(ζM

2 + ζS
2)[1 − coth(κl0) +

2ζMζS

ζM
2 +ζS

2 csch(κl0)]                                        (5.3) 

∆Gl0

AB = 2[√γW
+ (√γM

− + √γS
− − √γW

− ) + √γW
− (√γM

+ + √γS
+ − √γW

+ ) − √γM
+ γS

− − √γM
− γS

+] (5.4) 
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The subscripts M, S and W of the surface tension γ represent microalgae, substrate, and water, 

respectively; γLW, γ+ and γ- are the LW, electron-acceptor and electron-donor components of 

surface tension, respectively; l is the distance between the microalgae and substrate surfaces (l0 is 

the minimum distance between these two surfaces); ε (78.5) and ε0 (8.854 × 10-2 CV-1/m) are the 

dielectric constant of water and the vacuum, respectively [32]; ζM and ζS are the surface zeta 

potentials of microalgae and substrate, respectively; ∆Gl0

LW  , ∆Gl0

EL  and ∆Gl0

AB  are interaction 

components mentioned in the former section at the distance l0 [33];κ is the inverse Debye length 

[34]. 

5.2.4. Statistical analyses 

The experiment data were examined using a one-way ANOVA test conducted from the 

Origin software for significant difference analysis (p<0.05) of the results obtained under different 

testing. 

5.3. Result and discussion 

5.3.1. Morphology and surface properties of microalgae and QCM sensors 

Figure 5.1 exhibits the morphology and sizes of microalgae cells obtained from the optical 

compound microscope. Phormidium tenue is unicellular with an oval or spherical shape, while 

Monoraphidium braunii and Ankistrodesmus falcatus were straight cells. The difference between 

Monoraphidium braunii and Ankistrodesmus falcatus is that the end of the former cells are rounded, 

and the latter cells are needled. In addition, Figure 5.1 also shows that Ankistrodesmus falcatus 

cells have smaller sizes than Monoraphidium braunii cells. Table 5.1 shows the surface properties 

of the sensors and microalgae species. As Table 5.1 shows, the hydrophobicity of the sensors 
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follows the order from hydrophobic to less hydrophobic by QSX 900 (PDMS) > QSX 999 (PUR) > 

QSX 331 (PTFE). Besides contact angle, the hydrophilicity and hydrophobicity are also verified 

by the free energy of cohesion (∆Gcoh) [35]. The negative ∆Gcoh indicates the membrane materials 

(PTFE, PDMS, and PUR) were hydrophobic, and positive ∆Gcoh of microalgae certified their 

hydrophilic surface (Table 5.1). The SFE of the sensors ranges from 21.66 mJ/m2 to 43.23 mJ/m2 

(QSX 331 (PTFE)> QSX 999 (PUR)> QSX 900(PDMS)), which is in the opposite trend with the 

contact angle. That means a more hydrophobic surface is associated with a smaller SFE.  The zeta 

potential of the microalgae species in 1 mM KCl ranges from -43.87 mV to -27.92 mV. These zeta 

potentials followed the order from more negative charge to less negative charge: Phormidium 

tenue > Monoraphidium braunii > Ankistrodesmus falcatus. The zeta potential of membrane 

materials is also shown in Table 5.1, obtained from the literature [24-29]. The zeta potential of 

QCM sensors could not be measured directly due to the concern of preventing sensor damage from 

the measurement. Based on the result from the literature, the zeta potential of the hydrophobic 

membrane materials was all negative and ranged from -58 mV to -13.4 mV [24-29]. The zeta 

potential of the hydrophobic membrane materials follows the order from more negative charge to 

less negative charge: PTFE > PDMS > PUR. 

Table 5.2 shows the surface roughness parameters of the QCM sensors’ surfaces, Ra is the 

arithmetic roughness average of the coupons' surface, and Rq is the root mean square along the 

sampling length. The sensors’ surface roughness followed the order from high to low: the QSX 

900 (PDMS) > QSX 999 (PUR) > QSX 331 (PTFE). The roughest sensor was QSX 900 (PDMS) 

(Ra=36.85 nm), and the smoothest one was QSX 331 (PTFE) (Ra=3.53 nm) in this study, 

respectively. The 3D surface topography images (Figure 5.2) also reflect the same tendency of the 

hydrophobic membrane materials' surface roughness. 
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Figure 5.1. Optical microscope images of a) Phormidium tenue, b) Monoraphidium braunii, and c) 

Ankistrodesmus falcatus. 

Table 5.1. Surface properties of QCM sensors and microalgae. 

Materials Contact angle (◦) Surface energy 

𝛾 (mJ∙m-2) 

∆Gcoh 

(mJ∙m-2) 

 

Zeta potential 

(mV)a 

 Water Formamide Diiodomethane  

QSX 331 (PTFE) 74.1 ± 3.1 49.0 ± 2.5 41.6 ± 2.7 43.23 -46.58 -46 ~ -58[24, 25] 

QSX 900 (PDMS) 92.9 ± 4.6 80.8 ± 2.8 75.4 ± 1.2 21.66 -50.68 -31 ~ -39[26, 27] 

QSX 999 (PUR) 85.1 ± 5.9 62.7 ± 4.4 45.7 ± 3.9 37.69 -62.94 -13.4 ~ -20[28, 29] 

Phormidium tenue b 31.8 ± 1.9 32.7 ± 3.0 48.7 ± 3.8 48.69 26.36 -43.87 ± 1.17 

Monoraphidium braunii b 35.4 ± 2.8 47.7 ± 4.1 50.1 ± 1.0 36.00 46.68 -38.32 ± 7.91 

Ankistrodesmus falcatus b 36.7 ± 0.1 51.4 ± 2.1 53.9 ± 4.9 32.66 51.41 -27.92 ± 2.64 

a: Zeta potential of membrane materials obtained from literature with the concern to prevent the 

damage of QCM sensors from zeta potential measurement  

b: Microalgae have been washed before zeta measurements. 

Table 5.2. Surface roughness of the QCM sensors. 

Material Ra (nm) Rq (nm) 

Polytetrafluoroethylene (PTFE, QSX 331)  3.53 ± 0.02 10.08 ± 5.06 

Polydimethylsiloxane (PDMS, QSX 900) 36.85 ± 14.57 65.71±23.25 

Polyurethane (PUR, QSX 999) 3.72 ± 0.45 9.60 ± 4.67 
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Figure 5.2. 3D surface topography images of a) PTFE, b) PDMS, and c) PUR QCM sensors. 

5.3.2. Initial adhesion of microalgae cells  

Figure 5.3 shows the frequency shift during the attachment of different microalgae species 

to the polytetrafluoroethylene (PTFE, QSX 331), polydimethylsiloxane (PDMS, QSX 900) and 

polyurethane (PU, QSX 999) QCM sensors. The deposition of suspended microalgal cells on the 

hydrophobic membrane materials substrate surface in an initial contact stage is the foundation for 

forming biofilms [12, 36]. A higher initial adhesion can contribute to facilitating biofilm 

thickening. As illustrated in Figure 5.3a, the adhesion of Phormidium tenue on the PTFE surface 

reached equilibrium at around 17.79 ± 1.31 Hz, corresponding to the highest deposition. The 



129 

 

secondary highest deposition was achieved on Monoraphidium braunii adhesion of 9.99 ± 1.13 

Hz. The Ankistrodesmus falcatus exhibited the lowest deposition rate on the PTFE sensor, with 

the lowest deposition of 2.04 ± 0.28 Hz. In Figure 5.3b, when the microalgae attached to the PDMS 

surface, the Phormidium tenue achieved the highest deposition and reached equilibrium at 19.09± 

0.47 Hz. Ankistrodesmus falcatus became the second-highest deposition of 10.16 ± 1.52 Hz but 

with a lower adhesion rate than Monoraphidium braunii (8.88 ± 0.10 Hz).  Moreover, as Figure 

5.3c shows, the deposition on the PUR surface follows the trends of Phormidium tenue (17.29 ± 

1.75 Hz) > Monoraphidium braunii (5.80 ± 0.57 Hz) > Ankistrodesmus falcatus (2.02 ± 0.24 Hz).  
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Figure 5.3. Deposition frequency shifts and variations of different microalgae species on a) PTFE, b) 

PDMS, and c) PUR QCM sensors at 22 ℃. 

For the same senor with different microalgae species, the PTFE and PU-coated sensors 

showed the same order of initial cell deposition from high to low: Phormidium tenue > 
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Monoraphidium braunii > Ankistrodesmus falcatus (ANOVA, p < 0.05), while the PDMS coated 

sensor showed a slightly different order from high to low: Phormidium tenue > Ankistrodesmus 

falcatus > Monoraphidium braunii (ANOVA, p < 0.05). However, the difference was small 

between Ankistrodesmus falcatus (10.16 ± 1.52 Hz) and Monoraphidium braunii (8.88 ± 0.10 Hz) 

for the PDMS sensor. Furthermore, for the same microalgae with different sensors, both 

Phormidium tenue and Ankistrodesmus falcatus showed similar order of the initial microalgae cell 

deposition from high to low: PDMS  > PTFE > PU (ANOVA, p < 0.05), while Monoraphidium 

braunii had a slightly different order of the initial microalgae cell deposition from high to low: 

PTFE > PDMS > PU (ANOVA, p < 0.05). 

5.3.3. Effect of surface properties on adhesion of microalgae cells 

5.3.3.1. Effect of hydrophobicity and zeta potential of microalgae species on adhesion of 

microalgae cells 

Table 5.1 shows that the microalgae employed in this study were all hydrophilic. Ozkan 

and Berberoglu claimed that the total interaction energy is governed by the attractive AB 

interaction between hydrophilic green algae and the substrate [37]. As a result, higher 

hydrophobicity of hydrophilic green algae could enhance the cell-substrate adhesion because of 

higher AB attraction (hydrophobic attraction). They found that microalgae with higher 

hydrophobicity attached more to the hydrophobic substrate [35]. However, the microalgae 

adhesion in this study didn’t follow the hydrophobicity mechanism because the highest attachment 

was achieved on the most hydrophilic Phormidium tenue. Similarly, Ji et al. found that more 

hydrophilic S.dimorphus exhibited higher attachment to hydrophobic polypropylene membrane 

than T.minus [38].  
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Moreover, the only phenomenon that may relate to the hydrophobic attraction is that higher 

adhesion of the Ankistrodesmus falcatus with more hydrophobicity than more hydrophilic 

Monoraphidium braunii on the PDMS surface was observed. Nevertheless, this phenomenon may 

also be caused by the fact that the PDMS sensor has a rougher surface compared to the rest of the 

sensors, which will promote more adhesion on smaller Ankistrodesmus falcatus cells (width: 2.5-

4.5 µm) compared to Monoraphidium braunii (width: 2-8 µm) [39, 40]. The above observations 

illustrate that hydrophilicity/hydrophobicity might not be the only pivotal factor in controlling 

microalgae attachment. 

Besides hydrophobicity, the zeta potential of microalgae also plays a critical role during 

the adhesion on the solid substrate. As Table 5.1 displayed, all the microalgae and hydrophobic 

membrane materials in this study exhibited negative zeta potential under tested conditions. 

Hoshiba et al. mentioned that microalgae cells had trouble attaching to negatively charged 

substrates because they usually contain the same charges, leading to electrostatic repulsion [41]. 

On the contrary, all the microalgae (Phormidium tenue, Monoraphidium braunii, and 

Ankistrodesmus falcatus) adhered to those three negatively charged materials (PTFE, PDMS and 

PUR). One possible mechanism might be attributed to ionic bridging. Positive particles (such as 

Ca2+ and  Zn2+ ions) can bind partly or entirely to microalgal cells and membrane materials through 

ionic bridging [42]. When the microalgal biofilm formation occurs with the existence of those 

particles, negative microalgal cells can be bridged with other negative particles or even substrates 

with negative charges. For macromolecules and colloidal particles, as Hanaor et al. illustrated, a 

high zeta potential resists particle aggregation, while a low zeta potential leads to flocculation due 

to the attractive forces surpassing the electrostatic repulsion [43]. As a result, microalgae seem 

easier to attach to the substrate with a low zeta potential when the substrate and microalgae bring 
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the same polar charges. In this study, the Phormidium tenue with the highest absolute value of zeta 

potential (-43.87 mV) showed the highest adhesion over three materials (PTFE, PDMS, and PUR), 

which the electrostatic interaction mechanism cannot explain. Thus, in this case, the adhesion was 

not dominated by direct electrostatic repulsive interactions between the microalgal cells and 

hydrophobic membrane substrates.  Other mechanisms, such as ionic bridging, might play an 

important role for cell adhesion to the QCM sensors and typically more negative charges of both 

the microalgae species and QCM sensors provided more ionic bridging sites and thus enhanced 

the microalgal cell adhesion and biofilm formation. 

5.3.3.2. Effect of hydrophobicity and surface roughness of membrane materials on 

adhesion of microalgae cells. 

Figure 5.3 and Table 5.1 show that a more hydrophilic microalgae species (Phormidium 

tenue) had enhanced cell adhesion and biofilm formation on more hydrophobic membrane 

materials (PDMS). This is consistent with the observations from the literature [37, 43]. In general, 

hydrophilic microalgae prefers to adhere to hydrophobic substrate surfaces due to the water 

exclusion mechanism, which promotes the adhesion of microalgal cells [38, 44]. Many studies 

show that microalgae cells behave better in attachment on hydrophobic surfaces than on 

hydrophilic surfaces [45-47]. Ozkan and Berberoglu also suggested that biofouling can be 

mitigated by using hydrophilic coating over surfaces due to its weak adhesion performance [37]. 

Moreover, Cheah and Chan claimed that higher microalgae adhesion on hydrophobic surfaces 

could be attributed to some EPS components (proteins) with higher affinity to the hydrophobic 

surface than hydrophilic ones [48]. However, some literature argued that hydrophilic microalgae 

grow better on the hydrophilic substrate because hydrophobic hinders the diffusion of water and 

nutrients [49, 50]. The microalgae attachment on the hydrophobic membrane materials almost 
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follows the trends of PDMS > PTFE > PUR (except Monoraphidium braunii). In the case of 

Phormidium tenue and Ankistrodesmus falcatus, the microalgae prefer adhering to hydrophobic 

PDMS surface due to the water exclusion mechanism mentioned above. However, the attachment 

on PUR had less amount than the more hydrophilic PTFE revealing that the hydrophobicity did 

not affect the adhesion performance of these two materials. As presented in Table 5.1, the 

material's zeta potential follows the order from more negative charge to less negative charge: 

PTFE > PDMS > PUR. There is a common consensus that the negative substrate with a less 

absolute value of zeta potential provides higher adhesion strength to microalgae due to the weaker 

electrostatic repulsion [51]. However, the fact in this study is that higher attachments were usually 

achieved on the hydrophobic membrane substrate with a higher negative zeta potential. The PUR 

with the lowest zeta potential achieved the lowest attachment over all three microalgae species. 

Ignoring material charge density, it can only be confirmed from the literature that these three 

membrane materials are all negatively charged. As mentioned above, the occurrence of cell 

attachment and biofilm formation could be attributed to the ionic bridging with the existence of 

ionic particles, such as cations Ca2+, Zn2+, and Mg2+. However, we cannot accurately analyze the 

influence of the zeta potential magnitude of the material in this research because some values we 

listed in Table 5.1 were obtained from the literature. In addition, some studies also claimed that 

the microalgae adhesion was enhanced by augmenting the absolute value of the negative zeta 

potential of the substrate [52, 53]. 

Literature reveals that surface roughness also positively affects the adhesion behaviour of 

the algal cell [46, 54, 55]. In the QCM test, the largest deposition was achieved on the PDMS 

sensors with the roughest surface. This phenomenon could be explained by the more stagnation 

areas caused by the rougher surface, which leads to a higher accumulation of microalgae cells than 
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the smoother ones [16, 54]. The surface roughness effect is more significant on the smaller 

microalgae cells because it can retain more microalgae [56]. Based on deposition profiles of 

microalgae, microalgae exhibited higher depositions on the PDMS surface, compared to the other 

two sensors, with higher roughness. The same tendencies were found in Zhang et al. research [14]. 

They pointed out that Chlorella vulgaris exhibited a higher adhesion strength on rougher pine 

sawdust carriers than on smoother rice husk carriers [14]. The exception is that Monoraphidium 

braunii didn’t show better adhesion on rougher PDMS than PTFE, which might be attributed to 

other effects such as SFE. However, regarding PTFE and PUR sensors, the deposition of 

microalgae on these two sensors was not significantly affected by surface roughness. Although the 

PUR sensor (3.72 nm) had higher roughness than the PTFE sensor (3.53 nm), slightly lower 

depositions were observed on PUR sensors. Due to their close surface roughness, other factors 

(such as SFE) could play a more significant role in microalgae-substrate interaction between these 

two sensors. The roughness results in this study suggested that surface roughness has a positive 

effect on microalgae cells' initial adhesion, and it should be considered in future work. 

5.3.3.3. Effect of interaction energy effect between microalgae and QCM sensors 

As shown in Table 5.1, the adhesion of microalgal cells on the PTFE surface increased 

with the reduced difference of SFE between microalgae and the sensor. For the other two sensors, 

the deposition did not follow the same rule of PTFE. When it comes to the PDMS, the adhesion 

of microalgal cells increased with the decrease of the SFE. In constant, the deposition on the PUR 

surface increased with an augment of the SFE of microalgae. The different deposition results reveal 

that the attachments of microalgae on PDMS and PUR surfaces are attributed to different dominant 

factors, respectively. For PUR, the primary mechanism of cell-substrate adhesion could be focused 

on the SFE composition.  Table 5.3 exhibited the interfacial Gibbs free energies determined from 
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the surface tension data. The EL free energy is considered negligible due to its lower magnitude 

than that of LW and AB free energy, which resulted in an extreme contribution to total Gibbs free 

energy [32, 57]. Thus, the ∆GTol was considered only equal to the sum of ∆Gl0

LW and ∆Gl0

AB.  As Li 

et al. mentioned, a negative value of ∆GTol is considered an attractive interaction, and a vice versa 

positive value represents a repulsive interaction [58].  Moreover, the higher absolute value of 

∆GTol, the stronger either attractive or repulsive interaction will happen [6]. Table 5.3 shows that 

both PTFE and PDMS followed Gibbs free energy trends. However, the deposition on the PUR 

surface had not shown a higher value than that of PTFE, even though three microalgae all exhibited 

higher ∆GTol with PUR sensors. One explanation for this phenomenon is that the LW interaction 

became the dominant interaction because the higher deposition in these two sensors contained a 

higher absolute value of  ∆Gl0

LW.  However, when it comes to the more hydrophobic PDMS, the 

value of ∆Gl0

LWwere positive, which represents the repulsive interaction of Lifshitz-van der Waals 

interactions. So, the negative ∆Gl0

AB  becoming dominant, led to a negative value of total Gibbs free 

energy.  

In order to have a more comprehensive concept of interaction between microalgae and 

membrane material, predictions based on the XDLVO theory of EL, LW, AB and total interaction 

profiles have been made (Figure 5.4). Although these predictions were not entirely the same as the 

real experiment because some of the values were obtained from the literature (zeta potential of 

materials), they can still offer a compatible idea for the interaction study.  As shown in Figure 5.4, 

the EL interaction energy value was constantly positive, indicating that EL interaction supplied a 

repulsive force to prevent the microalgal cells from attaching to the membrane materials' surface. 

On the contrary, the AB interaction energy in the prediction was always negative, validating that 

acid-base interaction was an attractive force that drove microalgae cells to adhere to the material 
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surface. In addition, EL interaction was negligible compared with the larger amount of the sum of 

LW and AB interaction energies when the microalgal cells completely adhered to the membrane 

material surfaces. Thus, the rationality of the neglection of EL interaction when calculating the 

interaction energy can also be verified.   

Moreover, the total interaction energy GTol in PTFE and PUR material were all negative, 

which indicated the interaction between microalgae and material in these cases was dominant by 

attraction force. As interaction curves show (Figures 5.4a, 5.4c, 5.4d, 5.4f, 5.4g and 5.4i), the LW 

interaction in PTFE and PUR cases played a more important role in the microalgae adhesion 

because it exhibited a pretty larger value compared to AB and EL interaction energies. This finding 

also confirms the previous observation of Gibbs free energy in PTFE and PUR materials. For the 

PDMS material, the interaction force changed, followed by the changes in contact distance 

between microalgae and PDMS material. The total interaction force was close to zero when there 

was a large distance between the microalgae particle and PDMS. The EL interaction force was not 

increased until the distance between microalgae and PDMS was below 6 nm. However, LW 

interactions exhibited repulsive force (positive) and increased when the distance was below 16 nm. 

As Figure 5.4 displays, the GTol values were positive from 6 nm to 16 nm, representing a repulsion 

at that range. The dominant repulsion can be attributed to the combination of positive LW and EL 

interaction energies, which suppressed the negative AB interaction energy. From a distance of 6 

nm to the PDMS surface, a dramatically increasing AB interaction force curve could be observed. 

The rate of augment of AB interaction was much higher than that of LW and EL interactions. 

Therefore, the total interaction became attraction (negative value) when the distance between 

microalgal cells and membrane material was smaller than 6 nm.  
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Furthermore, the GTol curves of three microalgae peaked at approximately 10 nm 

(Phormidium tenue: 27.46 KT, Monoraphidium braunii: 115.58 KT, and Ankistrodesmus falcatus: 

55.79 KT, respectively). The highest positive total interaction energy between Monoraphidium 

braunii and PDMS indicated that Monoraphidium braunii cell suffered greater repulsive force 

when it moved close to the PDMS surface. This is probably why the Monoraphidium braunii 

achieved the least attachment on PDMS.  

Table 5.3. Interfacial Gibbs free energies at a minimum microalgae-substrate distance between 

QCM sensor and microalgae. 

Sample QSX 331(PTFE) QSX 900 (PDMS) QSX 999 (PUR) 

 

∆𝑮𝒍𝟎

𝑳𝑾 ∆𝑮𝒍𝟎

𝑨𝑩 ∆𝑮𝒍𝟎

𝑻𝒐𝒍 ∆𝑮𝒍𝟎

𝑳𝑾 ∆𝑮𝒍𝟎

𝑨𝑩 ∆𝑮𝒍𝟎

𝑻𝒐𝒍 ∆𝑮𝒍𝟎

𝑳𝑾 ∆𝑮𝒍𝟎

𝑨𝑩 ∆𝑮𝒍𝟎

𝑻𝒐𝒍 

Phormidium tenue -3.90 -5.00 -8.89 0.52 -4.92 -4.41 -3.45 -7.66 -11.11 

Monoraphidium braunii -3.69 -3.69 -7.38 0.49 -3.33 -2.84 -3.27 -6.59 -9.86 

Ankistrodesmus falcatus -3.11 -2.73 -5.84 0.41 -2.24 -1.83 -2.75 -5.53 -8.28 

*The contribution of ∆𝑮𝑬𝑳 𝐨𝐧 ∆𝑮𝑻𝒐𝒍   is neglected, due to its small values, compared to the other two 

terms [32]. 
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Figure 5.4. The interaction energy of Phormidium tenue with a) PTFE, b) PDMS, and c) PUR, 

Monoraphidium braunii with d) PTFE, e) PDMS, and f) PUR, Ankistrodesmus falcatus with g) PTFE, 

h) PDMS, and i) PUR, as predicted by the XDLVO theory. 

5.3.4. Microalgae biofilm viscoelasticity 

This study also investigated and discussed the dissipation deviation (∆D) and frequency 

deviation (∆f) of adhesion processes and their relationship. The -∆D/∆f value can indicate the 

viscoelasticity and rigidity of the microalgal layer adhered to the QCM sensors. In this study, we 

used 0.1 × 10-6 Hz-1 as the evaluation criterion to justify the rigidity of the microalgal layer, which 

is suggested by the literature [4]. The deposited microalgal layer was considered as a rigid layer 

when -∆D/∆f below 0.1 × 10-6 Hz-1, and vice versa was assumed as a viscoelastic layer.  In this 

study, the -∆D/∆f values of all the microalgal layers attached to the QCM sensors were above 0.1 
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× 10-6 Hz-1, representing that deposited microalgal layers were considered viscoelastic layers 

(Figure 5.5). For a more in-depth analysis of the viscoelastic characteristics of the attached 

microalgal layers, the ratios of ∆f/∆D were also calculated and shown in Figure 5.6 to reflect the 

viscoelasticity of the layers. 

Generally, a positive value of ∆f/∆D represents a higher elasticity of the microalgal layer, 

while a negative value means a more viscous layer [59, 60]. As Figure 5.6 shows, Phormidium 

tenue and Monoraphidium braunii exhibited dynamic adhesion in the sense of their viscoelasticity 

during the adhesion period. The viscoelastic properties of the microalgae-membrane bond of 

Phormidium tenue and Ankistrodesmus falcatus became more viscous with the overtone number 

increased due to its lower ∆f/∆D value. On the contrary, the ∆f/∆D value of Ankistrodesmus 

falcatus mostly remained relatively steady throughout the deposition experiments (except on 

PDMS sensors), which means a steadily viscous layer. As a result, the Phormidium tenue and 

Monoraphidium braunii might exhibit different attachment performances compared to those of 

Ankistrodesmus falcatus under different hydrodynamic conditions due to the dynamic 

viscoelasticity influence. Thus, the hydrodynamic conditions influence of viscosity of the 

microalgae should be considered in future work.  
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Figure 5.5. -∆D/∆f ratios of the adlayers on the different QCM sensors under 20 ℃ (3rd overtone). 
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Figure 5.6. ∆f/∆D ratio at the stable state on QCM sensor surfaces as a function of the overtone 

number for a) Phormidium tenue, b) Monoraphidium braunii, and c) Ankistrodesmus falcatus. 

5.3.5. Implications to the development of MCMBPR 

 As an emerging new concept for wastewater treatment, the success of the MCMBPR 

technology, which delivers molecular CO2 for microalgal biofilm growth through hydrophobic 

membranes for enhanced higher process efficiency, depends on a fully fundamental understanding 

of the factors and mechanisms that determine the microalgae cell attachment and biofilm formation 

and its impact on biological performance and economic consideration. This study offers new 

insight into the role of morphology and surface properties of both microalgae species and 

hydrophobic membrane materials in determining microalgae cell attachment and biofilm 

formation. The results would guide the selection and screening of hydrophobic membrane 

materials for a fast molecular CO2 transfer and quick microalgae biofilm formation in the 
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MCMPBR technology development. The results demonstrate that the relative importance of key 

factors, such as morphology, surface roughness, surface hydrophobicity, zeta potential, SFE, and 

interaction energy, that determine biofilm formation and biological performance would change 

under different situations and cases. Thus, an integration of analysis of all these properties and 

their relative importance in controlling the microalgae cell adhesion and biofilm should be 

considered.  

5.4. Conclusions 

This study investigated the three microalgae species' initial adhesion (Phormidium tenue 

(CPCC 424), Monoraphidium braunii (CPCC 625), and Ankistrodesmus falcatus (CPCC 669)) on 

different hydrophobic membrane materials (polytetrafluoroethylene, polydimethylsiloxane and 

polyurethane) by QCM-D testing. The Phormidium tenue exhibited the highest deposition 

throughout three materials, followed by Monoraphidium braunii in PTFE and PUR surfaces. In 

contrast, the second highest deposition on the PDMS sensor was Ankistrodesmus falcatus. The cell 

morphology and surface properties (surface roughness, hydrophobicity, zeta potential, SFE, 

interaction energy) of the sensors and microalgae cells had a crucial impact on the cell adhesion 

and biofilm formation during the QCM-D tests. The relative importance of these characteristics 

and mechanisms in controlling microalgae cell adhesion and biofilm formation would vary, 

depending on the specific microalgae species and hydrophobic membrane material involved. The 

higher the SFE and surface roughness, the higher the deposition was observed. Moreover, the 

Lewis acid-base interaction seems to play a positive role in the interactions between microalgae 

and sensors. The zeta potential of the microalgae strains and hydrophobic membrane materials 

could enhance microalgal cell adhesion through the ionic bridging mechanism. The microalgal 

layers exhibited viscoelastic properties in this study, while Phormidium tenue and Monoraphidium 
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braunii layers show a dynamic viscous characteristic compared to the Ankistrodesmus falcatus 

layer. 

In conclusion, the QCM measurement proved a rapid, non-invasive and effective detection 

of microalgae initial adhesion in real-time, which could fulfill the fundamental knowledge of the 

microalgal biofilm membrane system. Moreover, many factors, such as ion strength and 

temperature, still haven’t been investigated, which should be studied in future works.   
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Chapter 6: A study of theoretical analysis and modelling 

of microalgae membrane photobioreactors 

Abstract 

This study presents a theoretical analysis and modelling of microalgal membrane photobioreactors 

(MPBRs) for wastewater treatment. A mathematical model was developed to describe the 

biological performances of MPBRs in mono-microalgae systems. The model takes into account 

the effects of hydraulic retention time (HRT), solid retention time (SRT), and N/P ratio of influent 

on the biological performance of MPBRs, such as biomass production and pollutant removal (N 

and P removals). The model was calibrated and validated using experimental data from the 

literature. The modelling results are in good agreement with the experimental results from the 

literature. The findings suggest that the proposed mathematical models can be used to optimize 

these parameters to improve the removal of nutrients (N and P) and the productivity of biomass 

and bioenergy in MPBRs. This study provides new insights into using mathematical models for 

the optimal design and operation of MPBRs for sustainable wastewater treatment. 

Keywords: Modeling; Microalgae; Membrane photobioreactor; Wastewater treatment. 

6.1. Introduction 

Microalgae are photo-autotrophic microorganisms that can consume nutrients such as 

nitrogen and phosphorus in the aqueous system. The microalgae photobioreactor has been studied 

for decades, and the microalgae biomass has been applied to a wide range of areas such as nutrient, 

cosmetic and pigment applications [1-3]. As a traditional biological process in wastewater 

treatment, activated sludge faces challenges such as the production of large amounts of harmful 

sludge and low-efficiency removal of nutrients (nitrogen, phosphorus) [4-6]. Compared to 
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traditional activated sludge biological treatment, microalgae-based wastewater treatment could 

achieve effective nutrient removal and produce high-lipid content feedstock for downstream 

applications such as biofuel or biodiesel production to alleviate the pressure of energy shortage [7-

9]. Microalgae cultivation hasn’t been industrialized into wastewater treatment due to handicaps 

such as diluted suspended microalgae concentration, difficult lipid extraction, and limitation of 

water purification [10-12].  

Compared to conventional photobioreactor (either open pone or closed bioreactor), the 

concept that involving membrane technology in microalgae-based biological process guarantees 

better effluent quality, concentrated microalgae biomass, and decoupling of hydraulic retention 

time (HRT) and solid retention time (SRT) [13]. However, serious problems such as membrane 

fouling, the high maintenance cost and the short life cycle of the membrane are also followed by 

the application of membrane technology [13]. As the literature mentioned, adjusting the operating 

conditions of the membrane photobioreactor (MPBR) contributed to mitigating severe membrane 

fouling and improving reactor performance [14, 15]. Even though the effects brought by operating 

parameters could be diverse, the adjustment of those parameters should focus on the improvements 

of pollutant removals (N and P removals) and microalgae biomass production for the purposes of 

wastewater treatment and biomass harvesting for biofuels and feedstocks. Zhao et al. mentioned 

that HRT is a key condition that affects biomass productivity and wastewater treatment efficiency. 

They claimed that short HRTs facilitate microalgae growth due to the higher nutrient loading, 

while long HRTs contribute to better nutrient removal efficiency but sometimes cause nutrient 

limitations [16]. Xu et al. revealed that the C. vulgaris concentration increased from 895 mg 

COD/L to 1473 mg COD/L when the HRT of MPBR reduced from 24 h to 12 h [17]. However, 

they also found that higher HRT (24 h) achieved higher removal of nitrogen (66%) and phosphorus 
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(91%) in the same study [17]. Another parameter related to the biomass concentration and pollutant 

removal is SRT. As literature mentioned, the uncoupled HRT and SRT in MPBR system could 

remain a high concentration of biomass in the system (long SRT) while dealing with a high nutrient 

loading (short HRT) [18]. Thus, this high biomass concentration can result in faster and more 

stable nutrient removal. A previous study by Honda et al. mentioned that the concentration of 

Chlorella increased with the SRT rising from 9 d to 18 d [19].  As vital nutrients for microalgal 

biomass production, nitrogen and phosphorus loading are also considered to improve MPBR 

performance, especially in microalgal biomass concentration [13]. The higher nutrient loading 

could promote microalgae growth, but the growth declination might happen at a higher level due 

to the inhibition caused by excessive nutrients [20]. Some studies reported a similar phenomenon 

that microalgal biomass concentration increased with the augment of nutrient concentrations in 

influent, but a dramatic drop occurred at an extremely high level of nutrients (both nitrogen and 

phosphorus) [21, 22].  Despite the various factors (light intensity, temperature, and so on) that 

influence MPBR performance, these factors are the most cost effective and easiest to control 

during the microalgae cultivation period.  

Many studies have been done to investigate the optimal operating conditions to take full 

advantage of MPBR in wastewater treatment and the following downstream product economic 

potential [23-25]. However, the optimal conditions could vary due to the microalgae species, 

MPBR configuration, and industrial requirements. Thus, the optimization of operating conditions 

and wastewater characteristics is still under examination, and it is time-consuming and expensive 

because it requires considerable amounts of laboratory experiments. The introduction of 

mathematical modelling work to predict the MBPR performance is thus suggested before the 

experiment work [26]. The mathematical model could simulate the specific microorganism activity 
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in MPBR by setting the correlated kinetic parameters. As a result, the time spent on following 

experiment work for optimization could be shortened. Several mathematical models have been 

proposed to investigate the different species under different types of conventional photobioreactors 

[18, 27, 28]. However, no mathematical models and modelling work were published for the MPBR 

systems in the literature. 

This work aimed to investigate how process conditions (SRT and HRT) and wastewater 

characteristics would affect the biological performance (N and P removals and microalgae biomass 

production) of MPBRs by using mathematical models that integrate the mass balance concept and 

microbial kinetic models. The proposed mathematical models were calibrated and validated using 

experimental data from previous studies published in the literature. The mathematical models 

presented here are a powerful tool to optimize the design and operation of microalgae MPBRs. 

6.2.  Methods –model design and model variables  

6.2.1. Model design 

The model development proceeded through the steps indicated in Figure 6.1. The 

mathematical model we used in this study to simulate microalgae growth in microalgae MPBRs 

was based on the mass balance concept and microbial kinetic models. Biomass and nutrients (N 

and P) mass balances are in the form of ordinary differential for lumped systems. Biological and 

liquid phases were considered in the microalgae MPBRs, and the mass balance equations were 

derived according to the following assumptions: 
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 The model only predicts the biological performance of microalgae MPBRs under the 

steady state, which would not provide the details of performance development during the transit 

period. 

The illumination and gas (CO2) supply are continuous in the cultivation system of 

microalgae; thus, they are assumed not to be limiting factors of microalgae growth in the model. 

The nutrient consumption mechanism (nitrogen and phosphorus) is dominated by 

microalgae uptake; other nutrient removal mechanisms, such as the nitrification interaction 

between the bacteria and microalgae, are not taken into account.  

The HRT and SRT are decoupled as individual factors for the microalgae MPBR.  

HRT = 
𝑉

𝑄
 (d)                                                    (6.1) 

SRT = 
𝑉𝑋

𝑄𝑤𝑋
 =

𝑉

𝑄𝑤 (d)                                         (6.2) 

V-effective volume of microalgae MPBR, L 

Q-Flow rate of influent, L·d-1 

Qw- Waste rate of microalgae suspension, L·d-1 

X- Microalgae biomass concentration, g·L-1 

In the microalgae MPBR, current microalgae biomass is equal to the sum of all biomass changes, 

including the initial amount of inoculum, the increasing biomass caused by microalgal growth over 

time, and the deduction of the loss of cell death and daily discard biomass. Biomass mass balance 

can be expressed as the following equation: 
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𝑉
𝑑𝑋𝑚

𝑑𝑡
= 𝑄𝑋𝑚

0 − 𝑄𝑤𝑋𝑚 +  𝑉(
𝜇𝑚𝑋𝑚𝑆𝑁𝑆𝑃

(𝐾𝑁+𝑆𝑁)(𝐾𝑃+𝑆𝑃)
− 𝑋𝑚𝑘𝑑−𝑚)             (6.3) 

Xm
0-initial concentration of microalgae in MPBR, gL-1 

Xm-microalgae concentration in discard suspension, gL-1 

µm-maximum growth rate of microalgae, day-1 

SN-total nitrogen concentration in membrane photobioreactor and effluent, mgL-1 

SP-total phosphorus concentration in membrane photobioreactor and effluent, mgL-1 

KN-half saturation constant of NH4
+-N, mg N L-1 

KP- half-saturation constant of HPO4
2--P, mg P L-1 

kd-m-decay coefficient of microalgae, d-1          

Under the steady state, biomass maintains a relatively stable value, which means the changing rate 

𝑉
𝑑𝑋𝑚

𝑑𝑡
 = 0, and the initial biomass Xm

0 is assumed as zero,  

Thus, the equation can be simplified to: 

0 = −𝑄𝑤𝑋𝑚 +  𝑉𝑋𝑚(
𝜇𝑚𝑆𝑁𝑆𝑃

(𝐾𝑁+𝑆𝑁)(𝐾𝑃+𝑆𝑃)
− 𝑘𝑑)                 (6.4) 

Equation (6.4) divided by QwXm, then we can have the following equation: 

-1 + 
𝑉

𝑄𝑤
(

𝜇𝑚𝑋𝑚𝑆𝑁𝑆𝑃

(𝐾𝑁+𝑆𝑁)(𝐾𝑃+𝑆𝑃)
− 𝑘𝑑−𝑚) = 0                              (6.5) 

Based on equation (6.2), equation (6.5) can be further simplified: 

𝑆𝑅𝑇(
𝜇𝑚𝑆𝑁𝑆𝑃

(𝐾𝑁+𝑆𝑁)(𝐾𝑃+𝑆𝑃)
− 𝑘𝑑−𝑚) = 1                                   (6.6) 
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Moreover, the nutrient concentration in the MPBR is equal to the sum of the initial medium 

concentration (𝑄𝑆𝑖
0) and the deduction of nutrients in the effluent (𝑄𝑆𝑖 ) and consumption of 

microalgal metabolism (𝛾𝜔𝑡𝑖
) Thus, the nutrient (N and P) mass balance can be expressed as the 

following equation:  

  𝑉
𝑑𝑆𝑖

𝑑𝑡
= 𝑄𝑆𝑖

0 − 𝑄𝑆𝑖 +  𝛾𝜔𝑡𝑖
                                           (6.7) 

Si
0- Initial nutrient concentration in MPBR, i = N, P; mgL-1 

Si- Nutrient concentration in effluent, i = N, P; mgL-1 

𝛾𝜔𝑡𝑖
- nutrient consumption of microalgal metabolism, i=N, P; which:  

𝛾𝜔𝑡𝑖
= −

𝜇𝑚𝑋𝑚𝑉𝑆𝑁𝑆𝑃

𝑌𝑖(𝐾𝑁+𝑆𝑁)(𝐾𝑃+𝑆𝑃)
                                                     (6.8) 

Where Yi- removal coefficient of nutrient, i = N, P; g algae ∙ g nutrient-1 

Under the steady state, the nutrient consumption should be stable, which means the 𝑉
𝑑𝑆𝑖

𝑑𝑡
 = 0 

Thus, 

𝑄𝑆𝑖
0 − 𝑄𝑆𝑖 + 𝛾𝜔𝑡𝑖

 = 𝑄𝑆𝑖
0 − 𝑄𝑆𝑖 −

𝜇𝑚𝑋𝑚𝑉𝑆𝑁𝑆𝑃

𝑌𝑖(𝐾𝑁+𝑆𝑁)(𝐾𝑃+𝑆𝑃)
 = 0          (6.9) 

Equation (6.9) divided by Q and we got: 

𝑆𝑖
0 − 𝑆𝑖 −

𝑉

𝑄
𝑋𝑚 ∙

𝜇𝑚𝑆𝑁𝑆𝑃

𝑌𝑐(𝐾𝑁+𝑆𝑁)(𝐾𝑃+𝑆𝑃)
 = 0                                       (6.10) 

Based on equation (6.1), equation (6.10) can be simplified to  

𝑆𝑖
0 − 𝑆𝑖 − 𝐻𝑅𝑇

𝑋𝜇𝑚𝑆𝑁𝑆𝑃

𝑌𝑖(𝐾𝑁+𝑆𝑁)(𝐾𝑃+𝑆𝑃)
 = 0                                         (6.11) 
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𝑆𝑖 𝑖=  𝑁 𝑎𝑛𝑑 𝑃
0  – influent concentration nitrogen and phosphorus, respectively, mgL-1. 

𝑆 𝑖=𝑁 𝑎𝑛𝑑 𝑃 – effluent concentration nitrogen and phosphorus, respectively, mgL-1. 

 

Figure 6.1. The a) microalgae and b) microalgae-bacteria model process development. 

6.2.2. Model variables  

The model variables were employed based on the general microorganism growth kinetics 

from previous studies and are listed in the following table: 
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Table 6.1. Growth kinetic parameters for the modelling study. 

Kinetic parameters Value Ref 

µm (d-1) 1.68 [29, 30] 

kd-m (d-1) 0.06 [29, 30] 

YN-M (mg biomass·mg nitrogen-1) 15.8 [29, 30] 

YP-M (mg biomass·mg phosphorus-1) 114 [29, 30] 

KN (mg nitrogen·L-1) 24.5 [29, 30] 

KP (mg phosphorus·L-1) 3.39 [29, 30] 

The variables (microalgal biomass concentration Xm, effluent N  (SN) and P (SP) concentrations 

in the models (Equations (6.6), (6.10), and (6.11)) were solved by using Microsoft Excel 2019 

with a solver function. 

6.3. Result and discussion  

6.3.1. Mono-microalgae on membrane photobioreactor 

Figures 6.2 and 6.3 show the biomass concentration in the bioreactor and nutrient profiles 

in the effluent under the different operating conditions (HRT: 1 to 5 d, SRT: 10 to 40 d, and influent 

N concentration: 20 to 60 mg/L, and influent P= 5 mg/L). As shown in Figure 6.2, the microalgal 

biomass concentration increased with the augment of SRT and influent N concentration while 

decreasing with the rise of HRT.  The maximum microalgal biomass concentration is 5694 mg/L 

when HRT = 1 d and SRT = 40 d with the influent N concentration = 40 mg/L. In comparison, the 

maximum microalgal biomass concentration in Figure 6.2b is 6214 mg/L when SRT = 40 d and 
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influent N concentration = 60 mg/L at HRT = 1 d. From Figure 6.3, it is clear that an increase in 

SRT led to a decrease in both effluent N and P concentration at a fixed influent N concentration. 

Furthermore, an increase in influent N concentration resulted in an increase in effluent N 

concentration at the same SRT and influent P concentration (5 mg/L). The maximum effluent N 

concentration is 29 mg/L when SRT = 10 d and influent N concentration = 60 mg/L at HRT = 1 d. 

The effluent P concentration increased with the decrease of influent N concentration and SRT. The 

maximum effluent P concentration, 3.08 mg/L, was achieved at SRT = 10 d and influent N 

concentration = 20 mg/L at HRT = 1 d.  The general trends of changes in effluent N and P 

concentrations under different SRT, HRT, and influent N and P concentrations are consistent with 

the ones predicted by microbial kinetics models and mass balance equations for conventional 

CSTR photobioreactors [31]. 
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Figure 6.2. a) Microalgae biomass concentration under different SRT and HRT at influent N = 40 

mg/L and P =  5 mg/L;  and b) Microalgae biomass concentration under different SRTs and influent 

nitrogen concentrations at HRT = 1 d, P =  5 mg/L. 
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Figure 6.3. a) Nitrogen and b) phosphorus concentrations of effluent under different SRTs and 

influent N concentrations at HRT = 1 d, influent P= 5 mg/L. 
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6.3.1.1. HRT effect 

As the literature mentioned, HRT is an important parameter of membrane photobioreactor 

operation, affecting pollutant removal and microalgae production [13, 14, 23]. In general, a short 

HRT corresponds to a high nutrient loading rate, which could provide sufficient nutrients for 

microalgae growth in the bioreactor, especially in low-medium strength wastewater cases [23]. 

Some studies reported that longer SRT can promote microalgae biomass production because it 

prolongs the contact between microalgae and suspended nutrients, thus increasing the metabolism 

period [32]. Lee et al. found that the Chlorella vulgaris biomass concentration decreased from 0.8 

g/L to 0.4 g/L when the HRT decreased from 6 days to 3 days on chromium (VI) wastewater 

treatment [32]. This reduction of biomass production was ascribed to the high loading rate of toxic 

chromium (VI) under the short HRT, which was out of the limitation of microalgae degradation, 

thus causing the decay of microalgae. Their research revealed that long HRT is beneficial for 

microalgae cultivation during wastewater with high concentration of toxic compounds [32]. There 

is also an argument that longer HRT contributes to the reduction of microalgae biomass due to the 

lower nutrients loading and higher decay rate caused by the nutrient shortage [33]. Ashadullah et 

al. investigated the HRT effect on microalgal membrane photobioreactor, revealing that longer 

HRT exhibited better nutrient removal performance [24]. They found total N removal increased 

from 61.3% to 67.5% when HRT increased from 2 days to 7 days. However, the nutrient profiles 

in this study haven’t shown a very obvious correlative varying trend with HRT changing compared 

to the experimental case. The reason might be that nutrient removal involves multiple mechanisms 

(microalgae assimilation, ammonia volatilization,) and nutrients in suspended solids need a long 

time for hydrolysis which also are influenced by HRT except for biomass production [34]. But in 
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this study, the mono-microalgal model only considered the soluble nutrients (N and P) consumed 

by biomass production.  

Despite worldwide acceptance that longer HRT improves the microorganism processes 

such as biodegradation, photodegradation and sorption, leading to higher consumption of 

pollutants [35], it does not mean the photobioreactor would benefit from a very long HRT 

condition if the biodegradation rate is fast enough. The low organic loading rate traced back to 

long HRT restricted the microalgae biomass production even though long HRT provides a longer 

biodegradation period to improve the effluent quality [33, 36]. The long HRT and low biomass 

production are not applicable for industrial applications due to the high energy and capital costs.  

6.3.1.2. SRT effect 

Another important parameter that affects the biological performance of M-MSPBR is solid 

retention time (SRT).  The literature claimed that longer SRT could enhance nutrient recovery and 

facilitate microalgae accumulation, increasing biomass production [16, 37, 38]. As a result, the 

microalgae biomass concentration increased (2661.26 mg/L to 5693.76 mg/L at HRT = 1 d with 

influent N concentration = 40 mg/L) with the increase of SRT (Figure 6.3). Wang et al. also 

reported that the osmotic photobioreactor’s total N and P concentrations decreased when the SRT 

increased from 9.41 d to 25.26 d [39]. However, when the longer SRT is used, the biomass 

concentration could be limited to a steady state in real cases by other parameters such as living 

area, light, and nutrients [28, 40]. This might be other factors, such as light intensity, to be 

considered in the models in future work.  

Nutrient removal also could be affected by the SRT. The effluent N and P concentration 

decreased (from 13.10 mg/L to 9.37 mg/L and 1.27 mg/L to 0.76 mg/L, respectively) with the 
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rising of SRT at HRT = 1 d with influent N and P concentration = 40 mg/L and 5 mg/L, respectively 

(Figure 6.4). Previous studies have found a linear correlation between microalgae biomass 

production and nutrient (nitrogen and phosphorus) uptake in batch or photobioreactor studies [41, 

42]. Briefly, longer SRT contributes to higher microalgae biomass accumulation due to its lower 

discharge rate and longer harvest interval [43]. Xu et al. reported that the biomass concentration 

increased from 690 mg/L to 1473 mg/L when the SRT rose from 5 days to 10 days [17]. Ignoring 

the limitation of other impact factors (such as light and carbon dioxide), higher SRT indeed results 

in a higher microalgae biomass concentration, which usually comes with high nutrient removal 

due to the more significant nutrient consumption caused by more microalgae accumulation. The 

longer SRT might be more acceptable at this point due to high biomass amount and high nutrient 

removal. However, the positive effect brough by SRT could be restrict by other factors in real 

nature, such as the limitation of light penetration distance in microalgae suspension. As Discart et 

al. mentioned, the light attenuation and carbon dioxide shortage would happen when the biomass 

concentration reach a high level which will cause higher decay efficiency thus decrease the 

biomass productivity [44]. As a result, poor N removal could be obtained because the majority of 

N removal relied on algal biomass wasting [17]. Some experimental studies also reported similar 

behaviours that N removal decreased with the increase of SRT [45, 46]. Regarding this study, the 

mono-microalgal model results haven’t shown that similar trends could be attributed to the 

majority of N removal being carried out by the microalgae uptake, which only correlated to the 

microalgae biomass.  
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Figure 6.4. Nutrient profiles of effluent under different SRT at HRT = 1 d with influent nitrogen 

concentration = 40 mg/L. 

6.3.1.3. Influent nitrogen concentration effect 

Literature also mentioned that the ratio of nutrients in influent also affects M-MSPBR 

performance, especially in microalgal biomass production [13]. As shown in Figure 6.2, the 

microalgae biomass concentration increased from 3124 mg/L to 6214 mg/L when the nitrogen 

concentration of influent increased from 20 mg/L to 60 mg/L at HRT = 1 d and SRT = 40 d. As a 

key factor of microalgae growth, the augment of influent N concentration promotes microalgae 

productivity [47]. When the  HRT and SRT were constant, the only effect of microalgae biomass 

concentration was brought from the wastewater characteristics, such as influent N concentration. 

As shown in this model, the microalgae biomass concentration on the right side of nutrient mass 

balance equations increased with the rising of nutrient concentration of influent to maintain the 
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mass balance at the steady state. When it came to the nutrient profile, the situation became a little 

bit complex. The effluent N concentration increased from 3.18 mg/L to 26.55 mg/L with an 

increase of influent N concentration (from 20 mg/L to 60 mg/L), while the effluent P concentration 

decreased from 2.67 mg/L to 0.37 mg/L at the HRT = 1 d and SRT = 40 d.  This phenomenon 

could be attributed to the effect of nutrient limitation [48]. At a low influent N concentration, 

insufficient nitrogen content in the influent could not support microalgae to consume all remaining 

P in the influent. As a result, the M-MSPBR had a high N removal (84.1 %) but low P removal 

(46.7 %) efficiency.  

Moreover, when the influent N concentration increased, more N could be utilized to 

support the P uptake. So, the P removal increased with an increase in the influent N concentration. 

However, the P content would become the limitation restricting N consumption if a high influent 

N concentration is further increased. Thereby, the M-MSPBR system had a low N removal (55.8 %) 

but high P removal (92.7 %).  Thus, it appears that there is an optimal N/P ratio that would benefit 

the growth and microalgae and achieve the discharge standard of both effluent N and P after 

treatment. Wang et al. also claimed that an extremely high or low N/P ratio of influent contributed 

to the microalgae growth decline [49]. Their study reported that the optimal N/P ratio for algal 

growth was suggested around 6.8-10, which also agrees with the result in this study (Figures 6.2 

and 6.3). Moreover, this N/P ratio is also close to the ratio in domestic wastewater and secondary 

effluent (7.5-9.6) [50], indicating that the microalgae-based MSPBR has a high potential in 

wastewater treatment applications.  

In summary, suitable operating conditions can improve the biological performance of M-

MSPBR. According to this model, an influent N concentration = 40 mg/L, P concentration =5 

mg/L, HRT = 1 day, and SRT = 40 days seems to be the optimal operating condition for high 
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biomass production and nutrient removal. The mathematical models proposed in this study can 

predict the changes in the biological performance of M-MSPBR under different process conditions 

(SRT and HRT) and wastewater characteristics (N/P ratio). 

6.3.2. Model validation of microalgae system 

For this validation process, the accuracy of model prediction was validated with the 

experimental results from the literature [14, 51]. Figure 6.5 shows the validation of total biomass 

concentration and the profile of effluent pollutant or pollutant removal at the steady state period, 

which were obtained by mathematical modelling prediction and experiment, respectively. The 

maximum difference between the modelling and experimental results was less than 45 %, while 

most of the differences between the modelling and experimental results were less than 20 %. This 

suggests that the mathematical models proposed in this study can effectively predict the impacts 

of process variables and wastewater characteristics on the biological performance of M-MSPBR. 

The accuracy of model prediction can be further improved, if more suitable kinetic parameters and 

stoichiometric coefficients are used for these specific (species) experimental systems. The kinetic 

parameters and stoichiometric coefficients used in this study are the typical values for microalgae 

but may not be perfect for the microalgae species used in the literature [14, 51].  

Except for the nutrient profiles in Luo et al. work [14], the validation shows a reasonably 

good fit between the experimental and modelling data was achieved. The nutrient profiles in Luo 

et al. work [14] were lower than the model data, which might be attributed to the contamination of 

bacteria in the late period of their work [14].  They reported that the bacteria proportion reached 

3.5% under the period of SRT = 30 d. As a result, those increased portions of bacteria interrupt 

microalgae’s nutrient uptake, leading to a lower removal efficiency than the results of the model 
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simulation. The reason might be attributed to the complex consumption mechanism of nutrients in 

natural cases. The model validation indicated the real situation is a more complicated situation 

than the mathematic model. Unlike this model, in which phosphorus only consumed by 

microorganisms, the nutrient removal routes are diverse (biological and physicochemical) and 

would happen together simultaneously to affect the nutrient profile thus making it is complicated 

to predict  [52, 53]. Moreover, the mono-microalgae system in wastewater is facing the risk of 

contamination by bacteria, which could impact biomass production and nutrient removal [54]. 

Thereby, more considerations such as interaction with bacteria should be taken into account in 

future model development.  

 

Figure 6.5. Model validation with experimental results of a) Luo et al.[14]work and b) Praveen et 

al.[51]work. 

6.4. Conclusion 

The modelling study can shorten the experiment setting time and provide ideal operating 

parameters for the design and operation of M-MSPBR. This study investigated the effects of  SRT, 
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HRT and wastewater characteristics (N/P ratio) on the biological performance (microalgal biomass 

production, N and P removals) of M-MSPBR using mathematical modelling. The proposed 

mathematical models can effectively predict the impacts of process variables and wastewater 

characteristics on the biological performance of M-MSPBR. The modelling results suggest that 

there is an optimal SRT and N/P ratio that would enhance the microalgal biomass production and 

N and P removal. The modelling results are in good agreement with experimental results from the 

literature. For the mono-microalgal-based system, biomass production and nutrient removal 

increased with an increase in SRT and a decrease in HRT. When it comes to the nutrient 

concentration of the influent, biomass production increased with the influent N concentration 

increased. At the same time, pollutant removal could be restricted in extreme conditions (either 

high or low N concentration of influent). The optimal conditions are considered HRT = 1 day, SRT 

= 40 days, and influent of nitrogen concentration = 40 mg/L based on the high biomass production, 

acceptable pollutant removal, and frequent harvesting period.  

In conclusion, this model inspires the future setting parameters for real-time M-MSPBR 

research and could contribute to the shortening of the expanded cost in the early period for 

optimization of operating parameters. However, microalgae cultivation in real nature is influenced 

by factors such as competition from other species, CO2 concentration,  temperature, pH, and light 

intensity besides HRT and SRT. A more complicated model that includes the impacts of other 

factors should be considered in future studies.   
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Chapter 7: A study of theoretical analysis and modelling 

of microalgal-bacterial membrane photobioreactor 

Abstract  

This study presents a theoretical analysis and modelling of microalgae-bacterial membrane 

photobioreactors (MB-MPBRs) for wastewater treatment. A set of mathematical models was 

developed to describe the membrane photobioreactor performances in a microalgae-bacteria 

system, respectively. These models were used to study the effects of process conditions (hydraulic 

retention time (HRT) and solid retention time (SRT)) and wastewater characteristics 

(substrate/COD concentrations and COD/N ratio in influent) on the biological performance such 

as biomass production (bacteria and microalgae) and pollutants (COD, N and P) removals. The 

model was calibrated and validated using experimental data from laboratory studies in the 

literature. The results showed that the model can accurately predict the performance of the 

microorganism system except for some nutrient profiles due to their complicated consumption 

mechanisms in real cases. The findings suggest that optimizing these parameters can significantly 

improve the removal of organic matter and nutrients and the productivity of biomass and bioenergy 

in MBMPBRs. This study uses mathematical modelling tools to provide new insights into the 

design and operation of MBMPBRs for sustainable wastewater treatment. 

Keywords: Modeling; Microalgae; Bacteria; Microalgal-bacterial consortium; Membrane 

photobioreactor; Wastewater  
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7.1. Introduction 

The activated sludge process is a traditional biological wastewater treatment technology 

that could deal with high organic pollutant influents such as municipal wastewater [1].  Despite 

the activated sludge process being applied worldwide in wastewater treatment; activated sludge is 

still facing the challenges, such as an energy-intensive process and low-efficiency removal of 

nutrients (nitrogen, phosphorus) [2-4]. In order to further improve the biological wastewater 

treatment process, microalgal-based wastewater treatment is suggested to replace the activated 

sludge [5]. Compared to conventional activated sludge biological treatment, microalgae-based 

wastewater treatment not only has effective nutrient removal but also could provide microalgal 

feedstock for downstream applications such as biofuel or biodiesel production to alleviate the 

pressure from energy crisis and to earn more economic benefits [6-8]. However, microalgae 

process application has been hindered in the laboratory stage due to shortages such as diluted 

suspended microalgae concentration, difficult lipid extraction, and limitation of water purification 

[5, 9, 10]. Literature also argued that the effluent obtained from individual microalgae strains 

treatment might not reach the treatment standard for discharge [11, 12]. As a result, a muti-

microsystem would be better for bioreactor cultivation in wastewater treatment due to benefits 

from symbiotic interactions, such as higher production yield, lower risk of contamination, lower 

operation maintenance, and capacity of multiple-pollutant removal [13-15], between microalgae 

and bacteria. 

Moreover, it is hard to maintain the purity of individual microalgae strains in wastewater 

because of the open system and contamination from real wastewater [11, 16, 17]. Thus, an 

alternative solution suggested by some literature is to develop a microalgae-bacterial co-culture in 

the bioreactor to take full advantage of these two kinds of microorganisms. On the one hand, 
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bacteria have a very high removal efficiency of organic matter from wastewater [18] and produce 

CO2 as an inorganic carbon source for microalgae growth. Moreover, the bacteria could be a 

flocculant to promote the aggregation of microalgae cells through their extracellular polymeric 

substances (EPSs), which could further increase the microorganism biomass harvest yield [19, 20]. 

On the other hand, microalgae in the system could not only fill the nutrient limitation in activated 

sludge treatment but also reduce the oxygen supply due to the oxygen production from the 

photosynthesis of microalgae [12]. Thus, the microalgal-bacterial consortium can potentially 

develop a self-sustainable ecosystem for simultaneous COD, and N and P removal in a single step. 

Indeed, even though the microalgae-bacterial combination achieves high removal efficiency of 

either COD or nutrients, the industrial application hasn’t been achieved due to the lack of 

fundamental knowledge and the challenge of racing competition between microalgae and bacteria. 

As Wang et al. mentioned, bacteria will secret some biotoxin to inhibit the growth of nearby ethnic 

groups [21]. Mayali and Azam found that microalgae growth inhibition was induced by 

extracellular algicidal compounds released from bacteria such as Alteromonas and 

Pseudoaltermonas [22]. Overall, microalgae-bacterial cultivation is a double-edged sword. We 

could benefit from this combination in many aspects, such as better removal efficiency, cost and 

energy reduction, and higher production yield [11]. However, the system could collapse if the 

setting parameters are inappropriate [13]. Thus, more and more laboratory experiments were 

carried out to determine the optimal operational conditions.  

However, multiple factors affect microalgae-bacterial cultivation, such as process 

conditions (solids retention time (SRT) and hydraulic retention time (HRT)), species, influent 

composition (COD/N/P ratios), O2 and CO2 concentrations, temperature, and illumination intensity 

[23]. It is a time-consuming and high-cost requirement to determine the optimal conditions. In 
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order to shorten the time spent on optimizing microalgae-bacterial cultivation, several 

mathematical models were introduced to develop a more comprehensive understanding of the 

development of the conventional microalgae-bacterial ecosystem [24-27]. We are aware of no 

reported modelling studies on the impact of process conditions and wastewater characteristics on 

the biological performance of the novel and emerging MB-MSPBR. 

This work aims to develop a set of mathematical models to simulate and model the impact 

of process variables (SRT and HRT) and wastewater characteristics (COD/N/P ratios) on the 

biological performance (bacteria production, microalgae production, COD, total N and total P 

removals) of the MB-MSPBR systems and validate the accuracy of the modelling results with 

experimental results from the literature. The model allows for predicting the evolution of the main 

variables of the microalgae-bacterial system, such as biomass concentrations, effluent nutrients (N 

and P) and substrate (COD) concentrations. The model has been calibrated and validated using 

experimental data from previous studies in the literature. This model has proved to be a powerful 

tool for optimizing the design and operation of MB-MSPBR systems. 

7.2. Methods –model design and model variables  

7.2.1. Model design 

The microalgal-bacterial system model was inherited from the previous mono-microalgae 

system, and the development proceeded through the steps indicated in Figure 7.1. In the mono-

microalgae MPBR system, the microalgal biomass and nutrients mass balance under the steady 

state could be expressed in the following equations [28]:  

𝑆𝑅𝑇 (
𝜇𝑚𝑆𝑁𝑆𝑃

(𝐾𝑁+𝑆𝑁)(𝐾𝑃+𝑆𝑃)
− 𝑘𝑑−𝑚) = 1                                                 (7.1) 
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 𝑆𝑖
0 − 𝑆𝑖 − 𝐻𝑅𝑇

𝑋𝑚𝜇𝑚𝑆𝑁𝑆𝑃

𝑌𝑖(𝐾𝑁+𝑆𝑁)(𝐾𝑃+𝑆𝑃)
 = 0                                         (7.2) 

Si
0- Initial nutrient concentration in MPBR, i = N, P; mgL-1 

Si- Nutrient concentration in effluent, i = N, P; mgL-1 

Xm-microalgae concentration in discard suspension, gL-1 

µm-maximum growth rate of microalgae, day-1 

SN-total nitrogen concentration in membrane photobioreactor, mgL-1 

SP-total phosphorus concentration in membrane photobioreactor, mgL-1 

KN-half saturation constant of NH4
+ and NO3

-, mgL-1 

KP- half-saturation constant of HPO4
2-, mgL-1 

kd-m-decay coefficient of microalgae, d-1 

Yi- removal coefficient of nutrient, i = N,P; g algae ∙ g nutrient-1 

Based on microalgae mass balance, the bacterial performance in MPBR was introduced 

into the system. Thus, the microalgal-bacterial system in MPBR could be divided into two parts. 

For bacterial, the biomass growth is assumed only be limited by substrate/COD uptake; thus the 

mass balance equation could be expressed as: 

𝑉
𝑑𝑋𝑏

𝑑𝑡
= 𝑄𝑋𝑏

0 − 𝑄𝑤𝑋𝑏 +  𝑉(
𝜇𝑏𝑋𝑏𝑆𝑆

(𝐾𝑆+𝑆𝑆)
− 𝑋𝑏𝑘𝑑−𝑏)                (7.3) 

Where Xb
0-initial concentration of bacteria in MPBR, gL-1 
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Xb-bacteria concentration in discard suspension, gL-1 

µb-maximum growth rate of bacteria, day-1 

Ss-Substrate concentration in MPBR gL-1 

KS- half-saturation constant of the substrate, mgL-1 

kd-b-decay coefficient of bacteria, d-1 

Q-Flow rate of influence, L·d-1 

Qw- Discard rate of the biomass suspension, L·d-1 

V-effective volume of membrane photobioreactor, L 

Under the steady state, biomass maintains a relatively stable value, which means the changing rate 

𝑉
𝑑𝑋𝑏

𝑑𝑡
 = 0, and the initial bacteria biomass Xb

0 is assumed as zero, 

Thus, the equation for bacteria could be changed to: 

−𝑄𝑤𝑋𝑏 +  𝑉(
𝜇𝑏𝑋𝑏𝑆𝑆

(𝐾𝑆+𝑆𝑆)
− 𝑋𝑏𝑘𝑑−𝑏) = 0                                     (7.4) 

Divided by QwXb, equation (7.4) can be simplified to: 

−1 +  
𝑉𝑋𝑏

𝑄𝑤𝑋𝑏
(

𝜇𝑏𝑆𝑆

(𝐾𝑆+𝑆𝑆)
− 𝑘𝑑−𝑏) = 0,  

Since SRT =
𝑉𝑋𝑏

𝑄𝑤𝑋𝑏
  , we can get the equation:  

𝑆𝑅𝑇(
𝜇𝑏𝑆𝑆

(𝐾𝑆+𝑆𝑆)
− 𝑘𝑑−𝑏) = 1                                                   (7.5) 

Similarly, biomass mass balance for microalgae can be derived from the microalgae part without 

substrate component: 



179 

 

𝑆𝑅𝑇(
𝜇𝑚𝑆𝑁𝑆𝑃

(𝐾𝑁+𝑆𝑁)(𝐾𝑃+𝑆𝑃)
− 𝑘𝑑−𝑚) = 1                                  (7.6) 

Similar to nutrient mass balance, the substrate/COD concentration in the MPBR is equal to the 

sum of the influent medium concentration (𝑄𝑆𝑆
0) and the deduction of nutrients in the effluent 

(𝑄𝑆𝑆) and consumption of bacterial metabolism (𝛾𝜔𝑡𝑆
) Thus, the substrate/COD mass balance 

can be expressed as the following equation: substrate mass balance for bacterial, we can know 

that: 

𝑉
𝑑𝑆𝑆

𝑑𝑡
= 𝑄𝑆𝑆

0 − 𝑄𝑆𝑆 + 𝛾𝜔𝑡𝑆
                                            (7.7) 

𝛾𝜔𝑡𝑆
-Substrate/COD consumption of bacterial metabolism, which:  

𝛾𝜔𝑡𝑆
= −

𝜇𝑏𝑋𝑏𝑉𝑆𝑆

𝑌𝑠(𝐾𝑆+𝑆𝑆)
                                                           (7.8) 

Where Ys- bacterial cell yield, mg bacteria ∙ mg substrate-1 

Under steady state, 𝑉
𝑑𝑆𝑆

𝑑𝑡
 = 0, 

Thus,  0 = 𝑄(𝑆𝑆
0 − 𝑆𝑆) −

𝜇𝑏𝑋𝑏𝑉𝑆𝑆

𝑌𝑠(𝐾𝑆+𝑆𝑆)
 , divided Q, we can simplify the equation to: 

 (𝑆𝑆
0 − 𝑆𝑆) − 𝐻𝑅𝑇 ∙

𝜇𝑏𝑋𝑏𝑆𝑆

𝑌𝑠(𝐾𝑆+𝑆𝑆)
= 0                                    (7.9) 

For the microalgal part, the microalgal biomass production is assumed to be only limited by the 

nutrients (nitrogen and phosphorus). So, the microalgal biomass mass balance equation (Equation 

(7.1)) doesn’t change. When it comes to nutrient profile, the nitrogen concentration in the MB-

MSPBR in the microalgal-bacterial system is equal to the sum of the influent medium 

concentration (𝑄𝑆𝑁
0 ) and the deduction of nutrients in the effluent (𝑄𝑆𝑁) and consumption of 



180 

 

microalgal metabolism (𝛾𝜔𝑡𝑁
) and the uptake from bacteria metabolism (𝛾𝜔𝑡𝑆

𝑌𝑏 ∙ 0.125). Thus, 

the nutrient (N and P) mass balance equation will be modified as the following equation:   

𝑉
𝑑𝑆𝑁

𝑑𝑡
= 𝑄𝑆𝑁

0 − (𝑄𝑆𝑁 +  𝛾𝜔𝑡𝑆
𝑌𝑏 ∙ 0.125 +  𝛾𝜔𝑡𝑁

)        (7.10) 

𝛾𝜔𝑡𝑁
-Nitrogen consumption of microalgae metabolism in the Microalgal-Bacterial system, 

𝛾𝜔𝑡𝑁
= −

𝜇𝑚𝑋𝑚𝑉𝑆𝑁𝑆𝑃

𝑌𝑁−𝑀(𝐾𝑁+𝑆𝑁)(𝐾𝑃+𝑆𝑃)
                                      (7.11) 

YN-M- microalgae cell yield based on nitrogen, mg microalgae ∙ mg Nitrogen-1 

Under steady state, 𝑉
𝑑𝑆𝑁

𝑑𝑡
 = 0, 

The equation can be changed and simplified to: 

𝑆𝑁
0 − 𝑆𝑁 − 𝐻𝑅𝑇 ∙

𝑋𝑏

𝑆𝑅𝑇
∙ 0.125 − 𝐻𝑅𝑇 (

𝑆𝑁𝑆𝑃

(𝐾𝑁+𝑆𝑁)(𝐾𝑃+𝑆𝑃)
∙

𝜇𝑚𝑋𝑚

𝑌𝑁−𝑀
) = 0            (7.12) 

Similarly, the phosphorus concentration in the MB-MSPBR system is equal to the sum of the 

influent medium concentration (𝑄𝑆𝑃
0) and the deduction of nutrients in the effluent (𝑄𝑆𝑃) and 

consumption of microalgal metabolism (𝛾𝜔𝑡𝑃
) and the uptake of bacteria metabolism (𝛾𝜔𝑡𝑆

𝑌𝑏 ∙

0.025), which is expressed as the following equation: 

𝑉
𝑑𝑆𝑃

𝑑𝑡
= 𝑄𝑆𝑃

0 − (𝑄𝑆𝑃 +  𝛾𝜔𝑡𝑆
𝑌𝑏 ∙ 0.025 +  𝛾𝜔𝑡𝑃

)       (7.13) 

𝛾𝜔𝑡𝑃
-Phosphorus consumption of microalgae metabolism in the Microalgal-Bacterial system,  

𝛾𝜔𝑡𝑃
= −

𝜇𝑚𝑋𝑚𝑉𝑆𝑁𝑆𝑃

𝑌𝑃−𝑀(𝐾𝑁+𝑆𝑁)(𝐾𝑃+𝑆𝑃)
                                     (7.14) 

YP-M- microalgae cell yield based on phosphorus, mg algae ∙ mg Phosphorus-1 

Furthermore, the equation (7.11) can be simplified to:  
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 𝑆𝑃
0 − 𝑆𝑃 − 𝐻𝑅𝑇 ∙

𝑋𝑏

𝑆𝑅𝑇
∙ 0.025 − 𝐻𝑅𝑇 (

𝑆𝑁𝑆𝑃

(𝐾𝑁+𝑆𝑁)(𝐾𝑃+𝑆𝑃)
∙

𝜇𝑚𝑋𝑚

𝑌𝑃−𝑀
) = 0          (7.15) 

𝑆𝑖 𝑖=𝑆,𝑁,𝑎𝑛𝑑 𝑃
0  – influent concentration of substrate, nitrogen and phosphorus, respectively, mgL-1. 

𝑆 𝑖=𝑆,𝑁,𝑎𝑛𝑑 𝑃 – effluent concentration of substrate, nitrogen and phosphorus, respectively, mgL-1. 

 

Figure 7.1. The a) microalgae and b) microalgae-bacteria model process development. 

7.2.2. Model variables  

The model variables were employed based on the general microorganism growth kinetics 

from previous studies and are listed in the following table: 
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Table 7.1. Growth kinetic parameters for the modelling study. 

Kinetic parameters Value Ref 

µb (d-1)  5 [29-31] 

µm (d-1) 1.68 [29-31] 

kd-b (d-1) 0.10 [29-31] 

kd-m (d-1) 0.06 [29-31] 

Ys (mg biomass·mg substrate-1) 0.5 [29-31] 

YN-M (mg biomass·mg nitrogen-1) 15.8 [29-31] 

YP-M (mg biomass·mg phosphorus-1) 114 [29-31] 

KS (mg substrate·L-1) 25 [29-31] 

KN (mg nitrogen·L-1) 24.5 [29-31] 

KP (mg phosphorus·L-1) 3.39 [29-31] 

There are five variables Xb, Xm, S, SN, and SP and five independent equations (Equations (7.5), 

(7.6), (7.9), (7.12), and (7.15)). Microsoft Excel Solver was used to solve these five equations and 

get the five variables’ results under different SRT, HRT, and COD/N/P ratio conditions. 
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7.3. Result and discussion  

7.3.1. Microalgae-bacteria system 

The microalgae-bacteria photobioreactor is more complicated than the mono-specie system. 

It needs to consider the interaction between the microalgae and bacteria. As Gao et al. mentioned, 

the COD concentration of influent influences the M-B system [32].  

Figures 7.2, 7.3 and 7.4 show the performances of the MB-MSPBR with the condition of 

microalgae-bacteria co-system under different SRTs (20, 30, and 40 days), HRTs (1-5 days), and 

influent COD concentrations (300-600 mg COD/L) conditions. As shown in Figure 7.2, the 

bacterial, microalgal and total biomass concentrations reduced with the increase of HRT while 

increasing with the increase of SRT. The maximum bacterial, microalgal and total biomass 

concentration was 1597 mg/L. 5707 mg/L, and 7305 mg/L respectively when HRT = 1 d and SRT 

= 40 d with the influent COD concentration = 400 mg/L. Moreover, the microalgae exhibited a 

high biomass concentration compared to bacterial (5707 mg/L vs 1598 mg/L at HRT = 1 d, SRT 

= 40 d, and influent COD = 400 mg/L), which indicated that microalgae are the dominant part in 

this system. Accordingly, the changes in total biomass production are very similar to that of one 

of the microalgae biomass curves, which also achieved the highest level at HRT = 1 d and SRT = 

40 d with the influent COD concentration = 400 mg/L.  

Moreover, Figure 7.3 displayed the biomass concentration profiles under different influent 

COD concentrations and SRT at HRT = 1 d. The bacterial biomass concentration increased with 

an increase of influent COD concentration, while the microalgae concentration decreased with the 

rise of influent COD concentration. The bacterial increased from 1197.54 mg/L to 2396.41 mg/L 

with the rising of influent COD concentration from 300 mg/L to 600 mg/L. In comparison, the 
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microalgae biomass concentration decreased from 5967.39 mg/L to 5202.10 mg/L at the 

conditions of HRT =1 d and SRT = 40 d. This could be due to the competition of bacteria produced 

by the increased COD for nutrients (N and P), and thus, there was less N and P for microalgae 

growth. The total biomass concentration slightly increased with the increase of influent COD 

concentration at high SRT (SRT = 30 d and 40 d) while slightly decreased with the augment of 

influent COD concentration at low SRT level (SRT = 10 d and 20 d). These results suggest that N 

and P rather than COD levels are the limited nutrients for both bacteria and microalgae growth. As 

the growth of bacteria (with a larger µmax-b) is larger than that of microalgae (with a smaller µmax-

m); thus, the increased COD would favor the growth of bacteria taking additional N and P and 

reduce the availability of N and P for slower growth of microalgae. This explains the increase in 

bacteria concentration and decrease in microalgae concentration with an increase in the COD level, 

as shown in Figure 7.3.    

As shown in Figure 7.4, the COD concentration of effluent decreased with an increase of 

SRT. The COD concentration of effluent was extremely low (below 2 mg/L) and exhibited a 

relatively high removal efficiency (above 99%). The N and P concentrations of effluent decreased 

with an increase in SRT. The N concentration of effluent increased with an increase of influent 

COD concentration while the P concentration of effluent decreased. The maximum N 

concentration, as shown in Figure 7.4, was 9.91 mg/L when SRT = 10 and influent COD 

concentration = 600 mg/L at HRT = 1 d. The maximum P concentration of effluent in Figure 7.4 

was 2.04 mg/L when the SRT = 10 d and influent COD concentration = 300 mg/L at HRT = 1 d.  

The modelling results suggest that with appropriate selections of SRT, HRT, and 

wastewater characteristics (COD/N/P ratio), it is feasible to achieve simultaneous COD/BOD and 

nutrients (N and P) removals in a single step of MB-MSPBR system.  
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Figure 7.2. a) Bacteral, b) microalgal, and c) total biomass concentration under different HRT and 

SRT with influent COD concentration = 400 mg/L. 
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Figure 7.3. a) Bacteral, b) microalgal, and c) total biomass concentration under different SRT and 

COD concentrations of influent at HRT = 1 d. 
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Figure 7.4. a) Nitrogen, b) Phosphorus, and c) COD concentration of effluent under different SRT 

and influent COD concentration at HRT = 1 d. 
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7.3.1.1. HRT effect 

7.3.1.1.1. Biomass concentration 

In this model, the bacteria and microalgae biomass concentration is directly related to the 

consumed nutrient (COD, nitrogen, or phosphorus) amount which is determined by their loading 

rates. As Figure 7.2 shows, a decrease in microorganism (both bacteria and microalgae) biomass 

concentration caused by the increase of HRT could be attributed to the insufficient nutrient loading 

that limits the microorganism biomass production, thus reducing the biomass concentration. In this 

model, the biomass concentration is indirectly negatively correlated to HRT. Firstly, the prolonged 

HRT caused the rising of nutrients (COD, nitrogen, or phosphorus) consumption efficiency (𝛾𝜔𝑡𝑖
, 

i = S, N, P) based on the mass balance. As a result, the biomass concentration decreased with the 

increase of nutrient uptake due to it being negatively correlated to the nutrient consumption 

efficiency. Similar phenomena were also found in other experimental studies. Zhang et al. reported 

that the membrane photobioreactor yielded higher microorganism biomass concentration under 

the same N/P ratio when decreasing HRT from 3 d to 2 d [33]. Furthermore, the bacterial biomass 

production became very low at a long HRT (149.35 mg/L at HRT =5 d, SRT = 10 d, and influent 

COD = 300 mg/L), which indicated that longer HRT is not suitable for bacterial biomass 

accumulation. Even though the microalgae biomass concentration also exhibited a similar decline 

tendency with an increase of HRT, the microalgae biomass still maintained a higher biomass 

concentration than bacteria (441.36 mg/L at the same conditions) under a long HRT. This could 

be ascribed to the higher decay rate of bacteria (kd-b = 0.1 d-1), leading to a lower tolerance of low 

nutrient loading when compared to microalgae (kd-m = 0.06 d-1).  
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7.3.1.1.2. Pollutant removal 

There was no significant change in pollutant removal was found with the variation of HRT. 

As shown in Figure 7.4, the COD removal efficiency was above 99% (residual nutrient 

concentrations were below 2 mg/L). The COD removal was too high to show a significant 

correlation to HRT. This could be attributed to the fact that COD consumption in the M-B model 

was not limited in this range, which resulted in a maximal removal efficiency (above 99 %). 

Regarding N or P removal, the removal efficiency was also kept constant with HRT increased. 

These phenomena could be ascribed to the fact that the pollutant concentration of effluent in the 

mass balance equation was only controlled by SRT, kinetic constants, and stoichiometric 

coefficients but not the HRT [34]. In the premise of the SRT constant, the nutrient concentration 

would remain constant based on the mass balance (Equations (7.5) and (7.6)). As a result, the 

variation of HRT only causes the changing of biomass concentration (Equations (7.9), (7.12), and 

(7.15)), not the effluent COD, N and P concentrations and removals.  

7.3.1.2. SRT effect 

7.3.1.2.1. Biomass concentration 

Regarding SRT, the biomass concentrations were positively correlated with the SRT. 

Unlike HRT, the influence of SRT on biomass concentration is indirect. Firstly, the pollutant 

concentration of effluent would decrease to maintain the steady state when the SRT on the right 

side of the biomass mass balance equation increases (Equations (7.5) and (7.6)). Next, the right 

side of the pollutant mass balance equations (Equations (7.9), (7.12), and (7.15)) would increase 

the biomass concentration with the reduction of pollutant concentration of effluent to maintain the 

steady state. As a result, biomass concentration became larger with the rising of SRT (Figures 7.2 
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and 7.3). In the experimental case, this could be attributed to the longer SRT resulting in higher 

biomass accumulation due to the smaller biomass waste rate [35].  

7.3.1.2.2. Pollutant removal 

As shown in the mass balance of biomass (Equations (7.5) and (7.6)), the SRT directly 

negatively affects the pollutant (substrate/COD and nutrients (N and P)) concentrations. Similarly, 

the substrate/COD removal was still at a very high level (above 99%) due to the fact that it reached 

the maximal consumption (minimal substrate/COD concentration of effluent). Despite the N and 

P removals also being high (above 75% and 70%, respectively), the effect brought from SRT could 

still be recognized. The N removal increased from 78% to 89% (effluent concentration from 8.81 

mg/L to 4.29 mg/L) when the SRT increased from 10 d to 40 d (HRT = 1 d, influent COD = 400 

mg/L). P removal also showed a similar trend under the same conditions (from 72% to 75%). In 

the biomass mass balance equations (Equations (7.5) and (7.6)) of this model (both microalgae 

and bacteria), the augment of SRT caused the reduction of the pollutant concentration of effluent 

on the right side of the equation to maintain the constant state. From the view of biomass 

concentration, the prolonged SRT increases the accumulation of microorganisms, resulting in 

higher pollutant uptake. Thus, the pollutants (COD, N, and P) concentrations of effluent decreased 

(Figure 7.4). The experimental study also reported a similar performance in that pollutant removal 

efficiency increased when the SRT rose from 2 d to 10 d [36]. Unlike the experimental studies, the 

microorganism growth rate was kept constant. The variables in this model were only affected by 

the limited parameters (HRT, SRT, COD concentration), which suggested employing SRT as long 

as possible. However, the extremely long SRT was not suggested in real wastewater treatment 

because it will increase the microorganism decay and decrease the effluent quality [37]. The light 

limitation in a high biomass concentration is also a concern. One possible explanation might be 
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microorganism decay increases due to the increasing competition potential between the species 

caused by the higher biomass amount, leading to cell breakage and worsening nutrient 

consumption [38]. Segredo-Morales et al. also claimed that the effluent has higher COD and 

nutrient concentrations at a prolonged SRT when using a microalgal-bacterial membrane 

photobioreactor to treat secondary wastewater [35]. 

7.3.1.3. COD concentration effect 

7.3.1.3.1. Biomass concentration 

The COD concentration of influent showed significant effects on bacterial and microalgae 

biomass concentrations. This could be ascribed to the promoted bacterial biomass by rising 

influent COD concentration restricting the microalgae growth by competing for the fixed amount 

of nutrients (N and P). As Equation (7.9) shows, the COD mass balance was controlled by the 

changing between effluent concentration and bacterial biomass concentration under the same 

conditions (HRT was considered constant in this case). The stable COD/substrate profile of 

effluent indicated that the COD consumption was not limited and reached maximal at this range 

(influent COD around 300 mg/L to 600 mg/L). Thus, the effluent COD concentration could be 

assumed to be constant with minimal changes. Therefore, the bacterial biomass concentration (Xb) 

on the right side of Equation (7.9) increased with the augment of influent COD concentration (S0).  

Moreover, the nutrient (N and P) concentrations of effluent were only affected by the SRT 

(Equation (7.6)); there should not be any significant shift of nutrient concentrations of effluent 

under different influent COD concentrations. So, the microalgae biomass concentration (Xm) on 

the left side of the nutrient mass balance (Equations (7.12) and (7.15)) would decrease due to the 

increase of Xb, which competes for the limited nutrients (N and P). The total biomass concentration 
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decreased with the influent COD concentration increased at a low SRT level but increased with 

the increase of influent COD concentration at a high SRT level, which indicated that high SRT 

was beneficial to microbial biomass production in this system. This phenomenon could be ascribed 

to the bacterial biomass concentration affected by influent COD concentration contributing more 

significantly to the microalgal biomass concentration reduction at low SRT level in the mass 

balance equations, thus affecting the total biomass concentration.  

7.3.1.3.2. Pollutant removal 

The pollutant profiles of effluent didn’t exhibit an obvious correlation with the influent 

COD concentration. The stable COD removal could be attributed to the previously mentioned 

maximal COD consumption leading to the changing of effluent COD concentration being too small 

to be observed. For nutrients, the N concentration of effluent increased with the influent COD 

concentration, while the P concentration of effluent decreased. This might be attributed to the high 

microalgae cell yield based on P compared to the one based on N (114 mg biomass/mg P vs 15.8 

mg biomass/mg N). Compared to the P concentration of effluent, the N concentration of effluent 

was more significantly affected by the changing of the microalgal biomass uptake part than the 

bacterial consumption part (Equations (7.12) and (7.15)). As a result, the N concentration of 

effluent increased with the decrease of the microalgal biomass (less consumption due to the less 

microalgal biomass). Furthermore, the N and P concentrations in effluent under different influent 

COD concentrations showed more stability at high SRT levels (4.17 mg/L to 4.53 mg/L and 1.81 

mg/L to 1.63 mg/L at HRT =1 and SRT = 40 d, respectively) compared to that at low SRT level 

(from 8.32 mg/L to 9.91 mg/L and 2.04 mg/L to 1.68 mg/L at HRT =1 and SRT = 10 d, 

respectively). This could be ascribed to the following reasons: a) the nutrient concentrations of 

effluent were dominated by the SRT (Equation (7.6)), especially at high SRT level; b) at the low 
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SRT level, the variation of bacterial biomass concentration controlled by influent COD 

concentration contributed more on nutrients concentrations of effluent in mass balance equations 

thus the changes of effluent nutrients concentration became more obvious.   

In summary, the COD concentration of influents from 300 mg/L to 600 mg/L did not 

significantly influence COD removal, nutrient removal, and microalgae biomass concentration 

except for bacterial biomass concentration at the high SRT level. This indicated that the MB-

MSPBR system might have a high potential for high-organic matter and nutrient wastewater 

treatment.   

7.3.2. Model validation of microalgae-bacteria system 

The accuracy of the model prediction results was validated by using experimental results 

from the literature [33, 39]. Figure 7.5 shows the validation of total biomass concentration and the 

profile of effluent pollutants removal at the steady state period. The modelling results are in good 

agreement with the experimental results. The maximal relative difference between modelling 

results and experimental results is less than 40 %,  with most of them less than 20 %.  

Except for some examples of the nutrient profile, the validation was a reasonable fit 

between the rest of the experimental and model data. The reason might be attributed to the complex 

consumption mechanism of nutrients in nature case. As the literature mentioned, the nutrient 

removal mechanism includes biological (biomass accumulation and microorganism uptake) and 

physicochemical (chemical precipitation and adsorption) routes [40, 41]. Unlike this model in 

which nutrients are only consumed by microorganisms, those removal routes would happen 

together simultaneously to affect the nutrient profiles, thus making them too complicated to predict. 

As a result, the validation of the nutrient profile didn’t exhibit a perfect fit between every model 
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and experimental data.  The results can be further refined by using the kinetic constants and 

stoichiometric coefficients more suitable for these MB-MSPBR systems (microalgae species), if 

available, as these parameter values used in the study here are the typical ones but not necessarily 

perfectly fit for these microalgae species.  
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Figure 7.5. Model validation with experimental results of a) Zhang et al.[33] work and b) Lafi et al.[39] 

work. 
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7.4. Conclusion 

This modelling study investigated the effects of SRT, HRT, and wastewater characteristics 

(COD level and COD/N ratio) on the biological performance of MB-MSPBR. The model showed 

that microorganisms prefer shorter HRT for high organic loading and longer SRT for larger 

biomass accumulation. When it comes to substrate/COD concentration of influent, the 

substrate/COD didn’t show a significant effect on the pollutants (COD, N and P) removal. The 

reason might be the employed substrate/COD value still does not reach the limitation thus all show 

the maximum removal efficiency, which may indicate that the microalgae-bacterial system has a 

high potential for dealing wastewater with concentrated substrate/COD. Moreover, bacterial 

growth could be promoted by higher substrate/COD concentration of influent. In contrast, the 

microalgal growth could be restricted, and this behaviour became more evident at low SRT levels. 

The comparison of experimental results under the same operating conditions also validated the 

model. The validation showed that the model data reasonably fit with experimental data except for 

some nutrient profiles. This could be attributed to the complex nutrient removal mechanisms in 

nature case.  

This study has demonstrated that the proposed mathematical models can be used to design 

of the novel and emerging MB-MSPBR and optimize the biological performance of the MB-

MSPBR. And provide new insight into the MB-MSPBR design and operation. Thus, the proposed 

mathematical models are a powerful tool for optimizing the processes of MB-MSPBR. Further 

studies can include more parameters, like light intensity, CO2, and O2 limitations to refine these 

models. 
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Chapter 8: Conclusion and future studies 

recommendations   

8.1. Conclusions  

In conclusion, the fundamental studies of microalgal biofilm formation and 

microalgal/microalgal-bacterial membrane photobioreactors (M-MSPBR and MB-MSPBR) 

provide valuable new insights into the development of sustainable and efficient MPBR systems 

for microalgae cultivation and wastewater treatment. The studies have revealed that biofilm 

formation can enhance microalgae growth rate, biomass productivity, and nutrient uptake. 

Additionally, using bacteria in microalgal membrane photobioreactors can improve light 

utilization efficiency, reduce biomass loss, and mitigate contamination issues associated with 

traditional photobioreactors. This study has investigated the microalgal biofilm formation 

mechanism by examining the interactions between cell substrate and environmental conditions. 

The results were discussed in the following sections: 

(1) Among the five tested materials (nylon, polypropylene, polyurethane rubber, 

polytetrafluoroethylene, and silicone rubber), nylon exhibited the highest wet biofilm attachment 

of Chlorella vulgaris, reaching up to 514.3 g/m2 over 16 days of cultivation. The hydrophilic 

Chlorella vulgaris did not adhere better to the highest hydrophobic silicone rubber. On the contrary, 

the thickest biofilm is achieved on nylon coupons with the lowest difference between the SFE and 

the Chlorella vulgaris cells. These results showed that the contact angle and hydrophobicity did 

not play the main role in the cell attachment of Chlorella vulgaris. Moreover, bounded EPS 

positively impacted the initial adhesion of microalgae biofilm and served a role in maintaining the 

biofilm matrix in the thickening period. As a result, bounded EPS productivity increased with 
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biofilm growth. For almost all materials (except polypropylene), SFE plays a significant role in 

biofilm adhesion. Based on this argument, nylon comes first in selectivity for the further extractive 

microalgal biofilm membrane reactor study to optimize microalgae cells’ adhesion during the early 

cultivation period.  

(2) Among the three test microalgae species (Phormidium tenue, Monoraphidium braunii, 

and Ankistrodesmus falcatus), Monoraphidium braunii exhibited the highest wet biofilm 

attachment on nylon material surface at 125 rpm (187.40 g/m2) over 16 days of cultivation due to 

its lowest difference of surface free energy between cell-substrate interaction, which again proved 

SFE plays a significant role at microalgal adhesion performance. Moreover, the hydrodynamic 

condition also has an influential role in cell-substrate interaction. When the stirring speed of the 

reactor decreased to 60 rpm, the highest attachment showed on Ankistrodesmus falcatus biofilm 

(144.23 g/m2). The effects of the hydrodynamic condition of the cultivation environment depended 

on the microalgae species due to their tolerance of shear force. Higher shear stress below critical 

limitation can promote biofilm formation due to higher mass transfer interaction. Once the shear 

stress is over the critical value, biofilm detachment happens.  

(3) The investigation of the three microalgae species' initial adhesion (Phormidium tenue 

(CPCC 424), Monoraphidium braunii (CPCC 625), and Ankistrodesmus falcatus (CPCC 669)) on 

different materials (polytetrafluoroethylene, polydimethylsiloxane and polyurethane) were run by 

QCM-D testing.  The Phormidium tenue exhibited the highest deposition throughout three 

materials, followed by Monoraphidium braunii in PTFE and PUR surfaces. In contrast, the second 

highest deposition on the PDMS sensor was Ankistrodesmus falcatus. The surface properties of 

the sensor and microalgae cells affected the adhesion performance during the QCM test. The 

higher the surface free energy, the higher the deposition should be. Moreover, the Lewis acid-base 
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interaction seems to play a major positive role in the interactions between microalgae and sensors. 

The microalgal layers exhibited viscoelastic properties in this study, while Phormidium tenue and 

Monoraphidium braunii layers show a dynamic viscous characteristic compared to the 

Ankistrodesmus falcatus layer. The result obtained from the QCM test exhibited similar trends to 

those of reactor experiments, which implied that QCM could be used as a rapid and effective tool 

to simulate the real-time adhesion behaviours between microalgal cells and substratum.  

(4) The modelling studies investigated the operating parameters (HRT, SRT, and influent 

pollutants ratio) effects on membrane photobioreactor performance (microorganism biomass 

concentration and pollutant removal). For the mono-microalgal-based system, biomass production 

and nutrient removal increased with the increase of HRT and SRT. At the same time, they declined 

in either extremely low or high N/P ratio of influent. The best conditions in this study are 

considered HRT = 1 day, SRT = 40 days and N/P ratio around 8 based on the high biomass 

production and frequent harvesting period. In the microalgal-bacterial-based system, the model 

was processed under the effects of HRT, SRT and substrate/COD concentration of influent. The 

HRT and SRT exhibited a similar trend as the mono-microalgae system. The substrate/COD didn’t 

exhibit a significant effect on the pollutant removal in this model, which could be ascribed to the 

high tolerance of this model system on high COD concentration influent. Moreover, COD 

positively affects bacterial biomass production but has a minor negative on microalgal biomass 

production. The model was also validated by comparing experimental results under the same 

operating conditions and shows a reasonable fitting with experimental studies. This model can 

shorten the experiment setting time and provide ideal operating parameters for laboratory research., 

leading to a more efficient investigation during the laboratory work.   
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In conclusion, the studies on microalgal biofilm formation have shown promising results 

for developing sustainable and efficient methods for wastewater treatment and biofuel production. 

The formation of biofilms by microalgae on surfaces can enhance their growth and productivity 

and provide a natural method for water filtration and purification. Moreover, using bacterial co-

cultures in membrane photobioreactors can further improve the performance of microalgal systems 

by increasing nutrient uptake and providing additional metabolic pathways. A holistic approach 

that combines engineering, microbiology, and bioprocess optimization is necessary to develop 

sustainable microalgal cultivation systems. These findings can be applied to designing and 

optimizing emerging microalgal biofilm MPBR such as membrane carbonated microalgal biofilm 

reactor (MCMBR) and extractive membrane microalgal biofilm (EMMBR) reactor for wastewater 

treatment and bioremediation. 

8.2. Future Research Suggestions 

Based on the fundamental studies of microalgal biofilm formation and microalgal-bacterial 

membrane photobioreactors, future research directions could further advance these technologies.  

First, more research could investigate the synergy effect by multiple conditions for 

microalgal biofilm formation, which will be more complicated than individual effect systems. In 

addition, further research could also consider the genetic and metabolic mechanisms underlying 

biofilm formation in microalgae, which could lead to developing strategies for enhancing biofilm 

growth and productivity.  

Second, there is a need for more research on the use of bacterial co-cultures in microalgal-

bacterial membrane photobioreactors. These investigations could focus on beneficial bacteria, 

such as nitrifying and photosynthetic bacteria, further promoting microalgal biofilm production. 
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Furthermore, more research could be conducted on the interactions from the genetic aspect 

between microalgae and bacteria in these systems, which could help to identify novel metabolic 

pathways and optimize biomass and product yields.  

Third, further research could be conducted on the scale-up and commercialization of 

microalgal biofilm membrane photobioreactor systems. This could involve the development of 

engineering approaches for large-scale cultivation and harvesting of microalgae, as well as 

optimizing downstream processing for biofuel production and high-value bioproducts. 

Additionally, more research could be conducted on the economic feasibility of these technologies, 

including evaluating their environmental and social impacts and identifying potential market 

opportunities and barriers to adoption.  

Overall, future research in these areas could further advance the development of sustainable 

and efficient methods for wastewater treatment, biofuel production, and bioremediation, which are 

critical for addressing the challenges of global environmental sustainability. 


