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Abstract: 

  Harvesting efficiency is one of the key issues restricting the further 

commercialization of microalgae. Traditional biofilm studies only tend to focus on 

enhancing biofilm formation, while neglecting the subsequent harvesting of the 

biofilm. In this study, a win-win strategy for high-density microalgal cultivation and 

low-cost harvesting through biofilm cultivation on a pH-responsive, 

charge-switchable, patterned membrane was investigated using a polyethylenimine 

(PEI)-crosslinked polyvinylidene fluoride (PVDF) membrane. The patterned 

membranes were prepared by spray-modified non-solvent induced phase inversion, 

and the effect of pattern height on biofilm formation and microalgal harvesting was 

investigated. The PEI-crosslinked PVDF membrane surface was positively charged 

below pH 8 and negatively charged above pH 9, resulting in a higher attractive energy 
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below pH 8 and a repulsive energy above pH 9 according to the extended Derjaguin, 

Landau, Verwey, Overbeek model. Patterning of these membranes increased the active 

area for microalgal attachment, and created a low-shear area in the valleys that 

prevents early detachment of microalgal cells. Membranes with a higher pattern 

height resulted in faster biofilm development and increased final biomass 

accumulation. Low-energy membrane vibration was applied to enhance cell 

detachment. pH=7 was found to be the optimal pH for enhanced microalgal biofilm 

formation on PEI-crosslinked patterned membranes, and a switch to pH=10 was best 

for microalgal harvesting. 

Key words: Biofilm; Patterned membrane; Computational fluid dynamics; XDLVO; 

Interaction energy; Membrane development 

1. Introduction

  Microalgae are a highly productive, novel biomass resource which gained 

widespread attention as a third-generation biofuel feedstock, as well as for the 

production of high value-added bioproducts (e.g. protein, polysaccharides, 

poly-unsaturated fatty acids and pigments) [1]. Microalgae are currently cultivated as 

relatively dilute suspensions of small cells (0.5 to 5 dry matter/L). This results in a 

high water requirement and a high energy demand to remove all water during 

harvesting [2]. The options for harvesting include centrifugation, membrane filtration 

and sedimentation. Centrifugation is most common for harvesting microalgae, but the 

energy consumption is high [2]. Flocculation followed by sedimentation is considered 

to be the cheapest and easiest method, but chemicals needed to induce flocculation 
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contaminate the harvested biomass [3, 4]. Membrane separations achieve a high 

harvesting efficiency with a lower energy consumption compared to centrifugation. 

However, fouling is the preponderant problem restricting the filtration process [2, 3]. 

Microalgal biofilms have been proposed as an alternative cultivation strategy in the 

last decade. By growing microalgae as a thin but concentrated layer of cells on a fixed 

substrate, the water requirement and energy demand for harvesting can be strongly 

reduced [5]. In such aquatic biofilms, microalgal cells adhere onto a solid substrate 

using a holdfast or by producing a mucilage layer [6]. The formation of these biofilms 

is often initiated by a consortium of microalgal cells and bacteria that are connected 

by an extracellular polymeric matrix [7]. These biofilms gradually grow thicker as 

microalgae near the surface of the biofilm carry out photosynthesis and assimilate 

nutrients and CO2 from the medium [8]. Such an immobilized cultivation of 

microalgae in biofilms allows for a more efficient use of sunlight through a light 

dilution approach, resulting in a higher areal productivity compared to cultivation of 

microalgae in suspension [9]. Microalgal biofilms have been used for wastewater 

treatment and displayed an advanced nutrient removal compared with other 

technologies, such as ecological floating beds, constructed wetlands or aquatic 

macrophyte ponds, especially at conditions of low nutrient concentration [10-13]. 

  Microalgal biofilms should be firmly attached to the solid substrate to avoid losses 

of biomass [13]. Turbulence of the liquid surrounding the biofilm should be managed 

carefully as sufficiently high shear stress is required to enhance nutrient transfer to the 

biofilm, while high shear stress can also lead to microalgal detachment [14, 15]. 
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Several approaches have been explored to optimize microalgal biofilm adhesion onto 

a solid substrate. In general, substrates with rough surface and/or porous structure 

facilitate the microalgal biofilm attachment [13]. For example, Chlorococcum sp. 

adhesion was tested on nine different materials and microalgal biofilm formation was 

optimal on a glass-fiber-reinforced plastic with concave structure [16]. As opposed to 

materials such as glass or natural or synthetic fibers, membranes can be considered as 

an ideal substrate for biofilms formation due to their large surface area and tunable 

surface properties, such as pore size and porosity [11, 17, 18]. Another advantage of 

using membranes is that pores in the membrane can be used to supply water, mineral 

nutrients and/or CO2 [19]. Modifying surface roughness and topography can further 

enhance biofilm formation. A stainless steel mesh modified polytetrafluoroethylene 

(PTFE) membrane with a high surface roughness showed an almost twice as high 

areal biomass concentration of Scenedesmus obliquus (S. obliquus) biofilm when 

compared to a smooth PTFE membrane [20]. Besides, S. obliquus biomass production 

was 14.3% higher on a V-groove patterned membrane compared to a flat membrane 

[14]. 

  In addition to surface roughness, creation of surface charge is another approach to 

enhance biofilm adhesion. Previous studies showed that the inoculation time of S. 

obliquus and Ankistrodesmus falcatus mixed biofilms was significantly reduced from 

4 h to 1.5 min by changing microalgal surface charges [5]. Polyethylenimine (PEI) is 

a biocompatible polymer that is positively charged at low pH (<7). This positive 

charge facilitates cell adhesion onto various surfaces [21, 22]. For instance, viscose 
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biosensors are treated with PEI to enhance Escherichia coli biofilm formation [23]. In 

microbial fuel cells, the anode is often treated with PEI to enhance microbial biofilm 

formation, resulting in a higher power density of the fuel cell [24, 25]. 

Most studies on microalgal biofilms only focused on enhancing the formation of 

the biofilm, while neglecting the final and at least as crucial biofilm detachment for 

microalgal harvesting. In addition, understanding the microalgal 

attachment/detachment mechanisms is also limited. Biofilm detachment highly relies 

on the hydrodynamic conditions as well as the biological/chemical interaction 

between the biofilm and the solid surface [26, 27]. Using hydrodynamic shear, 

physical scraping or biological/chemical treatment to detach the biofilm results not 

only in a high cost in the form of energy or chemicals, but also risks damaging the 

microalgal cells, resulting in a low quality of the biomass. Often, harvesting is 

incomplete, resulting in significant waste [11]. An ideal substrate should be able to 

strongly immobilize microalgal cells during the growth period, while releasing them 

easily during the harvesting stage. Microalgal cells are encapsulated in a shell of 

sulphated polysaccharide, carboxylic acids, uronic acids or acidic sugars to protect 

against environmental stress, rendering microalgal cells a negatively charged surface 

[2, 28]. Therefore, it is hypothesized that the adhesion and detachment of microalgal 

cells can be realized by controlling the carrier surface charge which can generate 

electrostatic attraction and repulsion under positive and negative charges, respectively. 

The physico-chemical interaction between a solid surface and microalgal cells in an 

aqueous solution is determined by attractive Lifshitz-van der Waals (LW), Lewis 
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acid-base (AB) and repulsive electrostatic double layer (EL) interactions and can be 

simulated using the extended Derjaguin, Landau, Verwey, Overbeek (XDLVO) model 

[29].  

pH-responsive, charge-switchable modifications have been used in many fields, 

including flocculation, drug delivery, membrane separation, etc. [30-32]. Imidazole 

and amine groups are most commonly used, which can convert charge by protonation 

and de-protonation at different pH [33, 34]. However, the protonation of the imidazole 

group occurs at a pH<6, which is not always suitable for microalgal growth [35, 36]. 

A recent study reported that PEI containing membranes showed a positive charge at 

pH<8, and a negative one at pH>8.5 [37]. This pH-range is suitable for typical 

microalgal growth. In membranes, PEI surface modification has been used to improve 

separation of pharmaceuticals but not to enhance biofilm formation. 

  In this study, porous PVDF membranes with different pattern heights were prepared 

using a recently developed one-step method (i.e. phase inversion by spraying of the 

non-solvent on the cast patterned film [38, 39]). The membranes were subsequently 

cross-linked with PEI to introduce a pH-dependent charge on the membranes using a 

one-step crosslinking method. These PEI-cross-linked patterned PVDF membranes 

were for the first time applied for microalgal biofilm production and tested for 

enhanced biofilm attachment during the growth stage and facilitated biofilm release 

during harvesting, thanks to their charge-switchable properties over the pH range 5 to 

10. The deposition of microalgal cells onto the membranes was investigated using  

dead-end filtration. Cell detachment was achieved using an energy-efficient 
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magnetically induced membrane vibration (MMV). Microalgal biofilms were 

cultivated at different pH levels and the growth conditions were monitored. The 

interaction between the microalgal cells and the PEI-modified membranes at different 

pH levels was modeled using the XDLVO theory. Finally, the fluid behavior near the 

membrane surface was studied using computational fluid dynamics (CFD). 

2. Materials and methods 

2.1 Cultivation of microalgae 

  Desmodesmus sp. (isolated and purified from Hainan island, China) [40-42] was 

cultivated in a 30 L column photobioreactor (PBR) with 25 L BG-11 medium and 

illuminated by two fluorescent lights on both sides [43]. The microalgae were 

cultivated at 22±1 °C, and kept under continuous air aeration of 15 L/min with a 

constant illumination intensity of 100 μmol photons/m
2
 s at the surface of the reactor. 

Dry weight was determined gravimetrically after 10 days of cultivation by filtrating a 

known volume of microalgae culture broth onto a pre-weighed 0.1 μm filter. The final 

dry weight was 0.82±0.03 g/L. 

2.2 Membrane preparation 

  The patterned membranes were prepared using a modified one-step phase inversion 

by spraying method [39, 40]. An extra sprayer was installed on the casting machine 

(Braive Instruments, Belgium), which allows deionized water to be sprayed on the 

cast film right after passage of the casting knife to realize immediate phase inversion 

and maintain the surface pattern on the freshly shaped membrane surface [38, 44]. 

PVDF (Mw~543 kDa, Sigma-Aldrich, Belgium) with a concentration of 20w% was 
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dissolved in N,N-dimethylformamide (DMF, 99.8%, Acros organics, Belgium) using 

polyvinylpyrrolidone (PVP, Mw~10 kDa, Sigma-Aldrich, Belgium) as pore-forming 

agent in concentrations of 6.7w%. 1w% deionized water was added into the casting 

solution to accelerate the phase inversion process. The casting solution was stirred at 

80 rpm at 65 °C for 48 h and then degassed overnight. The solution was cast on a 

glass plate at a speed of 2.25 cm/s using the rectangle-shaped patterned knife with a 

wet thickness of 200 μm (measured from the plate to the bottom of the knife patterns), 

after which the cast film was immediately immersed into deionized water (21 °C) to 

complete the phase inversion. To evaluate the effect of patterning on microalgal 

biofilm attachment, a flat membrane was made using a conventional flat casting knife 

with the same wet thickness and direct immersion in the coagulation bath after 

spraying. 

  The rectangle-shaped patterned knives were made using a 3D-printer. To 

investigate the effect of pattern height, two patterned knives with different pattern 

heights (500 μm and 1000 μm) and the same inter-pattern distance (500 μm) were 

used. 

2.3 Crosslinking 

  The PVDF-crosslinking by PEI [45, 46] is schematically shown in Fig. 1a. The 

membranes were immersed in a closed beaker containing the crosslinking solution, 

which consisted of 4.5w% NaOH (Sigma-Aldrich, Belgium) and 25w% branched 

polyethylenimine (PEI, Mw~25000 Da, Sigma-Aldrich, Belgium). The mixture was 

vigorously stirred for 1 h under room temperature to fully dissolve NaOH and PEI. 
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After 24 h crosslinking, the membranes turned black (Fig. 1b and 1c) and were 

washed using deionized water to remove the residual crosslinking solution. The 

membranes were stored in deionized water for further application. 

 

Fig. 1 (a) Schematic diagram of the dehydrofluorination and amine-based 

crosslinking reaction of PVDF and visual appearance of the membrane (b) 

before and (c) after crosslinking. 

2.4 Microalgal biofilm initial attachment strength analysis 

  Five different membranes were used to test the microalgal biofilm formation: a 

crosslinked patterned membrane with 500 μm pattern height (CL-PM500) and one 

with 1000 μm pattern height (CL-PM1000), a patterned membrane with 500 μm 

pattern height without crosslinking (PM500), a crosslinked flat membrane (CL-FM) 
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and a flat membrane without crosslinking (FM).  

  The membranes were first placed in a high-throughput dead-end filtration system 

(HTML, Belgium) [2] containing 8 membrane coupons with a 2.27 cm
2
 filtration 

active area each. To investigate the effect of pH on microalgae initial attachment, the 

microalgal broth was adjusted to different pH values (5, 6, 7, 8, 9 and 10) and poured 

into the filtration system feed compartment to let broth and membrane stabilize for 30 

min for (i.e. to complete protonation or deprotonation of the membrane surfaces). The 

microalgal broth was homogenized under 350 rpm stirring. Filtration was performed 

under 10 bar, and 15 mL microalgal broth was filtrated through each membrane to 

complete the first deposition. After that, three replicate membranes with deposited 

microalgae were used for gravimetrical analysis of the biomass that was initially 

deposited on the membrane surface, and the biomass concentration of initial 

deposition was determined based on the biomass dry weight per m
2
 membrane (Eq. 

(1)). 

𝐶𝑎 =
𝑀𝑎𝑚−𝑀𝑚

𝐴𝑚
     (1) 

where Ca is the areal dry microalgal biomass density (g/m
2
); Mam the dry mass of 

membrane and microalgae (g); Mm the dry mass of membrane (g); Am the apparent 

surface area of membrane (m
2
). 

  After this first deposition, the wet membranes with freshly deposited microalgae 

were potted in a module with 5 coupons and the same active area each (Fig. 2a and 

2b). The prepared module was installed in an MMV system (Fig. 2c), as described 

before [2]. The MMV system moves the module up and down with a certain 
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frequency and amplitude using a sinusoidal vibration pattern. The patterned 

membranes were fixed with the surface pattern lines perpendicular to the moving 

direction. The module was immersed into deionized water with corresponding pH. 

The frequency and amplitude were converted to a shear rate value to further analyze 

the flow near the oscillating membrane surface. The maximal shear rate was 

calculated according to a previous study [47, 48] using Eq. (2): 

𝜏𝑚𝑎𝑥 =
𝛼𝜖1.5

2𝜈0.5       (2) 

where τmax is the maximal shear rate (s
-1

); α is amplitude (m); Є is the frequency (rad/s) 

and ν is the kinematic viscosity (1.3×10
-6

 m
2
s

-1
 at 20 °C). 

 

Fig. 2 Pictures of the membrane module (a) before and (b) after potting 

membranes, and (c) the magnetically induced membrane vibration system 
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(MMV). 

The corresponding Reynolds (Re) number in the MMV system was calculated 

using Eq. (3): 

𝑅𝑒 =
𝜌𝑈𝑚𝑎𝑥𝐿

𝜇
      (3) 

where  is the broth density (kg/m
3
, 1024 kg/m

3
); Umax (=α×Є m/s) the maximum 

fluid velocity on the membrane surface; L the length scale (m);  the apparent 

viscosity (Pa/s, 0.0018 Pa/s) [49]. 

  To prevent excessive microalgae detachment from the membrane surface, the 

frequency and amplitude were set at 1 Hz and 5 mm (with a corresponding shear rate 

of 34.5 s
-1

), respectively, to generate a relatively low shear according to a previous 

study [2]. After 10 min vibration at pH 7, the membranes with remaining microalgae 

were taken for gravimetric analysis of the areal microalgal biomass density using Eq. 

(1) to determine the initial attachment of the microalgae. The initial detachment was 

calculated using Eq. (4). A lower initial detachment corresponds to a stronger initial 

attachment. 

𝑅𝑑(%) =
𝑀𝑑−𝑀𝑎

𝑀𝑑
× 100    (4) 

where Rd is the microalgal initial detachment; Md the dry mass of initially deposited 

microalgae (g); Ma the dry mass of initially attached microalgae (g) (i.e. after 

vibration, the remained microalgal mass). 

2.5 Microalgal biofilm growth  

  To evaluate the growth of the biofilm, after initial attachment (without drying) at 

pH 7, 6 modules with microalgae attached membranes were respectively immersed 
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into 6 1.2 L PBRs which contained 1 L BG-11 medium each at different pH-values (5, 

6, 7, 8, 9 and 10). Each membrane was replicated 3 times. The culture conditions in 

the PBRs (temperature, light and aeration) were the same as for the 25 L PBR used 

for production of Desmodesmus sp.. Microalgal biofilm growth was under static 

condition for 14 days. The modules were vertically immersed into PBRs, and the 

membrane surface faced the light for microalgal biofilm growth. The aeration tube 

was positioned behind the module to reduce bubble scouring. The pH of the medium 

was adjusted every day by addition of 0.5 M HCl or NaOH solutions to guarantee the 

constant pH-value during the whole growth period. The volume of the reactors was 

daily adjusted to 1 L using deionized water to ensure that all membranes remained 

immersed in the medium. 

  During the microalgal biofilm growth, three replicate membrane samples were 

removed from the modules every 2 days for areal microalgal biomass determination 

using Eq. (1). 

To understand the microalgal growth under normal conditions, Desmodesmus sp. 

was cultivated in suspension in a liquid culture at 6 different pH-values (5, 6, 7, 8, 9 

and 10). The growth was monitored every day by measuring the optical density (OD) 

of microalgal broth using a spectrophotometer (DR-2800, Hach Lange, USA) at 680 

nm. The final biomass was determined using the procedure in 2.1, and was expressed 

as g/L. 

2.6 Microalgae harvesting through biofilm detachment 

  After 14 days of cultivation, the biofilms were harvested by a combination of 

Acce
pted M

anuscr
ipt



14 

 

hydrodynamic shear and pH-tunable surface charge inversion. The modules with the 

attached biofilms were removed from the PBRs, transferred to the MMV system, and 

vibrated at a frequency of 1 Hz and amplitude of 5 mm in deionized water at different 

pH-values (5, 6, 7, 8, 9 and 10). Before vibration, membranes were immersed in 

deionized water with different pH-values for 30 min. After 10 min vibration, the 

remaining microalgae and membranes were collected for analysis of the areal biomass 

density. The biofilm mass was determined by directly placing the membrane with the 

biofilm in the oven without vibration. The harvesting efficiency was calculated using 

Eq. (5): 

𝑅ℎ(%) =
𝑀𝑏−𝑀𝑟

𝑀𝑏
× 100     (5) 

where Rh is the microalgal harvesting rate; Mb the dry mass of biofilm biomass 

without vibration (g); MR the dry mass of remind microalgae (g).  

2.7 Characterization of membranes and microalgae 

  The cross-sections and surfaces of membranes were observed using scanning 

electron microscopy (SEM, JEOL JFC-1300, Tokyo, Japan). The actual pattern height 

and inter-pattern distance were also determined using SEM, and the actual surface 

area of patterned membrane was theoretically calculated based on the actual pattern 

height and inter-pattern distance. 

  The contact angles of the membranes were determined using three probe liquids 

(MiliQ water, glycerol and diiodomethane), and were measured using a contact angle 

goniometer (Kruss, Drop Shape Analysis System, Germany) [50]. 

  The membrane surface chemical composition was determined using attenuated total 
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reflectance Fourier-transform infrared spectrometer (ATR-FTIR, Bruker Alpha, 

Germany) at a 4000-400 cm
-1

 scanning range. 

  The zeta potential (ZP) of the membrane surface at 6 pH-values was measured 

using an adjustable-gap measuring cell (SurPASS Electrokinetic Analyzer, 

AntonPaar), following the procedure described before [51]. 

  Because the membrane surface topology may influence the ZP results, 2 different 

flat membranes (CL-FM and FM) were used. The surface properties of CL-FM and 

FM can represent the properties of crosslinked and un-crosslinked patterned 

membranes, respectively. 

  The mean diameter and morphology of Desmodesmus sp. cells were determined 

and observed using inverted microscopy operated through CellSens (IX83, Olympus 

Corporation, Japan). 

  The ZPs of Desmodesmus sp. at 6 pH-values were determined using a Nanobrook 

Omni Zeta Potential Analyzer (Brookhaven Corporate Park, Holtsville, USA), 

following the procedure described before [51]. 

  For Desmodesmus sp. contact angle determination, a fresh mciroalgal broth was 

filtrated through an FM membrane using a high-throughput dead-end filtration system. 

The retained microalgae paste on the membrane surface was pressed to form a flat 

film. The resulting microalgal flat film was then dried under ambient temperature for 

24 h. The microalgal contact angle was also determined using contact angle 

goniometer and three probe liquids. 

2.8 CFD modeling 
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  Flow behavior near the surface of the different membranes was simulated using a 

commercial fluid dynamics software (Ansys 19.0, Ansys Inc., USA). The colored 

areas and path lines represent the distribution of velocity and flow direction. Wall 

shear on the membrane surface was expressed using single colored lines. 

2.9 Statistic analysis 

  All experiments were carried out in triple, and the results were expressed as mean 

values±standard deviation. The significance of the results was analyzed using 

statistical product and service solutions (SPSS) 17.0 and analysis of variance 

(ANOVA) with least significant digit (LSD) analysis (P<0.05). 

2.10 Interaction energy calculation 

  The total interaction energy (ΔG
Tot

, mJ/m
2
) between the membrane surface and 

microalgae cells in the medium, consisting of attractive Lifshitz-van der Waals (LW, 

ΔG
LW

, mJ/m
2
), electrostatic repulsive double layer (EL, ΔG

EL
, mJ/m

2
) and Lewis 

acid-base (AB, ΔG
AB

, mJ/m
2
) interactions [52], can be expressed as the XDLVO 

interaction energy per unit area between two infinite planar surfaces using Eqs. (6)-(9) 

[53].  

𝛥𝐺𝑇𝑜𝑡 = 𝛥𝐺𝐿𝑊 + 𝛥𝐺𝐸𝐿 + 𝛥𝐺𝐴𝐵                            (6) 

𝛥𝐺𝑙0

𝐿𝑊 = −2(√𝛾𝑀
𝐿𝑊 − √𝛾𝑊

𝐿𝑊)(√𝛾𝐴
𝐿𝑊 − √𝛾𝑊

𝐿𝑊)                 (7) 

𝛥𝐺𝑙0

𝐸𝐿 =
𝜀𝜀0𝜅

2
(𝜁𝐴

2 + 𝜁𝑀
2 )[1 − coth(𝜅𝑙0) +

2𝜁𝐴𝜁𝑀

𝜁𝐴
2+𝜁𝑀

2 csch(𝜅𝑙0)]        (8) 

𝛥𝐺𝑙0

𝐴𝐵 = 2[√𝛾𝑊
+(√𝛾𝐴

− + √𝛾𝑀
− − √𝛾𝑊

−) + √𝛾𝑊
−(√𝛾𝐴

+ + √𝛾𝑀
+ − √𝛾𝑊

+) − √𝛾𝐴
−𝛾𝑀

+ −

                √𝛾𝐴
+𝛾𝑀

−]                                         (9) 

where the subscripts A, W and M represent microalgae, water and membrane, 
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respectively; γ the surface tension parameter; γ
LW

, γ
+
 and γ

-
 the LW component, 

electron-acceptor and electron-donor parameters, respectively; l the 

microalgae-membrane distance between two infinite planar surfaces (l0 is the 

minimum microalgae-membrane distance); ε (78.5) and ε0 (8.854×10
-2

 CV
-1

/m) the 

dielectric constant of water and the dielectric permittivity of the vacuum, respectively 

[54]; κ the inverse Debye length and can be calculated using Eq. (10) [53]; ζA and ζM 

the microalgae and membrane surface ZPs, respectively; 𝛥𝐺𝑙0

𝐿𝑊, 𝛥𝐺𝑙0

𝐸𝐿  and 𝛥𝐺𝑙0

𝐴𝐵 

are three interaction components at the minimum microalgae-membrane distance. 

𝜅 = √
𝑒2 ∑ 𝑛𝑖𝑧𝑖

2

𝜀𝜀0𝐾𝑇
                                           (10) 

where T is the absolute temperature; e the electron charge; ni the number 

concentration of ion i in microalgal broth; zi the valence of ion i; K the Boltzmann’s 

constant. 

  The total tension parameter (γ
Tot

), including LW (γ
LW

) and AB (γ
AB

) components 

[29], can be calculated using Eq. (11), which can also be calculated using the 

extended Young equation (EYE) by testing the contact angles using three probe 

liquids [55]. The EYE can be expressed as follows [56]: 

𝛾𝑇𝑜𝑡 = 𝛾𝐿𝑊 + 𝛾𝐴𝐵                            (11) 

(1 + cos 𝜃)𝛾𝐿
𝑇𝑜𝑡 = 2(√𝛾𝑆

𝐿𝑊𝛾𝐿
𝐿𝑊 + √𝛾𝑆

+𝛾𝐿
+)       (12) 

𝛾𝐴𝐵 = 2√𝛾−𝛾+                               (13) 

where the subscripts S and L represent the solid (i.e. membrane and microalgae) 

surface and the liquid (water), respectively. 

  Desmodesmus sp. is spherical according to the microscope observation, and the cell 
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size ranges from 5.1-7.0 μm. The Derjaguin approximation (DA) method was thus 

used to calculate the interaction energy components (𝑈𝑠𝑝ℎ
𝐿𝑊 (𝑙), 𝑈𝑠𝑝ℎ

𝐸𝐿 (𝑙) and 𝑈𝑠𝑝ℎ
𝐴𝐵 (𝑙)) 

between a spherical surface (mciroalgal cell) and planar surface (membrane) [57]. The 

calculation can be expressed using Eqs. (14)-(16). 𝑈𝑠𝑝ℎ
𝐿𝑊 (𝑙0), 𝑈𝑠𝑝ℎ

𝐸𝐿 (𝑙0) and 𝑈𝑠𝑝ℎ
𝐴𝐵 (𝑙0) 

represent three interaction energy components at the minimum microalgae-membrane 

distance for spherical and planar surfaces. 

𝑈𝑠𝑝ℎ
𝐿𝑊 (𝑙) = 2𝜋𝛥𝐺𝑙0

𝐿𝑊 𝑙0
2𝑎𝐴

𝑙
                                         (14) 

𝑈𝑠𝑝ℎ
𝐸𝐿 (𝑙) = 𝜋𝜀𝜀0𝑎𝐴 [2𝜁𝐴𝜁𝑀 ln (

1+𝑒−𝜅𝑙

1−𝑒−𝜅𝑙) + (𝜁𝐴
2 + 𝜁𝑀

2 ) ln(1 − 𝑒−2𝜅𝑙)]       (15) 

𝑈𝑠𝑝ℎ
𝐴𝐵 (𝑙) = 2𝜋𝑎𝐴𝜆𝛥𝐺𝑙0

𝐴𝐵 exp (
𝑙0−𝑙

𝜆
)                                 (16) 

where aA is the mciroalgal cell radius and λ (0.6 nm) the decay length of AB 

interaction in aqueous solution [16]. 

3. Results and discussion 

3.1 Characterization of membranes and microalgae 

  PVDF membranes were crosslinked using a one-pot method to simultaneously 

realize dehydrofluorination and PEI-crosslinking (Fig. 1). The successful introduction 

of PEI on the PVDF membrane surface was verified using FTIR (Fig. 3). The 

spectrum of PEI-crosslinked PVDF membrane shows a broad absorption peak at 

~3298 cm
-1

, which can be attributed to the N-H stretch of the amine group [58]. A 

noticeable characteristic peak at ~1544 cm
-1

 is ascribed to the N-H bending in PEI 

[59]. In addition, a small absorption peak observed at ~1335 cm
-1

 is attributed to the 

C-N stretch in PEI [60]. 
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Fig. 3 ATR-FTIR spectra of the PVDF and PEI-crosslinked PVDF membranes.  

  The surface and cross-sectional morphologies of the flat and patterned membranes 

are shown in Fig. 4. All cross-sections show the expected asymmetric structure with 

finger-like macrovoids. For patterned membranes, the patterns on the membrane 

surface do not completely reflect the original shapes of the casting knives, as the 

patterns shrink anisotropically during the solidification process [61]. 

 

Fig. 4 Surface and cross-sectional images of the flat and patterned membranes.  

  The membrane surface hydrophilicity was significantly increased after PEI 

crosslinking (Table 1) (i.e. the water contact angle of CL-FM was lower than that of 
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FM membrane). The ZPs of FM membrane were always negative at any pH, while 

those of CL-FM membrane were positive at pH≤8 and negative at pH≥9, proving the 

pH-responsive, charge-switchable properties of these crosslinked membranes, as also 

found elsewhere [37]. 

Table 1 Contact angle and zeta potential data of membranes and Desmodesmus 

sp.. 

Sample Contact angle (°)  Zeta potential (mV) 

θwat
a θgly

a θdii
a  pH 5 pH 6 pH 7 pH 8 pH 9 pH 10 

FM 84.8±0.4 87.4±0.7 47.2±0.8  -44.1 -47.4 -51.3 -52.0 -56.2 -59.0 

CL-FM 66.7±2.6 70.8±0.7 27.5±1.2  12.4 9.8 8.0 6.3 -0.3 -13.3 

Algae 83.2±2.5 64.7±1.1 43.8±1.8  -16.5 -17.6 -18.0 -18.0 -18.5 -18.8 

a
 θwat, θgly, θdii are the contact angles determined using Milli-Q water, glycerol and 

diiodomethane, respectively. 

Interfacial Gibbs free energies were calculated based on the surface tension data 

(Table 2). The contribution of the EL free energy is normally a magnitude lower than 

that of LW and AB free energies and can be considered as negligible [54, 62]. The 

total interfacial Gibbs free energy (𝛥𝐺𝑙0

𝑇𝑜𝑡) was therefore calculated by the sum of 

𝛥𝐺𝑙0

𝐿𝑊 and 𝛥𝐺𝑙0

𝐴𝐵 . A negative value of 𝛥𝐺𝑙0

𝑇𝑜𝑡 represents an attractive interaction, on 

the contrary a repulsive interaction [55]. In addition, a higher absolute value of 𝛥𝐺𝑙0

𝑇𝑜𝑡 

means a higher attractive strength between two surface [55]. From Table 2, negative 

values of 𝛥𝐺𝑙0

𝑇𝑜𝑡 indicate an attractive interaction between membrane and microalgal 

cells as well as microalgal cells themselves. The most negative value is found 
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between microalgal cells (-67.7), indicating that microalgal cells tend to aggregate 

more and form biofilm. The 𝛥𝐺𝑙0

𝑇𝑜𝑡 values of FM and CL-FM are very similar, 

indicating a similar microalgal attachment at the minimum microalgae-membrane 

distance. The surface properties of CL-FM can be considered as approximately the 

same as for the crosslinked patterned membranes. 

Table 2 Surface tensions and interfacial Gibbs free energies at a minimum 

microalgae-membrane distance. 

Sample Surface tension (mJ/m
2
)  Gibbs free energy (mJ/m

2
) 

γ
LW

 γ
-
 γ

+
 γ

AB
 γ

TOL
  𝛥𝐺𝑙0

𝐿𝑊  𝛥𝐺𝑙0

𝐴𝐵  𝛥𝐺𝑙0

𝑇𝑜𝑡   

FM 35.8 11.6 1.2 7.5 43.3  -3.8 -47.8 -51.5 

CL-FM 45.2 21.2 0.6 7.1 52.3  -6.0 -44.0 -50.0 

Algae 37.6 0.04 4.8 0.9 38.5  -4.3 -63.4 -67.7 

3.2 Initial attachment and detachment of microalgae on the membrane surface 

  A thin layer of microalgae was attached to the membranes using dead-end filtration. 

The total amount of microalgae deposited on each membrane surface corresponded to 

54.2 g/m
2
. The membranes were subsequently potted into a MMV module and the 

amount of biomass remaining on the membrane surface was quantified (i.e. areal 

biomass for microalgal initial attachment, Fig. 5a). The percentage of the biomass that 

was deposited on the filter and that was detached after vibration at pH 7 was 

calculated as the initial detachment (Fig. 5b). The initial detachment reflects the initial 

attachment strength, i.e. a higher initial detachment means a higher initial attachment 

strength. For FM and PM500 membranes, no significant difference (P>0.05) was 
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noted between pH-levels in initial microalgal attachment and detachment at all 

pH-values, indicating that pH did not affect the microalgal attachment on the 

un-crosslinked PVDF membranes. However, significant differences (P<0.05) were 

observed between different pH-levels for the CL-FM, CL-PM500 and CL-PM1000 

membranes, showing that with increasing pH, the microalgal initial attachment 

decreased, while initial detachment increased. There was no significant difference for 

crosslinked PVDF membranes at pH 5-7. When pH reached 8, a sharp decrease for 

crosslinked membranes was observed. Crosslinked PVDF membranes showed higher 

initial microalgal attachment at pH≤7 than the corresponding un-crosslinked PVDF 

membranes, while lower at pH≥9 (Table 3). This phenomenon might be explained by 

electrostatic attraction and repulsion [37]. Uncombined amine groups on the 

crosslinked PVDF membrane surface generate a pH-responsive surface charge on the 

membrane surface, giving membranes a negatively charged surface at pH≥9, and a 

positively charged at pH≤8 (Table 1). The surface charges of Desmodesmus sp. cells 

are negative at the entire pH range from 5 to 10 (Table 1). Microalgal cells can 

therefore be attracted to the crosslinked PVDF membrane surface at pH≤8, while 

being repelled at pH≥9. 

  PEI-modified surfaces have been commonly used for cell adhesion (e.g. in tissue 

culture and on the anode of microbial fuel cells). A PEI modified poly(ε-caprolactone) 

scaffold showed a higher hydrophilicity than an un-modified one, and could increase 

fibroblast adhesion and proliferation [63]. Yeast cells could also be strongly attracted 

by PEI modified jute fabric [64]. In addition, PEI modified carbon felt could attract 
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and entrap more Saccharomyces cerevisiae cells [65]. However, current research is 

the first to integrate PEI into a membrane for microalgal biofilm attachment and 

harvesting.  

Table 3 Microalgal initial attachment trends at different pH-values 

pH-value Trend 

≤7 CL-PM1000>CL-PM500>PM500>CL-FM>FM 

8 CL-PM1000>CL-PM500>PM500>FM>CL-FM 

≥9 PM500>FM>CL-PM1000>CL-PM500>CL-FM 

In addition to surface charge, the surface patterns also had a significant effect on 

the initial attachment. Patterned membranes showed a higher microalgal initial 

attachment than the corresponding flat membranes at pH 5-10 (Fig. 5a), confirming 

that the patterned surface can immobilize more microalgal cells on its extended 

membrane surface. The areal microalgal biomass was calculated based on the 

apparent surface area. The theoretical actual surface areas of PM-500 and PM-1000 

membranes were almost 3 and 4 times as high as for the flat membrane. The extended 

effective membrane area obviously offers more place for microalgal attachment. In 

addition, the unique dynamic flow behavior near the membrane surface offers a 

relatively stagnant zone in the valleys with lower shear and flow velocity, allowing 

more microalgal cells to deposit [40]. CL-PM1000 membrane showed higher initial 

microalgal attachment than CL-PM500 membrane, indicating that patterns with 

increased height can immobilize more microalgal cells. A similar situation was also 

found in previous studies where a patterned PSf membrane with larger patterns could 
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trap more microalgal cells in the valleys [40], and a patterned PVDF membrane also 

showed the same trend [66]. The initial attachment time of S. obliquus on a patterned 

polydimethylsiloxane (PDMS) membrane was significantly shortened from 135 min 

to 50 min, indicating the benefit of surface patterning [14]. The possible reason is that 

at low Re numbers, the possibility for microalgal cells deposition increases when the 

volume of a valley region is large [67]. 

  Moreover, an interesting phenomenon was that when only involving surface charge 

or surface pattern on the PVDF membrane (i.e. comparing FM membrane with 

CL-FM or PM-500 membranes) at pH≤7, only small increases of microalgal initial 

attachment were found. However, when combing surface charge with surface pattern 

(i.e. comparing FM membrane with CL-PM500 or CL-PM1000 membranes), a very 

large improvement was found, revealing a synergy between electrostatic attraction 

and surface patterns to enhance microalgal attachment. 

  Another interesting phenomenon was that the trends of microalgal initial 

attachment and attachment strength at pH=8 did not follow the trends at pH≤7 nor 

pH≥9 (Table 3). This may be explained by the dominance of surface charge or surface 

pattern. Microalgal attachment was mainly dominated by the synergy between 

electrostatic attraction and surface pattern at pH≤7, and mainly electrostatic repulsion 

at pH≥9. Microalgal initial attachment on the CL-FM membrane was lower than on 

the FM membrane at pH=8 even with electrostatic attraction. The possible reason is 

that the electrostatic attraction effect was not strong enough to resist shear generated 

by vibration, and CL-FM was more hydrophilic than FM membrane (i.e. higher 
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fouling resistance [68]) (Table 1).  

A pH of 7 was thus selected for microalgal initial attachment, considering that there 

was no significant difference (P>0.05) between pH 5, 6 or 7. 

 

Fig. 5 Microalgal initial (a) attachment and (b) detachment. 

Note: different lower-case letters per membrane at different pH indicate results 

that are significantly (P<0.05) different.  

3.3 Microalgal biofilm growth analysis 

  After initial attachment at pH 7, the microalgal biofilm growth at different pH 

levels on the flat and patterned membranes was monitored under static conditions for 

14 days, and the daily biomass was monitored by measuring the microalgal dry 

weight on the membranes every 2 days. For comparison, growth of the same 

microalgae as a suspension in liquid culture medium was also evaluated at different 

pH levels, and the microalgal growth was monitored by measuring the OD of the 

broth every day. The growth of the microalgal biofilm is depicted in Figs. 6a-6i, 

which was calculated based on the apparent membrane surface area (i.e. not including 

the separate areas that from the parts of the valleys that are perpendicular to the 
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membrane surface). For systems operated at different pH-values, the microalgal 

biofilm growth curves on CL-PM500 and CL-PM1000 membranes were situated 

above those of the other membranes, indicating a higher areal biomass (Figs. 6a-6g). 

This could be explained by the higher initial microalgal attachment onto CL-PM500 

and CL-PM1000 membranes. Not just for CL-PM500 and CL-PM1000 membranes, 

the daily areal microalgal biomass increased along with the initial attachment 

throughout the whole cultivation time for all membranes. Initial inoculation (i.e. 

initial attachment) size has a significant effect on microalgal growth and final biomass 

[69]. On one hand, a high initial microalgal is beneficial for microalgal survival, 

especially in the presence of other microorganisms [69, 70]. On the other hand, 

biofilm proliferation is mostly driven by the areal photon absorption. Therefore, a 

higher initial attachment may give a higher substrate coverage, resulting in a higher 

areal photon absorption [71]. Similar results were found in previous studies where 

biofilms with higher initial inoculation size showed higher final microalgal biomass 

[71, 72]. 

  pH significantly affects microalgal biofilm growth by adjusting the physiological 

reactions in the microalgae and their nutritional requirements [73]. The optimal pH is 

thus always species-dependent [74]. pH-responsive membranes may thus present 

different biofilm growth performances at different pH-values. Desmodesmus sp. 

biofilm growth was therefore investigated on different membranes at different 

pH-values. The biofilms almost stopped proliferation at pH<7 (Figs. 6a and 6b), while 

reaching the highest growth rate at pH=7 (Fig. 6c). However, with further increasing 
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pH, the growth rate decreased (Figs. 6d-6f). The highest final biofilm biomass was 

obtained on the CL-PM1000 membrane (97.9 g/m
2
) at pH=7 (Fig. 6g), and the 

biofilm biomasses on crosslinked patterned membranes were significantly higher than 

those on other membranes, in line with the results in 3.2. The biofilm growths at 

different pH-values were similar to the results in broth cultivation (Fig. 6h and 6i) 

where a pH of 7 gave the best microalgal growth followed in order by a pH of 8, 9, 10, 

6 and 5. Microalgae also almost stopped growing at pH≤6. Even though the growth 

curves at pH 9 and 10 almost overlap, the final dry biomass at pH 9 (0.72 g/L) was 

still a bit higher than that at pH 10 (0.69 g/L) (P<0.05) (Fig. 6i). The results suggested 

that pH 7 was ideal for Desmodesmus sp. biofilm growth, and Desmodesmus sp. can 

survive at high pH, while a low pH may restrict the growth.  

  A flat glass and plastic surface has been used for S. obliquus biofilm formation, 

showing final biofilm biomass of 22 and 52 g/m
2
, respectively [75, 76]. In current 

study, by introducing surface patterns and pH-tunable charge on the membrane 

surface, the biofilm biomass thus reached up to 97.9 g/m
2
, indicating a strong 

advantage of the synergy between surface pattern and charge. A patterned PDMS 

membrane has also been used in a hydrodynamic system for S. obliquus biofilm 

formation, achieving the highest final biofilm biomass of 165 g/m
2
 [14]. The higher 

biomass in this study may be explained by the advantages of hydrodynamic effects 

and horizontal position. The hydrodynamic conditions optimized the nutrient 

provisions and removed generated metabolic waste from the microalgal film, 

therefore promoting further biofilm growth [77]. Besides, horizontal cultivation may 
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prevent biofilm falling from the substrate due to gravity. The biofilms in the current 

approach were cultivated vertically under static conditions. Further optimization may 

expect to achieve an even higher biofilm concentration. Another possible reason is the 

different microalgal species used here, which also impacts strongly the final biofilm 

biomass. 

  It is known that PEI is potentially cytotoxic [78] and can kill cells so as to prevent 

bacterial growth when the polycation penetrates the cells [79-81]. However, it was 

reported that the cytotoxicity of PEI modified surfaces can be well controlled by 

decreasing PEI concentration [23, 82]. In addition, it was also reported that PEI may 

possess a less pronounced cytotoxic effect on algae, due to the extra protection of the 

cell wall [79, 81, 83]. The crosslinked PEI quantity on the PVDF membrane surface 

was far less than the reported cell lethal dosage (the median inhibitory concentration 

of 25000 Da branched PEI for A431 cells was 16w% [84]), and no significant 

microalgal apoptosis was observed in current study, proving the safety of the 

PEI-crosslinked membranes. 
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Fig. 6 (a-f) Evolutionary microalgal biofilm growths on membrane substrates at 

different pH-values (a 5; b 6; c 7; d 8; e 9; f 10), (g) final microalgal biofilm 

biomass on membrane substrates at different pH-values after 14 days cultivation, 

(h) evolution of microalgal growth as a suspension in liquid culture medium (i.e. 

without membrane substrate) at different pH-values, and (i) final microalgal 

biomass after 14 days liquid medium cultivation without substrate. 

Note: (g) different lower-case letters per membrane indicate results that are 

significantly (P<0.05) different; (i) different lower-case letters per pH-value 

indicate results that are significantly (P<0.05) different.  

3.4 Microalgal biofilm harvesting by pH-induced detachment 
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  After 14 days of cultivation at pH=7, microalgal biofilms were harvested by 

detachment using the MMV system at different pH levels. A higher detachment 

means higher harvesting efficiency. A similar trend was also found when harvesting 

biofilms (Fig. 7). The harvesting efficiency of crosslinked membranes increased with 

increasing pH, while pH did not significantly influence that of un-crosslinked 

membranes. Besides, flat membranes showed a higher harvesting efficiency than 

patterned membranes. At pH>9, the harvesting efficiencies of crosslinked membranes 

were higher than 90%, suggesting that microalgal biofilms on PEI-crosslinked PVDF 

membranes can be best harvested by adjusting pH above 9. However, a higher 

detachment (i.e. harvesting efficiency) was found compared with the initial 

detachment. A possible reason is that when the biofilm became thick, the operated 

shear rate (34.5 s
-1

) on the biofilm surface can only remove microalgae-microalgae 

combined consortia, and only the microalgae which closely attached on the membrane 

surface remain, therefore giving a higher detachment rate. The higher detachment rate 

at high pH can be ascribed to electrostatic repulsion. Because of the electrostatic 

repulsion effect, crosslinked membranes at pH>9 gave an even higher detachment rate. 

The biofilm can not be completely removed from the membrane surface and this 

reduces the yields somehow. However, the remaining microalgal cells can be used as 

a seed to produce a new biofilm [14].  
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Fig. 7 Microalgal biofilm harvesting efficiencies at different pH-values after 14 

days cultivation at pH=7. 

Note: different lower-case letters per membrane indicate results that are 

significantly (P<0.05) different.  

3.5 Flow behavior near the membrane surfaces and interaction energy analysis 

  Fig. 8 shows a velocity path line profile and wall shear contour line inside the flow 

channel using CFD modeling under a Re number of 273. The red color represents a 

higher velocity and wall shear, and the blue color a lower. As expected, the velocity 

and wall shear in the apex region are higher than those in the valley region (Figs. 8a, 

8b, 8d and 8e), confirming the results in 3.2: due to the lower flow velocity and wall 

shear, more microalgal cells could deposit in the valley region. Besides, the wall shear 

on some parts of the patterned membrane is too low to show (Fig. 8d and 8e), while 

the velocity and wall shear profiles of a flat membrane show a linear path line, 

indicating a constant flow behavior near the membrane surface. This can also explain 

the results in 3.2 and 3.4 on why flat membranes always gave a higher microalgal 
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detachment rate not considering surface charge effect. The results are in line with 

previous studies in which the velocity profiles of patterned PSf membranes also 

showed a high-velocity up flow on apex region and a low-velocity down flow in 

valley region, and the wall shear profiles showed discontinuous contour line on the 

membrane surface [40, 85].  

  The profiles of total interaction energies between microalgal cells and two flat 

membranes (FM and CL-FM membranes) at different pH-values are shown in Fig. 9. 

A positive value represents a repulsive energy, on the contrary an attractive energy. 

The total interaction energy profile indicates that microalgal adhesion on the 

membrane surface must overcome an energy barrier [53]. Therefore, a higher 

repulsive energy barrier represents that only a small part of microalgal cells can 

eventually adhere on the membrane surface even though the interaction energy at 

minimum microalgae-membrane distance is negative. For FM membrane, similar 

trends are found at all pH-values (Fig. 9a), with decreasing the distance between 

microalgae and membrane surface, the repulsive energy increases, indicating s less 

microalgae attached membrane surface. With increasing pH, the repulsive energy 

increases. However, the interaction energies for FM membrane at different pH-values 

are highly close, which may explain why the microalgal attachment and detachment 

rates at different pH-values did not show significant difference in line with the results 

in 3.2 and 3.4. For CL-FM membrane, pH significantly influences the interaction 

energy (Fig. 9b). When pH≥9, the energy barrier still exists, while disappears when 

pH≤8. This may explain why CL-FM membrane showed higher microalgal 
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attachment rate at pH≤8. However, the interaction energy at pH=8 is still higher than 

that at pH from 5 to 7, indicating a weaker attractive energy. When introducing 

vibration, the attractive energy at pH=8 may not resist shear generated by vibration, 

resulting in a significant decrease of microalgal attachment in accordance with the 

results in 3.2. Analogously, the interaction energy property of CL-FM membrane can 

approximately represent that of CL-P500 and CL-P1000 membranes. 

 

Fig. 8 (a-c) Velocity, streamline and (d-f) wall shear contour line profiles 

simulated by CFD modeling for the patterned membrane with (a and d) pattern 

height of 500 μm and (b and e) 1000 μm, and (c and f ) flat membrane under 
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Re=273. The graphs showed the cross-sections of membranes.  

 

Fig. 9 Fig. 9 Profiles of total interaction free energies for membrane-microalgal 

cells combination as a function of the distance between microalgae and 

membrane surface at different pH-values (the average microalgal cells radius is 

6.1 μm). (a) for FM membrane; (b) for CL-FM membrane. 

4. Conclusions 

  PEI-crosslinked, patterned membranes were used as a substrate to grow biofilms of 

the microalgae Desmodesmus sp.. Attachment of cells onto the membrane was 

optimal at pH≤7. Biofilm biomass accumulation was optimal at pH=7, while the most 
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efficient microalgal harvesting was found at pH≥9. Corrugated membranes with 

increased pattern heights gave a higher microalgal initial attachment. The synergy 

between the pH-tunable surface charge and surface patterns significantly improved 

the microalgal biofilm formation. Moreover, the pH-responsiveness of the crosslinked 

membranes facilitated microalgal harvesting by pH-induced detachment. 

  The mechanism of enhancing microalgal biofilm formation and realizing easy 

harvesting for crosslinked, patterned membranes was unraveled based on interaction 

energy and CFD modeling. Interaction energies at different pH-values calculated 

using the improved XDLVO theory, showed a higher repulsive energy at pH≥9 and 

attractive energy at pH≤8, thereby proving the pH-responsive microalgae 

attraction/repulsion switchable property. CFD modeling showed a lower velocity and 

shear in the valleys of the patterns, indicating that the patterns in the flow channel can 

offer a relatively stagnant area for microalgae deposition. The membrane with higher 

pattern heights gave a larger low-shear area space. The PEI-crosslinked PVDF 

membranes thus clearly have potential to combine high-density microalgal biofilm 

cultivation with low-cost harvesting. 
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