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ABSTRACT

In this paper, we tried to derive the membrane fouling characteristics of Chlorella, green algae, under
various operating conditions by using a ceramic membrane. To this end, this study examined the
effects of fouling on ceramic membranes according to flux and coagulant and the effects of Chlorella
attached to the membrane surface due to backwash (B/W) in filtering ceramic membranes. Therefore,
we tried to derive the relationship between B/W and membrane fouling control under various
conditions by analyzing the membrane fouling phenomenon through filtration resistance analysis
according to each operation condition. When filtering membranes in algal-rich water, the selection
of coagulants is an important factor. It was confirmed that aluminum-based coagulants were more
effective in membrane fouling control than iron-based coagulants. When filtering membranes in algal-
rich water, the selection of coagulants is an important factor. It was confirmed that aluminum-based
coagulants were more effective in membrane fouling control than iron-based coagulants. This study
examined the control properties of algal membrane fouling depending on various B/W conditions
(strength, time, and temperature). It was confirmed that physical cleaning efficiency was found only
by ensuring B/W beyond a certain period. Furthermore, it was confirmed that B/W strength was more
effective in fouling control than time duration beyond a certain period. The efficiency depending on

mitigating fouling layers on the membrane fouling with an increasing water temperature of B/W.
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1. Introduction

Algae are not only important food sources for aquatic
organisms such as fish and crustaceans but also import-
ant creatures that produce oxygen using photosynthetic
by-products to support aerobic organisms in aquatic sys-
tems. However, global warming has brought changes in a
water environment thus far. In particular, the occurrence of
algal blooms causes serious problems (e.g., disinfection by-
products, unpleasant taste and odor) in water supply due to
an increase in water temperature during summer in water
environments such as rivers or lakes and then eventually
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causes undrinkable water. Recently, low-pressure membrane
filtration such as ultrafiltration and microfiltration (MF) has
attracted increasing attention from algal rich water treat-
ment areas because of the higher production of treated water
and lower operating costs. According to preliminary studies
[1-3], a membrane process was able to completely remove
algal cells, and a hybrid process combined with activated car-
bon was able to remove extracellular organic matter (EOM).
Lately, the development of ceramic membrane manufactur-
ing technologies has allowed becoming as competitive as
polymeric membranes, and then they have received atten-
tion from the water treatment field. Recently, the excellent
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chemical resistance of ceramic membranes makes it possible
to solve problems related to periodic repair and replacement
as a disadvantage of polymeric membranes. However, little
is known about the fundamental properties of ceramic mem-
brane fouling caused by algal materials. Ceramic membrane
processes have rapidly gained attention because of many
more specific advantages compared to existing polymeric
membrane processes.

Ceramic membranes have been applied to drinking
water treatment for 50 facilities in Japan in the last decade.
Recently, a 2.5 mega gallons per day pilot plant has been
studied in California, the United States [4,5].

Ceramic membranes have been widely applied in water
treatment, but membrane fouling remains an important
issue until membrane technologies are widely applied. Also,
little is known about their performance properties, particu-
larly membrane fouling caused by algae.

It has been reported that membrane fouling in applying
algae-rich water to membrane processes is mainly caused by
algal cells including similar substances such as polysaccha-
rides, proteins, lipids, and humus and EOM [6]. The forms
of membrane fouling include adsorption or gelation between
algal particles and the membrane surface and formation of
pore blockage or cake layers [7].

Many studies have been conducted as a method of con-
trolling membrane fouling. Recently, the processes com-
bined with coagulation, adsorption, and oxidation processes
have been widely studied to control membrane fouling [8],
and it was reported that backwash (B/W) and air scrub-
bing (A/S) were effective alternatives to improve membrane
performance [9].

In this paper, we tried to derive the membrane fouling
characteristics of Chlorella, green algae, under various oper-
ating conditions by using a ceramic membrane. To this end,
this study examined the effects of fouling on ceramic mem-
branes according to flux and coagulant and the effects of
Chlorella attached to the membrane surface due to B/W in
filtering ceramic membranes. Therefore, we tried to derive
the relationship between B/W and membrane fouling control
under various conditions by analyzing the membrane fouling
phenomenon through filtration resistance analysis according
to each operation condition.

2. Materials and methods
2.1. Characteristics of the raw water

The single culture samples of Chiorella algae were col-
lected from Danyang Chlorella in South Korea. To understand
fouling by membrane material, the Chlorella concentration
was adjusted to 100 mg/L (3.98 g/m? of algal deposition)
suspended solids as shown in Table 1.

2.2. Experimental set-up

All the experiments were conducted using a laboratory-
scale membrane set-up, mainly including a raw water tank,
a constant level water tank, a peristaltic pump, a pressure
transducer, and a data acquisition system. As shown in Table
2, the immersed flat type MF membrane module (Cembrane,
Denmark) was made of silicon carbide, with an effective
membrane area of 0.0652 m? and a nominal pore size of

0.1 um. The reactor (effective volume of 16.4 L) was fed with
a raw solution through the constant level tank and the efflu-
ent was drawn directly from the membrane module by the
peristaltic pump (EMS-2000S, Korea). A pressure transducer
(PTP708 Tuopu Electric, Korea) was connected to a laptop,
was used to continuously monitor the transmembrane pres-
sure (TMP).

2.3. Operating conditions

Through the preliminary test, the critical flux and SADM
(specific aeration demand, either to the membrane area) of the
ceramic membrane used in this study were 200 LMH and 1 m?/
m? h, respectively. The flux and A/S rates were selected based
on the above preliminary test results. An analysis of mem-
brane fouling by coagulant type was performed by selecting
FeCl, and polyaluminium chloride (PaCl). Also, it was con-
ducted to examine the fouling properties according to the
conditions of B/W under the following conditions: with/with-
out B/W, with/without chemicals, temperatures (10°C, 20°C,
and 30°C), and with/without A/S. The reactor temperature
during the experiments was maintained at 20°C + 0.5°C using
a water bath, and each membrane was washed and flushed
by ultrapure water under the same conditions before use.

2.4. Measurement of resistance

Analysis of membrane fouling by Chlorella was using the
following equations according to the measurement of perme-
ate flux, transmembrane pressure, and water temperature: In
filtration experiments, the specific membrane resistance was
first measured using ultrapure water.

Moreover, the reversibility and irreversibility under
each condition were analyzed using the following methods:
Membrane fouling was calculated by the following equa-
tions in defining the filtration resistance obtained by filter-
ing ultrapure water through the initial membrane, the final
filtration resistance of the fouled membrane by filtering
using the target raw water to be treated, and the filtration
resistance obtained by filtering using ultrapure water after
physical cleaning as R, R, and R,, respectively:

T I 1)
RO_RI
R,-R

[F=—0_—2 )
RO_Rl

TF=RF+IF=1 3)

RF is reversible fouling, IF is irreversible fouling and
the total membrane (TF) becomes 1.

3. Results and discussion
3.1. Effects of TMP with injection of coagulants

Fig. 1 shows the fouling properties with and with-
out injecting coagulants and by coagulant type. The injec-
tion volume of FeCl, and PaCl were determined by jar-test
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Fig. 1. Comparison of operating TMP by coagulant type and
with/without injection of coagulants.

at 12.5 and 7.0 mg/L, respectively. As shown in the figure,
the rates of increase in TMP were dosing FeCl, without
(W/O) coagulant, and dosing PaCl, in that order. Coagulation
conditions such as type, dose, and mix mode of coagulants
have a large effect on coagulation-membrane processes
[10,11]. Additionally, Konieczny et al. [12] reported that
aluminum salt coagulant showed higher removal efficiency
than ferric salt. The TMP increase rate of iron-based coagu-
lants was higher than that of aluminum-based coagulants
also in this study. In particular, the TMP increase rate with
the dosage of iron-based coagulants was higher than with-
out them. Moreover, the PaCl dosage maintained lower
TMP during the filtration time than W/O. It is considered
that these results with the PaCl dosage were obtained by
coagulating foulants into large aggregates to improve the
water permeability. According to previous literature, it
has been reported that fouling is caused by algae cells and
EOM including polysaccharides proteins, lipids and humus
[6], and it is known that membrane fouling decreases with
increasing coagulant dosage into these substances by coag-
ulating them into large aggregates [13]. However, the PaCl
dosage showed a higher increase in initial filtration pres-
sure than W/O after the third cycle. Foulants connected to
aluminum ions showed increased adsorption performance
with the membrane surface. Wu et al. [6] reported that the
injection of coagulants accelerated fouling by causing low
electrostatic repulsion between particles and membrane sur-
face due to an increase in the zeta potential of feed water.
Similar results were obtained also in this paper.

3.2. Fouling control properties depending on A/S shear force
in B/W sequence

This study aimed to examine the effects of fouling control
according to physical cleaning conditions in membrane fil-
tration, that is to say, with or without A/S and B/W as shown
in Fig. 2. It was confirmed that A/S showed larger effects
of fouling control than B/W when filtering membranes in
algal-rich water. The experiments were performed to exam-
ine the effects of A/S on fouling control in B/W sequence,
and without A/S, 0.5 m/h (SAD,), and 1.0 m/h (SAD,) was
selected as an operating condition. As shown in Fig. 3, A/S
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Fig. 2. Fouling properties with/without A/S and B/W.
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Fig. 3. Effects of A/S on B/W sequence.

detaches algae foulants attached to the membrane surface
during the B/W process. According to previous literature,
extracellular polymeric substances (EPS’s) adhesive and
cohesive forces released from algal cells are not covalent
bond forces but physicochemical forces. It has been reported
that this EPS makes it easy to remove membrane foul-
ing caused by cellular adhesion but cells are difficult to be
removed [14]. Also, it has been reported that it is very hard
to remove algal cells because they are many more than the
total number of bonds and covalent bonds even though they
have disadvantages compared to C—C bonds and algal cells
are irreversibly attached even though filtration processes
stop [15]. Interactions with the membrane surface made
it easy for algal cells to be adsorbed also in this study. It is
regarded as intermediate fouling, and this type of fouling
shows higher physical cleaning efficiency with increasing
shear force of A/S.

3.3. Fouling control properties depending on B/W strength
and operating conditions

The experiments were performed with different B/W
strength (1.5, 2.0, and 3.0 Q, 30 s) to examine the effects of
B/W strength on membrane fouling control. Fig. 4 shows
that the TMP increase rate is similar during the initial pressure
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Fig. 4. Comparison of TMP depending on B/W strength.

Table 1

Characteristics of the raw water
Parameters Concentrations
Chl-a 1,460 + 23 mg/m®
Cell 3.98+1,2 g/m?
Suspended solids 100 + 12 mg/L
EPS Protein 0.782 £ 0.5 mg/L

Polysaccharide 8.9+1.2mg/L

Table 2

Physical characteristics of membrane
Characteristic items Properties

Membrane material Silicon carbide

Effective filtration area (m?) 0.00652

Membrane type Flat type

Pores if the MF membrane (um) 0.1

Clean water permeability (LMH/bar) 5,000 LMH/bar at 20°C

recovery and filtration time at B/W of more than 2.0 Q. The
experiments were conducted to investigate the physical
cleaning efficiency with changing B/W time (10, 20, 30 s) and
B/W strength conditions (1.5, 2.0, 3.0 Q). As shown in Fig. 5,
the TMP increase rate is similar at B/W of more than 2.0 Q
and for more than 20 s, and more stable TMP was found at
B/W of 3.0 Q during the filtration. These experiments showed
that B/W time and strength affected detaching algal fouling
as a B/W condition. B/W strength had an intense effect on
fouling control beyond a certain period (20 s).

The following experiments were performed to examine
the membrane fouling control properties depending on B/W
temperatures by changing the B/W conditions 10°C, 20°C,
and 30°C at B/W of 2.0 Q for 30 s. Fig. 6a shows that the sta-
bility of the operating results increased with increasing B/W
temperature. Moreover, Fig. 6b shows the formation of mem-
brane fouling resistance depending on the above B/W condi-
tions. Rir resistance tended to decrease with increasing B/W
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Fig. 5. B/W strength and time to TMP comparison (a) B/W 1.5Q,
(b) B/W 2.0Q, and (c) B/W 3.0Q.

temperature. Ren et al. [16] reported that B/W substantially
mitigated fouling layers formed in membranes at a higher
temperature and its cleaning efficiency increased at a higher
temperature. Similar results were also found in this study. 3.3
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Fig. 6. (a) Compare of operating TMP and (b) membrane fouling
resistance at different backwashing temperatures.

made it possible to examine the membrane fouling control
properties depending on strength, duration, and tempera-
ture among various B/W conditions.

4. Conclusions

In this paper, we tried to derive the membrane fouling
characteristics of Chlorella, green algae, under various oper-
ating conditions by using a ceramic membrane. To this end,
this study examined the effects of fouling on ceramic mem-
branes according to flux and coagulant and the effects of
Chlorella attached to the membrane surface due to B/W in
filtering ceramic membranes. Therefore, we tried to derive
the relationship between B/W and membrane fouling control
under various conditions by analyzing the membrane fouling
phenomenon through filtration resistance analysis according
to each operation condition. The following conclusions were
drawn from this study.

®  When filtering membranes in algal-rich water, the selec-
tion of coagulants is an important factor. It was confirmed
that aluminum-based coagulants were more effective in

membrane fouling control than iron-based coagulants.
Furthermore, membrane fouling was worse than without
injecting coagulants when selecting FeCl,. It is considered
that the selection of coagulants is an important factor
when concentrating or filtering with Chlorella membrane
processes.

e A/Sis an important element in membrane fouling con-
trol when filtering Chlorella. It was confirmed that A/S
is an effective method for controlling deposited algal
foulants. Moreover, A/S had a large effect on detaching
algal foulants attached to the membrane surface in B/W.
It was confirmed that higher physical cleaning efficiency
increased with increasing shear force of A/S.

e This study examined the control properties of algal mem-
brane fouling depending on various B/W conditions
(strength, time, and temperature). It was confirmed that
physical cleaning efficiency was found only by ensuring
B/W beyond a certain period. Furthermore, it was con-
firmed that B/W strength was more effective in fouling
control than time duration beyond a certain period.
The efficiency depending on mitigating fouling lay-
ers on the membrane fouling with an increasing water
temperature of B/W.

Acknowledgments

This work was supported by the Korea Environment
Industry & Technology Institute (KEITI) through the Public
Technology Program based on the Environmental Policy
Project, funded by the Korea Ministry of Environment (MOE)
(grant number 2018000200005).

References

[11 R.H. Chow, J. Klingauf, C. Heinemann, R.S. Zucker, E. Neher,
Mechanisms determining the time course of secretion in
neuroendocrine cells, Neuron, 16 (1996) 369-376.

[2] W.X. Zhang, ].Q. Luo, L.H. Ding, A review on flux decline
control strategies in pressure-driven membrane processes, Ind.
Eng. Chem. Res., 54 (2015) 2843-2861.

[3] M. Campinas, M.]J. Rosa, Removal of microcystins by PAC/UF,
Sep. Purif. Technol., 71 (2010) 114-120.

[4] A.Loi-Briigger, S. Panglisch, P. Buchta, K. Hattori, H. Yonekawa,
Y. Tomita, R. Gimbel, Ceramic membranes for direct river water
treatment applying coagulation and microfiltration, Water Sci.
Technol., 6 (2006) 89-98.

[5] S. Kanaya, S. Fujiura, Y. Tomita, H. Yonekawa, The World’s
Largest Ceramic Membrane Drinking Water Treatment Plant,
Proceeding of AWWA Membrane Technology Conference,
Tampa, FL, USA, 2007.

[6] X.T. Wu, CW. Zhou, K.Y. Li, W. Zhang, Y. Tao, Probing the
fouling process and mechanisms of submerged ceramic
membrane ultrafiltration during algal harvesting under
sub- and super-critical fluxes, Sep. Purif. Technol., 195 (2018)
199-207.

[7] Y.-T. Chiou, M.-L. Hsieh, H.-H. Yeh, Effect of algal extracellular
polymer substances on UF membrane fouling, Desalination,
250 (2010) 648-652.

[8] A.Bhatnagar, M. Sillanpaa, Removal of natural organic matter
(NOM) and its constituents from water by adsorption - a
review, Chemosphere, 166 (2017) 497-510.

[9] S. Panglisch, G. Kraus, A. Tatzel, J.-P. Lickes, Membrane
performance in combined processes including ozonation
or advanced oxidation, powdered activated carbon and
coagulation — investigations in pilot scale, Desalination,
250 (2010) 819-823.



(10]

(11]

(12]

(13]

K. Park et al. / Desalination and Water Treatment 173 (2020) 28-33

H.-C. Kim, J.-H. Hong, S. Lee, Fouling of microfiltration
membranes by natural organic matter after coagulation
treatment: a Comparison of different initial mixing conditions,
J. Membr. Sci., 283 (2006) 266-272.

E. Barbot, S. Moustier, ]J.Y. Bottero, P. Moulin, Coagulation and
ultrafiltration: understanding of the key parameters of the
hybrid process, J. Membr. Sci., 325 (2008) 520-527.

K. Konieczny, M. Bodzek, A. Kope¢, A. Szczepanek, Coagulation
- submerged membrane system for NOM removal from water,
Desalination, 200 (2006) 24-28.

J.L. Wu, ET. Chen, X. Huang, W.Y. Geng, X.H. Wen, Using
inorganic coagulants to control membrane fouling in a sub-
merged membrane bioreactor, Desalination, 197 (2006) 124-136.

(14]

[15]

[16]

33

H.C. Flemming, ]. Wingender, Relevance of microbial
extracellular polymeric substances (EPSs)—Part I: structural
and ecological aspects, Water Sci. Technol., 43 (2001) 1-8.

S.-T. Kang, A. Subramani, EIM.V. Hoek, M.A. Deshusses,
M.R. Matsumoto, Direct observation of biofouling in cross-
flow microfiltration: mechanisms of deposition and release,
J. Membr. Sci., 244 (2004) 151-165.

J. Ren, X. Li, Y. Yang, Y. Liu, Z. Zhou, S. Ji, Effect of backwash
temperature on hollow fiber ultrafiltration membranes fouled
by sodium alginate, Desal. Wat. Treat., 57 (2016) 3350-3357.



