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Introduction

Microalgae are photosynthetic aquatic microorganisms that are an attractive novel source of biomass to produce food, feed and biofuels. [START_REF] Richard | Challenges in Scaling up Biofuels Infrastructure[END_REF][START_REF] Barros | Harvesting Techniques Applied to Microalgae: A Review[END_REF] The biomass is low in fibre and high in protein, lipids and/or carbohydrates. [START_REF] Tan | A Review on Microalgae Cultivation and Harvesting, and Their Biomass Extraction Processing Using Ionic Liquids[END_REF][START_REF] Russell | High-Value Biochemical Products & Applications of Freshwater Eukaryotic Microalgae[END_REF][START_REF] Bhushan | Current Trends and Prospects in Microalgae-Based Bioenergy Production[END_REF] Microalgae have a high areal productivity [START_REF] Tan | A Review on Microalgae Cultivation and Harvesting, and Their Biomass Extraction Processing Using Ionic Liquids[END_REF][START_REF] Russell | High-Value Biochemical Products & Applications of Freshwater Eukaryotic Microalgae[END_REF] but self-shading of cells limits the biomass concentration in microalgal cultures to about 0.5 g L -1 in extensive (raceway ponds) and 5 g L -1 in intensive cultivation systems (photobioreactors). Consequently, harvesting the biomass is a challenge that involves processing of large volumes of culture broth. [START_REF] Barros | Harvesting Techniques Applied to Microalgae: A Review[END_REF][START_REF] Tan | A Review on Microalgae Cultivation and Harvesting, and Their Biomass Extraction Processing Using Ionic Liquids[END_REF][START_REF] Muylaert | Harvesting of Microalgae: Overview of Process Options and Their Strengths and Drawbacks[END_REF] Harvesting of microalgae can be done using either gravity-(sedimentation, centrifugation) or filtration-based (membranes) methods. [START_REF] Gerardo | Harvesting of Microalgae within a Biorefinery Approach: A Review of the Developments and Case Studies from Pilot-Plants[END_REF][START_REF] Japar | Harvesting Microalgal Biomass and Lipid Extraction for Potential Biofuel Production: A Review[END_REF] In both approaches, harvesting is complicated by the small size of microalgal cells (about 5 µm). The efficiency of sedimentation/centrifugation and filtration could be greatly improved by increasing the size of the particles. This can be achieved by coagulation and flocculation of individual cells into larger aggregates or flocs. [START_REF] Muylaert | Harvesting of Microalgae: Overview of Process Options and Their Strengths and Drawbacks[END_REF][START_REF] Mubarak | Flocculation: An Effective Way to Harvest Microalgae for Biodiesel Production[END_REF] Spontaneous flocculation of cells is prevented by the negative surface charge of the cells that results in stabilisation of microalgal suspensions by electrostatic repulsion. [START_REF] Gerardo | Harvesting of Microalgae within a Biorefinery Approach: A Review of the Developments and Case Studies from Pilot-Plants[END_REF] Flocculation can be induced by chemicals that interact with the negative surface of microalgal cells. [START_REF] Vandamme | Flocculation as a Low-Cost Method for Harvesting Microalgae for Bulk Biomass Production[END_REF] These chemicals include inorganic metal salts and organic polymers. Metal salt flocculants induce flocculation by generating cationic metal hydroxides that interact with microalgal cells. [START_REF] Vandamme | Reversible Flocculation of Microalgae Using Magnesium Hydroxide[END_REF] These metal salt flocculants are only effective in a specific pH range, require high doses and result in a high ash content of the biomass. [START_REF] Chen | Photobioreactor Design and Harvesting of Microalgae for Biodiesel Production: A Critical Review[END_REF] Organic flocculants include synthetic polymers such as polyacrylamides or polyethyleneimines as well as natural polymers such as chitosan, tannins, modified starch or modified cellulose. [START_REF] Vandamme | Reversible Flocculation of Microalgae Using Magnesium Hydroxide[END_REF][START_REF] Vandamme | Flocculation of Microalgae Using Cationic Starch[END_REF][START_REF] Roselet | Screening of Commercial Natural and Synthetic Cationic Polymers for Flocculation of Freshwater and Marine Microalgae and Effects of Molecular Weight and Charge Density[END_REF][START_REF] Molina Grima | Recovery of Microalgal Biomass and Metabolites: Process Options and Economics[END_REF][START_REF] Gregory | Adsorption and Flocculation by Polymers and Polymer Mixtures[END_REF] They are generally preferred over metal salts as they require low doses and produce large and stable flocs.

Cationic polymers adsorb on the surface of microalgal cells through electrostatic interactions. When a polymer adsorbs on a particle surface, adsorption is rarely complete, resulting in tails and loops that extend from the particle surface. Over time, the polymer can adjust its conformation to achieve a higher degree of adsorption, but this is a relatively slow process. [START_REF] Gregory | Polymer Adsorption and Flocculation in Sheared Suspensions[END_REF] Polymer flocculants can induce flocculation through bridging or charge neutralisation. In bridging, tails or loops that protrude from the cell surface attach to a non-covered patch on another cell, resulting in a linking of the two cells. This bridging mechanism only works with polymers that have a high molecular weight so that they can extend beyond the range over which electrostatic repulsion between cells occurs, which is a function of the reciprocal Debye length. [START_REF] Pelssers | Kinetics of Bridging Flocculation Role of Relaxations in the Polymer Layer[END_REF] It also requires a low surface coverage of the cells by the polymer and, hence, occurs when the algae's ζ-potential is still negative. In charge neutralisation, anionic charges on the particle surface are neutralized by cationic charges of the polymer and flocculation occurs at a net zero surface charge (i.e., when ζ-potential is close to zero). Flocculation by charge neutralisation is not dependent on molecular weight of the polymer but rather depends on the number of charges added. When the polymer is dosed in excess, adsorption of the excess polymer on algae will result in a surface charge reversal of the algae. This charge reversal can result in restabilization of the microalgal suspension. [START_REF] Gregory | Kinetic Aspects of Flocculation by Cationic Polymers[END_REF] One of the most widely used types of polymer flocculants are polyacrylamides. They are commonly used in industries such as wastewater treatment or paper making, [START_REF] Wong | Treatment of Pulp and Paper Mill Wastewater by Polyacrylamide (PAM) in Polymer Induced Flocculation[END_REF] and have also been frequently applied for microalgae harvesting (see Shaikh et al. [START_REF] Shaikh | A Comprehensive Review on Harvesting of Microalgae Using Polyacrylamide-Based Flocculants: Potentials and Challenges[END_REF] for a review). Polyacrylamides are very effective for flocculating microalgae, producing large and stable flocs at low doses. [START_REF] Bleeke | Optimization of Freshwater Microalgal Biomass Harvest Using Polymeric Flocculants[END_REF] Yet, the use of polyacrylamides is discouraged because there may be traces of acrylamide monomer, which has been identified as a carcinogen and a neurotoxin and is toxic to aquatic life. [START_REF] Roselet | Screening of Commercial Natural and Synthetic Cationic Polymers for Flocculation of Freshwater and Marine Microalgae and Effects of Molecular Weight and Charge Density[END_REF] In this study we propose the use of a methacrylate-based polymer as an alternative to acrylamide-based polymers. We used an amine-modified derivative of methacrylate, 2-(dimethylamino)ethyl methacrylate or DMAEMA, to obtain a cationic polymer that can interact with the negatively charged microalgal cell surface, which is essential to induce flocculation. PDMAEMA displays very low toxicity [START_REF] Finiuk | Evaluation of Phytotoxicity and Mutagenicity of Novel DMAEMA-Containing Gene Carriers[END_REF] and is used in pharmaceutical applications such as drug delivery [START_REF] Bettencourt | Methyl Methacrylate) Particulate Carriers in Drug Delivery[END_REF] . PDMAEMA has been introduced as a safer alternative to polyacrylamide-based flocculants in wastewater treatment. [START_REF] Lu | A Novel Acrylamide-Free Flocculant and Its Application for Sludge Dewatering[END_REF] PDMAEMA has, as far as we know, not been used for harvesting microalgae, although Nguyen et al. [START_REF] Nguyen | Synthesis and Evaluation of Cationic Polyacrylamide and Polyacrylate Flocculants for Harvesting Freshwater and Marine Microalgae[END_REF] recently developed a cationic acrylate-based polymer for harvesting microalgae. However, the methacrylate DMAEMA was shown to have an increased hydrolytic stability when compared to its acrylate counterpart. [START_REF] Zheng | Deep Insights into the Hydrolysis of N,N-Dialkylaminoethyl Methacrylates in Aqueous Solution with 1H NMR Spectroscopy[END_REF][START_REF] Cotanda | A Comparative Study of the Stimuli-Responsive Properties of DMAEA and DMAEMA Containing Polymers[END_REF][START_REF] Van De Watering | A Mechanistic Study of the Hydrolytic Stability of Poly(2-(Dimethylamino)Ethyl Methacrylate)[END_REF] Few studies have investigated the role of polymer molecular weight in flocculation of microalgae.

Roselet et al. [START_REF] Roselet | Screening of Commercial Natural and Synthetic Cationic Polymers for Flocculation of Freshwater and Marine Microalgae and Effects of Molecular Weight and Charge Density[END_REF] compared the efficiency of several commercially available polyacrylamide-based flocculants with variable molecular weight. Although the range of molecular weights studied was small (4.1 to 8.6 MDa), they observed a decrease in flocculation efficiency with increasing molecular weight. The authors, however, could not exclude the possibility that this change was due to differences in charge density between the polymers. In this study we used RAFT (reversible addition-fragmentation chain-transfer) polymerisation to synthesize PDMAEMA. RAFT polymerisation allows for a tight control over polymer size and polydispersity. [START_REF] Chiefari | Living Free-Radical Polymerization by Reversible Addition -Fragmentation Chain Transfer: The RAFT Process[END_REF] This allowed us to produce PDMAEMA with specific molecular weights and constant charge densities. The molecular weight of each polymer was subsequently determined using gel permeation chromatography, enabling us to investigate the influence of polymer molecular weight on microalgae flocculation.

The aim of this study is to evaluate the use of PDMAEMA as a novel type of polymer flocculant for harvesting microalgae. The flocculating capacity of linear PDMAEMA with different polymer lenghtes were tested on the freshwater microalgae Chlorella vulgaris, which is a commercially important microalgae [START_REF] Tiong | Chlorella Vulgaris: A Perspective on Its Potential for Combining High Biomass with High Value Bioproducts[END_REF] and is commonly used as a model species in harvesting research. We carried out additional experiments to understand whether PDMAEMA induces flocculation in Chlorella vulgaris through a charge neutralisation or a bridging mechanism and evaluated the influence of polymer length on the flocculation properties.

Materials and Methods

Materials

HCl (37%) was purchased from VWR International. 2-(dimethylamino)ethyl methacrylate (Sigma Aldrich, 98%, contains 700-1000 ppm hydroquinone as inhibitor), 2-cyano-2-propyl benzodithioate (Sigma Aldrich, >97%), 1,1′-azobis(cyclohexanecarbonitrile) (Sigma Aldrich, 98%), dioxane (Acros Organics, 99.5%), n-heptane (Fisher Scientific, 99%), chloroform with 0.6% ethanol stabiliser (VWR, reagent grade), tetrahydrofuran stabilised with 250 ppm butylated hydroxytoluene (Merck, >99.9%), triethylamine (Sigma Aldrich, >99.5%). All chemicals were used as obtained without any further purification.

Synthesis of PDMAEMA

In a glass vial equipped with a stirring bar, DMAEMA monomer and the RAFT agent 2-cyano-2propyl benzodithioate were added in the desired ratios (50:1 for L50, 100:1 for L100, 250:1 for L250, 1000:1 for L850 (85% monomer conversion)) and dissolved in dioxane (50% w/v). Subsequently, the radical initiator 1,1′-azobis(cyclohexanecarbonitrile) (0.100 equiv. compared to RAFT agent) was added. The glass vial was sealed with a septum and degassed by bubbling the reaction solution with argon for 15 minutes. Then, the glass vial was placed in a pre-heated oil bath and stirred for 24 h at 90 °C. For the synthesis of L850, the reaction time was increased to 48 h. The reaction mixture was allowed to cool down to room temperature and was diluted with chloroform. The obtained slightly viscous solution was then twice precipitated in cold heptane and the obtained viscous substance was dried on a rotary evaporator under reduced pressure. Further drying in a vacuum oven at 60 °C for 24 h yielded the product as a slightly pink and sticky solid. This methodology was used to synthesise the polymers with a degree of polymerisation of 100 (L100), 250 (L250) and 850 (L850).

The polymer with a degree of polymerisation of 50 (L50) failed to precipitate from cold heptane due to the low molecular weight and was therefore used as obtained after drying under vacuum at 60 °C overnight. The residual monomer content was <5%, which was determined by 1 H NMR spectroscopy.

The polymer with a degree of polymerisation of 650 (L650) was prepared by following a different protocol. For the synthesis of L650, the polymerisation was set up with a DMAEMA to RAFT agent ratio of 250/1 (degree of polymerisation = 250). After 24 h, another 250 equivalents of DMAEMA (compared to RAFT agent) were added as a degassed solution in dioxane (50% w/v) and the reaction was continued for another 24 h before this step was repeated one more time. After another 24 h, the reaction was stopped and the obtained polymer was purified and isolated as explained above.

Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance spectra were recorded on a Bruker AV-III 400 MHz for 1 H measurements. CDCl 3 was used as solvent and the resonance signal of residual CHCl 3 at 7.26 ppm served as reference for the chemical shift, δ. Monomer conversion values were calculated by comparing integration values of the signal from remaining acrylic protons at 5.00-6.50 ppm with the overlapping monomer and polymer signal of the -CH 2 -group between 3.80-4.50 ppm.

Gel permeation chromatography (GPC)

The molecular weight of the obtained polymers was determined using GPC. GPC measurements were conducted on an Agilent 1260 infinity system operating in THF + 1% triethylamine and equipped with an autosampler, a refractive index detector, and a variable wavelength detector. The setup was complemented with a light scattering detector (miniDAWN from Wyatt Technologies) and a viscometer (ViscoStar from Wyatt Technologies). The system was equipped with a PLgel 5 mm guard column (50 × 7.5 mm) and two separation columns from Agilent (PLgel mixed-C) which were kept at 35 °C in a column oven. Samples were prepared by dissolving a known amount of the polymer in HPLC grade THF + 1% triethylamine. All samples were filtered through 0.2 μm PTFE filters before analysis. Measurements were conducted at a flow rate of 1 mL min -1 and 100 µL of sample solution was injected. The values for M n , M w , and the polydispersity index (PDI) were calculated from the RI detector signal and the light scattering detector signal. The dn/dc value of a purified sample of L100 was calculated by the 100% mass recovery method, measuring a solution with known polymer concentration and assuming 100% mass recovery. This value (0.085 mL/g) was used to analyse all polymer samples. Data analysis was conducted using Astra 8.1 software from Wyatt Technologies.

Cultivation of microalgae

The freshwater microalgae Chlorella vulgaris 211-11b (SAG) was used as a model microalgae in all experiments. For flocculation experiments, Chlorella was cultivated in Wright's Cryptophyte (WC) medium 32 in 30 L bubble column photobioreactors (20 cm diameter, polycarbonate). Light was provided by two daylight fluorescent tubes for each photobioreactor (Sylvania GRO-LUX T8 F36W/Gro) at a light : dark regime of 18 : 6. The reactors were continuously bubbled with sterilefiltered (0.2 µm filter) air at 5 L min-1 to generate mixing and to sparge excess oxygen. The pH was controlled with a pH-stat system set at 8.5 by addition of air containing 2-3 % CO 2 . Flocculation experiments were carried out when the culture was in late exponential growth phase (achieved at day 6 -8). Prior to the experiments, the biomass concentration was standardized at an OD 750 nm of 0.7 (corresponding to 0.28 g L -1 biomass concentration) by diluting the culture with demineralized water.

For AFM experiments, Chlorella was cultivated in smaller volumes in culture flasks (50 mL) under sterile conditions. For that, an incubator equipped with white neon lights tubes providing illumination of approximately 40 µmol.photons.m-2.s-1 with a photoperiod of 18 h light: 6 h dark was used.

Cultures were realized at 20°C, under 120 rpm of agitation. AFM experiments were also performed when the cultures were in late exponential growth phase, after 6 to 8 days.

Flocculation experiments

Flocculation of the microalgae Chlorella by PDMAEMA of various molecular weights was determined in jar test experiments. Jar test experiments were carried out in 50 mL volume jars. The initial optical density (OD i ) of the algal culture was adjusted to 0.70 ± 0.05 by adding fresh culture medium to ensure a constant initial algal concentration. The pH of the culture was adjusted to 6 using 0.5 M HCl prior to the addition of the polymers in order to ensure protonation of the tertiary amine groups, except when stated otherwise. All flocculation experiments were performed at ambient temperature (20-25 °C). Stock solutions (5 g L -1 ) of the polymers were prepared in MiliQ water by vortexing the solutions. The pH of the polymer solutions was adjusted to 6 to aid in dissolution of the polymer. The polymers were added to the microalgal suspension at doses ranging from 0 to 200 mg L - 1 , with concentrations in the lower end of this range (0 -50 mg L -1 ) used to determine the minimum dose required to induce flocculation and concentrations including the higher end of this range (0 -200 mg L -1 ) to evaluate restabilization of the suspension of microalgal cells at overdosing. After addition of the polymer, the microalgal suspension was mixed at 200 rpm using a magnetic stirrer for 20 min.

After that, the suspension was transferred to a 50 mL falcon tube and allowed to settle for 30 min.

Flocculation efficiency (η a ) was determined by quantifying the change in optical density (OD 750 ) of the microalgal algal suspension, measured before (OD i ) and after (OD f ) flocculation (eq 1). All experiments were performed in duplicate.

(1)

The influence of pH on the flocculation efficiency by PDMAEMA was tested for the L50 polymer by varying the pH between 3.5 and 11.5 and keeping a constant dose of 20 mg L -1 . The pH was adjusted by adding HCl (0.5 mol L -1 ) or NaOH (0.5 mol L -1 ) immediately after addition of the PDMAEMA while the suspensions was stirred at 550 rpm to avoid flocculation at this stage. A total of 20 pH levels between pH 3.5 and 11.5 were evaluated. Instead of duplicates, more data points (20 instead of 10) were collected as obtaining equal pH-values is practically impossible. We tested whether dispersion restabilization at a high polymer dose could be reduced by a stepwise addition of the polymer. Two doses were chosen: a dose of 30 mg L -1 , which is a dose that should induce flocculation for both L50 and L850 and the maximum dose of 200 mg L -1 which tended to result in dispersion restabilization. Two approaches were used: for fast addition, all polymer was added at once to microalgal suspension, while for the slow addition aliquots of the flocculant (corresponding to a dose of 10 mg L -1 ) were added with intervals of 30 sec to the microalgal suspension until the required dose was reached, hence in 3 intervals corresponding to 1 min 30 s for a dose of 30 mg L -1 and 20 intervals, corresponding to 10 min for a dose of 200 mg L -1 . These experiments were performed in triplicate.

Sigmoidal regression

Sigmoidal regression was used to determine the PDMAEMA dose required to induce flocculation as well as the maximum flocculation efficiency. Data from the experiments using a lower dose range (0-50 mg L -1 ) were used for the model but doses of 40 and 50 mg L -1 were excluded as the model could not take into account the decrease in flocculation efficiency at high doses. The following 3 parameter model (eq 2) was used:

(

With η a being the measured flocculation efficiency and x being the PDMAEMA dose, a is the modelled mmaximum flocculation efficiency, x 0 is the dose at the inflection point and b is a parameter describing the slope of the dose. Fitting of the model was done using the least squares method in OriginPro 2019.

ζ-potential measurements

To determine changes in surface charge of the microalgal cells in response to addition of PDMAEMA, ζ-potential measurements were performed on a Brookhaven Instruments NanoBrook Omni instrument in phase analysis light scattering (PALS) mode. For both the polymers (L50 and L850), supernatants of polymer doses of 10 mg L -1 and 20 mg L -1 were diluted up to 5 times and ζpotential was measured of the diluted sample. For all the other doses, the supernatant was measured as it was. Each measurement consisted of three readings of 30 cycles each.

AFM imaging experiments

After culture, the pH of the cell suspensions was adjusted to 6 using acetic acid. Then, DMAEMA polymers L50 or L850 were added to the pH-adjusted culture at a final concentration of 20 mg L -1 and the cells were incubated for 20 minutes at 20°C under 120 rpm agitation. After that, cells were diluted in WC medium adjusted to pH 6 and immobilized on polyoctyl-chitosan (PO-chitosan) coated glass slides. Briefly, a 2.5 g L -1 solution of PO-chitosan synthesized in a previous study was spin-coated on plasma cleaned glass surfaces at 1000 rpm for 3 min. [START_REF] Demir-Yilmaz | Bubble Functionalization in Flotation Process Improve Microalgae Harvesting[END_REF] The glass slides were then dried in an incubator at 37°C overnight before use. Then, 1 mL of cell suspensions was deposited on the surface, incubated during 30 min, and rinsed using sterile microalgal culture medium pH 6 before performing the AFM experiments. Height images of the cells and of small areas of 0.5 x 0.5 µm at their surface were recorded using the Quantitative Imaging mode available on the Nanowizard IV XP AFM (Bruker, USA), with MLCT cantilevers (Bruker, nominal spring constant of 0.01 N/m). Images were recorded with a resolution of 100 x 100 pixels for small areas on top of cells and of 150 x 150 pixels for whole cells, using an applied force comprised between 0.8 and 1.5 nN and a z-length of 1 µm. In all cases, the cantilevers spring constants were determined using the thermal noise method prior to imaging. [START_REF] Hutter | Calibration of Atomic-force Microscope Tips[END_REF] The height images obtained on small areas on top of cells were then analysed using the data processing software (Bruker, USA) to determine the arithmetic average roughness (Ra). In each conditions (control cells, cells incubated with L50 and cells incubated with L850), 15 different images were recorded on 15 different cells coming from at least two independent cultures. To assess the significance of the differences observed between the different conditions tested, non-parametric statistical Mann and Whitney test was used. The differences were considered significant at p-value < 0.05.

Results and discussion

Synthesis of DMAEMA polymers with well-defined MW

The DMAEMA monomer was polymerised into PDMAEMA using RAFT polymerisation with 2cyano-2-propyl benzodithioate as a chain transfer agent (RAFT agent), which is a suitable choice for the polymerisation of methacrylate monomers. The radical initiator 1,1′azobis(cyclohexanecarbonitrile) (ACCN) was used at a concentration of 10 mol% compared to the RAFT agent and polymerisations were typically carried out at a monomer concentration of 50 w% at 90 °C. The addition of a radical initiator is essential in thermally activated RAFT polymerisation in order to form initial radicals.

RAFT polymerisation was used as this method provides good control over the polymerization, which was important in this study to investigate the influence of polymer size on microalgae flocculation.

Since it is a controlled polymerization, the molar ratio between RAFT agent and monomer dictates the chain length of the polymer. For example, the molar ratio RAFT agent/monomer of 1:50 would result in a polymer chain with an average of 50 monomer units (degree of polymerization (DP) = 50). Five polymers from DMAEMA were synthesised by adjusting the RAFT/monomer ratio.

As expected, the syntheses of linear polymers yielded products with narrow molecular weight distributions and molecular weights close to their theoretical values (Table 1). To exemplify, the linear polymer with a DP of 100 (L100) was analysed via multidetector gel permeation chromatography (GPC). The theoretical number average molecular weight (M n,theo ) of this polymer is 15.9 kDa. GPC analysis of the polymer L100 resulted in a M n,GPC value of 16.6 kDa and a polydispersity index (PDI) of 1.09. This GPC result is very close to the expected molecular weight of the polymer, which underpins the good control achieved by the RAFT polymerisation. The monomer conversion was monitored by 1 H NMR spectroscopy (Figure S1-S6). Conversion values were calculated by comparing integration values of the signal from remaining acrylic protons at 5.00-6.50 ppm with the overlapping monomer and polymer signal of the -CH 2 -group between 3.80-4.50 ppm. To illustrate, we added the 1 H NMR spectrum of L50 to the supporting information (Figure S6). Here, the relevant signals and their integration values are shown in order to determine the monomer content. For all synthesised polymers, high monomer conversion, expected molecular weights, and narrow PDIs were obtained. It has to be noted, that the synthesis of L650 was an attempt to synthesise an ultra-high molecular weight poly(DMAEMA) by sequential monomer addition. However, as can be seen in Figure 1, chain-chain coupling and dead chains were visible in the GPC traces as shoulders to the sides of the main distribution after the third monomer addition cycle. Nevertheless, this polymer was also used in the flocculation experiments. Furthermore, the other GPC traces of PDMAEMA show a slight high molecular weight shoulder which is likely to result from small amounts of chainchain coupling during the polymerisation. However, the coupled species are present at very low concentrations, which is evident from the narrow PDI values and should therefore not influence the outcome of the microalgae flocculation studies drastically. For more detailed figures, the separate GPC traces can be found in Figures S7-S11. 

Microalgae flocculation experiments

Because PDMAEMA carries dimethylamino-groups that are only to a large extent protonated and cationic at acidic to circum-neutral pH, we initially carried out an experiment to determine the optimal pH for flocculation using the L50 PDMAEMA at a concentration of 20 mg L -1 (Figure 2). These results showed a clear pH-dependence of flocculation efficiency with a good flocculation below pH 7 and poor flocculation above pH 7. This is in agreement with studies that reported a pKa of 7.5 for the amine groups of PDMAEMA. [START_REF] Pietsch | Thermo-Induced Self-Assembly of Responsive Poly(DMAEMAb-DEGMA) Block Copolymers into Multi-and Unilamellar Vesicles[END_REF][START_REF] Lee | A Discussion of the PH-Dependent Protonation Behaviors of Poly(2-(Dimethylamino)Ethyl Methacrylate) (PDMAEMA) and Poly(Ethylenimine-Ran -2-Ethyl-2-Oxazoline) (P(EI-r -EOz))[END_REF] Therefore, pH was adjusted to 6 in all subsequent experiments. The PDMAEMA batches were subsequently used in jar test experiments to determine the minimum dose to induce flocculation and the maximum flocculation efficiency. Flocculation is induced for all flocculants between a dose of 15 and 20 mg L -1 , while the maximum flocculation efficiency varied between 89 and 95% and was achieved at a dose between 20 and 30 mg L -1 (Figure 3). Given that the microalgal biomass concentration used in the experiments was fixed at 280 mg L -1 , this corresponds to a dose of 0.05 to 0.07 g g -1 . This is in the higher end of the range of the doses reported for polyacrylamide-based flocculants. [START_REF] Shaikh | A Comprehensive Review on Harvesting of Microalgae Using Polyacrylamide-Based Flocculants: Potentials and Challenges[END_REF] The dose required by our methacrylate-based polymer, however, is comparable to the dose required by the acrylate-based flocculant developed by Nguyen et al. (0.05 g g -1 ). [START_REF] Roselet | Screening of Commercial Natural and Synthetic Cationic Polymers for Flocculation of Freshwater and Marine Microalgae and Effects of Molecular Weight and Charge Density[END_REF][START_REF] Nguyen | Synthesis and Evaluation of Cationic Polyacrylamide and Polyacrylate Flocculants for Harvesting Freshwater and Marine Microalgae[END_REF] Some values for the flocculation efficiency in Figure 3 are below 0. This can be explained by the growth of the microalgae over the timespan of an experiment: The OD i is measured before the experiment starts, but growing microalgae will result in an increase in OD by the end of the experiment, which can lead to negative flocculation efficiencies, especially at low doses where no flocculation is observed. Sigmoidal regression (eq. 2) was used to estimate the maximum flocculation efficiency as well as the dose at the inflection point (Figure 4, Figures S12-S15 and Table S1). The sigmoidal model fitted the data well and R 2 was always > 0.99. The maximum flocculation efficiency did not differ much between the different PDMAEMA batches and varied between 95.1 ± 2.2% and 88.9 ± 1.8%. The dose at the inflection point, corresponding to the onset of flocculation, varied between 19.0 ± 1.5 mg L -1 and 17.2 ± 0.1 mg L -1 for L100 through L850 but was slightly higher at 23.5 ± 0.3 mg L -1 for the L50. This indicates that molecular weight has limited influence on the dose required to induce flocculation, at least not over the range of molecular weights investigated in this study (9.30 to 113.7 kDa). ζ-potential can be used as a tool to investigate the stability of a suspension. [START_REF] Vandamme | Flocculation as a Low-Cost Method for Harvesting Microalgae for Bulk Biomass Production[END_REF] ζ-potentials with either strong positive or negative values caused by surface charges (e.g. negative charges on the surface of microalgae or positive charges from cationic pDMAMEA) will cause stable suspensions. However, when the ζ-potential is close to 0, particles can approach each other as there is less repulsion between particles, potentially resulting in flocculation. This is the case for flocculation via charge neutralization. Flocculation via the bridging or patch mechanism can occur at ζ-potentials lower than 0. [START_REF] Blockx | Cationic Cellulose Nanocrystals for Flocculation of Microalgae: Effect of Degree of Substitution and Crystallinity[END_REF] We measured the ζ-potential of the microalgal suspension at different doses for the smallest (L50) and the largest (L850) polymers. As shown in Figure 5, for the L50 polymer, the ζ-potential increased from an initial value of -28 mV to a value of 0 mV at the dose needed to induce flocculation (40 mg L -1 in this specific experiment). When the dose needed to induce flocculation was exceeded, the ζpotential did not increase further and remained below +2 mV even at a dose of 200 mg L -1 . This indicates an instable suspension once flocculation is achieved, regardless of dose. For the L850 polymer, on the contrary, the ζ-potential was +8 mV at the dose needed to induce flocculation and increased up to +14 mV when the dose was increased to 200 mg L -1 . The increase in ζ-potential indicates that the suspension becomes more stable at higher doses, resulting in restabilization. Polymer flocculants can induce flocculation through either charge neutralisation or bridging. If flocculation would occur through a bridging mechanism, we would expect that higher MW polymers would be more effective in inducing flocculation than low MW polymers as high MW may be capable of extending beyond the electrical double layer and induce flocculation by bridging. In this study, the dose required to induce flocculation was proportional to the number of charges added and was independent of molecular weight. If bridging was the main mechanism, we would also expect that flocculation would occur when the ζ-potential is negative. The ζ-potential measurements, on the contrary, indicated that flocculation occurs when the surface charge of the microalgal cells is close to zero (Figure 5). Our conclusion that flocculation occurs through charge neutralisation rather than bridging is in contrast with previous reports on flocculation by polyacrylamide polymers, which points to bridging as the primary mechanism as flocculation occurs when ζ-potential of the microalgal cells is still negative. [START_REF] Gerchman | Effective Harvesting of Microalgae: Comparison of Different Polymeric Flocculants[END_REF][START_REF] Vu | Factors Governing Microalgae Harvesting Efficiency by Flocculation Using Cationic Polymers[END_REF] This difference may be due to the larger molecular weight of the polyacrylamide polymers used in these studies (15 MDa in Vu et al. 2021 [START_REF] Vu | Factors Governing Microalgae Harvesting Efficiency by Flocculation Using Cationic Polymers[END_REF] , no data available on molecular weight in Gerchman et al. 2017 [START_REF] Gerchman | Effective Harvesting of Microalgae: Comparison of Different Polymeric Flocculants[END_REF] ). The molecular weight of the polymers used in this study is about an order of magnitude lower than that of commercial polyacrylamide polymers that have been used for harvesting microalgae, which have a molecular weight in the MDa range. [START_REF] Shaikh | A Comprehensive Review on Harvesting of Microalgae Using Polyacrylamide-Based Flocculants: Potentials and Challenges[END_REF] Due to the lower molecular weight of the studied PDMAEMA , tails of the polymer cannot extend beyond the electrical double layer of the microalgal cell to form a bridge with another cell. This difference in flocculation mechanism explains why polyacrylamide polymers with molecular weights in the MDa range require a lower dose to induce flocculation.

Dispersion restabilization at high doses

As we observed a tendency for the flocculation efficiency to decrease when the optimal dose (the dose at which maximum flocculation is reached) was exceeded, additional experiments were carried out using higher doses. These experiments (Figure 6) showed that the flocculation efficiency declined strongly when the optimal dose was exceeded when using high molecular weight polymers, but not when using polymers of lower molecular weight. This points to an important influence of molecular weight on dispersion restabilization with overdosing of the polymer.

Our data showed that increasing the MW of the PDMAEMA was associated with an increased restabilization of the microalgal suspensions at high doses. When a polymer adsorbs onto the surface of a microalgal cell not all of the cationic groups on the polymer will instantly interact with a negative group on the microalgal cell surface. This results in tails and loops emerging from the microalgal cell [START_REF] Gregory | Adsorption and Flocculation by Polymers and Polymer Mixtures[END_REF][START_REF] Kumar | A Novel Non-Starch Based Cationic Polymer as Flocculant for Harvesting Microalgae[END_REF] Over time, the polymer will reorganise its configuration in order to maximize the interaction with the microalgal cell surface, but this is a slow process [START_REF] Gregory | Adsorption and Flocculation by Polymers and Polymer Mixtures[END_REF] . This process is faster for low MW polymers compared to high MW polymers. As a result, when an excessive dose of a high MW polymer is added to a microalgal suspension, most, if not all, polymers will partially bind to the microalgal cells, leaving long tails containing cationic groups emerging from the cell surface, resulting in a charge reversal of the cell surface and restabilization of the suspension. This can most notably be observed in Figure 6 for polymers L650 and L850 starting at 40 mg L -1 , but also already for L250 at a dose of 200 mg L -1 . When an excessive dose of low molecular weight polymers is added, on the contrary, individual polymers will rapidly change their conformation and bind completely to the microalgal cell surface, leaving no anionic groups available to interact with polymers that have been added in excess.

As a result, these smaller polymers neutralize the surface charge without reversing it, which can be observed for the L50 and L100 polymers, which does not show any restabilization up to the highest tested dose of 200 mg L -1 . The ζ-potential measurements of the L50 and L850 polymers are in line with these hypotheses (see Figure 5). For the low MW polymer L50, the ζ-potential remains close to 0 even at high dose, while for the high MW polymer L850 the ζ-potential increases to positive values when the dose exceeds the optimal dose to induce flocculation, resulting in restabilization. To further confirm our hypothesis, we then used atomic force microscopy (AFM) to image the surface of cells in the presence or absence of L50 and L850 polymers (Figure 7). Both control cells and cells incubated with L50 polymer display a smooth surface (3D height images presented in Figure 7a-c).

When cells have been incubated with L850 polymer, on the contrary, structures at the surface of cells are visible. Since they are not present in the two other conditions, they most likely correspond to the L850 polymer emerging from the surface of cells. We then took a closer look at the surface of cells and recorded images of 0.5 x 0.5 µm areas on top of cells (Figure 7d-f). While for control cells the surface was smooth, for some cells incubated with L50 polymers (4 out of 15 cells imaged), small structures can be seen that extend from the surface (Figure 7e, indicated by the white arrow), but their height remains low (approximately 2-3 nm according to the cross-section in Figure 7h). In the case of cells incubated with L850 polymers, on the contrary, all cells present structures on their surface as in the image presented in Figure 7f (aggregates indicated with white arrows), which have a size reaching 10 nm in height (Figure 7i). These observations constitute a first element in favour of the hypothesis formulated previously: when L850 polymers are added, long tails emerge from the surface, while L50 polymer bind completely to cell surfaces and do not protrude (or a little) from it. To quantify this, we then used the high-resolution images recorded on top of cells to measure the roughness of the cell surface. The results are presented in Figure 8. For control cells, the average roughness measured is of 0.92 ± 0.25 nm, which is in perfect accordance with previous results obtained in our team on C. vulgaris cells at the same pH value (6). [START_REF] Demir | Nanoscale Evidence Unravels Microalgae Flocculation Mechanism Induced by Chitosan[END_REF] The roughness value is similar when cells have been incubated with L50 polymer, of 0.89 ± 0.26 nm, but increases significantly for cells incubated with L850 polymer, to 1.86 ± 0.61 nm. In each case, results are the average of values obtained from 15 cells coming from independent cultures; all data are presented in Table S2 in the Supplementary Data.

These quantitative results further confirm the observations made on the AFM images of the cell surfaces. Long polymers added in the cell suspension present long tails that emerge from the cell surface, and which are directly visible at high resolution, resulting in an important increase in cell surface roughness. On the contrary, short L50 polymers tend to all bind to the cell surface which remains smooth with a roughness equal to that of control cells. This is the first time to our knowledge that AFM is used to visualize the absorption of polymers onto the surface of microalgae cells.

However, one study has showed that the adsorption of chitosan polymers on the surface of mammalian cells increased their roughness in a significant manner. [START_REF] Patel | An Atomic Force Microscopy Investigation of Bioadhesive Polymer Adsorption onto Human Buccal Cells[END_REF] In this case also, AFM highresolution images of the cells showed the presence of the polymers on the surface, comparable to what we observe here. Dispersion restabilization is a problem when using a polymer for harvesting microalgae as the harvesting efficiency will drop dramatically when the optimal dose of polymer is slightly exceeded.

Therefore, lower MW polymers are preferred over polymers with higher MW. The problem of dispersion restabilization with high MW polymers might be solved by a slower addition of the polymers: by adding the polymer slowly, each polymer has time to rearrange its configuration and maximize the interaction with the microalgal cell surface before the next polymer adsorbs onto the microalgal cell. [START_REF] Gregory | Kinetic Aspects of Flocculation by Cationic Polymers[END_REF] We tested this hypothesis by comparing the flocculation efficiency when adding an low dose (30 mg L -1 ) versus high polymer doses (200 mg L -1 ) at a fast versus a slower rate (see Figure 9). At the operating dose, the flocculation efficiency was high for both high and low MW polymers irrespective of whether the polymer was added fast or slow. When this dose was exceeded, for the low molecular weight polymer, the flocculation efficiency was comparable irrespective of whether the polymer was added fast or slow. For the high molecular weight polymer added at a high dose, on the other hand, the flocculation efficiency was only 10% when all of the polymer was added at once, but it increased to 49% when the polymer was added slowly over a period of 10 minutes. This demonstrates that dispersion restabilization resulting from higher polymer molecular weights can be improved by a stepwise addition of the polymer. These results confirm the hypothesis that longer polymers require more time in order to rearrange on the cell surface, however, high flocculation efficiency could not be reached at the slow addition rate used here. Moreover, to our knowledge, no studies have been published on the effect of slow addition on restabilization when using polymers with very high molecular weight (MDa range) for flocculation. ) where good flocculation efficiency should be achieved for L50 and L850 polymers, and overdosing (200 mg L -1

). Flocculation was performed with fast addition of the flocculant (all in once) and stepwise addition (at 10 mg min weight PDMAEMA results in dispersion restabilization and a decrease in flocculation efficiency when the optimal dose is exceeded, while this is not the case for low molecular weight PDMAEMA.

This can be explained by the fact that low molecular weight polymers all bind to the cell surfaces leaving no free cationic charges, while high molecular weight ones tend to have long cationic tails that protrude from the cell surface. This was notably visualized and quantified using AFM experiments that showed a significant increase of cell wall roughness when cells were incubated with L850 polymer. Dispersion restabilization can be partially prevented by stepwise addition of the PDMAEMA. A minor disadvantage of PDMAEMA is that is requires a relatively low pH to perform well. This might be solved in the future by using a methacrylate with a quaternary amine rather than a dimethylamino-group just like the authors [START_REF] Nguyen | Synthesis and Evaluation of Cationic Polyacrylamide and Polyacrylate Flocculants for Harvesting Freshwater and Marine Microalgae[END_REF] have shown with poly[2 (acryloyloxy)ethyl] trimethylammonium chloride (PAETAC) and poly(3-acrylamidopropyl) trimethylammonium chloride (PAmPTAC) for both freshwater and marine microalgae.

Figure 1 :

 1 Figure 1: GPC traces of linear DMAEMA polymers measured with a THF + 1% triethyl amine eluent (relative intensity of refractive index detector signal is shown).

Figure 2 :

 2 Figure 2: pH dependancy of PDMAEMA L50 (20 mg L -1 ) on flocculation of Chlorella v. The pH was varied between 3.5 and 11.5.

Figure 3 :

 3 Figure 3: Dose-response curve for linear PDMAEMA flocculants L50-L850. The doses varied between 0 and 50 mg L -1 at pH = 6. Experiments were performed in duplicates.

Figure 4 :

 4 Figure 4: Sigmoidal regression plot for L50 PDMAEMA flocculant according to equation 2 (for 0-50 mg L -1 flocculant dose).

Figure 5 :Flocculation

 5 Figure 5: ζ-potential measurement of the supernatant of the flocculation experiment for the shortest tested polymer L50 and the longest tested polymer L850. Each measurement repeated thrice.

Figure 6 :

 6 Figure 6: Dose-response curve for linear PDMAEMA flocculants L50-L850. The doses varied between 0 and 200 mg L -1 at pH = 6. The experiments were performed in duplicate.

Figure 7 :

 7 Figure 7: AFM imaging of C. vulgaris cells in the presence of polymers. 3D height AFM images of a single (a) control cell, (b) cell incubated with L50 polymer (20 mg L -1 ) and (c) cell incubated with L850 polymer (20 mg L -1 ). (d-f) Corresponding high-resolutions images recorded on areas of 0.5 x 0.5 µm on top of cells and (g-i) cross-sections taken along the white lines in (d-f) respectively. The white arrows in e and f indicate the presence of polymers on the cell surface.

Figure 8 :

 8 Figure 8: Box charts showing the distribution of average roughness Ra values obtained for control cells, cells incubated with L50 and cells incubated with L850. For each conditions, 15 cells coming from at least 2 independent cultures were analysed. *** indicate a significant difference at a p-value < 0.001.

Figure 9 :

 9 Figure 9: Flocculation efficiency at a dose (30 mg L -1

- 1 ,

 1 indicated with s before the dose). Experiments were performed in triplicateConclusionsThis study shows that polymerized DMAEMA is a good alternative to polyacrylamide-based polymers for flocculating microalgae. PDMAEMA can be used as a safer and more environmentally friendly alternative for polyacrylamide. The use of RAFT polymerisation allowed us to exert tight control over polymer molecular weight and to study the influence of polymer size on flocculation. ζpotential measurements indicate that PDMAEMA in the investigated molecular weight range induces flocculation primarily through a charge neutralisation mechanism. As a result, polymer size has little influence on the minimal dose required to induce flocculation. On the other hand, high molecular

Table 1 :

 1 GPC analysis of linear DMAEMA polymers using THF as eluent and triethyl amine (1%) as additive

		Mn,GPC	Mw,GPC	PDI	Monomer	rh(v)
	Polymer				conversion	
		(kDa) a	(kDa) a	(Mw/Mn) a	(%) b	(nm) c
	L50 d	9.00	9.71	1.08	>95	2.2
	L100	16.6	18.1	1.09	>99	3.0
	L250	36.8	41.8	1.14	>99	4.7
	L650	87.8	151.8	1.73	61 e	8.8
	L850 f	113.6	149.9	1.32	85	9.4
	a calculated from GPC results using RI and MALS detector signals; dn/dc value of 0.085 mL g -1 was
	calculated from RI detector signal of L100 assuming 100% mass recovery. This dn/dc value was used
	to analyse all polymers				
	b calculated by 1 H NMR spectroscopy			

c hydrodynamic radius calculated by combining RI detector and viscometer signals. d polymer did not precipitate from n-heptane. The solvents was removed under high vacuum and 1 H NMR showed <5% residual monomer. Polymer was used without further purification. e conversion of third monomer addition cycle; sequential monomer addition (L250 portions). f The reaction was set up with RAFT agent / DMAEMA = 1/1000 and stopped at 85% monomer conversion
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