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Abstract: The release of algal toxins in algae-containing water sources poses a serious threat to
drinking water safety and human health. The conventional water treatment processes of water plants
have a limited ability to remove algae and algal toxins, especially algal toxins with a molecular
weight (MW) of less than 1000 Da. To eliminate algal pollution from a water source, a two-stage
ultrafiltration (UF) process with a large polysulfone hollow fiber membrane with a MW cut-off of
200 kDa and a small aromatic polyamide roll membrane with a MW cut-off of 1 kDa were applied
after a traditional sand filter in a water treatment plant. UF operation conditions, including the
operating time, pressure, and membrane flux, were investigated. With an operating pressure of
0.05–0.08 MPa, the polysulfone hollow fiber membrane removed algae effectively, as the influent
algal cell concentration ranged from 1–30 cells/mL but exhibited a limited removal of algal toxins.
With an operating pressure of 0.3–0.4 MPa, the elimination of microcystins (MCs) reached 96.3% with
the aromatic polyamide roll membrane. The operating pressure, membrane flux, and operating time
were selected as the experimental factors, and the effects on the UF efficiency to remove algal toxins
and biodegradable dissolved organic carbon were investigated by the response surface methodology.
The model showed that the order of influence on the membrane operating efficiency was operating
pressure > membrane flux > running time. The optimal UF operating conditions were an operating
pressure of 0.3 MPa, a membrane flux of 17.5 L/(m2·h), and a running time of 80 min.

Keywords: algae; microcystin; ultrafiltration; polymeric UF membrane; response surface methodology

1. Introduction

Algal overgrowth in drinking water sources caused by eutrophication is a common
issue faced by water works in China [1,2]. Algae-related contaminants are difficult to
remove by the conventional treatment processes [3,4], affecting drinking water quality
adversely and reducing the operation efficiency of the water treatment plants. For example,
the overgrown algae in a water source and the organic matter produced by algae might
prevent the coagulation process or increase the amount of coagulants utilized in the water
plants [5]. The impact of algae outbreak in raw water on drinking water safety is mainly
caused by algal toxins, algal odor, and algal organic matters as the precursor of disinfection
by-products [6,7]. As a widespread type of algae in fresh water, cyanobacteria generally
produce highly toxic algal toxins, one of which is microcystin (MC), a strong liver tumor
promoter attracting extensive attention [8], with a specific structure shown in Figure S1 in
the Supplementary Materials. MCs are cyclic heptapeptide toxins with strong chemical
stability and heat resistance. MCs are released into water bodies as algal cells break up and
might exist for a long time in the water [9]. More than 200 isomers have been reported,
and Table S1 shows several typical microcystins. Among them, microcystin-LR (MC-LR) is
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the most toxic and widely distributed isomer, and microcystin-RR (MC-RR) is the second
most common cyanotoxin in the environment [10,11]. Traditional water treatment meth-
ods cannot effectively remove MCs from water, especially sand filtration [12–14]. Under
practical applications, ozone and chlorine might degrade most algal toxins, but disinfec-
tion by-products (DBPs)/transformation products may also form during this process [15].
Therefore, it is urgent to develop effective methods for removing microcystins from water
to address the seasonal occurrence of algal bloom or sudden outbreaks of blue-green algae
in water sources.

A variety of advanced strategies, including activated carbon adsorption, ozone de-
composition, photolysis, membrane filtration, and other methods, have been studied to
remove algal toxins from water [16–19]. Membrane separation technologies have estab-
lished themselves as essential processes of water purification and wastewater treatment.
The ultrafiltration process uses an additional driving force, e.g., pressure and concentration
gradients, to realize the membrane surface filtration and separation of two-component or
multi-component dispersions mainly via the size sieving mechanism [20,21]. Considering
the porous structural control of separation efficiency, UF membranes have been widely
utilized in separation and purification processes mainly for suspended solids, colloidal
particles, natural organic matters, macromolecular species, endotoxin bacteria, and even
some viruses, with advantages of less energy consumption, low footprint requirements, and
continuous tolerant operations [22]. Membrane manufacturing materials can be organic or
inorganic. UF inorganic membranes are generally made up of ceramics, metal non-oxides,
graphite, phosphates, and clays, but their high cost and modest reproducibility limit their
full applicability in practice [23]. With the development of manufacturing technology and
the decrease of cost, organic ultrafiltration membranes with extraordinary permeation
properties and large specific surface areas have been widely used. At present, organic
ultrafiltration membrane materials are mainly polymeric materials, such as acetate fiber
(CA), polyvinyl chloride (PVC), polysulfone (PS), and polyvinylidene fluoride (PVDF) [24].
This is also one of the main applications of polymeric materials in water and wastewater
treatment. The ultrafiltration process can be affected by various conditions, including
temperature, operating pressure, influent concentration, and operation time. The optimal
operation conditions should be determined when UF is applied to remove algae-related
pollutants. To achieve the optimal operation conditions of UF, the response surface opti-
mization method (RSM) can be applied, an approach of optimizing experimental conditions,
which is suitable for solving problems related to nonlinear data processing [25].

The release of algal toxins in algae-containing water sources poses a serious threat
to drinking water safety and human health. Algae cells and algal toxins are different
pollutants, especially in size and solubility, but they usually coexist in micro-polluted
water sources. During the filtration of algae-laden water, the accumulation of algal cells
and their derived organic matter on the UF membrane surface and within the membrane
pores could cause serious membrane fouling [26], so rejecting them by using different
membranes according to their properties may be a feasible method. To investigate the
removal performance of algal contaminants, especially microcystins, a two-stage UF process
was applied to treat micro-polluted water after a traditional sand filter in a water treatment
plant. RSM was used in this study to find the optimal operational conditions, with three
factors selected during the UF process, including the operating pressure, membrane flux,
and operating time. For the removal of algal toxins, the membrane flux attenuation
coefficient and organic removal were selected as evaluation indicators. The objectives of
this study were to assess the potential of using two-stage UF to enhance algal and algal
toxin removal as an advanced treatment process in water works to ensure the safety of
drinking water.
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2. Materials and Methods
2.1. Materials

The two-stage UF process was composed of two different UF modules in series. The
first membrane module (UF-200 kDa) was made of polysulfone hollow fiber, with a MW
cut-off of 200 kDa and a membrane area of 0.2 m2. The operating pressure ranged from
0.045 to 0.10 MPa, generating a transmembrane flux of 50–90 L/(m2·h). The following
spiral-wound membrane module (UF-1 kDa) was made of aromatic polyamide with a MW
cut-off of 1 kDa and a membrane area of 0.8 m2. The operating pressure ranged from 0.1 to
0.6 MPa, generating a transmembrane flux of 10–45 L/(m2·h). The aromatic polyamide
membrane showed a negative surface charge without modifications or in acidic solutions
because of the surface carbonyl and amino functional groups [27].

The raw water samples used in the experiments were taken from the effluent of a
sand filter in a water plant located in Nanjing city, where the Yangtze River water was
treated as the drinking water source. The original algal cell solution was cultured in a
laboratory, using the common blue-green algae species (Microcystis aeruginosa) in Taihu
Lake. The blue-green algae were cultured in a light incubator for 3 weeks until the stable
growth stage. The concentrated algal solutions in the stable growth period were diluted
using the raw water from the sand filter and prepared as the algal solution of specific
concentrations. In view of the large amount of algal toxins required by the laboratory,
water with a high concentration of algae was taken from Yuantouzhu, Wuxi city, and algal
toxins were extracted. Algal toxin solutions of specific concentrations (i.e., 1, 10, 30, and
50 cells/mL) were prepared using the extracted algal toxins.

2.2. UF Process Setup

The pilot-scale UF process is shown in Figure 1. Experimental water was pumped
into a dead-end micro-filter with pore size of 0.45 µm to sieve large particles and to reduce
the burden of the UF membranes. The two-stage UF processes were both performed in
room temperature.
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2.3. Analysis Methods

The counting box microscopy counting method was used to determine the algae
amounts. Lugol’s solution of 10 mL was added into 1000 mL water samples for fixation in a
bottle. The supernatant was removed after 48 h of standing and precipitation. Concentrated
samples settled at the bottom of the bottle were stirred and 0.1 mL was taken for plate
count. Average values were used after counting and calculating 3 times.

After pre-treatment, the algal toxins in the water samples were enriched using Sep-Pak
C18 solid-phase extraction (SPE, Waters, Milford, MA, USA) columns and were eluted with
pure methanol containing 0.1% trifluoroacetic acid (TFA). MCs were determined using
Agilent 1100 high-performance liquid chromatography with a ZORBAX 80-A extended
column (5 µm, 4.6 × 150 mm, Agilent, Santa Clara, CA, USA), with a mobile phase
consisting of methanol and a 0.05% TFA aqueous solution and with a flow rate of 1 mL/min.



Polymers 2023, 15, 4495 4 of 11

2.4. Response Surface Method Design

This experiment used the response surface method (RSM) to search for the optimal
level of combined operating parameters for the UF-1 kDa process, i.e., how to achieve
the best removal performance. Three representative influencing factors were selected for
the experiment, i.e., operating pressure, membrane flux, and operating time, where the
flux depended on the pressure and operating time. Considering that, in addition to the
removal rate of algal toxins, the operating effect of the UF-1 kDa membrane is also related
to the membrane flux and the biological stability of the filtered water (i.e., the BDOC
removal rate), this study selected the membrane flux attenuation coefficient (M1), algal
toxin removal (M2), and BDOC removal (M3) as evaluation indicators and determined a
comprehensive evaluation index, namely, the response value Y1 (shown in Equation (1),
and the calculation of Y1 is shown in the Supplementary Materials).

Y1 = 0.42
M2

M2 max
+ 0.42

M3

M3 max
− 0.16

M1

M1 max
(1)

And with the help of the statistical analysis software Design Expert 7.0, the optimal
process for the economic and stable operation of ultrafiltration membranes was explored.
The experimental factors and levels of each group are shown in Table 1. The composition
of the test water samples is shown in Table S3.

Table 1. Response surface method design factors and levels.

Factor Code
Level

−1.682 −1 0 +1 +1.682

Operating pressure (MPa) X1 0.15 0.2 0.3 0.4 0.45
Flux (L/(m2·h)) X2 13.75 15 17.5 20 21.25

Operating time (min) X3 45 60 80 100 110

3. Results and Discussion
3.1. Overall Algal Pollutant Removal by the Two-Stage UF Process

The influent water contained 50 cells/L of algae and 10.12 µg/L of MCs (6.13 µg/L of
MC-LR and 3.99 µg/L of MC-RR), and the operating pressures of the UF-200 kDa and UF-1
kDa membranes were set as constants of 0.05 and 0.3 MPa, respectively. Figure 2 shows the
average removals of algal pollutants from the water during a 150 min UF operation process.
The UF-200 kDa membrane rejected 96.7% of the algae cells and the rest was removed
by the UF-1 kDa membrane entirely, due to the larger sizes of the algae cells (generally
1–100 µm) than those of the polymeric membrane pores. A quite limited removal of MCs
was observed with the UF-200 kDa membrane (only around 3.8%). Thus, a typical UF
with a large pore size could remove algae cells efficiently; yet algal toxins with molecular
weights of around 1000 are difficult to remove. In addition, the membrane flux decreased
rapidly because of the algae rejection. Figure 3 indicates that the UF-200 kDa membrane’s
flux changes with time under an operating pressure of 0.05 MPa. For varied initial algae
concentrations of 1, 10, and 30 cells/L, the flux decreased from above 80 L/(m2·h) to 37,
28, and 25 L/(m2·h), correspondingly, after running for 120 min. This rapid flux decline
is caused by membrane biofouling due to the accumulation of algal cells, organic matter,
and transparent exopolymer particles on the membrane surface [28]. The small amount
of MC removal with the UF-200 kDa membrane was possibly due to the bio-accumulated
cake layer on the membrane surface. An appropriate membrane pore size is required
for an optimal operation, as it determines the dominating fouling mechanism during the
retention of algal biomass. Compared with micro-filtration (MF), cake layers attached to
the surface of a UF is easier to be cleaned, i.e., the MF displays a higher irreversible fouling
propensity, presumably due to the internal pore plugging of submicron particles [29]. To
maintain the normal function of the membrane, periodic cleaning is necessary. A UF of a
higher separation effect or nanofiltration is needed to eliminate MCs from water. From
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Figure 2b–d, the UF-1 kDa membrane shows efficient removals of MCs with an average
rejection of 93.0%. The removal of MC-LR (95.0%) was slightly higher than that of MC-RR
(89.9%) with the UF-1 kDa membrane. The average concentration of residual MCs in the
effluent was 0.71 µg/L, which is lower than the required concentration (1 µg/L) specified
in the Standards for drinking water quality of China (GB5749-2022) [30]. Therefore, the
two stages of UF processes played different roles, achieving algae and algal toxin removal,
respectively.
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3.2. Removal of Algal Toxins Using the UF-1 kDa Membrane

With a constant operating pressure of 0.3 MPa, the UF-1 kDa module ran for 150 min
to investigate MC removal, and the removals of MC-LR and MC-RR at various times
are shown in Figure 4. During the running period, the overall removals of MCs kept at
above 90%. MC-LR observed higher rejections than MC-RR during the overall operation
period. The negative charges on the surface of the aromatic polyamide UF-1 kDa membrane
caused an electrostatic repulsion to the negatively charged MC-LR, increasing the removal
compared with the neutral MC-RR [27]. The removals of MC-LR and MC-RR both show
a trend of first a decrease and then an increase to a stable state. The rejection of organic
pollutants during the UF process is possibly due to two reasons, including physicochemical
interactions between the membrane surface and algal toxins, e.g., intermolecular forces,
hydrogen bonds, and hydrophobic interactions, as well as the membrane mechanical
screening [31,32]. The decrease after the initial high rejection is due to the gradual saturation
of the adsorption sites on the membrane surface. And mechanical screening gradually
plays a major interception role, leading to an increased rejection.
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The effect of the operating pressure on the UF-1 kDa membrane’s flux after running for
100 min is shown in Figure 5. The cleaning of the UF-1 kDa membrane had a flux of higher
than 30 L/(m2·h), and the membrane flux decreased to 14 L/(m2·h) with a constant pressure
of 0.3 MPa after 100 min. From Figure 5a, the membrane flux shows an overall increasing
trend with an increasing pressure. An approximate linear relationship was observed
between the operating pressure (∆p) and membrane flux (Jw) as Jw = 5.25∆p + 12.275.
As the pressure increased to 0.5 Mpa, the slope declined slightly, possibly because the
concentration polarization increased the membrane resistance.

As the pressure increased, the overall removal rate of the algal toxins by UF-1 kDa
membrane showed a trend of first increasing and then decreasing. However, the operat-
ing pressure for reaching the maximum removal rate was different. When the operating
pressure was 0.4 MPa, the removal rate of MC-LR was the highest (96.3%) and the concen-
tration of MC-LR in the effluent was 0.226 µg/L. When the operating pressure was 0.3 MPa,
the removal rate of MC-RR was the highest (89.2%), and the concentration of MC-RR in
the effluent was 0.430 µg/L. The optimal operating pressure of MC-LR was greater than
that of MC-RR, determined by their charge properties. The surface charged ultrafiltration
membrane had an electrostatic repulsion effect on the negatively charged MC-LR, and the
occurrence of concentration polarization caused that of MC-RR to lag.
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3.3. Analysis of MC Removal by UF Using RSM

Based on the experimental results, it was found that the operating pressure, mem-
brane flux, and operating time have significant impacts on the membrane’s performance.
Therefore, these three factors were selected as independent variables. Considering that, in
addition to the removal rate of algal toxins, the operating effect of the UF-1 kDa membrane
is also related to the membrane flux and the biological stability of the filtered water (BDOC
removal), in this study, the removal rate of algal toxins, membrane flux, and BDOC removal
rate were selected as evaluation indicators to determine the comprehensive evaluation
index, which is the response value Y1. A total of 20 sets of experiments were designed to
optimize the operating conditions. Based on this, a uniform design was carried out, and the
data processing results are shown in Table 2. The response values Y1 ranged from 0.4096 to
0.6966. A quadratic polynomial regression model of the response value Y1 with respect to
the operating pressure (X1), membrane flux (X2), and operating time (X3) was obtained as
follows:

Y1 = 0.11205X1 + 0.080088X2 + 0.029123X3 + 0.12032X1X2 + 0.004714X1X3−
0.000204X2X3 − 4.11541X2

1 − 0.00243X2
2 − 0.000158X2

3 − 1.34572
(2)

According to the estimated coefficients of the model, the coefficients of X1, X2, and X3
were 0.11205, 0.080088, and 0.029123, respectively. The order of effect of the influencing
factors was operating pressure > membrane flux > operating time.

The results of the variance analysis on the regression model are shown in Table 3.
F-regression = 29.56 > (F0.05 (9,5) = 4.77) and p < 0.001 < 0.05 indicate that the model
range is highly significant. The complex correlation coefficient is 0.9638, indicating a high
correlation between the measured value and the budgeted value. R2 = 0.9312, with a
fitting degree of >90%, indicating that the model can reflect changes in response values and
has small experimental errors. Therefore, this model can be used for analysis and for the
prediction of Y1.

Figure 6 shows the response surface plot (left pictures) and contour plot analyses
(right pictures). From the three-dimensional response surface plots in Figure 6a, an increase
in operating pressure within a certain range at a fixed operating time of 80 min helps to
increase the Y1 value, but when the Y1 value increases to a certain extent, it will show a
downward trend. As the membrane flux decreases, the overall Y1 value shows a decreasing
trend. From the trend chart of the contour changes, there is a maximum value of Y1, with
the operating pressure ranging from 0.25 to 0.40 MPa and the membrane flux ranging
from 17.5 to 20 L/(m2·h). From the three-dimensional response surface plots shown in
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Figure 6b, when the membrane flux is fixed at 17.5 L/(m2·h), there is a highest point on
the convex surface, which is the Y1 peak. From the trend chart of the contour changes, the
peak value of Y1 occurs when the operating pressure is 0.25–0.33 MPa and the operating
time is 79–91 min. From the three-dimensional response surface plots shown in Figure 6c,
when the fixed operating pressure is 0.30 MPa and the operating time is less than 80 min,
the Y1 value increases with the increase of the operating time. However, after the operating
time exceeds 95 min, the Y1 value shows an obvious downward trend. As the membrane
flux decreases, the overall Y1 value also shows a gradual decreasing trend. From the
trend chart of contour changes, there is a maximum value of Y1 when the membrane flux
is 17–20 L/(m2·h) and the operating time ranges from 70 to 95 min, indicating the best
operating effect.

Table 2. Response surface method design experiments and results.

Run

Code Response Value

X1 X2 X3

Y1Operating
Pressure (MPa) Flux (L/(m2·h))

Operating Time
(min)

1 0.2 15 100 0.579987
2 0.3 17.5 80 0.696281
3 0.4 20 100 0.64231
4 0.2 15 60 0.543629
5 0.2 20 100 0.591414
6 0.3 17.5 80 0.688964
7 0.3 21.25 80 0.695781
8 0.3 17.5 80 0.673976
9 0.3 17.5 45 0.409615
10 0.4 15 100 0.526855
11 0.3 17.5 80 0.672186
12 0.2 20 60 0.579512
13 0.3 17.5 80 0.668224
14 0.45 17.5 80 0.580424
15 0.4 15 60 0.436491
16 0.3 17.5 80 0.696615
17 0.15 17.5 80 0.609293
18 0.3 13.75 80 0.610765
19 0.3 17.5 110 0.6292
20 0.4 20 60 0.608986

Table 3. ANOVA for response surface quadratic model analysis of variance results.

Quadratic Sum Degree of Freedom Mean Square F-Value p-Value

Model 0.12 9 0.013 29.56 <0.0001
R = 0.9638 R2 = 0.9312

The optimal operating conditions for the UF membrane calculated by the response
surface fitting curve were considered at an operating pressure of 0.30 MPa, a membrane flux
of 17.5 L/(m2·h), and an operating time of 80 min. These are the recommended operating
parameters for ultrafiltration membrane filtration.
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Figure 6. The response surface plot and contour plot analyses for the varied factors. (a) The effects of
operating pressure and membrane flux on Y1, with an operating time of 80 min; (b) The effects of
operating pressure and operating time on Y1 at a membrane flux of 17.5 L/(m2·h); (c) The effects of
membrane flux and operating time on Y1 with a pressure of 0.3 MPa.

4. Conclusions

The traditional water treatment processes of water plants, e.g., coagulation, sediment,
and sand filtration, have a limited ability to remove algae and algal toxins from drinking
water sources. This study focused on the treatment performance of a two-stage ultrafil-
tration membrane combined process for the removal of algal pollutants from water. The
statistical analysis software Design Expert 7.0 was used to determine the optimal condi-
tions for UF membranes’ treatment of algae-containing water sources using the response
surface analysis. The two-stage UF membrane showed a good removal effect on the algal
cells and toxins under appropriate operating conditions. With an operating pressure of
0.05–0.08 MPa, the polysulfone hollow fiber membrane (MWCO of 200 kDa) removed algae
effectively as the influent algal cell concentration ranged from 1–30 cells/mL but exhibited a
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limited removal of algal toxins. With an operating pressure of 0.3–0.4 MPa, the elimination
of microcystins (MCs) reached 96.3% with the aromatic polyamide roll membrane (MWCO
of 1 kDa). When using the two-stage ultrafiltration process to treat filtered water containing
algae, the Design Expert software was used to simulate and analyze the comprehensive
impact of the various operating parameters of the UF-1 kDa membrane on treatment ef-
ficiency and membrane flux in the following order: operating pressure > membrane flux
> operating time. The optimal operating conditions for the UF-1 kDa membrane were an
operating pressure of 0.30 MPa, a membrane flux of 17.5 L/(m2·h), and an operating time
of 80 min. The two-stage UF process is a feasible, responsive strategy to combating the
sudden blue-green algae outbreaks in drinking water sources. In the future, long-term
operations in practical engineering should be focused on its further study, to investigate
multi factors that may affect the UF’s performance, fouling of the membrane caused by
bio-accumulation, and the cleaning of the membrane to enhance the UF’s performance and
service life.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/polym15234495/s1, Figure S1: The molecular structure of microcystins;
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each evaluation indicator; Table S3: Composition of tested water samples.

Author Contributions: Conceptualization, F.Z. and J.X.; methodology, F.Z. and X.W.; software, C.Z.;
validation, Y.T. and C.Z.; investigation, F.Z. and C.Z.; data curation, F.Z.; writing—original draft
preparation, C.Z. and X.W.; writing—review and editing, J.X.; supervision, F.Z.; project administration,
J.X. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Carbon Emission Peak and Carbon Neutrality Science
and Technology Innovation Fund of Jiangsu Province, grant number BE2022015.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data are contained within the article and Supplementary Materials.

Conflicts of Interest: Author J.X. was employed by the company China Electronics System Engineer-
ing No. 2 Construction Co., Ltd. The remaining authors declare that this research was conducted
in the absence of any commercial or financial relationships that could be construed as a potential
conflict of interest.

References
1. Zhang, R.; Qi, F.; Liu, C.; Zhang, Y.; Wang, Y.; Song, Z.; Kumirska, J.; Sun, D. Cyanobacteria derived taste and odor characteristics

in various lakes in China: Songhua Lake, Chaohu Lake and Taihu Lake. Ecotoxicol. Environ. Saf. 2019, 181, 499–507. [CrossRef]
[PubMed]

2. Wang, J.; Zhang, S.; Mu, X.; Hu, X.; Ma, Y. Research Characteristics on Cyanotoxins in Inland Water: Insights from Bibliometrics.
Water 2022, 14, 667. [CrossRef]

3. Seubert, E.L.; Trussell, S.; Eagleton, J.; Schnetzer, A.; Cetinic, I.; Lauri, P.; Jones, B.H.; Caron, D.A. Algal toxins and reverse osmosis
desalination operations: Laboratory bench testing and field monitoring of domoic acid, saxitoxin, brevetoxin and okadaic acid.
Water Res. 2012, 46, 6563–6573. [CrossRef]

4. Ibrahim, W.M.; Salim, E.H.; Azab, Y.A.; Ismail, A.H.M. Monitoring and removal of cyanobacterial toxins from drinking water by
algal-activated carbon. Toxicol. Ind. Health 2016, 32, 1752–1762. [CrossRef]

5. Gregor, J.E.; Fenton, E.; Brokenshire, G.; Van Den Brink, P.; O’Sullivan, B. Interactions of calcium and aluminium ions with
alginate. Water Res. 1996, 30, 1319–1324. [CrossRef]

6. Zhou, S.Q.; Shao, Y.S.; Gao, N.Y.; Li, L.; Deng, J.; Zhu, M.Q.; Zhu, S.M. Effect of chlorine dioxide on cyanobacterial cell integrity,
toxin degradation and disinfection by-product formation. Sci. Total Environ. 2014, 482, 208–213. [CrossRef]

7. Gonsior, M.; Powers, L.C.; Williams, E.; Place, A.; Chen, F.; Ruf, A.; Hertkorn, N.; Schmitt-Kopplin, P. The chemodiversity of
algal dissolved organic matter from lysed Microcystis aeruginosa cells and its ability to form disinfection by-products during
chlorination. Water Res. 2019, 155, 300–309. [CrossRef] [PubMed]

8. Metcalf, J.S.; Codd, G.A. Co-Occurrence of Cyanobacteria and Cyanotoxins with Other Environmental Health Hazards: Impacts
and Implications. Toxins 2020, 12, 629. [CrossRef]

9. Lambert, T.W.; Holmes, C.F.B.; Hrudey, S.E. Microcystin class of toxins: Health effects and safety of drinking water supplies.
Environ. Rev. 1994, 2, 167–186. [CrossRef]

https://www.mdpi.com/article/10.3390/polym15234495/s1
https://www.mdpi.com/article/10.3390/polym15234495/s1
https://doi.org/10.1016/j.ecoenv.2019.06.046
https://www.ncbi.nlm.nih.gov/pubmed/31229840
https://doi.org/10.3390/w14040667
https://doi.org/10.1016/j.watres.2012.09.042
https://doi.org/10.1177/0748233715583203
https://doi.org/10.1016/0043-1354(95)00194-8
https://doi.org/10.1016/j.scitotenv.2014.03.007
https://doi.org/10.1016/j.watres.2019.02.030
https://www.ncbi.nlm.nih.gov/pubmed/30852317
https://doi.org/10.3390/toxins12100629
https://doi.org/10.1139/a94-011


Polymers 2023, 15, 4495 11 of 11

10. Zhang, S.; Du, X.; Liu, H.; Losiewic, M.D.; Chen, X.; Ma, Y.; Wang, R.; Tian, Z.; Shi, L.; Guo, H.; et al. The latest advances in the
reproductive toxicity of microcystin-LR. Environ. Res. 2021, 192, 110254. [CrossRef]

11. Díez-Quijada, L.; Puerto, M.; Gutiérrez-Praena, D.; Llana-Ruiz-Cabello, M.; Jos, A.; Cameán, A.M. Microcystin-RR: Occurrence,
content in water and food and toxicological studies. A review. Environ. Res. 2019, 168, 467–489. [CrossRef]

12. Kwon, D.Y.; Kwon, J.H.; Jo, G.J. Removal of algae and turbidity by floating-media and sand filtration. Desalination Water Treat.
2014, 52, 1007–1013. [CrossRef]

13. Rapala, J.; Niemela, M.; Berg, K.A.; Lepisto, L.; Lahti, K. Removal of cyanobacteria, cyanotoxins, heterotrophic bacteria and
endotoxins at an operating surface water treatment plant. Water Sci. Technol. 2006, 54, 23–28. [CrossRef]

14. Xu, D.L.; Bai, L.M.; Tang, X.B.; Niu, D.Y.; Luo, X.S.; Zhu, X.W.; Li, G.B.; Liang, H. A comparison study of sand filtration and
ultrafiltration in drinking water treatment: Removal of organic foulants and disinfection by-product formation. Sci. Total Environ.
2019, 691, 322–331. [CrossRef] [PubMed]

15. Dong, H.; Aziz, M.T.; Richardson, S.D. Transformation of Algal Toxins during the Oxidation/Disinfection Processes of Drinking
Water: From Structure to Toxicity. Environ. Sci. Technol. 2023, 57, 12944–12957. [CrossRef] [PubMed]

16. Zheng, Z.X.; Lin, Y.L.; Fang, R.F.; Zhou, X.Y.; Liu, Z.; Dong, Z.Y.; Zhang, T.Y.; Xu, B. Removal of algae and algogenic odor
compounds via combined pre-chlorination and powdered activated carbon adsorption for source water pretreatment. Sep. Purif.
Technol. 2023, 304, 122365. [CrossRef]

17. Roh, S.H.; Kwak, D.H.; Jung, H.J.; Hwang, K.J.; Baek, I.H.; Chun, Y.N.; Kim, S.I.; Lee, J.W. Simultaneous removal of algae and
their secondary algal metabolites from water by hybrid system of DAF and PAC adsorption. Sep. Sci. Technol. 2008, 43, 113–131.
[CrossRef]

18. Wang, Y.L.; Xue, J.; Sun, W.T.; Chen, W.J.; Liu, B.S.; Jin, L.; Li, J.N.; Li, J.J.; Tian, L.P.; Wang, X.B. Efficiency and mechanism of
ozonated microbubbles for enhancing the removal of algae and algae-derived organic matter. Chemosphere 2023, 312, 137220.
[CrossRef]

19. Menezes, I.; Capelo-Neto, J.; Pestana, C.J.; Clemente, A.; Hui, J.N.; Irvine, J.T.S.; Gunaratne, H.Q.N.; Robertson, P.K.J.; Edwards, C.;
Gillanders, R.N.; et al. Comparison of UV-A photolytic and UV/TiO2 photocatalytic effects on Microcystis aeruginosa PCC7813
and four microcystin analogues: A pilot scale study. J. Environ. Manag. 2021, 298, 113519. [CrossRef]

20. Chen, M.; Jafvert, C.T. Anion Exchange on Cationic Surfactant Micelles, and a Speciation Model for Estimating Anion Removal
on Micelles during Ultrafiltration of Water. Langmuir 2017, 33, 6540–6549. [CrossRef]

21. Chen, M.; Shafer-Peltier, K.; Randtke, S.J.; Peltier, E. Competitive association of cations with poly(sodium 4-styrenesulfonate)
(PSS) and heavy metal removal from water by PSS-assisted ultrafiltration. Chem. Eng. J. 2018, 344, 155–164. [CrossRef]

22. Kammakakam, I.; Lai, Z. Next-generation ultrafiltration membranes: A review of material design, properties, recent progress,
and challenges. Chemosphere 2023, 316, 137669. [CrossRef] [PubMed]

23. Bhave, R.R. Inorganic Membranes Synthesis, Characteristics and Applications; Springer Science & Business Media: Berlin/Heidelberg,
Germany, 1991.

24. Chen, M.; Shen, S.; Zhang, F.; Zhang, C.; Xiong, J. Biodegradable Dissolved Organic Carbon (BDOC) Removal from Micro-Polluted
Water Source Using Ultrafiltration: Comparison with Conventional Processes, Operation Conditions and Membrane Fouling
Control. Polymers 2022, 14, 4689. [CrossRef] [PubMed]

25. Cao, X.-Q.; Chen, M.; Wang, Y.; Shen, S.; Zhang, Z.; Li, B.; Sun, B. Al30 polycation pillared montmorillonite preparation and
phosphate adsorption removal from water. Surf. Interfaces 2022, 29, 101780. [CrossRef]

26. Ding, J.; Wang, S.; Xie, P.; Zou, Y.; Wan, Y.; Chen, Y.; Wiesner, M.R. Chemical cleaning of algae-fouled ultrafiltration (UF)
membrane by sodium hypochlorite (NaClO): Characterization of membrane and formation of halogenated by-products. J. Membr.
Sci. 2020, 598, 117662. [CrossRef]

27. Yuan, B.; Sun, H.; Zhao, S.; Yang, H.; Wang, P.; Li, P.; Sun, H.; Jason Niu, Q. Semi-aromatic polyamide nanofiltration membranes
with tuned surface charge and pore size distribution designed for the efficient removal of Ca2+ and Mg2+. Sep. Purif. Technol.
2019, 220, 162–175. [CrossRef]

28. Novoa, A.F.; Vrouwenvelder, J.S.; Fortunato, L. Membrane Fouling in Algal Separation Processes: A Review of Influencing Factors
and Mechanisms. Front. Chem. Eng. 2021, 3, 687422. [CrossRef]

29. Rickman, M.; Pellegrino, J.; Davis, R. Fouling phenomena during membrane filtration of microalgae. J. Membr. Sci. 2012, 423–424,
33–42. [CrossRef]

30. GB5749-2022; Standards for Drinking Water Quality. State Administration for Market Regulation and Standardization Adminis-
tration of the P.R.C.: Beijing, China, 2022.

31. Coday, B.D.; Yaffe, B.G.M.; Xu, P.; Cath, T.Y. Rejection of Trace Organic Compounds by Forward Osmosis Membranes: A Literature
Review. Environ. Sci. Technol. 2014, 48, 3612–3624. [CrossRef]

32. Mahlangu, O.T.; Motsa, M.M.; Nkambule, T.I.; Mamba, B.B. Rejection of trace organic compounds by membrane processes:
Mechanisms, challenges, and opportunities. Rev. Chem. Eng. 2023, 39, 875–910. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.envres.2020.110254
https://doi.org/10.1016/j.envres.2018.07.019
https://doi.org/10.1080/19443994.2013.826320
https://doi.org/10.2166/wst.2006.443
https://doi.org/10.1016/j.scitotenv.2019.07.071
https://www.ncbi.nlm.nih.gov/pubmed/31323577
https://doi.org/10.1021/acs.est.3c01912
https://www.ncbi.nlm.nih.gov/pubmed/37603687
https://doi.org/10.1016/j.seppur.2022.122365
https://doi.org/10.1080/01496390701764494
https://doi.org/10.1016/j.chemosphere.2022.137220
https://doi.org/10.1016/j.jenvman.2021.113519
https://doi.org/10.1021/acs.langmuir.7b01270
https://doi.org/10.1016/j.cej.2018.03.054
https://doi.org/10.1016/j.chemosphere.2022.137669
https://www.ncbi.nlm.nih.gov/pubmed/36623590
https://doi.org/10.3390/polym14214689
https://www.ncbi.nlm.nih.gov/pubmed/36365681
https://doi.org/10.1016/j.surfin.2022.101780
https://doi.org/10.1016/j.memsci.2019.117662
https://doi.org/10.1016/j.seppur.2019.03.063
https://doi.org/10.3389/fceng.2021.687422
https://doi.org/10.1016/j.memsci.2012.07.013
https://doi.org/10.1021/es4038676
https://doi.org/10.1515/revce-2021-0046

	Introduction 
	Materials and Methods 
	Materials 
	UF Process Setup 
	Analysis Methods 
	Response Surface Method Design 

	Results and Discussion 
	Overall Algal Pollutant Removal by the Two-Stage UF Process 
	Removal of Algal Toxins Using the UF-1 kDa Membrane 
	Analysis of MC Removal by UF Using RSM 

	Conclusions 
	References

