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a b s t r a c t
This study aims to derive operating properties by membrane material in membrane processes 
applied to maintain the concentrations of algae harvesting using artificial feed water replicating 
algae raw water and then to analyze the fouling formation mechanisms. This study selected two 
types of membranes: polyvinylidene fluoride polymeric membrane representing hydrophobicity 
and silicon carbide ceramic membrane representing hydrophilicity. Existing Hermia’s model was 
used to analyze the fouling formation mechanisms when inpouring algae. When filtering polymeric 
and ceramic membranes in high concentrations of artificial algae raw water, it was able to operate 
ceramic membranes with much higher LMH (L/m2 h). It was confirmed that fouling occurs less fre-
quently due to ceramic membranes’ properties such as hydrophilicity and highly negative charge. 
Hermia’s model was used to examine the membrane fouling mechanisms. Both results showed 
different fouling formation mechanisms. It is considered that this was caused by the hydrophilicity 
of the polymeric membranes and the relative hydrophobicity of the ceramic membranes. It was 
confirmed that the fouling tendency varied from membrane materials. Membrane materials are 
regarded as a major reason. Results, examining the fouling formation mechanisms using Hermia’s 
model is considered as an important factor in fouling control when applying membrane processes 
from the perspective of algae harvesting.

Keywords:  Ceramic membrane; Algae harvesting; Fouling; Algal bloom; Hermia’s model; Microfiltration 
membrane

1. Introduction

Recently, extreme weather and environmental pollution 
have had a tremendous effect on water resources, and it is 
estimated environmental pollution will be worse. In partic-
ular, the occurrence of algal blooms by algae every summer 
in rivers and lakes has grown anxiety of drinking water. 
It is reported that these algae negatively affect water puri-
fication processes by disturbing water systems degrading 
water quality and increasing turbidity [1]. Although mem-
brane processes widely used in water treatment fields in 
recent years have been reported that they remove algal 

substances mentioned above [2], it is clear that algae are 
serious fouling factors. According to previous studies, algae 
harm membranes and affect fouling properties [3]. In particu-
lar, it has been reported that algae form biofilms and increase 
membrane fouling by biofouling and extracellular polymeric 
substances (EPS) such proteins and polysaccharides primar-
ily cause membrane fouling [4]. Effective processes for algae 
removal include a method for combining coagulation and 
precipitation processes using low-pressure membranes [5]. 
Removal processes such as ultrasonic pretreatment for algae 
removal have been continuously developed [6]. Particularly, 
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it has been reported that the method for combining coagula-
tion and precipitation processes improves algae removal [7]. 
However, because treatment is difficult when high concen-
trations of algae are flown and there are limitations to treat-
ment using single membrane process, active studies have 
been conducted to use processes with other pretreatment 
processes [8]. Moreover, it has been recognized that exist-
ing polymeric membranes should be widely used in water 
treatment processes for effective algae removal [9], but water 
treatment using ceramic membranes has been recently stud-
ied because of advantages such as higher chemical safety and 
better hydrophilicity than existing polymeric membranes [10].

This study aims to derive operating properties by mem-
brane material in membrane processes applied to maintain 
the concentrations of algae harvesting using artificial feed 
water replicating algae raw water and then to analyze the 
fouling formation mechanisms. This study selected two types 
of membranes: polyvinylidene fluoride (PVDF) polymeric 
membrane representing hydrophobicity and silicon carbide 
ceramic membrane representing hydrophilicity. Existing 
Hermia’s model was used to analyze the fouling formation 
mechanisms when inpouring algae.

2. Materials and methods

2.1. Feed water properties

Chlorella-based artificial algae were used as feed water 
at a suitable concentration in this study. Table 1 shows 
the detailed analysis results of artificial feed water used in 
the experiments.

2.2. Membranes

Two types of membranes (polymeric and ceramic mem-
branes) were used in the experiments. The polymeric mem-
brane has the form of hollow fibers and is made of PVDF 
commercialized by Company A, and the ceramic membrane 
is a flat type MF membrane manufactured by Cembrane 
(Denmark). Both of the modules were refrigerated by 
immersing in a 1% sodium hypochlorite (NaOCl) solution. 
The specifications of the used membranes are as shown in 
Table 2.

2.3. Test unit

A lab-scale experimental device connecting hollow fiber 
formed and flat type polymeric membranes were used in this 

experiment. As shown in Fig. 1, this  device consists of a 100 L 
feed water tank, 20 L treatment tank for backwashing (B/W), 
a metering pump (EMS-2000S, South Korea), a stirrer, a flow 
meter, and a digital pressure gauge to realize automatic and 
continuous operation. The digital pressure gauge was con-
nected to the laptop so that it was able to monitor transmem-
brane pressure (TMP) continuously. Piping was constructed 
so that treated it was able to inject not feed water but treated 
water into the membrane module when performing B/W to 
realize automatic operation.

2.4. Operating conditions

This experiment was carried out automatically and con-
tinuously through the laptop, and the concentration of feed 
water was set at 5,000 mg/L suspended solids. The feed water 
tank temperature was maintained at 20°C ± 0.5°C using a 
water bath to minimize the effect depending on temperature 
changes. Through the preliminary test, the stable operation 
was performed at 1 m3/m2 h as an air scrubbing condition 
for polymeric and ceramic membranes, and the experiments 
were conducted applying this. The polymeric membrane 
was operated at 5 and 10 LMH through the preliminary 
test, and the ceramic membrane was also operated at 150 
and 280 LMH. Before performing membrane fouling, all the 
membranes were flushed using deionized water to carry out 
the experiments.

2.5. Measurement fouling mechanism

Concentrations increase around the membrane surface 
when membrane fouling is caused by pressure. The cake fil-
tration theory is one of the theoretical equations representing 
this. The solvent permeate flux in the cake filtration theory 
can be expressed based on the following Darcy’s law [11–13]:

R P
R R R R Rc
m a p g c

=
+ + + +( )

∆

µ
 (1)

where µ is solvent viscosity coefficient; Rm is the resistance 
of membrane itself; Ra is resistance by adsorption; Rp is resis-
tance by clogging in the membrane; Rg is resistance by gel 
deposits on membrane surface; Rc is resistance by deposi-
tion of cake layers; ΔP is net driving pressure in membrane 
filtration.

Assuming that membrane fouling occurs only in cake 
form, Ra = Rp = Rg = 0. Thus, it can be expressed as follows:

J P
R Rm c

=
+( )

∆
µ

 (2)

When Rm is proportional to the mass of membrane fou-
lants deposited on the membrane surface and operation 
is performed at the same pressure, Rc can be expressed as 
follows [14–16]:

R
C V
Ac
b=

α
 (3)

Table 1
Feed water properties

Parameters Values
Sodium (mg/L) 40.751
Ammonium (mg/L) 58.370
Total chlorophyll (g/100 g) 20.7
Water content (%) 98.88
pH 7.5–7.9
SS (mg/L) 5,100
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where α is specific cake resistance; Cb indicates the mass of 
dry cake solids per volume of filtrate; V is cumulative perme-
ate quantity; A is an effective area of the membrane.

The fouling formation mechanisms of the polymeric 
and ceramic membranes were analyzed using the following 
methods: The fouling formation mechanisms were analyzed 
by applying the filtration resistance obtained by filtering 
feed water through the initial membrane, the filtration resis-
tance obtained by repeating TMP and a constant cycle, and 
TMP to Hermia’s model. It has been reported that Hermia’s 
model is appropriate to explain the fouling mechanism using 
permeate flux in membrane filtration [17,18]. The calculation 
was conducted using the following four equations:
Complete blocking model:

ln lnJ J K tp c= −0  (4)

where Kc membrane surface blocked per unit of the total 
volume that permeates through the membrane; J0 initial 
permeate flux.

The above phenomena occur when the solute is larger 
than the membrane pore size.
Intermediate blocking model:

1 1

0J J
K t

p
i= +  (5)

where Ki is membrane surface blocked per unit of the total 
volume that permeates through the membrane

The intermediate blocking model occurs when the solute 
is similar in pore size.
Standard blocking model:

1 1
1 2

0
1 2 0J J

K t
p
/ /= +  (6)

The standard blocking model occurs in the membrane by 
molecules smaller than the membrane pore size.
Cake layer formation model:

1 1
2

0
2J J
K t

p

= + gl  (7)

In this case, a cake layer is formed on the membrane 
surface. The solute does not penetrate into the membrane 
and then is precipitated on the membrane surface because 
it is larger than membrane pore size.

3. Results and discussion

3.1. Flux curves and resistance analyses

Fig. 2 shows the filtration resistance depending on poly-
meric membrane LMH. Fig. 3 shows the filtration resistance 
depending on ceramic membrane LMH. The polymeric and 
the ceramic membrane LMHs have experimented under the 
conditions selected by the preliminary test. According to a 
report, membrane fouling by algae is worsened by EPS and 
is very sensitive to flux, and it is important to find out the 
optimal productivity [19]. The results of this experiment 
also show that TMP increases with increasing LMH, and it 
is considered that algal matter caused membrane fouling. As 
shown in Figs. 2 and 3, the stable operation was realized at 
5 and 150 LMH in the polymeric and ceramic membranes, 
respectively.

Fig. 4 shows the TMP of the results of the stably oper-
ated two different membranes. Fig. 4 shows the operating 
conditions used to analyze the membrane formation mecha-
nisms using Hermia’s model in the next paragraph. The more 
stable operation was performed even though the ceramic 
membrane shows high LMH.

Fig. 1. Schematic diagram of the lab-scale continuous test unit.
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Hofs et al. [20] reported that highly negative charge or 
hydrophilic membranes cause less fouling under the same 
conditions. The ceramic membrane shows stable operation 
also in this experiment. It is considered that ceramic mem-
branes made of SIC are resistant to fouling because they are 
more hydrophilic than polymeric membranes made of PVDF.

3.2. Normalized flux measurement

To analyze the fouling formation mechanisms depend-
ing on the operating conditions of polymeric and ceramic 
membranes, Figs. 5a and b show the normalized flux. As 

shown in the figures, flux decreases in every filtration cycle, 
and it means that fouling occurs on membranes. Recovery 
by B/W decreases as the experiments progress, and then 
fouling increases. The experiments were stopped in the 
section where the initial flux decreased by 40%–50%, and 
then it was considered that irreversible fouling was formed 
in B (A: the initial cycle, B: the cycle flux decreased). The 
polymeric membranes in Fig. 5a recover flux for each B/W 
cycle, but the ceramic membranes in Fig. 5b cannot recover 
to the initial flux with the passage of the filtration cycle 
and then show a tendency to be worsened gradually. Fig. 6  
is a graph showing reversibility and irreversibility by 

Operating times (min)

0 10 20 30 40

Re
sis

ta
nc

e (
m

-1
)

5.0e+12

1.0e+13

1.5e+13

2.0e+13

2.5e+13

3.0e+13

3.5e+13

4.0e+13

4.5e+13

5 LMH
10 LMH
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Fig. 5. Normalized fluxes of polymeric and ceramic membranes (a) Normalized flux of polymeric membranes and (b) Normalized 
flux of ceramic membranes.
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membrane material with a fouling ratio. Wang et al. [21] 
reported that membrane fouling is worsened in the opera-
tion at higher flux. It is considered that fouling in the ceramic 
membranes was worsened also in this study because the 

flux of ceramic membranes was much higher than that of 
polymeric membranes.

3.3. Analysis of membrane fouling formation mechanisms 
using Hermia’s model

Figs. 7a–d are graphs applying the experimental results 
of the polymeric membranes to Hermia’s model. R2 values 
make it possible to analyze which model caused membrane 
fouling formation. In other words, R2 values show a correla-
tion with each model. First, Fig. 7a shows the complete pore 
blocking in the experiments for the polymeric membranes. 
Although 1 cycle shows a high correlation (R2 value: 0.9811), 
the R2 value dramatically decreases to 0.8318 in 4 cycles. 
Fig. 7b shows the standard pore blocking. The R2 value 
shows a tendency to decrease from 0.9731 to 0.7821 with the 
passage of the filtration cycle. Fig. 7c shows the intermediate 
pre-blocking. The R2 value decreases from 0.9915 to 0.9130 
with the passage of the filtration cycle. Fig. 7d shows the 
cake filtration. The R2 value decreases from 0.9939 to 0.9658. 
Thus, different correlations for each model are found even 
in the same membrane.
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Fig. 6. Comparison of reversibility and irreversibility by material.
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Figs. 8a–d are graphs applying the experimental results 
of the ceramic membranes. First, each represents the com-
plete pore blocking, standard pore blocking, intermediate 
pore blocking, and cake filtration. In Figs. 8a–d, the R2 val-
ues changed from 0.9483 to 0.9844, from 0.9401 to 0.9865, 
from 0.9607 to 0.9764, and from 0.9671 to 0.9634, respectively. 
Fig. 9 is a graph applying the 4 cycle data for each block-
ing to Hermia’s model to compare the fouling formation 
mechanisms by membrane material.

To determine the model close to the experimental data, 
the comparison was performed as shown in Table 3. Table 3 
shows the R2 value using a table to simplify the analysis of the 
graph data. First, concerning the polymeric membrane, the 
compatibility with all the models was high in 1 cycle, or the 
early filtration, but the effects of the complete pore blocking 
dramatically decreased with time, and then cake filtration 
became the major fouling mechanism. Also, it is considered 
that the standard pore-blocking does not affect fouling mech-
anisms. According to [22], particulate fouling in polymeric 
membrane filtration occurs mostly in the early filtration and 
then the blocking level decreases with time. The correlation 

of the pore-blocking was high in the early filtration, but that 
of the cake filtration gradually increased also in this study. As 
for the ceramic membranes, the cake filtration showed high 
compatibility in the early filtration. However, the complete 
pore blocking and standard pore blocking gradually became 
the main fouling mechanisms. Karasuet al. [23] reported that 
ceramic membranes are hydrophilic and have lower protein 
fouling adhesion than relatively hydrophobic PVDF mem-
branes. Lee et al. [24] reported that strong hydrophilicity 
of ceramic membranes has a relatively weaker correlation to 
foulants causing fouling compared to polymeric membranes. 
Hydrophilic membranes showed an extremely low tendency 
of fouling caused by algal substances, and membranes with 
hydrophobic surfaces showed a severe tendency of fouling 
due to algal filtration [25].

The fouling tendency of two membranes such as ceramic 
membranes made of silicon carbide representing hydro-
phobicity and polymeric membranes made of hydrophobic 
PVDF. It is considered that these tendencies occur by dif-
ferences in membrane materials with hydrophilicity and 
hydrophobicity.
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Fig. 9. Comparison of normalized data (polymeric and ceramic) (a) complete blocking, (b) standard pore blocking, (c) intermediate 
pore blocking, and (d) cake filtration.

Table 2
Specifications of membranes

Membrane 
material

Effective membrane 
area (m2)

Membrane 
type

Pores if the MF 
membrane (μm)

Clean water permeability 
(LMH/bar)

Ceramic Silicon carbide 0.00652 Flat type 0.1 5,000
polymeric PVDF 0.055 Hollow fiber 0.1 >500

Table 3
R2 values of Hermia’s models

Complete pore  
blocking

Standard pore  
blocking

Intermediate 
pore blocking

Cake 
filtration

Polymeric (1 cycle) 0.9811 0.9731 0.9915 0.9939
Polymeric (4 cycle) 0.8318 0.7821 0.9130 0.9658
Ceramic (1 cycle) 0.9483 0.9401 0.9607 0.9671
Ceramic (4 cycle) 0.9844 0.9865 0.9764 0.9634
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4. Conclusions

This paper aimed to analyze the membrane fouling for-
mation mechanisms in membrane processes applied from the 
perspective of algae harvesting. This paper also compared 
the membrane fouling mechanisms depending on operating 
conditions and membrane materials using high concentra-
tions of artificial algae and Hermia’s model. The following 
conclusions were drawn:

• When filtering polymeric and ceramic membranes in high 
concentrations of artificial algae raw water, it was able 
to operate ceramic membranes with much higher LMH. 
It was confirmed that fouling occurs less frequently due 
to ceramic membranes’ properties such as hydrophilicity 
and highly negative charge.

• Hermia’s model was used to examine the membrane 
fouling mechanisms. As a result, the polymeric mem-
brane was in proximity to all the four models including 
the complete pore blocking, but the polymeric mem-
brane was suitable for the cake filtration model with the 
passage of filtration.

• Although the ceramic membranes were highly correlated 
with the cake filtration model in the early filtration, the 
complete pore blocking and standard pore blocking 
models showed a tendency to be major fouling mecha-
nisms with time.

• Both results showed different fouling formation mecha-
nisms. It is considered that this was caused by the hydro-
philicity of the polymeric membranes and the relative 
hydrophobicity of the ceramic membranes. It was con-
firmed that the fouling tendency varied from membrane 
materials. Membrane materials are regarded as a major 
reason.

Based on the results, examining the fouling formation 
mechanisms using Hermia’s model is considered as an 
important factor in fouling control when applying mem-
brane processes from the perspective of algae harvesting. It is 
considered necessary to examine fouling properties in more 
detail by analyzing fouling layers attached to the membrane 
surface with the progression of filtration in future research.
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