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KEYWORDS Abstract In recent years, Transparent exopolymer particles(TEPs) have been identified as signifi-

cant contributors to membrane surface biofouling. Reported research on the effect of TEPs on
membrane fouling has mainly focused on algae-derived TEPs in the ocean, and very limited inves-
tigations have been conducted on those in freshwater systems. In this study, we investigated the
characteristics of TEPs derived from Microcystis aeruginosa and their influence on membrane foul-
ing in an ultrafiltration (UF) system. The results indicated that bound TEPs could lead to more seri-
ous membrane fouling while free TEPs caused more serious irreversible membrane fouling. Further
studies showed that in free TEP solutions, small-sized colloidal TEPs (c-TEPs) rather than large-
sized particle TEPs (p-TEPs) showed a significantly positive correlation with irreversible membrane
fouling. The presence of Ca>™ ions in influent water can reduce membrane fouling to some extent
since a low concentration of Ca?" ions (I mM) can lead to the transformation of most free TEPs
from the colloidal to particulate state. Both acidic and alkaline environments of free TEP solutions
result in more serious membrane fouling compared to a neutral environment of free TEP solution.
The negative impact of the acidic environment on membrane fouling was more significant than that
of the alkaline environment. The abovementioned results show that when using a UF system to fil-
ter water with high algal content, greater attention should be paid to free TEPs, especially those in
the colloidal state, because they can cause serious, irreversible membrane fouling.
© 2019 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Ultrafiltration (UF) is widely applied in drinking water treat-
ment plants but the proliferation of algae producing a lot of
organic matter causes serious membrane fouling in UF systems
(Wan et al., 2019). TEPs are typical organic matters in algae,
contributing greatly to membrane biofouling in water treat-
ment systems (Nagaraj et al., 2018). They are a class of extra-
cellular polymeric substances secreted by phytoplankton and

1878-5352 © 2019 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2019.10.004&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:zzh7448@126.com
mailto:Chenmeng95@outlook.com
mailto:Chenmeng95@outlook.com
mailto:junjingli@163.com
mailto:zhaobin@tjpu.edu.cn
mailto:mashi7822@163.com
https://doi.org/10.1016/j.arabjc.2019.10.004
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2019.10.004
http://creativecommons.org/licenses/by-nc-nd/4.0/

4578

Z. Zhang et al.

bacteria that can be stained by Alcian blue, and their main
component is acidic polysaccharide (Lee et al., 2015). How-
ever, owing to their function of adsorbing and condensing
other organisms and organic substances, TEPs are also con-
taminated with other organic substances such as proteins
(Berman and Viner-Mozzini, 2001, Passow, 2002). The results
of on-site monitoring indicate that the concentration of TEPs
is usually associated with algal blooms. Therefore, during algal
bloom outbreaks, the proliferation of algae leads to significant
increases in TEP concentration (Huang et al., 2016). In gen-
eral, TEPs can be classified as bound TEPs or free TEPs based
on whether or not the particles attach to algae cells. In other
words, free TEPs exist in solution but bound TEPs bind to
algae cells (Bar-Zeev et al., 2015, Villacorte et al., 2015). TEPs
can also be classified as colloidal TEPs (c-TEPs, 0.05-0.4 um)
or particulate TEPs (p-TEP, >0.4 um) according to their size,
and one form transforms into the other under certain condi-
tions (Villacorte et al., 2009).

Lee et al. used a model wastewater based on the sec-
ondary effluent quality of Californian wastewater treatment
plants and determined that TEPs played an extremely
important role in the initial stage of reverse osmosis mem-
brane fouling (Lee et al., 2015). This is because TEPs are
highly viscous materials with viscosity generally greater than
0.1 Pass. Logan et al. also estimated that the viscosity of
TEPs in seawater was as high as 0.21 Pass (Logan et al.,
1995). TEPs are about 2-4 orders of magnitude stickier than
phytoplankton or mineral particles, have a high probability
of attachment upon collision, and are likely to play an
important role in particle aggregation in open water (Mari
and Dam, 2004, Verdugo et al., 2004, Villacorte et al.,
2017). The high viscosity of TEPs in membrane bioreactors
makes them easy to adhere to the UF membranes (Dhakal
et al., 2018). Once the TEPs are fixed to the membrane, they
become a scaffold between the organism and membrane,
forming a stable 3D structure and rendering the entire bio-
film firmer (Lin et al., 2019). At the same time, TEPs have
high carbon, nitrogen, and phosphorus contents, and an
average carbon to nitrogen ratio of 26, which provide ideal
attachment surface, refuge, and adequate nutrients for the
growth of algae (Passow, 2002). The algae then begin to
proliferate and aggregate, eventually leading to membrane
biofouling (Passow, 2002, Van Nevel et al., 2012,
Villacorte et al., 2017). It can be seen that the presence of
TEPs makes it difficult to clean and control a fouled UF
membrane, thereby seriously reducing its service life
(Berman et al., 2011, Discart et al., 2013, Villacorte et al.,
2015). However, there are few reports on the effects of
TEP types on UF membrane fouling during algal bloom
outbreaks in drinking water treatment and the changes in
the membrane fouling potential of TEPs owing to the trans-
formation from one TEP type to another caused by environ-
mental conditions.

The objective of this study was to investigate the effects
of the different types of TEPs derived from freshwater algae
on UF membrane fouling, especially irreversible membrane
fouling. The correlations between the different types of TEPs
and irreversible membrane fouling were analyzed. The
influences of Ca®" ion concentration and pH on the trans-
formation of the different types of TEPs and on the
membrane fouling potential of influent water were
investigated.

2. Materials and methods

2.1. Selection and culture of algae

Microcystis aeruginosa (No. HB905) purchased from Freshwa-
ter Algae Culture Collection at the Institute of Hydrobiology
(FACHB - collection) was used to obtain the TEP solution.
The BG-11 culture was used for the cultivation of algae cells.
A biochemical incubator was used to simulate the growth envi-
ronment of algae. The culture temperature was set at 25 £+ 0.5
°C and an illumination intensity of 2000 lux was provided with
a regular regimen of alternating light and darkness (12 h of
light and 12 h of darkness).

2.2. TEP extraction and analysis

Centrifugation is a common method to obtain good separation
of bacteria and medium in biotechnology. To separate TEP
from M. aeruginosa solution, the culture solution was cen-
trifuged at 10,000 rpm for 15 min, and the algae cells and med-
ium were separated after incubation. After centrifugation, the
TEPs in the supernatant were free TEPs while those in the sed-
iment were bound TEPs (Nguyen Thi et al., 2017).

The TEPs were measured using a dye binding spectropho-
tometric assay developed by Passow and Alldredge (Passow
and Alldredge, 1995). A certain volume of the supernatant
was filtered to intercept TEPs on polycarbonate membranes
of different pore sizes (0.05 um or 0.4 pum) at 0.2 bar. It was
then stained with 1 mL of Alcian blue dye, pre-filtered with a
0.2 um membrane for 5s and then filtered using 1 mL of
deionized water. After the filtration was completed, the poly-
carbonate membrane was soaked in 80% H,SO4 for 2h
(Berman et al., 2011, Nguyen Thi et al., 2017). The absorbance
of Alcian blue by the H,SO, solution was measured using an
ultraviolet spectrophotometer at a wavelength of 786 nm. A
standard curve was prepared using xanthan gum as a substi-
tute for TEPs, and the TEP concentration was calculated
according to the standard curve (Fatibello et al., 2004).

2.3. Filtration test and membrane fouling analysis

2.3.1. Filtration tests

The UF membrane used in this study was a hollow fiber mem-
brane of polyvinylidene fluoride (PVDF) with a molecular
weight cut-off of 150 kDa and was provided by Motimo Mem-
brane Inc. (Tianjin, China). A self-made membrane module
with an effective filtration area of 10.367 cm® was used in
our experiment. Membrane filtration was carried out at con-
stant flux (70 L/m>h). A peristaltic pump was used to pump
the influent water into the membrane reactor, whose effective
volume was 1 L. During the operation, a U-type pressure
manometer was used to record the transmembrane pressure
(TMP) values. The hydraulic backwash flow rate was twice
that of the influent water, and the backwash time was 1 min.

2.3.2. Measurement of membrane resistance

Kimura divided membrane resistance into four parts: total fil-
tration resistance (R;), intrinsic membrane resistance (R,),
reversible resistance (R;), and irreversible resistance (R;,)
(Drikas et al., 2009). Each part of the membrane resistance
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is calculated according to Darcy’s law as follows (Bai et al.,
2013, Kimura et al., 2004):

AP

Ry =" 1
A (1)
AP

Rir = - Rm7 (2)
e
AP

R=2L_R _R, (3)
wy

where AP is TMP, p is viscosity of the permeate, R, is total
resistance, R, is intrinsic membrane resistance, Jo is pure
water flux, J. is water flux after backwash, J; is water flux
before backwash, R, is reversible resistance, and R;; is irre-
versible resistance.

2.4. Analytical methods

2.4.1. Determination of zeta potential and particle size

A laser particle size analyzer (ZetaSizer Nano-ZS90, Malvern)
was used to measure the zeta potential and particle size of the
water sample. The zeta potential can reflect the charge proper-
ties of organic matters, which can affect the interaction
between pollutants and membrane surface. The particle size
measuring range of the instrument was 1 nm—10 um. A total
of 3 mL of the water sample was used for each measurement.
All measurements were repeated thrice and the results were
averaged.

2.4.2. Confocal laser scanning microscopy

Confocal laser scanning microscopy (CLSM) is the latest tech-
nology being employed to detect bioluminescent signals. It is
not only widely used for the qualitative and quantitative deter-
mination of fluorescence but also for live cell dynamic fluores-
cence detection, tissue cell tomography, 3D image
reconstruction, and confocal image analysis (Park and Kim,
2019, Ruprecht et al., 2019, Tran et al., 2019). In this experi-
ment, a confocal microscope (SPS8, Leica, Germany) was used
to observe the distributions of proteins and polysaccharides on
the surface of the PVDF membrane. The fluorescent probes in
this study were provided by Invitrogen, USA. During sample
preparation, the fouled membrane was first stained with
0.1 mg/mL Concanavalin A (Con A) for about 30-45 min,
then washed with phosphate buffer saline (PBS) thrice. Next,
the membrane was transferred to 20 um Alexa Fluor succin-
imidyl ester (AF 488) for 45-60 min and again washed with
PBS thrice. The process of dyeing required protection from
light (see Table 1).

Table 1 Excitation and emission wavelengths of fluorescent
probes.
Fluorescent  Excitation Emission
probes wavelengths/ wavelengths/
nm nm
Polysaccharides Con A 543 545-600
Proteins AF 488 488 505-530

3. Results and discussion

3.1. Effect of TEP types on membrane fouling

To investigate the effects of the two types of TEPs on UF
membrane fouling, a series of filtration tests was carried out
using free TEP and bound TEP solutions as influent water.
The results are shown in Fig. 1. At a low concentration
(1.0mg Xeq L"), the difference between the normalized
TMPs caused by the bound and free TEP solutions was less
pronounced, although the normalized TMP increased faster
when bound TEP solution was used as the influent. However,
as the influent TEP concentration increased, the normalized
TMP caused by the bound TEP solution increased significantly
faster and reached the maximum level sooner when compared
with that caused by the free TEP solution. This may be because
the high viscosity of TEPs allows them to immobilize algae
cells on the membrane surface like glue when the bound
TEP solution is filtered. The thickness of the filter cake layer
formed on the membrane surface by the algae cells together
with the TEPs is greater than the thickness of the filter cake
layer formed by the free TEPs alone, thus resulting in higher
filtration resistance.

At the end of filtration, the flux recovery rates and mem-
brane filtration resistance composition were analyzed
(Fig. 2). The results in Fig. 2b suggested that at TEP concen-
trations of 1.0 mg Xeq L™! and 2.5 mg Xeq L™, the R, (rever-
sible resistance) values caused by the bound TEP solutions are
10.80% and 15.16%, respectively, higher than those caused by
the free TEP solutions, indicating that at the same concentra-
tion, bound TEPs can lead to more serious reversible mem-
brane fouling than free TEPs.

However, at a concentration of 1.0 mg Xeq L™, the R,
(irreversible resistance) values of the bound TEP and free
TEP solutions accounted for 32.93% and 38.78%, respec-
tively, of their total resistances. At a concentration of 2.5 mg
Xeq L~!, the R, values caused by the bound TEP and free
TEP solutions accounted for 29.29% and 39.60%, respec-
tively, of their total resistances. This indicated that at the same
concentration, free TEPs caused more serious irreversible
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membrane fouling than that caused by bound TEPs. The val-
ues of flux recovery rates after backwashing also confirmed
this conclusion. As shown in Fig. 2a, the flux recovery rate
of the UF membrane contaminated by free TEP solution
was 11.76% lower than that of bound TEP solution at a con-
centration of 1.0 mg Xeq L™' TEPs, and was 14.03% lower
than that of bound TEP solution at 2.5 mg Xeq L~' TEP con-
centration. The results also demonstrated that the irreversible
membrane fouling caused by free TEPs was more serious com-
pared to bound TEPs.

Free TEP and bound TEP solutions of five different con-
centrations were selected as the influents in the UF experi-
ments, at the end of which the corresponding values of R;;
were tested and calculated. The correlation between TEP con-
centration and the corresponding R;, value was analyzed in the
case of both free and bound TEPs (Fig. 3). A comparatively
weaker correlation between bound TEP and R;, was obtained.
In contrast, a significantly positive correlation between free
TEP and R;, was found, and the corresponding value of R>
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was as high as 0.9974. This further confirmed that free TEP
was the main factor leading to the irreversible fouling of
algal-polluted membranes in the treatment of water with high
algal content. The bound TEPs were tightly bound to the algae
cells (Leterme et al., 2016), and the M. aeruginosa cells are sub-
globose with diameters in the range 2-8 um (Hadjoudja et al.,
2010, Wilson et al., 2006), which are much larger than those of
the membrane pores. As a result, while filtering algal water
with a UF membrane, it was almost impossible for the bound
TEPs to enter the membrane pores and they were instead
trapped on the membrane surface and formed a cake layer.
Compared with bound TEPs, free TEPs had no carrier and
were easily deformed as a result of filter pressure; some free
TEPs larger than the membrane pores were deformed and
squeezed into the membrane pores causing their blockage
(Linares et al., 2012, Meng et al., 2013). It was very difficult
to backwash these parts of TEPs and this caused severe irre-
versible membrane fouling. In contrast, the cake layer formed
by bound TEPs could be more easily removed by backwashing
than that formed by free TEPs, leading to lower irreversible
membrane fouling by bound TEPs than by free TEPs.

3.2. Analysis of irreversible components of membrane surface
Sfoulants by CLSM

Free and bound TEP solutions, each with a concentration of
1.2mg Xeq L™, were used as the influents for the UF exper-
iments. After 90 min of continuous filtration, the process was
stopped and hydraulic backwash was applied. After backwash-
ing, the membrane samples were withdrawn and dyed accord-
ing to Section 2.4.2. To obtain the cross-section of the
membrane, it was submerged into liquid nitrogen and frac-
tured. The distribution of irreversible membrane foulants in
the cross-section of the membrane was observed by CLSM,
and the images are shown in Fig. 4. Since the main compo-
nents of TEPs are acidic polysaccharides and proteins
(Passow and Alldredge, 1995), their distributions in the
cross-section of the membrane, as observed by CLSM, directly
reflect the distributions of the TEP components. Fig. 4a and b
reflect the composite distributions of polysaccharides and pro-
teins in the membrane cross-section caused by the free TEPs
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Fig. 4 Accumulation and distribution of TEP components in membrane cross-section: (a), (c), and (¢) UF membranes contaminated
with free TEPs; and (b), (d), and (f) UF membranes contaminated with bound TEPs. Red for polysaccharide and green for protein.

and bound TEPs, respectively. Fig. 4c and d are the single-
component distributions of polysaccharides, and Fig. 4¢ and
f are the single-component distributions of proteins. Compar-
ing Fig. 4a, c, and e with Fig. 4b, d, and f, respectively, it can
be seen that the accumulation of polysaccharides and proteins
in the membrane section contaminated with free TEPs is much
higher than that in the membrane contaminated with bound
TEPs. As the main component of TEPs, polysaccharides were
found to be distributed across the entire cross-section of the
membrane regardless of the type of TEP solution used as influ-
ent water. In the case of the membrane contaminated with free
TEPs, the distribution of proteins in the membrane cross-
section was similar to that of polysaccharides and occurred
throughout the membrane section. However, in the case of
the membrane contaminated with bound TEPs, proteins were
distributed mainly in the sponge layer of the membrane sec-
tion, and their accumulation was much lower than that in
the membrane contaminated with free TEPs. Therefore, the
fluorescence intensity and distribution in Fig. 4 demonstrated
that the irreversible membrane fouling caused by free TEPs
was more serious than that caused by bound TEPs.

3.3. Effect of Ca®*
TEP solution

ions on membrane fouling potential of free

Studies have shown that the presence of Ca’>”" ions in water
may affect the morphology of free TEPs (Meng et al., 2015).
In this study, Ca®>* ions in different concentrations were added
to the free TEP solutions to carry out the UF experiments. As
shown in Fig. 5, with increase in Ca?" ion concentration in the

influent water, the increase in normalized TMP gradually slo-
wed. This indicated that the presence of Ca>" ions alleviated
the membrane fouling caused by free TEPs. This was attribu-
ted to the increase in the sizes of free TEPs caused by the addi-
tion of Ca®™ ions, whose presence can enhance the aggregation
of colloids (Schiifer et al., 2000). The influence of Ca®>* ion
concentration on the filtration resistance composition caused
by free TEPs was analyzed (Fig. 5b). As the concentration of
Ca’" ions increased, the values of R;, R, and R;; decreased.
Following the addition of 1 mM Ca’" ions, the values of Ry,
R,, and R;; decreased by 17.3%, 16.6%, and 15.6%, respec-
tively, compared with the values obtained in the case of free
TEPs without Ca®" ions. Following the addition of 2 mM
Ca®" ions, the values of R,, R,, and R;, decreased by 19.2%,
24.2%, and 16.1%, respectively. Following the addition of
5mM Ca" ions, the values of R,, R,, and R, decreased by
22.3%, 26.2%, and 18.4%, respectively. This further proves
that the presence of Ca>" ions in water has a slowing effect
on membrane fouling, and as the concentration of Ca>" ions
increases, the values of R;, R,, and R;; decrease, but the declin-
ing trend gradually decelerates.

To investigate the effect of Ca®>" ions on the particle size
distribution of TEPs, Ca?™ ions in different concentrations
were added to the free TEP solution, and the c-TEP and p-
TEP concentrations of the solution were determined from
the intercepts of the membrane staining-concentrated H,SOy,
elution method. As shown in Fig. 6a, as the concentration of
Ca’" jons added increased, the concentration of ¢-TEPs in
the free TEP solution decreased continuously, and the concen-
tration of p-TEPs increased accordingly. The TEPs changed
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from colloidal to particulate state. The result indicated that the
TEPs became larger, which may be owing to the aggregation
characteristics of Ca*>" (Meng et al., 2015). However, when
the Ca®>* ion dosage was higher than 2 mM, the decrease in
c-TEP concentration as well as the corresponding increase in
p-TEP concentration tended to taper off. This indicated that
a low concentration of Ca®>" ions could lead to the transfor-
mation of c-TEPs into p-TEPs.

The size distributions of free TEPs before and after Ca®”"
ion addition were further analyzed, and the results are shown
in Fig. 6b. In the absence of Ca® + ions, the size distribution
of free TEPs exhibited concentrations in the ranges 0.3—
0.4 um and 5-6 pm. After the addition of Ca®>+ ions, the size
distribution of small TEPs (0.3-0.4 pm) shifted to that of lar-

ger particles, and the median particle size in this interval
increased. In particular, when 5mM Ca®* ions were added,
the median particle size increased from 0.3 pm to 0.6 pm. In
contrast, the addition of Ca®* ions did not significantly offset
the median particle size of TEPs with large size intervals (5—
6 um) but significantly increased their volume fraction. Espe-
cially, when the concentration of Ca®>" jons added was
increased to 5 mM, the abundance of TEPs larger than 4 pm
in diameter increased significantly. The change in TEP particle
size distribution proved that the addition of Ca®* jons did
cause the aggregation of TEPs. It can be seen from the results
of Fig. 6b that in the case of the small-sized TEP portion, when
Ca’" ions are not added, the median diameter of the free TEPs
is 307.31 nm, and this increases to 410.40 nm after the addition
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of 1 mM Ca’" ions. This means that when Ca®" ions are not

added, the small-sized TEP section is mainly distributed
around 0.3 pm, which belongs to the c-TEPs. After the addi-
tion of 1 mM Ca®" ions, the particle size distribution of the
small-sized TEP section increases to 0.4 um, indicating its con-
version into p-TEPs. At the same time, the change in the par-
ticle size distribution curve also indicates that the addition of
1 mM Ca®" ions completes the conversion of most c-TEPs
to p-TEPs. The particle size distribution also indicates that
the addition of 1 mM Ca®" ions can lead to the transforma-
tion of most TEPs from colloidal state to particulate state,
and with increase in Ca®>* ion concentration, the TEP frac-
tions in the range 0.4-6 um increases significantly. The results
are consistent with the previous conclusion.

To clarify the mechanism of membrane fouling after the
addition of Ca®>" ions, UF experiments were carried out with
free TEP solutions of different concentrations as influents, and
the c-TEPs and p-TEPs in the influents were quantitatively
analyzed. Fig. 7 presents the correlations between the c-TEP/
p-TEP concentrations and the corresponding R;, values. The
linear correlation coefficients between the c-TEP/p-TEP con-
centrations and their corresponding R;, values are 0.9996
and —0.6576, respectively, which means that there is a signifi-
cantly positive correlation between c-TEP concentration and
irreversible pollution; the larger the proportion of ¢-TEPs in
free TEPs, the more serious is the irreversible membrane foul-
ing. There is a negative correlation between p-TEP concentra-
tion and irreversible membrane fouling, indicating that the
larger the proportion of p-TEPs in free TEPs, the more bene-
ficial it is to mitigate irreversible membrane fouling. This is
because the size of the membrane pores in a UF system is sim-
ilar to that of ¢c-TEPs, which are more likely to block the mem-
brane pores, while p-TEPs are more inclined than c-TEPs to
adhere to the surface of the UF membrane, forming the filter
cake layer, which makes it easier to remove them by
backwashing.

Thus, it can be seen that the addition of Ca®" ions to the
free TEP solution can alleviate membrane fouling because
the presence of Ca®* ions causes the aggregation of c-TEPs
and their transformation to p-TEPs, leading to the reduction
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Fig. 7 Correlation analysis of free TEP concentration with
irreversible membrane fouling.

in the concentration of c-TEPs, which are the main cause of
irreversible algal fouling, and thus reducing membrane fouling.
However, with increase in Ca®>" ion concentration, the reduc-
tion in membrane fouling is no longer obvious, i.e., there is no
significant difference between the additions of 1 mM Ca®*
ions and 2mM or 5mM Ca®" ions in reducing membrane
fouling. This is because most c-TEPs have been transformed
into p-TEPs after the addition of 1 mM Ca®™", and the total
amount of p-TEPs does not change significantly with further
addition of Ca®* ions. Therefore, with increase in Ca** ion
concentration, the degree of reduction in membrane fouling
is no longer significantly increased.

3.4. Effect of pH of free TEP solution on membrane fouling
potential

To investigate the influence of pH on the membrane fouling
potential of free TEP solution, acidic (pH = 4.15), alkaline
(pH = 9.85), and neutral solutions (pH = 7.75) of free TEPs
were used as influent water in the filtration experiments. The
normalized TMP curves are shown in Fig. 8a. The results sug-
gest that both acidic and alkaline environments significantly
aggravate membrane fouling, but the degree of membrane
fouling caused by free TEPs under alkaline conditions is signif-
icantly lower than that under acidic conditions. Fig. 8b shows
the effect of pH on the change in the particle size of free TEPs.
In an acidic environment, the particle size of TEPs increases
significantly, and the average particle size increases by 27.3%
over that in the neutral condition. According to the previous
conclusions, the increase in the particle size of free TEPs is
beneficial to the retardation of membrane fouling. On the
other hand, the absolute values of the zeta potentials of both
free TEPs and the UF membrane surface significantly decrease
under acidic conditions (Table 2), resulting in a significant
decline of 41.7% in the repulsive force between the membrane
surface and TEPs when compared with that under neutral con-
ditions. The decline in repulsion makes it easier for the free
TEPs to adhere to the membrane and aggravate membrane
fouling. At the same time, this significant reduction in repul-
sive forces also offsets to some extent the positive impact of
the larger TEP size on the reduction in membrane fouling.
Finally, the membrane fouling caused by TEPs under acidic
conditions is significantly intensified.

Under alkaline conditions, the absolute value of TEP
charge increases (Table 2), repulsive force between TEPs
increases, and the particles tends to disperse and do not gather
easily. Although the median particle size of the TEPs remains
unchanged, the average particle size decreases by 23.5% com-
pared with that under neutral conditions. The TEPs are more
concentrated in the median particle size of about 345 nm,
which means that the c-TEP content of the solution increases
under alkaline conditions, which may be the reason that alka-
line TEP solution aggravates membrane fouling more than
neutral TEP solution does. It should be noted that the alkaline
TEP solution in this experiment was obtained by adding
NaOH. Meng et al. found that adding Na>" ions to a sodium
alginate solution would affect TEP aggregation and reduce the
size of TEPs (Meng and Liu, 2016). To further clarify the rea-
sons leading to the reduction in TEP size, Na®" (NaCl) equiv-
alent to those in the alkaline TEP solution were added to the
neutral TEP solution and the change in TEP particle size
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Table 2 Zeta potentials of TEPs and UF membrane.

pH Zeta potential (mV) Particle
TEP UF membrane szt (o)
TEP 7.75 —14.5 —79.19 451
TEP + HCI 4.15 —8.7 —46.41 574
TEP + NaOH 9.85 —16.1 —-95.29 345

distribution was measured. The results showed that the addi-
tion of Na®* ions did not cause significant change in TEP par-
ticle size in the case of algae-derived TEPs. Therefore, the
reduction in TEP particle size in the alkaline environment
can be mainly attributed to the electrostatic interaction
between the TEP fractions caused by hydroxide.

On the other hand, the absolute value of charge on the UF
membrane surface increased significantly under the alkaline
condition, and the electrostatic repulsion between the mem-
brane surface and TEP increased by 22.4% over that under
the neutral condition. The increase in electrostatic repulsion
is theoretically beneficial to reduction in membrane fouling
(Meng and Liu, 2013). Therefore, the combined influences of
electrostatic interaction and particle size change cause TEPs
in an alkaline environment to aggravate membrane fouling
more than those in a neutral environment but cause less mem-
brane fouling than those in an acidic environment. It also indi-
cates that the influence of the pH-induced zeta potential
change on the membrane fouling potential of free TEPs
appears to be greater than that of the particle size change of
TEPs.

4. Conclusion

In this study, we investigated the effects of the different forms
of TEPs on UF membrane fouling were analyzed, and the
transformation from one form of TEP to another caused by
Ca’" ion addition and different pH environments and the cor-
responding membrane fouling potentials. The main conclu-
sions are summarized as follows:

20
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H
e o 400 800 1200 1600
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(a) Effect of pH on membrane fouling potential of free TEPs, and (b) Size distribution of free TEPs.

(i) At a given concentration, bound TEPs can lead to more
serious membrane fouling than that caused by free
TEPs, but the latter cause more serious irreversible
membrane fouling than the former.

(ii) The presence of Ca®" ions in water can reduce mem-
brane fouling to some extent, and the addition of
1 mM Ca?" jons can lead to the transformation of most
free TEPs from the colloidal to particulate state.

(iii) In free TEP solution, ¢c-TEP concentration, rather than
p-TEP concentration, shows a significantly positive cor-
relation with irreversible membrane fouling.

(iv) Both alkaline and acidic environments of TEP solution
can lead to more serious membrane fouling compared
with the neutral environment, and the negative effects
are more pronounced in an alkaline environment.

(v) The influence of pH-induced zeta potential change on
the membrane fouling potential of free TEPs appears
to be greater than that of the particle size change of
TEPs.
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