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Article Highlights  

• Low microalgae concentration and pH were used with flocculant in microfiltration 

• The use of flocculant at lower pH can maximize microalgae separation 

• Filtration-flocculation was successfully conducted in crossflow filtration 

 
Abstract  

To make algal biomass a suitable feedstock for fuel and bioproducts, a 

practical way of dewatering and concentrating algal cells must be devised. 

In this study, a system comprising microfiltration membranes combined with 

a flocculant was developed on a low-cost ceramic substrate to harvest 

Tetradesmus obliquus efficiently. The effects of tannin-based flocculant 

concentration, microalgal concentration, and pH on microfiltration were 

studied. Permeate flux was evaluated for 5400 s through experiments to 

analyze the total resistance and the fouling mechanism. Results show that 

the cake filtration model best represented the data. The experiments at pH 4 

and 0.06 kg/m3 of microalgae (with flocculant) showed improved results with 

a reduction in the J/J0 (permeate flux/initial flux) ratio of 39%. In addition, the 

effects of critical flux, transmembrane pressure, and fouling mechanism on 

microfiltration were investigated under the best conditions studied. Applying 

the stepping method to the critical flux yielded a permeate flux of 2.2 × 10-5 

m3m−2s−1. The 70 kPa condition showed the highest permeate flux               

(3.0 × 10−5 m3m−2s−1) and a low cake pore blocking coefficient (k) obtained 

by the modified Hermia model. This study showed that Tanfloc at low pH 

could maximize microalgal separation in membrane processes. 

Keywords: ceramic membrane, concentration, pH, microalgal, 
microfiltration. 

 

 
 

Currently, microalgae have emerged as promising 

and innovative biomass sources. Microalgae have 

several applications: biodiesel production, healthy 

food,  fish  feed,  biohydrogen  production,  and  carbon  
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dioxide fixation [1]. However, due to the small size of 

microalgae and their growth in highly dilute conditions, 

it is important to use an efficient harvest technique      

[2—4]. Operations currently used in microalgal harvest 

include centrifugation, sedimentation, flocculation, and 

membrane filtration [5,6]. Two- or three-step operations 

in microalgal harvest have been found economical and 

easily adaptable [7]. For example, a flocculation–

sedimentation process combined with membrane 

filtration has been studied [8—10]. 

Microalgal harvest through the flocculation–

sedimentation  process  (first  step)  has  already  been 
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studied using various inorganic flocculants such as 

salts of polyvalent cations like Al2(SO4)3, Fe2(SO4)3 and 

FeCl3; organic flocculants like chitosan, Tanfloc, 

Flopam, and Zetag [11,12]; and bioflocculants [13]. 

In particular, Tanfloc is an organic, biodegradable, 

and nontoxic flocculant (natural polymer). It is a 

trademark of Tanac (Brazil) and a tannin-based product 

modified by a physicochemical process. It is obtained 

from Acacia mearnsii and is a high-power flocculant 

[6,14,15]. Microalgal species, such as Monoraphidium 

sp., showed >90% biomass recovery using 50 mg/L of 

Tanfloc, while Scenedesmus sp. showed 96.7 ± 1.0% 

maximum flocculation with a Tanfloc concentration of 

210 mg/L [11,16]. However, the relatively high 

flocculant concentration and the long sedimentation 

time influence the microalgal purity and processing 

time, respectively [17]. 

After flocculation, a dewatering technique (second 

step) is used for the microalgal slurry to increase the 

biomass concentration and lower the water content [1]. 

The flocculation–sedimentation process followed by 

membrane microfiltration can increase the volume of 

the processed raw material without significantly 

increasing the capital cost applied to the project with 

high microalgal retention [8]. The membrane 

microfiltration technique effectively solves this problem 

and is largely acknowledged as an effective separation 

method [18]. Ceramic membranes have several 

advantages that enable their use in separation 

processes: good thermal stability, chemical inertia, high 

permeability, mechanical strength, long lifetime, and 

low thermal conductivity [5,19]. 

Some disadvantages of membrane technologies 

(microfiltration and ultrafiltration) are reported in the 

literature, such as fouling and reduced permeate flux 

over time. These technologies mainly work using the 

size exclusion principle; therefore, the mechanisms of 

particle deposition on the surface (external fouling) or 

in the membrane pores (internal fouling) decrease 

permeate flux. However, fouling can cause an 

irreversible loss of membrane permeability, causing 

operational system failure [20]. 

Membrane fouling decreases permeate flux, and 

replacement increases operational and maintenance 

costs. However, when microfiltration is combined with 

a flocculation–sedimentation process, they increase the 

harvest efficiency and reduce the operational and 

maintenance costs [21,22]. Several control strategies 

can be applied to prevent fouling, such as pH 

modification, microalgal concentration, flocculants, and 

the critical flux concept [14,15]. The critical flux concept 

has been proposed as a smooth and easy fouling 

control method that takes advantage of the transition of 

a filtration system between non-fouling and particle 

deposition states by tuning the system flux rate [23,24]. 

In this study, a flocculation–sedimentation process 

followed by microfiltration was conducted. The effects 

of variation in flocculation–sedimentation parameters on 

microfiltration were evaluated. The flocculation–

sedimentation (first step) parameters studied were 

microalgal concentration, pH, and the presence or 

absence of Tanfloc (flocculant). Permeate flux, total 

resistance, the modified Hermia model, and fouling 

were analyzed during microfiltration (second step). 

Subsequently, under conditions of minimum fouling, 

improvement in Tetradesmus obliquus microfiltration 

and fouling management was investigated through the 

critical flux using the stepping method. 

 

 

MATERIALS AND METHODS 

Microalgae 

Microalgae Tetradesmus obliquus (GenBank 

accession number: KY436159.1) were isolated 

according to Corrêa et al. (2017) [25]. The algal was 

cultivated with Chu medium (mg/L) [25]. 

Membranes 

Faience clay [Cermassas–Pastacer Ltda.] was 

used as raw material to produce ceramic membranes. 

Cationic manioc starch grade Superion 300 with a 

degree of substitution in the range of                            

0.033—0.036 mol/mol (Grupo Horizonte–Agrícola 

Horizonte Ltd., PR, Brazil) and eggshell residues were 

used as additives. Natural clay was modified through 

thermal treatment at a temperature of 500 °C for 24 h 

with a heating rate of 5 °C/min. Before thermal 

treatment, natural clay was dried in an oven for 12 h 

and dry ground in a bench ball mill. After thermal 

treatment, the samples were dry ground in a bench ball 

mill with alumina balls for 4 h and homogenized with a 

#60 Tyler mesh (2.5×10−4 m) sieve. Egg shells were 

also homogenized using sieving using the same sieve 

mesh.  

A low-cost membrane prepared with cationic 

starch (2.5% w/w) and eggshell (2.5% w/w) was used 

[20,26]. The dimensions of the membrane are 0.20 m 

(length), 1.07×10−2 m (internal diameter), and 

1.88×10−2 m (external diameter) [26]. The membrane 

properties are the average pore size (1.0 μm), porosity 

(55%), and flexural strength (15.16 MPa) [26]. Mercury 

porosimetry was performed on a mercury porosimeter, 

model Autopore IV 9500 V1.07. 

Microfiltration 
Water. Hydraulic permeability was conducted to 

6.94×10-5 m3s-1 and pressure ranging from 20 kPa to 

100 kPa  and  a  temperature  of  25 °C [5].  Then,  the 
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membrane was compacted with a flux of 

6.94×10−5 m3s−1 and a pressure of 100 kPa for 2700 s 

[5]. 

Microalgae. Experiments were performed under the 

conditions of Table 1. The flocculant ratio was 8% w/w 

(flocculant/microalgae), corresponding to 0.05 kg/m3 of 

flocculant per liter of microalgae suspension. These 

experiments were developed at the pressure of 30 kPa. 

The microalgae suspension contained 0.06 kg of 

microalgae/m3. In addition, the permeate flux over time, 

the retention of microalgae, and the evolution of J/J0 

were analyzed. 

Table 1. Microfiltration experiments based on flocculation 

parameters: microalgal concentration, pH, and presence or 

absence of flocculant. 

Experiment Microalgae Concentration 

(kg/m3) 

pH Flocculant 

1 0.02 4 No 

2 0.02 7 No 

3 0.02 4 Yes 

4 0.02 7 Yes 

5 0.06 4 No 

6 0.06 7 No 

7 0.06 4 Yes 

8 0.06 7 Yes 

Critical flux 

According to the results of the previous 

experiments, the condition used in these tests was  

0.06 kg/m3 at pH 4. The critical flux experiments were 

done as described elsewhere [27]. The pure water flux 

was measured at four pressures (squares filled with a 

straight line) in 600 s intervals. First, pressure 

increases of 10 kPa were performed. Subsequently, the 

pressure was decreased at 10 kPa intervals. 

Permeate flux 

The permeate flux was calculated by Eq. (1): 

p

p

V
J

A t
=      (1) 

where Vp is the volume of the permeate (m3), Ap is the 

membrane area (m2), and t is the operating time (s). 

Retention of microalgae 

The turbidity removal (TUR) was calculated by 

Eq. (2): 

( ) 0

0

% FT T
TUR

T

−
=     (2) 

where T0 and TF are the turbidity in the feed and the 

permeate streams, respectively, in NTU. 

Resistance 

Total resistance was calculated by Eq. (3): 

 
T

TMP
R

J
=     (3) 

where RT is the total resistance (m−1), TMP is the 

transmembrane pressure (kPa), J is the filtration flux 

(m3 m−2 h−1), and μ is the dynamic viscosity of water at 

(0.8937×10−3 Pa s). 

Fouling mechanism 

The modified Hermia model, Eq. (4), was used 

[20,28—30]. 

( ) 2 n

SS

dJ
k J J J

dt
−− = −     (4) 

The model parameters (k, Jss, and n) were 

estimated by Eq. (5): 

( ) ( )
2

exp

1

, ,
NE

calc

ss i i
i

OF k J n J J
=

= −    (5) 

where 𝐽𝑖
𝑐𝑎𝑙𝑐 and 𝐽𝑖

𝑒𝑥𝑝
 are calculated and experimental 

values, NE is the number of experimental points used 

in the parameter estimation, OF is the objective 

function, 𝐽𝑖
𝑐𝑎𝑙𝑐 is the calculated permeate flux, and   𝐽𝑖

𝑒𝑥𝑝
 

is the experimental permeate flux.  

All simulations, parameter estimation, and 

statistical analyses were realized in Scilab: using the 

function fminsearch and the Nelder-Mead algorithm. 

The parameters were calculated according to Bainy et 

al. [31]. The blocking index and its expanded 

uncertainty (at 95%) were used to identify the most 

probable fouling mechanism of each membrane [20]. 

 

 

RESULTS AND DISCUSSION 

Membrane 

The membranes were characterized, and mercury 

porosimetry showed the pore size distribution from 

0.1 µm to 8 µm (average pore size of 0.82 µm). Zhou et 

al. (2009) studied an alumina microfiltration membrane 

modified with nanocrystalline TiO2 and a pore size of 

0.2 μm [32]. The small size of some algal cells is 

typically in the range of 2 mm—40 mm [33]. Laksono et 

al. [34] concluded that the microalgae form larger 

aggregates or flocs with the addition of flocculant; thus, 

less fouling is expected with the flocculated microalgae 

and also observed that flocculation can be used as a 

pretreatment before membrane filtration to control 

fouling. 

Flocculation 

Tanfloc has an average molecular mass of 

1.70 kDa (2.82×10-24 kg) [14]. Due  to  its  high  charge  
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density and low molecular weight, the mechanism of 

Tanfloc has been suggested to be coagulation [35,36]. 

The cell surfaces of microalgae have predominantly 

carboxylic (-COOH) and amine (-NH2) groups [7]. The 

carboxylic groups above pH 4—5 are negatively 

charged, while the amine groups are uncharged [7]. In 

this study, the pH range studied was 4—7. Positively 

charged polymers such as Tanfloc neutralize the 

negative charges; thus, electrostatic repulsion 

decreases, and aggregates or flakes form [37]. The 

experiments performed on the membrane showed that 

the potential is negatively charged in this pH range (4 

to 7). 

Figure 1 illustrates the flocculation (coagulation 

mechanism)/microfiltration process of microalgae in 

nature and flocculated microalgae. 

Microalgal concentration and pH 

The results of the evolution of (J/J0) (permeate 

flux/initial flux) versus time are shown in Figures 2 

and 3. For all experiments, the decrease for J/J0 

became stable after 2700 s. However, after the entire 

process (5400 s of microfiltration), the normalized 

specific flux decreased by about 40% for the 

concentration condition of 0.02 kg/m3. Except for 

experiment 1, which showed the highest reduction J/J0 

(51% reduction). For the experiments with a microalgal 

concentration of 0.06 kg/m3, the decreases in J/J0 

values were greater than 48%, except for the 

experiment at pH 4 with flocculant, which showed a 

39% reduction. Discart et al. [10] studied the dosage of 

coagulants (FeCl3 and chitosan) before filtration [10]. 

Both coagulants increased the filtration efficiency, and 

they concluded that the coagulant type and dosage 

should be optimized per membrane. 

Figures 4 and 5 show the results of the modified 

Hermia modeling for the different experimental 

conditions tested according to Table 1. Figures 4 and 5 

show  the  decline  of  the  flux  for  the  experiments. 

 

Figure 1. Illustration of the flocculation (coagulation mechanism)/microfiltration process of microalgae in nature and flocculated 

microalgae. 

 

Figure 2. J/J0 results for 0.02 kg/m3 microalgal concentration and pH (4 and 7). 
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Figure 3. J/J0 results for 0.06 kg/m3 microalgal concentration and pH (4 and 7). 

 

The permeate flux decreased slightly with 

increasing microalgal concentration, as fouling 

increased when the microalgal concentration 

increased. The experiments without flocculant 

increased fouling, as discussed in Membrane.  

The cake filtration model provides the best fit 

(Table 2). The values for the cake blocking coefficient 

(k) were statistically equal for experiments 1, 2, 4, and 

5, while the values obtained for experiments 3, 6, 7, and 

8 were statistically different. Laksono et al. [34] 

observed that the cake filtration model was the most 

relevant. A similar conclusion was observed by Jiang et 

al. [3]. 

Turbidity removal of the experiments is shown in 

Table 3. The turbidity removal varied from 93% to 99%. 

The experiments with a flocculant (3, 4, 7, and 8) had a 

higher TUR than the experiments without a flocculant 

(1, 2, 5, and 6); due to the mechanism of Tanfloc 

flocculation (coagulation) [35,36]. 

 

Figure 4. Predictions for the cake models to experiments 1—4 at 30 kPa and 25 °C (lines: estimated results; circles: experimental data). 
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Figure 5. Predictions for the cake models to experiments 5—8 at 30 kPa and 25 °C (lines: estimated results; circles: experimental data). 

 

Table 2. Values for the cake blocking coefficient (k). 

Experiment Cake filtration model (n=0)  

×10-6 

Uncertainty  

×10-6 

1 3.75  0.2565 

2 3.05  0.7475 

3 4.06  0.3430 

4 10.27  0.9722 

5 1.96  0.3839 

6 3.90  0.9248 

7 5.17  0.1596 

8 9.12  0.1427 

 

Table 3. Turbidity removal (%). 

Experiment Turbidity removal (%) Standard deviation 

1 96.4 0.2 

2 93.8 0.2 

3 97.5 0.3 

4 99.1 0.1 

5 93.0 0.1 

6 94.0 0.2 

7 98.1 0.3 

8 99.2 0.2 

Critical flux 

A concentration of 0.06 kg/m3 and pH 4 were 

chosen. This condition was selected because it showed 

lower fouling. The results of permeate flux versus 

pressure for the pressure-stepping method are shown 

in Figure 6. The water showed higher flux values. The 

microalgae provided greater fouling. The microalgae 

permeate flux had a linear increase up to the pressure 

of 70 kPa. After this pressure, the flux remained almost 

constant. The critical flux was between 2.11×10-5 and 

2.22×10-5 m3m-2s-1. Increasing the pressure was 

impossible to increase the flux beyond              

2.2522×10-5 m3m-2s-1. The literature divides the critical 

flux forms into strong and weak [38]. The results with 

microalgae were in the weak form. There is rapid 

fouling for the weak form, and the flux-TMP ratio is 

lower than the pure water line [38]. Due to the 

membrane characteristics used, the flux values for pure 

water are much higher than those with microalgae 

(Figure 6). The literature evaluated critical flux values 

for different microalgal concentrations and microalgae 

species ranging from 15 Lm−2h−1 to 50 Lm−2h−1 [39]. The 

operating conditions of 30 kPa (below critical flux), 

70 kPa (at critical flux), and 100 kPa (above critical flux) 

were analyzed to evaluate the three regimes shown in 

Figure 6. 

Effect of TMP on filtration behavior 

Figure 7 shows (a) the permeate flux at different 

pressures (30 kPa; 70 kPa; 100 kPa) and (b) J/J0 at 

different pressures (30 kPa; 70 kPa; 100 kPa). When 

Pore blocking is not apparent in a short-term flow test 

(or TMP), the total filtration resistance keeps constant; 

because particle accumulation on the membrane 

surface  does  not  increase  significantly. Under  these 
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Figure 6. Permeate flux versus pressure for the pressure-

stepping method (25°C, pH 4, 0.06 kg/m3). 

conditions, the permeate flux increases linearly with 

TMP. However, if particle accumulation expressively 

increases with permeate flux, the filtration resistance 

increases with time, and the permeate flux stop 

increasing linearly with TMP. Therefore, the breaking 

point of the linear flow-TMP profile can be considered a 

critical flux [24]. Based on the results in Figure 7a, 

higher TMP showed higher initial flux due to the higher 

driving force. The pressure of 100 kPa potentiated 

fouling at the membrane surface, resulting in a decline 

in permeate flux. The permeate flux became stable 

after 2160 s in the TMP of 70 kPa. The 70 kPa was the 

condition that showed the best permeate flux results 

after 5400 s, with a value of 3.05×10-5 m3m-2s-1.  

The decrease of J/J0 (Figure 7(b)) was lower at 

30 kPa and 70 kPa. TMP at 30 kPa and 70 kPa went 

through a slow decline stage, and the total decline was 

almost 39% and 32%, respectively, while at 100 kPa, 

there was a decrease of 62%. The flux obtained during 

the subcritical regime does not show a significant drop 

with time, while the supercritical regime shows a 

significant drop [3,40]. In this study, the critical flux was 

at 70 kPa. The membranes under subcritical conditions 

had superior antifouling performance, but the 70 kPa 

pressure performed close to the 30 kPa condition. 

The total resistance was dependent on the 

pressure. The results show that the total fouling 

resistance increased with permeate volume/filtration 

area (Figure 8). The membranes at 70 kPa had the 

lowest total resistance and highest permeate 

volume/filter area. Operation at pressures below the 

critical flux is favorable for controlling membrane 

fouling [41]. Methodologies have been widely studied to 

reduce microalgae harvesting costs to promote 

economic viability. The cake pore blocking coefficient 

(k) (Table 4) at lower pressure is higher than for higher 

pressures (70 kPa and 100 kPa). 

It can be seen from Table 4 that at low pressure, 

there was a significantly higher coefficient, while at 

critical pressure, it had the lowest coefficient. It was 

observed in this work that the most relevant factors 

were the concentration and pH, and at a concentration 

of 0.06 kg/m3, there was a greater reduction of J/J0, 

which represented greater fouling. 

 
Figure 7. (a) Permeate flux at different pressures; (b) J/J0 at different pressures. 

 

 
Figure 8. (a) Total fouling resistance with the variation of 

permeate volume/Filtration area (V/A). 

Table 4. Estimated parameters of the model. 

Pressure 

(kPa) 

Cake filtration model (n=0) 

×10-6 

Uncertainty 

×10-6 

30 4.43 0.4327 

70 0.46 0.0660 

100 0.71 0.0762 

CONCLUSION 

The flocculation–sedimentation process followed 

by microfiltration was investigated, and the conclusions 

are: 
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The membranes were characterized, and mercury 

porosimetry showed the pore size distribution from 0.1 

to 8 µm (average pore size of 0.82 µm). 

The experiments at pH 4 and 0.06 kg·m3 of 

microalgae (with flocculant) showed improved results 

with a reduction in the J/J0 ratio of 39%, demonstrating 

the potential of flocculation to control fouling. 

The results of the modified Hermia modeling 

showed that the cake filtration model best represented 

the data, which was expected because Tanfloc 

promotes aggregate or floc formation through 

coagulation. Therefore, the turbidity removal rate varied 

from 93% to 99%. 

The membranes (0.06 kg·m3 and pH 4 with 

flocculant) in the critical regime had better antifouling 

characteristics than those in the supercritical and 

subcritical regimes. Applying the stepping method to 

the critical flux yielded permeate flux of                  

2.2×10−5 m3m−2s−1. The 70 kPa condition showed the 

highest permeate flux (3.0×10−5 m3m−2s−1) and a low 

cake pore blocking coefficient (k) obtained by the 

modified Hermia model. 

The filtration–flocculation process showed 

promising results in crossflow microfiltration, verifying 

the strong interaction between filtration and 

flocculation. 
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NOMENCLATURE 
 
Symbols  

𝐽 permeate flux (m3m−2s−1) 

𝑉 

A 

t 

TUR 

T 

R 

TMP 

k 

n 

OF 

permeate volume (m3) 

membrane area (m2) 

operating time (s). 

turbidity removal (%) 

turbidity (NTU) 

resistance (m−1) 

transmembrane pressure (kPa) 

resistance coefficient 

blocking index 

objective function 

J/J0 

Greek letters 

normalized specific flux 

 

M viscosity (Pa s) 

Subscripts  

𝑝 Permeate 

𝐹 streams 

0 feed 

T total 

Ss steady-state 
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NAUČNI RAD 

EFEKTI KONCENTRISANJA MIKROALGI SA 
FLOKULANTOM I pH NA MIKROFILTRACIJU 

 
Da bi biomasa algi postala pogodna sirovina za gorivo i bioproizvode, mora se osmisliti 

praktičan način njenog dehidratisanja i koncentrisanja. U ovom radu je razvijen sistem 

koji se sastoji od jeftinih keramičkih mikrofiltracionih membrana kombinovanih sa 

flokulantom, kako bi se efikasno sakupio Tetradesmus oblikuus. Proučavani su efekti 

koncentracije flokulanta na bazi tanina, koncentracije mikroalgi i pH na mikrofiltraciju. Tok 

permeata je procenjen tokom 90 min kroz eksperimente radi analize ukupnog otpora i 

mehanizma začepljenja. Rezultati pokazuju da model filtracione pogače najbolje 

predstavlja podatke. Eksperimenti pri pH 4 i 0,06 kg/m3 mikroalgi (sa flokulantom) 

pokazali su poboljšane rezultate sa smanjenjem odnosa J/J0 (fluks permeata/početni 

fluks) od 39%. Pored toga, istraženi su efekti kritičnog fluksa, transmembranskog pritiska 

i mehanizma začepljenja na mikrofiltraciju u najboljim uslovima. Primenom metode 

koraka na kritični fluks dobijen je fluks permeata od 2,2 × 10-5 m3m-2s-1. Pri pritisku od 

70 kPa postignut je najveći fluks permeata (3,0 × 10-5 m3m-2s-1) i nizak koeficijent 

blokiranja pora pogače (k) dobijen modifikovanim Hermia modelom. Ovaj rad je pokazao 

da Tanfloc pri niskom pH može maksimizirati odvajanje mikroalgi u membranskim 

procesima. 

Ključne reči: keramička membrana, koncentracija, pH, mikroalge, mikrofiltracija. 


