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Abstract

This study aims to examine the flocculation efficiency of Porphyridium purpureum (i.e. a
red marine microalga with high content of pigments and fatty acids) grown in seawater medium
using polyacrylamide polymers and alkaline flocculation. Polymers Flopam™ and FO3801
achieved the highest flocculation efficiency of over 99% at the optimal dose of 21 mg per g of
dry biomass through charge neutralisation and bridging mechanism. The addition of sodium
hydroxide, potassium hydroxide, and sodium carbonate also achieved flocculation efficiency
of 98 and 91%, respectively, but high doses were required (i.e. > 500 mg per g of dry biomass).
Calcium hydroxide was not as effective and could only achieve 75% flocculation efficiency.
Precipitation of magnesium hydroxide was identified as the major cause of hydroxide-induced
flocculation. On the other hand, sodium carbonate addition induced flocculation via both
magnesium and calcium carbonate co-precipitation. The large mass of precipitates caused a
sweeping effect and enmeshed the microalgal cells to trigger sedimentation. Cell membrane
integrity analysis of flocculated P. purpureum indicated that polyacrylamide polymers led to
significant compromised cells (i.e. 96%), compared to the alkaline bases (70-96% compromised
cells). These results appear to be the first to demonstrate the high efficiency of polyacrylamide
polymer and alkaline flocculation of P. purpureum but at the expense of the biomass quality.

Keywords: Porphyridium purpureum; Flopam; Alkaline flocculation; Cell membrane

integrity; Algae harvesting.
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1. Introduction

Microalgae have emerged as a promising platform to produce renewable feedstock for

biorefinery applications (Kumar et al., 2020a), remove nutrient from wastewater (Hom-Diaz et

al., 2017; Nguyen et al., 2020; Tolboom et al., 2019), and sequester carbon dioxide from flue

gas (Chengetal., 2019; Yadav et al., 2019). Porphyridium purpureum is a red marine microalga

notable for its high content of valuable biochemicals such as red pigments (e.g. phycoerythrin),

phycobiliproteins, polyunsaturated fatty acids, and exopolysaccharides (Di Lena et al., 2020;

Gaignard et al., 2019; Kavitha et al., 2016). This species is particularly high in phycoerythrin,

a water-soluble bioactive compound with anti-inflammatory, immunosuppressive, and

antioxidant properties (Sosa-Hernandez et al., 2019). The cultivation of P. purpureum is well

understood and can be easily performed in seawater medium, thus eliminating the need for

arable lands. However, microalgal biomass harvesting at large-scale remains a challenge to the

overall economic viability of P. purpureum cultivation. P. purpureum cells are about 12 pm in

diameter and have almost the same density as water. At stationary phase, a P. purpureum culture

has a biomass content of 0.5 to 2 g/L, therefore intense dewatering is needed to harvest the

biomass (Aizdaicher et al., 2014; Oh et al., 2009; Singh and Patidar, 2018).

Microalgal harvesting is an important step in the supply chain of algal biotechnology. It

accounts for up to 30% of the total processing cost (Singh and Patidar, 2018). Common

harvesting methods include: centrifugation, membrane filtration, flocculation, and flotation

3
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(Kumar et al., 2020b; Singh and Patidar, 2018). Centrifugation can recover high (>90%)

microalgal biomass concentration, but significant energy consumption is a drawback (Singh

and Patidar, 2018). Membrane filtration is an emerging technology that still needs to overcome

the issue of membrane fouling and high maintenance cost (Singh and Patidar, 2018). Among

these methods, flocculation has proven to be an energy efficient, environmental-friendly and

effective approach to harvest a wide range of microalgae (Fasaei et al., 2018; Nguyen et al.,

2019). Nonetheless, the selection of harvesting methods is dependent on: i) the type of

microalga and its characteristics (e.g. size and growth medium), and ii) the desired compounds

to be extracted from the algal biomass.

Monitoring cell membrane integrity during harvesting is important as valuable intracellular

compounds (e.g. pigments and fatty acids) can be lost if the cell membrane is damaged during

the harvesting process. Due to the absence of a rigid cell wall, P. purpureum is likely to be

susceptible to cell membrane damage (Heaney-Kieras and Chapman, 1976; Kendir Cakmak

and Ugurlu, 2020). This particular species is encapsulated within a layer of gelatinous

polysaccharide matrix (i.e. extracellular polymeric substances (EPS)) (Geresh et al., 2002;

Heaney-Kieras and Chapman, 1976). This EPS layer contains proteins, sulfate, xylose,

galactose, glucose, and glucuronic acids (Kendir Cakmak and Ugurlu, 2020). During growth in

aerated cultures and harvesting process, it is expected that the EPS will partially dissolve into

the medium (Heaney-Kieras and Chapman, 1976). Harvesting methods may introduce

4
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hydraulic forces (e.g. differential pressure on two sides of membrane filtration or radial
centrifugal forces exerted on biomass during centrifugation) and chemical bonding or bridging
(i.e. flocculation) to the cells that can potentially damage the cell membrane. Compromised (i.e.
damaged) cell membrane could lead to intracellular leakage. The effects of harvesting methods
on P. purpureum cell membrane are still largely unknown.

P. purpureum biomass is cultivated in seawater culture medium that contains a large
amount of alkaline earth metal ions such as Mg?*" and Ca®". At high pH >9 and under
atmospheric conditions, these ions can precipitate as magnesium hydroxide and calcium
carbonate (Besson and Guiraud, 2013; Mayers et al., 2020; Vandamme et al., 2015). The large
mass of precipitates, while settling down due to gravitational force, entangles with the algal
cells by a sweeping effect. The sedimentation of the algal cells is thus facilitated. Alkaline
flocculation has been reported for seawater and freshwater microalgal cultures (e.g.
Phaeodactylum tricornutum, Chlorella vulgaris, Scenedesmus sp., and Nannochloropsis
oculata) (Vandamme et al., 2015; Wu et al., 2012) and a Dunaliella salina hypersaline culture
(Besson and Guiraud, 2013). However, it has not been studied on a P. purpureum culture.

Recent studies have also demonstrated the effectiveness of cationic polyacrylamide
polymers as flocculants for microalgae harvesting from freshwater and seawater cultures
(Nguyen et al., 2019; Vu et al., 2020). These previous studies have not examined the

effectiveness of polyacrylamide polymer for P. purpureum harvesting. Due to the specific
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composition and structure of the cell membrane of P. purpureum, it is necessary to elucidate
the effect of flocculation on cell integrity to assess the practicality of this harvesting method for
P. purpureum.

This study aims to investigate the harvesting performance of Porphyridium purpureum in
seawater medium using: (a) polyacrylamide polymers Flopam™ and FO3801, and (b) alkaline
flocculation at high pH through the addition of common bases (i.e. sodium hydroxide,
potassium hydroxide, calcium hydroxide and sodium carbonate). Flocculation experiments are
further conducted in saltwater medium lacking calcium or magnesium to determine the
influence of these cations on the harvesting efficiency of P. purpureum. Cell membrane
integrity analysis was performed to examine the impact of polyacrylamide polymers and the
alkaline bases on the quality of the microalgal cells after flocculation. The new understanding
of the floc harvesting of P. purpureum in this study will contribute to the process optimisation
of biorefinery for a wider range of microalgal species.

2. Materials and methods

2.1. Microalgae strains and growth conditions

The marine red microalgae Porphyridium purpureum was obtained from the Australian
National Algae Collection at CSIRO Microalgae Research (Hobart, Tasmania, Australia). It
was maintained in marine /2 media (Guillard, 1975) using 0.22 um filtered autoclaved seawater

collected from Sydney Harbour (salinity of 33-35 g/L). The chemical composition of the

6
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seawater medium was analysed using Agilent Microwave Plasma-Atomic Emission
Spectrometry (Section 2.4). Stock cultures were maintained at the Climate Change Cluster (C3,
University of Technology Sydney).

The P. purpureum culture for flocculation experiments was scaled-up from a 1 L Schott’s
bottle to a 350 L bag following the procedure described in previous studies (Labeeuw et al.,
2021; Nguyen et al., 2019). The bag bioreactor was bubbled with air through air lines on either
side of the bioreactor and maintained at 23 °C and 400 pmol photons/m?/s light in a 16:8 hour
light:dark cycle. The seawater medium for the large-scale bioreactor was first sterilized by the
addition of 100 mL of 12% sodium hypochlorite, followed by 100 mL of 2 M sodium
thiosulphate. Filter sterilized stock components of f/2 media for marine water were then added.
The pH of the algal culture was checked twice a day and maintained below 9.3 by carbon
dioxide sparging. This cultivation protocol was developed at the Climate Change Cluster
facility (University of Technology Sydney, Australia). Microalgal suspension at mid-stationary
growth phase was used for flocculation experiments as it was previously determined to be the
best growth phase for harvesting other species (Section 2.2 & 2.3) (Labeeuw et al., 2021).

2.2. P. purpureum flocculation

2.2.1. Experimental set up
The flocculation experiments were conducted using a 4G Platypus Jar Tester (Australia

Scientific, Kotara NSW Australia). Samples of 500 mL P. purpureum suspension were added

7
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to 2 L beakers. The jar test was carried out following the procedure from Vu et al. (2020). The
microalgal suspension was rapidly mixed at 200 rpm for one minute followed by slow mixing
at 50 rpm for 15 min. The flocculated microalgal biomass was allowed to settle for one hour.
To measure the flocculation efficiency, 15 mL of the supernatant was pipetted from the
suspension at between one- and two-third from the bottom. The optimal flocculant dose was
determined by a dose-response relationship protocol (Section 2.4). All experiments were

conducted in three technical replicates using one biological replicate of the microalga.

2.2.2. Flocculants and chemicals preparation

Two cationic polyacrylamide flocculants (FO3801 and Flopam™) with high-charge (>80%
charge), high-molecular weight (>15 Megadalton) (SNF Pty Ltd; Corio, VIC, Australia) were
used in the first set of flocculation experiments. A stock solution of each polymer (2 g/L) was
prepared in accordance to Vu et al. (2020) and used within one day of preparation. FO3801 and
Flopam™ were dosed at a concentration of 5 to 20 mg/L microalgal suspension (i.e. 7 to 36 mg
polymer/g dry biomass), followed by the jar test. The flocculation efficiency was determined
using optical density measurement as described in section 2.4.

Solutions of 0.1 M sodium hydroxide, potassium hydroxide, calcium hydroxide and sodium
carbonate were prepared for alkaline flocculation experiments. These chemicals were
purchased from Sigma-Aldrich (St. Louis, MO, USA). The pH of the P. purpureum suspensions

was adjusted to 9.5, 10 and 10.5 using the alkaline solutions, followed by the jar tests. The
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volume of 0.1 M stock solution required to raise the pH to the desired level was recorded for

each alkali. The flocculation efficiency was calculated as described in section 2.4.

2.3. Effect of cations on P. purpureum flocculation

The mechanisms governing the flocculation of marine P. purpureum in seawater culture
through pH adjustment using 0.1 M sodium hydroxide and sodium carbonate were investigated.
These bases represent widely available and effective approaches to increase the pH of the
solution i.e. sodium hydroxide releases hydroxide ions while sodium carbonate removes
hydrogen atoms from the suspension. Since magnesium and calcium cations are dominant
elements in seawater medium, their relative importance to the alkaline flocculation of P.
purpureum using two different bases was evaluated. The cation Na®, Mg**, Ca*", and K*
concentrations in the seawater medium were 10.55, 1.36, 0.44, and 0.46 g/L, respectively.

P. purpureum suspensions of 35 mL volume were centrifuged at 4000g for 10 min to
separate the biomass from the initial medium. The resultant biomass was rinsed gently with
Milli-Q water to remove residual medium and resuspended in a new medium of 35 mL
containing 38 g/L NaCl to maintain the equivalent Na* level (10.55 g/L) as in the initial
medium. Likewise, MgSO4 was added to the new medium (i.e. contain only NaCl) to maintain
Mg?" concentration of 1.36 g per litre of algal suspension. This experiment was to investigate
the role of magnesium in alkaline flocculation. In another new NaCl medium containing algal

biomass, calcium chloride was dosed at 0.44 g Ca®* per litre of algal suspension to study the
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role of calcium in alkaline flocculation. These concentrations of Mg?" and Ca?" corresponds to

their concentration in the initial microalgal seawater medium. The alkaline flocculation at pH

10.5 using sodium hydroxide and sodium carbonate were carried out as described in section

2.2. The initial microalgal suspension was used as the control. The description of the samples

is provided in Table 1.

Table 1: Samples of 35 mL (incl. 2 technical replicates) for studying the influence of

calcium and magnesium in P. purpureum alkaline flocculation

Assay  Sample name Description Dosage (g/g dry biomass)

1 Control In1t1al. algal suspension without Nil
chemical addition

) 1 (NaOH) Algal suspension subjected to 0.57 (NaOH)
NaOH induced flocculation )
Algal suspension subjected NaxCO3

3 2 (NaxCOs) induced flocculation 4.5 (Na2C03)
Suspended algal biomass in a

4 Mg Control 150, + NaCl medium
Suspended algal biomass in MgSO4

5 Mg (NaOH) + NaCl medium subjected to NaOH 9.6 (MgS04)

. 38.3 (NaCl)

flocculation
Suspended algal biomass in MgSO4

6 Mg (Na,CO3)  + NaCl medium subjected to
NayCOs flocculation
Suspended algal biomass in a CaCl,

7 Ca Control + NaCl medium
Suspended algal biomass in CaCl

8 Ca (NaOH) + NaCl medium subjected to NaOH 1.7 (CaClyp)
flocculation 38.3 (NaOH)
Suspended algal biomass in CaCl,

9 Ca (NaxCOs3)  + NaCl medium subjected to

Na;COs flocculation

2.4. Analytical methods

The optical density of the microalgae medium before and after flocculation was measured

by spectrophotometer (UV 6000 Shimadzu) at wavelength of 730 nm.
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The flocculation efficiency was calculated based on the change in the optical density of the

suspension before and after flocculation occurs, as shown in the following equation.

ODi—ODf

Flocculation efficiency (%) = ( ) X 100

Where OD; and ODris the optical density of the culture before and after flocculant addition.
The P. purpureum biomass concentration was determined gravimetrically. A 150 mL sample

of microalgae suspension was filtered through a 1.1 um pre-weighed glass fiber filter paper.
The weight of the final filter paper after 12 h drying at 60 °C was used to calculate the dry
microalgal biomass.

The solution pH was measured using a pH/conductivity meter (Orion 4-Star Plus Thermo
Scientific; Waltham, MA, USA).

Statistical analysis of flocculation efficiency and biomass quality measurements was
performed in Microsoft Excel using Student's unpaired ¢-Test, with a two-tailed distribution.

The chemical analysis (Mg, Ca, K, Na) was conducted using Microwave Plasma Atomic
Emission Spectrometry (MP-AES, Agilent). The sample was diluted 1000 times (i.e. 50 pL
stock into 49.95 mL Milli-Q water) before the analysis.

Cell membrane integrity of the flocculated P. purpureum biomass under conditions
described in Section 2.2 was determined in an endpoint assay using Celltox Green kit (Promega;

Madison, WI, USA) and CytExpert v2.4 (flow cytometer, Becton, Dickinson and Company).

This assay measures the loss of cell membrane integrity using a non-toxic dye that can enter a

11
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damaged cell membrane to bind to the DNA. Intact algal cells have a lower amount of
fluorescence as the dye cannot enter the cells. Damaged and intact cells are then counted by

flow cytometry.

3. Results and Discussion

3.1. P. purpureum characteristics and floc formation

The biomass concentration of the P. purpureum suspension used in this study was
determined gravimetrically to be 0.7 g/L. The initial optical density (730 nm) was 0.601. The
algal suspension had a pH of 8.9.

Differences in the morphology of the flocs from polyacrylamide polymers and alkaline
flocculation at optimal doses were visually observed (Fig. 1). Polyacrylamide polymers
(Flopam™ and FO3801) flocculated the microalgal cells into a large clump. The clump settled
to the bottom of the beaker and the clear supernatant was observed (Fig. 1b). It is relatively
easy to collect the floc formed by polyacrylamide polymer from the solution through a strainer.
On the other hand, alkaline chemicals (i.e. sodium hydroxide, calcium hydroxide, and calcium
carbonate) induced a foamy and powdery layer of flocculated biomass at the bottom of the
beakers (Fig. 1b). This layer can be easily disintegrated, making algal biomass recovery
difficult. The appearance of the supernatant also varied among different types of alkaline
flocculation. Dosing P. purpureum suspension with sodium hydroxide achieved a much clearer

supernatant than when using calcium hydroxide and sodium carbonate (Fig. 1b). The
12
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supernatant from calcium hydroxide flocculation still contained an amount of P. purpureum
microalgal cells as suggested by its red colour and low flocculation efficiency (75%) at the
optimal pH of 10.5 (Fig. 1b). Sodium carbonate induced flocculation caused the supernatant to

become cloudy due to the precipitation of calcium carbonate (Fig. 1b).

(a) Flopam™ NaOH (b)
FO3801 KOH

g

40 4

20 4

Maximum flocculation efficiency (%)

Flopam™ NaOH  Ca(OH), Na,CO,
FO3801  KOH

Flocculant

Figure 1: (a) The maximum P. purpureum flocculation efficiency achieved by dosing
polyacrylamide polymers (21 mg/g dry biomass), NaOH (571 mg/g dry biomass), Ca(OH)»
(875 mg/g dry biomass), and Na,COs3 (4,542 mg/g dry biomass) and (b) their corresponding
floc formations observed visually. Values represent mean (n = 2, technical replicates).

3.2. P. purpureum flocculation using polyacrylamide polymers

Both polyacrylamide polymers in this study show high P. purpureum flocculation efficiency
(Fig. 2). Flocculation efficiency of 80 and 97% was observed for low doses of 7 and 14 mg
polymer per g dry biomass, respectively. Flocculation efficiency was over 99% for both

FO3801 and Flopam™ at the optimal dose of 21 mg polymer per g dry biomass. The further

13



235

236

237

238

239

240

241

242

243

244

245

246

247

248

increase in polymer doses did not improve the flocculation efficiency of the P. purpureum

suspension (Fig. 2). Overdosing polymers may cause a counteractive effect (i.e. reduced

flocculation efficiency and increased polymer residual in the medium) on the flocculation

efficiency (Nguyen et al., 2019; Vu et al., 2020).

:i:]FO3801 [ ]Flopam™

—_

(=

(=]
1

80_ ENEE]
60 1
40 -

20 1

Flocculation efficiency (%)

(=]

7.14 14.28 21.43 28.57 35.71

Cationic polyacrylamide dose (mg/g dry biomass)

Figure 2: Flocculation efficiency of P. purpureum using cationic polyacrylamide polymers
Flopam™ and FO3801. Value and error bars represent mean and standard deviation (n = 3
technical replicates).

Polyacrylamide polymers neutralise the negatively charged microalgal cells due to their
highly charged and cationic characteristic. When algal cells lose their negative surface charge,
electrostatic repulsion force between the cells diminish and flocculation can occur (Nguyen et
al., 2019). These polyacrylamide polymers are also high molecular weight polymers (MW = 15
MDa) to facilitate entanglement and bridging with the algal cells to form large and stable flocs

(Fig. 1b). The excellent performance of FO3801 and Flopam™ for other microalgae species

14
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has been reported in the literature (Nguyen et al., 2019; Vu et al., 2020). The optimal doses to

achieve 90-99% flocculation efficiency for Chlorella vulgaris and Phaeodactylum tricornutum

were 18.9 and 13.7 mg polymer/g dry biomass, respectively (Nguyen et al., 2019). In this study,

similar doses (14-21 mg polymer/g dry biomass) were required to obtain 97-99% flocculation

efficiency for P. purpureum. This demonstrated that marine P. purpureum can be effectively

harvested from seawater culture using polyacrylamide polymers at a low dose.

3.3. Alkaline flocculation of P. purpureum

The alkaline flocculation of marine P. purpureum was pH-dependant. The flocculation

efficiency was low (i.e. 11%) at pH 9 for all samples using sodium hydroxide, potassium

hydroxide, calcium hydroxide and sodium carbonate (Fig. 3). This is because the initial pH of

the algal suspension was pH 8.9. When the pH was increased to 9.5, 10, and 10.5 using sodium

hydroxide or potassium hydroxide, a significant improvement in the harvesting performance

was observed (Fig. 3). The flocculation efficiency was 51.5, 65.3, and 97.5% for pH 9.5, 10,

and 10.5, respectively. Thus, the optimal pH to obtain the highest efficiency for sodium

hydroxide and potassium hydroxide induced flocculation was pH >10.5. Calcium hydroxide

was not as effective at inducing microalgal agglomeration. The flocculation efficiency was 20

and 50% when the pH was raised to 9.5 and 10, respectively, using calcium hydroxide. The

maximum flocculation efficiency obtained was 75% at pH 10.5. In terms of sodium carbonate,

the alkaline flocculation remained low (11%) at pH 9 and 9.5. It started to significantly increase

15



268  when more sodium carbonate was added to reach pH >10. The highest flocculation efficiency

269  of 91% was recorded at pH 10.5.

[ Jpu9o [ JpH9.5s B pH 10 MM pH 105

[

—_
[} (=3
[e=) (==}
1 1

Flocculation efficiency (%)
N
S

40
201
0
270 Ca(OH), Na,CO,
271 Figure 3: P. purpureum alkaline flocculation efficiency using: sodium hydroxide (NaOH),

272 potassium hydroxide (KOH), calcium hydroxide (Ca(OH).), and sodium carbonate (Na;CO3).
273  Value and error bars represent mean and standard deviation (n = 3 technical replicates).

274 The dose of alkaline bases necessary to increase the pH and induce effective microalgal
275  flocculation is an important factor in considering large-scale applications. Sodium hydroxide
276  and potassium hydroxide required the lowest doses (i.e. 571 and 800 mg chemical/g dry
277  biomass, respectively) to achieve the highest flocculation efficiency of 98% at pH 10.5 (Table
278  2). Sodium carbonate showed effective performance (i.e. 91% flocculation efficiency) at pH

279  10.5 but required a very high dose of 4,542 mg chemical/g of algal suspension.

280
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Table 2: Concentration of bases required to adjust the pH to desired values.

Concentration (mg chemical/g

pH Alkaline dry algal biomass)
NaOH 194
9.5 KOH 271
NaCOs 861
NaOH 308
10 KOH 431
NoxCOn 2482
NaOH 571
10.5 KOH 800
Na2CO; 4542

The bases (i.e. sodium hydroxide, potassium hydroxide, and calcium hydroxide) studied in
this paper were chosen because of their accessibility and common use as pH adjusting agents
(Vandamme et al., 2012). However, they are hazardous chemicals that can impact the quality
of the harvested microalgae biomass (i.e. loss of lipid and fatty acid contents), thus limiting its
industrial applications (Borges et al., 2016). Sodium carbonate was investigated in this study as
a widely available, and less hazardous alternative to sodium hydroxide. Since sodium carbonate
also provides an inorganic carbon source for algal growth (Duan et al., 2020), there is the

potential of recycling the supernatant as culture media.

3.4. The role of cations in P. purpureum flocculation

The results showed a 26% of Mg?" and 50% of Ca?" reduction in the medium after sodium
hydroxide or sodium carbonate flocculation occurred at pH 10.5 (Fig. 4). The flocculation
efficiency was >99% and 78% using sodium hydroxide and sodium carbonate, respectively.

This observation indicates that magnesium and calcium salt precipitation at high pH can lead

17
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to good alkaline flocculation of P. purpureum in a seawater medium. The large mass of metal
precipitate rapidly forming and settling induced the sweeping flocculation of the microalgae
cells (Besson and Guiraud, 2013; Vandamme et al., 2012). When the sweeping phenomena
occurred, microalgal cells were enmeshed in the precipitate and settled. This explains the layer
of powdery flocculated P. purpureum observed on the bottom of the beaker after pH adjustment
(Fig. 1b). In the medium containing the same concentration of Na%, Mg?" and Ca*" but without
algal biomass, the precipitation and sedimentation of magnesium and calcium salts were also

observed.

e KN Mg %  Flocculation efficiency
100
X

1.4 4

—_
[\
1

- 80

—
[
1

60

o
N
1

- 40

=
B
1

20

S
o
1

Concentration (g/L)
(=)
Flocculation efficiency (%)

0.0

Control 1 (NaOH) 2 (Na,CO,)

Figure 4: The change in magnesium and calcium concentration in the microalgal solution
(supernatant) due to alkaline flocculation. Values represent mean (n = 2, technical replicates).
The role of magnesium and calcium precipitation in microalgal flocculation depends on the
alkaline base (Fig. 5). In the new medium containing Na* (10.55 g/L) and Mg?" (1.36 g/L),
sodium hydroxide was able to achieve effective flocculation (i.e. 94%) (Fig. 5a). A 47%

reduction in magnesium concentration in the medium was recorded. On the other hand,
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flocculation did not occur when sodium hydroxide was added to the medium containing only
calcium (Fig. 5b). The reduction in calcium concentration in the medium was also minimal (i.e.
5%). This indicates that the main cause for flocculation of P. purpureum by sodium hydroxide
is the precipitation of magnesium hydroxide. Meanwhile, sodium carbonate caused magnesium
carbonate precipitation in medium containing only magnesium, thus a 39% of Mg" reduction
(Fig. 5a). However, magnesium carbonate is a white solid that can affect the light absorbance
measurement. This caused the flocculation efficiency induced by sodium carbonate to be
significantly lower (i.e. 60%) than that of sodium hydroxide (i.e. 94%). In the medium
containing Na* (10.55 g/L) and Ca*" (0.44 g/L), flocculation efficiency of 75% was observed
for sodium carbonate. This is due to the 51% reduction in calcium concentration, which had
precipitated out of the medium in the form of calcium carbonate (Fig. 5b). Carbonate
precipitates caused the supernatant to be cloudy, as observed in Fig. 1b. Thus, both magnesium
carbonate and calcium carbonate are involved in sodium carbonate induced flocculation of

marine P. purpureum.
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Figure 5: Alkaline flocculation efficiency of P. purpureum with respect to (a) medium

containing sodium chloride and magnesium sulphate only, and (b) medium containing sodium

chloride and calcium hydroxide only. Values represent mean (n = 2, technical replicates).

3.5. Biomass quality after flocculation

Polyacrylamide polymers and alkaline agents could potentially damage the cell wall of P.

purpureum. The proportion of compromised cells was 96% and 68-96% for polyacrylamide

polymer and alkaline bases, respectively (Fig. 6). This suggests that polyacrylamide polymers

induced the highest degree of damage to P. purpureum cell membrane despite being the most

efficient flocculants (> 99% flocculation efficiency). Sodium hydroxide and sodium carbonate

caused high cell membrane damage at 68-70% but has the least impact on P. purpureum among

the chemicals tested. A comparable observation was reported in a Euglena gracilis harvesting

study where the sodium hydroxide induced flocculation at pH >10 caused the microalgal cells

to be completely ruptured (Wu et al., 2020). On the other hand, Sales et al. (2019) revealed that

Nannochloropsis oculata cells, a green marine microalga, were intact after being subjected to

a three-step harvesting process: (1) pH-induced flocculation using sodium hydroxide, (2)

Flopam FO4800 (1 mg/L), and (3) 6000g centrifugation. Harvested N. oculata showed 99-

100% cell viability (i.e. 0-1% damaged cells compared to the fresh microalgal culture). Sales

et al. (2019)’s results suggest that polymer and alkaline flocculation has a negligible effect on

the microalgal cell membrane, which disagrees with our results. This is attributed to the
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different morphologies of P. purpureum and N. oculata (e.g. N. oculata has a thick cell wall

resistant to shock while P. purpureum has no rigid cell wall) and the chemical doses used. The

effect of polyacrylamide polymers and alkaline bases on cell membrane integrity is, therefore,

dependant on the microalgal species, its cell wall characteristics, and operational parameters.

I intact [ ] Compromised

Cell membrane integrity (% total population)

Control Polymer NaOH KOH Ca(OH), Na,CO,

Figure 6: P. purpureum cell membrane integrity after flocculation (intact vs compromised).
Value and error bars represent mean and standard deviation (n = 3, technical replicates).

Polyacrylamide polymers (e.g. Flopam™ and FO3801) have high molecular weight and
positive surface charge, thus strongly attracting the negatively charged EPS cell wall of P.
purpureum. When the EPS is attached to the tails and loops of the polyacrylamide polymer, the
structural arrangement of EPS on the microalgal cell wall is likely to be modified. This could
lead to severe damages on the cell walls (e.g. the EPS gel no longer covers and protects the
cells and the intracellular matters can leak through the cell wall). Meanwhile, after alkaline

addition, extremely high pH (10-11) causes the EPS proteins to lose their natural shapes and
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the gelatinous EPS layer to be solubilised. These disruptions are facilitated through chemical

degradation and ionisation of the hydroxyl group (OH -> O") (Wingender et al., 1999). The

subsequent swelling and solubilisation of the EPS cell wall could cause the microalgal cell to

lose its viability as it can no longer maintain an appropriate turgor pressure (i.e. the hydrostatic

pressure within the cell against the cell wall) and disrupts the cell membrane (Neyens et al.,

2004). The cell cytoplasm and nucleus are exposed to the environment, thus releasing

intracellular components (e.g. organic matter and pigments) into the medium (Du et al., 2020).

Cell rupturing is an important step to extract valuable products (e.g. carbohydrates, lipids,

and proteins) from microalgal biomass for biorefinery applications (Giinerken et al., 2015).

However, it should take place after biomass harvesting to minimise the processing volume (i.e.

economic viability). In this study, polyacrylamide polymers induced P. purpureum floc

formation that is dense and easy to remove (section 3.1). Their impact on the cell membrane

was, however, the most severe with only 4% of the population remaining entirely intact after

flocculation. Alkaline flocculation not only caused significant microalgal cell damage, its flocs

contained a high concentration of salt precipitates and were difficult to collect from the medium

(i.e. the settled biomass was highly disintegrated) (section 3.1). The composition of the biomass

before and after flocculation, together with the extent of intracellular compound leakage will

be a topic of interest for future study to further investigate the impact of these flocculants on

biomass quality and potential end-products.
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4. Conclusions

Polyacrylamide polymers effectively neutralise charge and bridge algal cells to flocculate

over 99% of red marine P. purpureum at a low dose (i.e. 21 mg/g dry biomass). The floc

formation was dense and easy to remove from the supernatant. However, cell membrane

integrity results showed that polymers compromised the membrane of 96% of algal cells (i.e.

the most negative impact on P. purpureum cells among the chemicals). Alkaline flocculation

achieved up to 98% flocculation efficiency, but the alkaline doses were high at around 500 to

4,500 mg/g dry biomass. These high doses of alkali are not cost-effective and practical. In

addition, the algal flocs induced by alkaline flocculation were powdery and disintegrated,

making it harder for subsequent algal biomass recovery compared to polyacrylamide polymer

flocs. Around 70% of microalgal cells were compromised after sodium hydroxide or carbonate

addition, lower than that caused by polymers (96%), potassium hydroxide (81%), and calcium

hydroxide (96%).
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