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during ultrafiltration (UF) process were studied in this work. The results showed that EOM
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had a broad molecular weight (Mw) distribution and the irreversible membrane fouling was
basically caused by EOM. Moreover, humic acid and microbial metabolites were major com-
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ponents of EOM of two typical cyanobacteria. Since EOM could fill the voids of cake layers
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formed by the algal cells, EOM and algal cells played synergistic roles in membrane fouling.
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Fourier transform infrared spectroscopy analysis indicated that the CH2 and CH3 chemi-
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cal bonds may play an important role in membrane fouling caused by EOM. Interestingly,

Membrane fouling

the cake layer formed by the algal cells could trap the organic matter produced by algae
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and alleviate some irreversible membrane fouling. The results also showed that although
the cake layer formed by the algal cells cause severe permeate flux decline, it could play a
double interception role with UF membrane and increase organic matter removal efficiency.
Therefore, when using UF to treat algae-laden water, the balance of membrane fouling and
organic matter removal should be considered to meet the needs of practical applications.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Due to global eutrophication, algae bloom is becoming a
worldwide problem. Among them, the cyanobacterial blooms
(e.g. M. aeruginosa, Pseudoanabaena sp.) are the most common
and harmful due to their strong environmental adaptability
(Leloup et al., 2013; Xu et al., 2017). It can cause many problems such as taste & odor and toxins (Zhang et al., 2016;
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Huang et al., 2020; Xiao et al., 2019). During the algae growth,
large amounts of algal organic matters (AOM) are released and
it is considered to be a precursor for the formation of disinfection by-products during disinfection (Lin et al., 2021; Wei et al.,
2011; Zhao et al., 2020; Zhou et al., 2014a). Many chemicals are
used to treat algae-laden water (Wert and Rosario-Ortiz, 2013),
but chemicals can easily cause algae cell breakage. The breakage of algae cells releases algae toxins and intracellular organic matter (IOM), which poses a greater threat to human
health (Fang et al., 2010). Ultrafiltration (UF) is widely used for
the removal of algae, as it can completely trap the algal cells
by size exclusion (Liang et al., 2008) and can cause less cell
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lysis (Campinas and Rosa, 2010). However, membrane fouling
has always been a great challenge for membrane separation
technology (Gao et al., 2021; Lin et al., 2011).
In the process of algae filtration, many ingredients can
potentially cause membrane fouling. Among the potential ingredients, organic components are considered to be
the key factors of membrane fouling (Chiou et al., 2010;
Zhou et al., 2014b). Extracellular organic matter (EOM) released
by cyanobacterial cells is strongly hydrophilic (Li et al., 2012;
Sun et al., 2015) and mainly composed of proteins, polysaccharides and humic-like substances (Henderson et al., 2008).
Therefore, EOM also contributes greatly to the membrane fouling during algae filtration. It has been found that, when comparing to the humic-like substances, the proteins and polysaccharides of algal EOM can cause more severe membrane fouling (Her et al., 2004). As a result, proteins and polysaccharides
of algal EOM are widely studied (Qu et al., 2012b; Zhou et al.,
2014b; Huang et al., 2017; Rao et al., 2020). Moreover, it is generally believed that particles and organics play a synergistic role in membrane fouling during membrane filtration (D.
Jermann et al., 2008). In the process of algae filtration, algae
cells and EOM are a typical combination of particles and organics (Qu et al., 2012b).
Many studies had directly used EOM or algae solutions (including algae cells and EOM) to study membrane fouling behavior. Qu et al. (2012a) investigated the impact of dissolved
EOM and bound EOM on UF membrane fouling, which showed
that the dissolved EOM caused more reversible membrane
fouling and severe flux decline due to its stronger hydrophilicity and higher organic content. The bound EOM led to more
irreversible membrane fouling. Moreover, the hydrophobic
membrane led to more severe flux decline and the reversibility of membrane fouling was worse (Qu et al., 2014). Therefore,
the membrane fouling behavior of different materials caused
by EOM was different. The irreversible membrane fouling increased with the decrease of pH (Zhou et al., 2014b). When using UF to treat algae-laden water, Liu et al. (2017a) found that
algal cells and EOM caused serious membrane fouling, especially reversible membrane fouling, which aggravated with the
increase of TMP. Few studies had involved membrane fouling
analysis containing only algae cells (separating EOM from algae cells). Therefore, EOM and algal cells were separated in
this study to analyze the interaction between algae cells and
EOM and the role of EOM in membrane fouling.
Cyanobacteria, M. aeruginosa and Pseudoanabaena sp., were
selected in this study as their algal cells and EOM were separated. Three different types of UF water samples containing
only EOM (W-EOM), containing only algal cells (W-AC), and
containing both EOM and algal cells (W-EOMAC) were prepared in order to investigate the role of EOM in the cyanobacteria UF process.

1.

Materials and methods

1.1.

Algae culture

M. aeruginosa and Pseudoanabaena sp. (FACHB-1277) were obtained from the Institute of Hydrobiology, Chinese Academy of

13

Sciences. Two cyanobacteria were cultivated in BG11 medium
and harvested in the stationary phase. The components of
BG11 medium and the method of harvesting stable cyanobacteria are described in Appendix A Section 1.

1.2.

Water samples

The deionized water was used to dilute the cultivated algae
solution to a UV absorbance at 680 nm (OD680 ) of 0.065±0.003
in W-EOMAC. The algal cells and EOM of the same volume
of algal solution were separated using the method described
previously (Qu et al., 2012c) and added in deionized water to
form W-AC and W-EOM, respectively. The water samples of M.
aeruginosa were M-EOMAC, M-AC and M-EOM, and water samples of Pseudoanabaena sp. were P-EOMAC, P-AC and P-EOM.
The phosphate buffered saline (PBS) stock solution (0.2 mol/L)
was directly dissolved in ultrapure water and 10 mmol/L PBS
was used to keep the pH of the water samples at 7.7 ± 0.1.

1.3.

UF procedure

In order to investigate the membrane fouling degree of water
samples, the dead-end filtration mode was used in UF experiments. Polyvinylidene fluoride (PVDF) UF membranes (Mosu,
China) with molecular weight cutoff of 100 kDa were used and
the new membranes were stored in deionized water at least
24 hr to remove preservatives before filtration. The schematic
diagram of UF system was illustrated previously (Qu et al.,
2012a). The prepared water samples were slowly transferred
to a 200 mL stirring cell and the membrane was placed at the
bottom of the cell. The constant pressure of 0.1 MPa was maintained by nitrogen gas to drive solution through the membrane. Moreover, the instantaneous mass of cumulative permeate was automatically recorded every 30 sec by an electronic balance (ML1602T; Mettler Toledo, China). To eliminate
the compaction effect of the membrane and stabilize the flux
of the membrane, 300 mL of deionized water was filtered before each UF experiment. Before the membrane fouling experiments, each new membrane was filtered with 100 mL of deionized water to get the permeate flux of virgin membrane (J0 ).
Then, the different water samples were filtered to get the permeate flux (J1 ) and determine the attenuation of membrane
flux. Finally, the deionized water was filtered to get the permeate flux (J2 ) after hydraulic backwash. According to the reference, the reversibility of membrane fouling was analyzed
(Cheng et al., 2016). The specific UF steps and calculation process are described in Appendix A Section 2.

1.4.

Analytical methods

The three-dimensional excitation emission matrix (3D-EEM)
spectra and molecular weight (Mw) of EOM were measured by
luminescence spectrometry (F-4500, Hitachi, Japan) and highperformance liquid chromatography system (Waters 1525,
Waters, USA), respectively. The EEM spectra were divided into
five regions (Chen et al., 2003) and the peak-fitting technique
was applied to obtain quantitative information on the organic
matter (Chow et al., 2008). Dissolved organic carbon (DOC)
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concentration was measured with total organic carbon analyzer (TOC-VCPH ) (Shimadzu, Japan). UV absorbance at 254 nm
(UV254 ) and OD680 were measured by a UV-6100 double beam
spectrophotometer with 1 cm quartz cuvette. The morphology
of cake layer on the membrane surface was important for understanding membrane fouling control. After UF experiments
were completed, the membrane samples were taken out completely and vacuum-dried, and then it was made to the suitable size and placed on the appropriate sample tray. In order
to make the samples conducting, membranes were sputtercoated with gold and observed by scanning electron microscope (SEM, JEOL, JSM-7001F) at 20 kV. The water samples were
freeze-dried and Fourier Transform Infrared spectroscopy (FTIR, IS5, Thermo, USA) was used to analyze the specific functional groups.
To separate the hydrophilic and hydrophobic components
of EOM, the EOM solution was acidified with 12 mol/L HCl
to pH=2.00, and then passed through DAX-8 resin. The organic matter adsorbed by the adsorption column was strongly
hydrophobic. It was eluted with 0.1 mol/L NaOH to obtain
strong hydrophobic components. The unadsorbed water sample continued to pass through the XAD-4 resin, where the adsorbed organic matter was weakly hydrophobic, and it was
also eluted with 0.1 mol/L NaOH to obtain weakly hydrophobic components, and the remaining part was the hydrophilic
components. Before measuring the DOC and UV254 of each
component, the pH of all components should be uniformly adjusted to 7.7

2.

Results and discussion

2.1.

Comparison of membrane fouling of water samples

During membrane fouling experiments, water samples were
slowly transferred to stirring cell and the instantaneous mass
of cumulative permeate was automatically recorded by the
electronic balance. As shown in Fig. 1, the permeate fluxes
of water samples of both cyanobacteria decreased dramatically during the initial stage, then the decrease became gentle. Compared to the permeate flux of M-AC and M-EOMAC, the
permeate flux of M-EOM decreased the slowest during UF of
M. aeruginosa, and J1 /J0 was reduced to 0.66 after 15 min of operation. Moreover, the permeate flux of M-EOMAC decreased
the fastest, and J1 /J0 was reduced to 0.27 after 15 min of operation. During UF of Pseudoanabaena sp., the downtrend of permeate flux of different water samples was basically the same
as that of M. aeruginosa. The permeate flux of P-EOM decreased
the slowest and the permeate flux of P-EOMAC decreased the
fastest, and J/J0 was reduced to 0.60 and 0.30 after 15 min of
operation, respectively.
The reversibility of membrane fouling is analyzed and the
results are presented in Fig. 2. Both M-EOM and P-EOM induced reversible and irreversible membrane fouling. Moreover, both M-AC and P-AC caused more serious reversible
membrane fouling and had the lowest irreversible membrane
fouling. Compared to the irreversible membrane fouling of
M-EOM and P-EOM, the irreversible membrane fouling of MEOMAC and P-EOMAC were alleviated to some extent.

Fig. 1 – Permeate flux of water samples of (a) M. aeruginosa
and (b) Pseudoanabaena sp..

Fig. 2 – Effect of water samples of (a) M. aeruginosa and (b)
Pseudoanabaena sp. on ultrafiltration membrane fouling.
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Fig. 3 – The 3D-EEM spectra of (a) M-EOM and (b) P-EOM and (c) the proportion of each region.

Fig. 4 – (a) Molecular weight distribution and (b) peak areas of M-EOM and P-EOM.

2.2.

The organic component analysis of water samples

The 3D-EEM spectra of the EOM extracted from two cyanobacteria are present in Fig. 3. For M-EOM, microbial metabolites (20.7%) and humic acid (34.8%) were major components. This result was consistent with the previous study by
Qu et al. (2012a) and they demonstrated that the EOM of M.
aeruginosa mainly consisted of proteins, polysaccharides and
humic-like substances. However, Li et al. (2012) found that
the main component of EOM extracted from M. aeruginosa
was protein-like substances rather than humic-like matters.
The discrepancy in EOM composition between the two studies may be attributed to the difference in algae growth stages.
In the study of Li et al. (2012) M. aeruginosa was cultured to
an exponential growth phase and the algae used in this study
was cultivated over a stationary phase. As the growth of algae, the proportion of humic-like matters in EOM extracted
from M. aeruginosa could increase, while the proportion of
protein-like substances could decrease. For P-EOM, humic acid
was the major component (56.4%). Moreover, the proportion
of microbial metabolites was 13.1% in P-EOM. As illustrated in
Fig. 4a, EOM of two cyanobacteria had a broad Mw distribution
and the Mw of M-EOM and P-EOM were mainly ranged from
300–8000 Da and 200–10,000 Da, respectively. Henderson et al.
(2010, 2008) found that AOM’s Mw fractions in the ranges
of <1000 Da were mostly chlorophyl, algae toxin, O&T compounds, amino acids and others were mostly phycocyanin
and carbohydrates. This also indicated that M-EOM and P-

EOM contained many protein-like substances. Moreover, the
UV absorbance of P-EOM was stronger than that of M-EOM.
According to Appendix A Fig. S1, EOM of two cyanobacteria
can be detected with four Mw peaks, including 900 Da (peak
1), 1700 Da (peak 2), 3000 Da (peak 3) and 4500 Da (peak 4).
The peak area represents the concentration of different Mw
(Chow et al., 2008). Fig. 4b shows the peak area of four Mw
peaks of P-EOM are greater than that of M-EOM.
Since the UV absorbance of P-EOM was stronger than that
of M-EOM, the P-EOM should cause more severe permeate flux
decline, but the permeate flux decline of M-EOM and P-EOM
showed no significant difference (J/J0 was reduced to 0.66 and
0.60 after 15 min of operation, respectively). That is probably
because the Mw distribution measurement only used an UV
absorbance detector, the compounds with unsaturated groups
such as polysaccharide-like substances cannot be reflected in
the result. Moreover, when comparing to the humic-like substances, the proteins and polysaccharides of algal EOM can
cause more severe membrane fouling. Proteins and polysaccharides were higher in M-EOM than that in P-EOM (Fig. 3).
Compared with the particle size of EOM, the particle size of algae was much larger. Therefore, when filtering water samples
containing algae (W-AC, W-EOMAC), algae cells with larger
particle size quickly blocked the pores of the UF membrane
and formed thick cake layers, the permeate flux decreased
rapidly. Although the membrane fouling of W-AC was very serious, it was basically reversible membrane fouling. This indicated that intact algae cells basically did not cause irreversible
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Fig. 5 – (a) The ratio of the hydrophilic and hydrophobic
substances of EOM and (b) its contribution to irreversible
membrane fouling.

membrane fouling during the UF process, and the cake layer
formed by the algae cells deposited on the membrane surface
could be easily removed by backwashing.
According to the previous studies, algal EOM led to severe
flux decline and cake formation was considered as the main
mechanism of membrane fouling (Qu et al., 2014). Moreover,
hydrophobic organics in EOM caused irreversible fouling due
to its adhesion to the membrane surface (Qu et al., 2012c).
AOM of high-Mw fraction was the main component of ceramic
membrane fouling and small organic molecules reached the
membrane inner pores and caused serious irreversible membrane fouling (Zhang et al., 2013a; Li et al., 2020). When investigating the microfiltration membrane fouling caused by
AOM, Zhang et al. (2013b) found that high-Mw hydrophilic
molecules accumulated on the membrane surface and lowMw hydrophilic molecules entered the membrane pores and
led to the hydraulically irreversible fouling. The ratio of the
hydrophilic and hydrophobic substances of EOM and its contribution to irreversible membrane fouling were characterized
and the results are presented in Fig. 5. It can be noticed that
for M-EOM, the hydrophilic components accounted for more
than 90%. However, the contribution of hydrophobic components to irreversible membrane fouling cannot be ignored, accounting for more than 40%. This indicated that the adhesion of hydrophobic organics on the membrane surface was
also crucial to the irreversible membrane fouling of M-EOM.
For P-EOM, the hydrophobic components accounted for more

than 60% and both hydrophobic and hydrophilic components
played an important role in irreversible membrane fouling. As
EOM of two cyanobacteria both had a broad Mw distribution,
when filtering W-EOM and W-EOMAC, EOM of low-Mw fraction
quickly entered the UF membrane pores. Moreover, hydrophobic organics in EOM adhered to the surface of UF membrane,
which could cause irreversible membrane fouling. Therefore,
the irreversible membrane fouling of W-EOMAC was basically
caused by EOM. Interestingly, compared to W-EOM, the irreversible membrane fouling of W-EOMAC was alleviated. That’s
probably because the cake layer formed by algae cells prevented some EOM of low-Mw fraction from entering the UF
membrane pores and it was trapped on the surface or inside of
the cake layer. When the cake layer formed by algae cells was
removed by backwashing, this part of EOM was removed together. Moreover, when filtering W-EOM, hydrophobic organics in EOM easily adhered to the surface of UF membrane. And
when filtering W-EOMAC, algae cells with a larger particle size
could preferentially deposit on the membrane surface, making it difficult for hydrophobic organics in EOM to contact the
membrane surface. SEM images of the membrane surface are
present in Fig. 6. From Fig. 6a and 6d, layers of fibrous substances covered the UF membrane and formed cake layers.
Cake layers formed by W-AC had many algae cells and voids
(Fig. 6b and 6e). However, the voids of cake layers formed by
the algal cells were filled by EOM in W-EOMAC. As a result,
compared with W-AC, the membrane fouling of W-EOMAC
was considerably aggravated.
FT-IR spectra was performed to provide further information about water samples (Fig. 7). It can be noticed that
the peak at 3420 cm−1 and 2930 cm−1 represented the O–H
and C–H stretching vibrations of polysaccharides, respectively
(Chiou et al., 2010). The absorption at 1550 cm−1 was derived
from the N–H stretching vibration (amide II) of the proteinlike substances (Zhou et al., 2014a). The broadband at 1000
cm−1 was associated with the C–O-C stretching vibration of
the polysaccharide-like substances (Hung and Liu, 2006). WEOM and W-EOMAC displayed strong absorption bands at
1318 cm−1 and 870 cm−1 , which represented the CH3 chemical bonds of aminosugars (CH3 CONH− ) (Lee et al., 2006) and
the CH2 chemical bonds (Fukushima et al., 2001), respectively.
However, these two peaks were not so well identified in W-AC.
This indicated that CH2 and CH3 chemical bonds may play an
important role in membrane fouling caused by EOM. The FTIR
spectra of EOM on membrane surface after W-EOM UF process
was determined and the results are presented in Appendix
A Fig. S2. It can be noticed that a large amount of proteinlike and polysaccharide-like substances were trapped on the
membrane surface. The adhesion of these substances on the
membrane surface had a great influence on irreversible membrane fouling.

2.3.

Comparison of organic matter removal

The removal efficiencies of DOC and UV254 during the UF process are depicted in Fig. 8. It could be seen that UF was poor in
removing EOM of two cyanobacteria. For UV254 , the removal efficiencies of EOM in M-EOM and P-EOM were 4.99% and 1.61%,
respectively. With respect to DOC, the removal efficiencies of
EOM in M-EOM and P-EOM were 10.26% and 10.32%, respec-
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Fig. 6 – SEM of the membrane surface by different water samples: (a) M-EOM, (b) M-AC, (c) M-EOMAC, (d) P-EOM, (e) P-AC, (f)
P-EOMAC.

Fig. 8 – UV254 and DOC removal efficiencies during the
ultrafiltration process.

Fig. 7 – FT-IR spectra of water samples of (a) M. aeruginosa
and (b) Pseudoanabaena sp.

tively. When filtering M-EOMAC and P-EOMAC, the removal
efficiencies of EOM were improved to different degrees. For
UV254 , the removal efficiencies of EOM in M-EOMAC and P-

EOMAC were 26.13% and 22.46%, respectively. With respect
to DOC, the removal efficiencies of EOM in M-EOMAC and PEOMAC were 27.73% and 20.08%. Liu et al. (2017b) found the
DOC removal efficiency of EOM was 37.9% during the UF process and the discrepancy may be mainly attributed to the differences in EOM characteristics and the use of UF membranes.
The characteristic of EOM and the material of UF membrane
had a great impact on the removal of EOM. Therefore, when filtering algae cells and EOM, the cake layers formed by the algal
cells played the role of intercepting EOM and part of EOM was
trapped on the surface or inside of the cake layers. This result
agreed well with the result of the SEM images (Fig. 6c and 6f).
When investigating the effect of particles on natural organic
matter (NOM) fouling, Doris Jermann et al. (2008) found that
particles and NOM were synergistic in membrane fouling during the UF process and higher humic acid removal efficiency
was achieved (increase by about 10%) with the existence of
kaolinite. When using UF to treat algae-laden water, although
the cake layer formed by the algal cells caused severe perme-
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Fig. 9 – Schematic presentation of different water samples of M. aeruginosa and Pseudoanabaena sp. during the ultrafiltration
process.

ate flux decline, it can trap the organic matter produced by algae and increase its removal efficiency as shown in Fig. 9. The
pH was an important factor affecting the UF process and the
results are presented in Appendix A Fig. S3. It can be observed
that the pH of feed and permeate water was maintained at
about 7.7 during the UF process. Moreover, almost all algae
cells were removed by the UF membrane (Appendix A Fig. S4).

3.

Conclusions

The EOM properties, membrane fouling and organic matter removal of different water samples including W-EOM, W-AC and
W-EOMAC of two cyanobacteria (M. aeruginosa and Pseudoanabaena sp.) were comparatively studied. The results indicated
that the major components of EOM of two cyanobacteria were
humic acid and microbial metabolites and both had a broad
Mw distribution. Moreover, because EOM of low-Mw fraction
could enter the UF membrane pores and fill the voids of cake
layers formed by the algal cells, EOM and algal cells were synergistic in membrane fouling and the irreversible membrane
fouling was basically caused by EOM. The CH2 and CH3 chemical bonds may play an important role in membrane fouling
caused by EOM. However, the cake layer formed by the algal
cells could trap the organic matter produced by algae and increase its removal efficiency. Therefore, when using UF to treat
algae-laden water, the balance of membrane fouling and organic matter removal should be considered.
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