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Applications of membranes in water and wastewater treatment, desalination, as
well as other purification processes, have become more widespread over the past few
decades. However, we continue to ponder on (i) how well do we get maximum benefits
from membrane applications? (ii) In what areas of membranes do we need to further our
fundamental understanding? (iii) Which membrane technologies find difficulties in scale-
up? (iv) How good are we in integrating membrane technologies? (v) How can we improve
the reliability of membranes and reduce the cost? (vi) Where are we in disseminating the
needs if we are to use membranes all over the world? (vii) How can we bring true global
collaborations? The membrane community all over the world is continuing to contribute
to answer those questions. This Special Issue is also contributing answers to some of the
above questions. The call for papers for this Special Issue invited researchers broadly, and
the delegates of the International Conference on the Challenges in Environmental Science
and Engineering, CESE-2019 (3–7 November 2019, at the Grand Hi-Lai Hotel in Kaohsiung,
Taiwan) in particular, who are working on the above to submit original research papers,
critical review articles, case studies and technical notes.

Six articles investigating the performance of hybrid direct contact membrane distilla-
tion (DCMD)/UV photolysis and reverse osmosis (RO)/forward osmosis (FO) membranes,
modification of membranes for photocatalysis and enhanced anti-bacterial properties, re-
viewing fouling of membrane bioreactors (MBRs) and predicting the fouling of MBRs are
included in this collection. Tufail et al. [1] investigated the performance of hybrid DCMD
and UV photolysis in degrading five trace organic contaminants (TrOCs). The study found
that the nature and extent of the impact of inorganic ions, such as halides, nitrates and
carbonates, as well as organic substance (humic acid), in degrading TrOCs depended
on the type of TrOCs (phenolic contaminants such as bisphenol A and oxybenzone and
non-phenolic contaminants such as sulfamethoxazole, carbamazepine, and diclofenac) and
the concentration of the interfering ions. Thus, continued research is warranted to develop
a database containing the performance of such a hybrid system in treating various TrOCs.
Liyanaarachchi et al. [2] utilised FO to dilute RO concentrate, either to increase the water
recovery from the RO system, or to discharge the diluted RO concentrate safely to the
environment. They utilised the pre-treatment (sand filter) backwash water containing ferric
hydroxide as the feed solution and RO concentrate as the draw solution for the FO process.
The study found that cellulose triacetate (CTA) flat sheet FO membrane produced higher
flux (3–6 L m−2 h−1) compared to that produced by polyamide (PA) hollow fibre FO mem-
brane (less than 2.5 L m−2 h−1) under the same experimental conditions. Long-term studies
conducted on the flat sheet FO membranes showed that fouling due to ferric hydroxide
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sludge did not allow the water flux to increase more than 3.15 L m−2 h−1. Increasing the
water flux needs further investigation in order for the process to have practical applications.

Sakakar et al. [3] synthesised thin-film composite (TFC) polyvinylidene fluoride
(PVDF) membranes by coating with titanium dioxide (TiO2)/polyvinyl alcohol (PVA)
solution through the dip-coating method, and cross-linked it with glutaraldehyde to im-
prove the thermal and chemical stability of the thin film coating. The study found that the
layer of TiO2 nanoparticles on the PVDF membranes reduced the fouling effects compared
to the plain PVDF membrane. The study also showed that nearly 78% methyl orange and
47% reactive blue dyes were removed by the TFC membrane, along with photodegrada-
tion. However, the membrane can be damaged by the radicals formed by TiO2 during
UV irradiation. Further studies are required to improve the stability of the membrane by
finding suitable polymers or using inorganic membranes which are less susceptible to the
attack by the radicals. Samree et al. [4] modified the PVDF membrane by coating it with
nanoparticles of titanium dioxide (TiO2-NP) and silver (Ag-NP) at different concentrations
and coating times to improve the hydrophilicity and antibacterial properties of the mem-
brane. The study compared both the plain and modified PVDF membrane with respect to
their performance in reducing Escherichia coli cells and inhibiting the formation of biofilm
on the membrane surface. Compared to plain PVDF membrane, the modified membrane
exhibited antibacterial efficiency up to 94% against E. coli cells, and inhibition up to 65% of
the biofilm mass reduction.

Du et al. [5] carried out an extensive review on the mechanisms, impacts and control
methods of membrane fouling in MBR systems. Compared to conventional activated
sludge process, an MBR has many advantages, such as good effluent quality, small floor
space, low residual sludge yield and easy automatic controls. It also allows slow growing
microbes to exist and therefore remove hardly degradable pollutants. The treated effluent
by MBR will generally meet Class A standards and therefore can be reused in various
applications. However, membrane fouling is the main obstacle to the wider application
of MBR. The authors suggest focussing the future research on the following: (i) Exploring
real-time formation of organic fouling of membranes to optimise periodic cleaning. (ii) De-
veloping new membranes with increased anti-fouling properties; low energy consumption,
less chemical usage, and easier operation and maintenance should also be researched.
Comprehensive economic analysis, life cycle assessment, and carbon footprint analysis
of different direct membrane filtration processes should be conducted in order to identify
the most suitable system configuration for further scale-up. (iii) Finding hybrid methods
with low energy consumption for improving the application of ultrasonic technology in
full-scale MBR systems. (iv) Optimising the aeration; the method of aeration could be
optimized according to computational fluid dynamic modeling on the fluidization and the
scouring behavior of the particles in MBRs. Moreover, the attachment tendency of biofilm
colonizers on the medium and membranes should be assessed. Shi et al. [6] explored the
recent advances in predicting the fouling of MBRs. They reviewed the techniques available
to predict fouling in MBRs and discussed the problems associated with predicting fouling
status using artificial neural networks and mathematical models. The authors suggest that
the following need further research: (i) Fouling mechanisms in MBRs of different struc-
tures and scales with the development of accurate and real-time online data on membrane
fouling. (ii) Study on remaining useful life (RUL) predictions of the membrane modules at
various failure modes, as failure of membrane modules is usually caused by the synergistic
effect of multiple failure modes. (3) Intelligent feature extraction by deep learning, such as
a deep belief network and convolutional neural network.

Thus, the articles provided in this Special Issue disseminate both the current knowl-
edge available and future research needs in the respective topics discussed. We hope this
collection will be useful for developing plans for future research topics on the applications
of membranes for sustainability.

Funding: This research received no external funding.
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Abstract: This study investigated the degradation of five trace organic contaminants (TrOCs) by
integrated direct contact membrane distillation (DCMD) and UV photolysis. Specifically, the influence
of inorganic ions including halide, nitrate, and carbonate on the performance of the DCMD–UV
process was evaluated. TrOC degradation improved in the presence of different concentrations
(1–100 mM) of fluoride ion and chloride ion (1 mM). With a few exceptions, a major negative impact of
iodide ion was observed on the removal of the investigated TrOCs. Of particular interest, nitrate ion
significantly improved TrOC degradation, while bicarbonate ion exerted variable influence—from
promoting to inhibiting impact—on TrOC degradation. The performance of DCMD–UV photolysis
was also studied for TrOC degradation in the presence of natural organic matter, humic acid. Results
indicated that at a concentration of 1 mg/L, humic acid improved the degradation of the phenolic
contaminants (bisphenol A and oxybenzone) while it inhibited the degradation of the non-phenolic
contaminants (sulfamethoxazole, carbamazepine, and diclofenac). Overall, our study reports the
varying impact of different inorganic and organic ions present in natural water on the degradation of
TrOCs by integrated DCMD–UV photolysis: the nature and extent of the impact of the ions depend
on the type of TrOCs and the concentration of the interfering ions.

Keywords: photodegradation; membrane distillation; halide ions; nitrate ions; carbonate ions;
humic acid; trace organic contaminants

1. Introduction

Trace organic contaminants (TrOCs)—namely pharmaceuticals and personal care products,
pesticides, surfactants, and industrial reagents—occur at the level of nanogram to microgram per
litre in wastewater and polluted waterbodies [1–3]. The presence of these contaminants even in trace
concentrations in the environment raises concern because of their harmful effects on human beings and
aquatic lives [4]. A systematic analysis of the available studies shows that conventional wastewater
treatments are not capable of effective elimination of persistent TrOCs. This results in their occurrence
in the surface water and groundwater [5–7]. Therefore, an effective treatment process is essential for
TrOC removal.

Membrane distillation involves moderate-temperature distillation compared to conventional
distillation processes (e.g., steam distillation). In this process, water is transported in vapour form
from the feed side to distillate through porous hydrophobic membranes. Among the available
configurations, direct contact membrane distillation (DCMD) is a promising technology [8–10]. This is

Membranes 2020, 10, 428; doi:10.3390/membranes10120428 www.mdpi.com/journal/membranes
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a high-retention membrane process that involves low fouling potential compared to pressure-driven
membrane processes and can be less energy-intensive when low-grade waste heat is used [11,12].
A few recent studies have reported the removal of TrOCs by this process [13–15]. For TrOC removal,
a temperature difference of 15–20 ◦C is created to drive the transport of water vapour from feed to
distillate. Non-volatile TrOCs can be effectively removed by the DCMD system as mass transport
occurs in the vapour phase [16,17]. The TrOCs effectively retained by DCMD (i.e., the membrane
concentrate) require additional treatment before disposal to the environment [18]. We propose that
the DCMD system can be integrated with UV photolysis, thereby devising the DCMD–UV photolysis
process, where the DCMD membrane can retain the contaminants and UV photolysis can continuously
degrade them.

More commonly applied in water disinfection, UV photolysis can also be applied for the
degradation of TrOCs. The literature shows that contaminants with photolabile moieties (e.g., -Cl, -OH)
absorb photon energy from UV light and undergo oxidation [19–21]. There is limited information on
overall TrOC removal by combined DCMD–UV photolysis. Mozia et al. [22] investigated diclofenac
removal by combined DCMD and UV photolysis and revealed its complete elimination within 4 h.
Another study reported the removal of TrOCs by DCMD preceding UV photolysis and showed 27–88%
removal depending on the TrOC [18].

DCMD can effectively retain the non-volatile TrOCs and UV photolysis can degrade them with
TrOC-specific efficiency. However, the presence of inorganic ions—namely halide ions, nitrate ions,
and bicarbonate ions—in water can influence TrOC removal efficiency [20,23,24]. For instance,
Li et al. [25] demonstrated the effect of bromide and chloride ions on the photodegradation of three
antibiotics (sulfamethoxazole, sulfamethazine, and sulphapyridine) and reported improved rate
constants for sulfamethazine and sulphapyridine in the presence of chloride ion while the rate
constants decreased for sulfamethoxazole. In that study, the rate constant for all the TrOCs decreased
in the presence of bromide ion. Yang et al. [26] reported the inhibitory effect of bicarbonate ion on
sulfamethoxazole photodegradation. Chloride and nitrate ions also inhibited the photodegradation
of diclofenac, while bicarbonate ion enhanced diclofenac degradation [26]. The efficiency of the
DCMD–UV treatment may be also affected in the presence of natural organic matter such as humic
acid in water. The presence of humic acid gives water a yellowish-brown colour which can reduce UV
light penetration. Humic acid also acts as an OH radical scavenger. However, the literature illustrates
contrasting results regarding the effect of humic acid on the UV photolysis of TrOCs. For instance,
the degradation rate constant of 17α-ethinylestradiol and 17β-estradiol greatly improved in the
presence of humic acid [27,28] while naproxen degradation was inhibited [29]. Overall, information on
the impact of co-occurring ions in water on TrOC degradation by DCMD–UV is very limited.

This study investigated TrOC retention by DCMD and their degradation by combined DCMD–UV
photolysis using five selected TrOCs including bisphenol A, oxybenzone, diclofenac, carbamazepine,
and sulfamethoxazole, which have diverse physicochemical properties and are commonly detected in
wastewater and polluted waterbodies. Because the presence of organic and inorganic ions in water
may significantly influence TrOC degradation, the effect of inorganic ions such as halide, nitrate,
and bicarbonate ions as well as natural organic matter (i.e., humic acid) on DCMD–UV photolysis was
systematically studied. This is the first study to elucidate the effect of different interfering ions on
TrOC removal from water by the integrated DCMD–UV system.

2. Materials and Methods

2.1. Materials

In this study, five TrOCs including bisphenol A, oxybenzone, diclofenac, carbamazepine,
and sulfamethoxazole were selected in view of their common detection in wastewater-affected
natural waterbodies [1]. Table 1 illustrates the main physicochemical characteristics of these TrOCs,
namely contaminant structures, hydrophobicity, and dissociation constants. All tested TrOCs were

6
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bought from Sigma Aldrich (Castle Hill, Australia) and had greater than 98% purity. Inorganic salts
(i.e., sodium fluoride, sodium chloride, sodium bromide, sodium iodide, sodium nitrate, and sodium
bicarbonate), humic acid, methanol, and HPLC-grade acetonitrile were also sourced from the same
supplier. Ultrapure Milli-Q water (Millipore S.A.S, Molsheim, France) was used in all experiments and
each experiment was conducted in duplicate. According to the supplier, Milli-Q water has a resistivity
of 18.2 MΩ·cm and a total organic carbon (TOC) of less than 5 ppb.

Table 1. Physicochemical properties of the selected trace organic contaminants.

Compound
Molecular Weight

(g/mol)
Log D at pH 7

Vapour Pressure
(mmHg)

pKH at pH 7

Bisphenol A

228.29 3.64 5.34 × 10−7 8.66

Sulfamethoxazole

253.28 −0.22 1.52 × 10−12 11.81

Diclofenac

 

296.15 1.77 1.59 × 10−7 8.68

Oxybenzone

228.24 3.89 5.26 × 10−6 7.80

Carbamazepine

236.27 1.89 5.78 × 10−7 9.08

Note: Chemical structure, molecular weight, Log D, vapour pressure, and pKH values were taken from
SciFinder Scholar.

2.2. Sample Preparation

A stock solution of the selected TrOCs was prepared by adding the TrOCs each at a concentration of
2 g/L to pure methanol. The stock solution was stored in the dark at −18 ◦C and used within one month.
A working solution was freshly prepared by diluting the stock solution in Milli-Q water to obtain 1 mg/L
concentration of the TrOCs. A calibration curve of each TrOC was established in the range 0.1–1 mg/L to
quantify TrOC concentration in samples by HPLC. Stock solutions (1 M) were prepared for each inorganic
salt. Humic acid stock solution was at a concentration 1 g/L. These solutions were further diluted to obtain
working solutions of the salts (1 5, 10, and 100 mM) and humic acid (1, 5, and 10 mg/L).

7
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2.3. DCMD and UV Setup and Operation Protocol

A lab-scale membrane distillation rig comprising a direct contact membrane cell and a reactor
made of glass, as shown in Figure 1, was used to conduct experiments. The liquid in the glass reactor
was used as feed for the DCMD module. The feed tank (working volume of 5 L) was placed in a
temperature controlled (30 ± 1 ◦C) water bath. The water bath was equipped with a heating unit
(Julabo, Seelbach, Germany) to keep the feed temperature at 30 ± 1 ◦C. Temperature for distillate was
set up at 10 ± 1 ◦C using a chiller (SC100-A10, Thermo Scientific, Vernon Hills, IL, USA). The setup
was designed and operated following a previously published protocol [16]. The initial feed volume
was 1.5 L and the nominal concentration of each TrOC in the feed solution was 1 mg/L. The impact
of different concentrations of each ion (1, 5, 10, and 100 mM) and humic acid (1, 5, and 10 mg/L)
was studied in separate runs. In each run, the DCMD–UV setup was run for 60 min. The DCMD
system was run in recirculation mode and flow rate was kept at 1 L/min for both feed and permeate.
The permeate flux was recorded every 5 min and the DCMD system was initially operated for 60 min
to verify complete retention of the selected TrOCs by DCMD.

Figure 1. Experimental setup for integrated direct contact membrane distillation–UV
photolysis treatment.

The DCMD module was made up of acrylic glass. Feed and permeate flow channels (145 × 95
× 3 mm) were engraved on each block. Polytetrafluoroethylene (PTFE) membrane was purchased
from Ningbo Porous Membrane Technology (Ningbo, China) and was used in this study. The PTFE
membrane was hydrophobic in nature, with a surface area, nominal pore size, thickness, and porosity
of 221 cm2, 0.2 μm, 60 μm, and 80%, respectively.

A bench-scale UV oxidation setup (UVG SLT30 model) purchased from UV Guard (Castle Hill,
NSW, Australia) and was integrated with the DCMD setup as shown in Figure 1. It had a working
volume of 1.1 L. It comprised an outer 316-grade stainless steel housing protecting an inner quartz
reactor. The principal wavelength of the 60 cm long UV lamp (30 W) was 254 nm. According to
the supplier, when operated at a flowrate of 16 L/min, this setup provides a UV dose of 40 mJ/cm2

(as calculated using UVCalc® software based on a UV transmittance of 85%). With a flowrate of
1 L/min in this study, the estimated UV dose was around 750 mJ/cm2. The lamp was placed inside the
quartz reactor. It provided continuous exposure to the test solution present inside the outer reactor.
All experiments combining DCMD–UV treatment were conducted for a UV exposure time of 60 min.

In this work, the removal of each TrOC in the DCMD–UV system was calculated by establishing a
mass balance of TrOC concentration in feed and permeate at the start and end of each run [30]. This is
the first study combining DCMD and UV treatment for the removal of TrOCs from their mixture and
assessing the effect of inorganic ions (e.g., halide, nitrate, and carbonate) and humic acid on TrOC
removal by this process.
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2.4. TrOC Analysis

The concentrations of TrOCs present in the samples were measured using an HPLC system
(Shimadzu, Kyoto, Japan) following a previously published protocol [24]. The limit of quantification
for the TrOCs was 10 μg/L. The accuracy of quantification was always confirmed by running standard
solutions. Removal of TrOCs was calculated as R (%) = (1 − Ct

C0 ) × 100, where C0 and Ct are initial mass
and mass at time of sampling, respectively.

3. Results

3.1. Results and Discussion

TrOC Removal by DCMD

In DCMD, water passes through the hydrophobic membrane in vapour form. Retention of TrOCs
in the feed reactor depends on their volatility and distribution coefficient (log D). TrOCs with pKH value
greater than 9 have low volatility and are expected to be well removed by the DCMD system. Log D
represents hydrophobicity and can also affect the transport of TrOCs through the MD membrane [17].

Interestingly, Figure 2 shows that irrespective of Log D and pKH values, greater than 99% retention
of the TrOCs was achieved by the DCMD system. Previously, Wijekoon et al. [17] reported 81% removal
for oxybenzone while > 97% rejection for bisphenol A, carbamazepine, and diclofenac at feed and
distillate temperatures of 40 and 10 ◦C, respectively. This difference in TrOC removal can be attributed
to the lower feed-side temperature (i.e., 30 vs. 40 ◦C) used in the current study, which would have
reduced the chance of TrOCs escaping in vapor form.

Figure 2. Retention of trace organic contaminants in DCMD system. Retention % was evaluated
by establishing a mass balance of trace organic contaminants in the feed at the start and end of
the experiment. The DCMD system retained the trace organic contaminants completely. Operating
conditions for DCMD system: temperature of the feed and the distillate was set at 30 and 10 ◦C,
respectively; cross flow rate for feed and distillate was maintained at 1 L/min. Error bars represent the
standard deviation of duplicate samples.
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In our previous study [18], where the DCMD system was run for 18 h (compared to 1 h in the
current study), similar TrOC retention was observed with negligible flux decline. Fouling and wetting
of membrane can significantly affect TrOC retention when the feed water contains other impurities
than TrOC. Future studies are suggested to shed light on this aspect. However, this is beyond the scope
of the current study.

3.2. Fate of TrOCs in DCMD–UV Photolysis Process

TrOCs retained by the DCMD process eventually accumulate in the feed reactor. This requires
additional treatment of the DCMD concentrate before disposal into the environment. Thus, DCMD
was combined with UV photolysis to simultaneously retain and degrade TrOCs.

The DCMD permeate, i.e., the treated final effluent, was already virtually TrOC-free. The removal
efficiency by DCMD–UV discussed in this section refers to the reduction of the concentration of
retained TrOCs in feed solution by UV degradation. Samples taken from the feed side revealed
substantial degradation of sulfamethoxazole (87%), bisphenol A (95%), and diclofenac (71%) but rather
limited degradation of carbamazepine (9%) and oxybenzone (22%) (Figure 3). High removal of
sulfamethoxazole, bisphenol A, and diclofenac can be attributed to the presence of more than one
photolabile functional group (-CH3, -OH, -COOH, -NH) in their structures, which makes them less
stable in the presence of UV irradiation [19]. Low removal of oxybenzone despite the presence of an
–OH group in its molecule can be attributed to the presence of fewer photolabile functional groups
and a stable benzene ring. Carbamazepine is resistant to photodegradation due to the absence of
photosensitive functional groups [31].

Figure 3. Degradation of trace organic contaminants in UV photolysis and integrated DCMD–UV
photolysis. Operating conditions for DCMD: temperature of feed and distillate was set at 30 and 10 ◦C,
respectively; cross flow rate for feed and distillate was maintained at 1 L/min. Operating conditions for
photolysis: UV dose was around 750 mJ/cm2 and the reaction time was 60 min. Error bars represent the
standard deviation of duplicate samples.
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Our observation regarding carbamazepine and oxybenzone is consistent with previous studies
which reported low removal of these TrOCs by direct UV photolysis at 254 nm [31,32]. Mozia et al. [22]
reported 79–96% diclofenac degradation at different initial concentrations of the TrOC, which is
consistent with the degradation range that we have observed for this compound. On the other hand,
while exploring UV post treatment of DCMD concentrate, Tufail et al. [18] reported lower degradation
of bisphenol A compared to the current study. In the current study, the UV system was integrated with
the DCMD system. On the other hand, Tufail et al. [18] first operated DCMD independently and then
treated the membrane concentrate by UV. Thus, in the current study, the TrOC concentration in the test
solution which was exposed to UV was one third. This may be the reason for the better bisphenol
A removal.

We compared TrOC degradation in feed solution by UV when the UV system was operated
separately versus when DCMD and UV were integrated in the same loop. While for the other TrOCs,
UV degradation performance was similar irrespective of the arrangement of the UV and DCMD
components, bisphenol A degradation by UV was significantly higher when DCMD and UV were
integrated in the same loop (Figure 3). Two previous studies by Mozia et al. [22,33] reported the benefit
of integrating the DCMD and UV photolysis in general: the DCMD system retains TrOCs in the feed
reactor and increases their concentration, and UV photolysis results in the degradation of the TrOCs;
however, they did not discuss the impact of the arrangement of the UV and DCMD components.
Nevertheless, noting that in photocatalytic membrane reactors, combining membrane and UV in the
same tank results various synergistic advantages [34], it would be interesting to further investigate this
aspect. However, this is beyond the scope of the current study.

3.3. Effect of Inorganic Ions on the TrOC Removal by DCMD–UV Photolysis

3.3.1. Effect of Nitrate Ion

Upon UV irradiation, nitrate ion produces nitrite and hydroxyl radicals in the reaction system
(Equations (1)–(3)) that may help in degrading contaminants.

NO3
− → [NO3

−]* (1)

[NO3
−]*→ NO2

− + O (2)

[NO3
−]* NO2

• + O•− → NO2 +
•OH + OH− (3)

Figure 4 shows a significant increase in TrOC degradation when nitrate ion is added.
Furthermore, within the nitrate concentration range of 1–10 mM, TrOC degradation either remained
unchanged (bisphenol A, sulfamethoxazole, and diclofenac) or increased gradually (oxybenzone
and carbamazepine). The degradation of bisphenol A, oxybenzone, and carbamazepine reduced
significantly at a nitrate concentration of 100 mM.

Consistent with our observation regarding sulfamethoxazole, Hao et al. [35] reported a promoting
effect of nitrate ion on UV degradation of sulphonamide compounds. Similarly, as shown in Figure 4,
removal of diclofenac increased consistently with increasing nitrate ion concentration (0–100 mM).
This result is in line with the performance reported by Koumaki et al. [36]. On the other hand, in the
current study, bisphenol A degradation reduced by 50% when the nitrate concentration was increased
from 10 to 100 mM. Reduced degradation was also observed for carbamazepine and oxybenzone at
this level of nitrate concentration (Figure 4). This can be attributed to the “shielding effect” due to the
presence of high nitrate ion concentration in the reaction mixture [36]. Nitrate ion also absorbs UV
light and, when present in excessive concentrations, this ion can create competition for the available
number of photons [37]. The addition of nitrate ion can produce hydroxyl radicals, but these radicals
play a small part in the whole degradation process when direct photodegradation plays the key role in
TrOC degradation. Thus, TrOC degradation—for example, that of sulfamethoxazole—did not increase
proportionately with nitrate ion concentration.

11



Membranes 2020, 10, 428

Overall, our results highlight the concentration-specific impact of nitrate ion on UV degradation
of TrOCs.

Figure 4. Impact of different concentration (0, 1, 5, 10, 100 mM) of nitrate ions on the degradation of
trace organic contaminants in the integrated DCMD–UV photolysis. Permeate flux was 3.6 L/m2·h,
conductivity was around 4 μS/cm, and TrOC concentration in permeate was below the detection limit.
Other operating conditions for integrated DCMD–UV photolysis are given in the caption of Figure 3.

3.3.2. Effect of Halide Ions

Halide ions—namely fluoride, chloride, bromide, and iodide ions—are ubiquitously detected
in seawater, surface water, or groundwater over a wide concentration range of 0.1–500 mg/L [25,38].
These ions can undergo photoexcitation by UV radiation having a wavelength below 260 nm. In the
presence of UV radiation, halide ions can produce radicals that selectively attack contaminants and
degrade them [38]. Redox potential for fluoride, chloride, bromide, and iodide are 2.9, 2.59, 2.04,
and 1.37 V, respectively [26,39]. On the other hand, halide ions act as hydroxyl radical scavengers by
reacting with hydroxyl radicals to produce halide radicals, which reduces hydroxyl radical-mediated
degradation of TrOCs [38,39].

In this study, with a few exceptions, bisphenol A removal significantly decreased in the presence
of chloride, bromide, and iodide ions (Figure 5). The reduction in BPA degradation in the presence of
halide ions can be attributed to the competition between BPA and the halide ions for UV irradiation.
Moreover, the presence of halide ions may generate some other radicals, e.g., HOX, which may inhibit
TrOC degradation [40]. For instance, Grebel et al. [41] reported a 90% reduction in the photodegradation
of 17β-estradiol in the presence of 0.54 M chloride ion. They attributed this reduction to the ionic
strength effect of chloride ions.

Sulfamethoxazole and diclofenac removal was mostly unaffected by the halide ions except for
iodide ion. This is in line with previous studies where sulfamethoxazole degradation remained
unchanged in the presence of chloride and bromide ions. For example, Li et al. [25] reported that
chloride ion (0.54 M) and bromide ion (0.8 mM) did not affect the degradation of sulfapyridine
and sulfamethoxazole.
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Figure 5. Impact of halide ions (fluoride, chloride, bromide, and iodide) on the degradation of
trace organic contaminants in the integrated DCMD–UV photolysis. Permeate flux was 3.7 L/m2·h,
conductivity was around 4 μS/cm, and TrOC concentration in permeate was below the detection
limit. Operating conditions for integrated DCMD–UV photolysis are given in the caption of Figure 3.
Halide ion concentrations were 0, 1, 5, 10, 100 mM.

Sulfamethoxazole and diclofenac may involve a triplet-excited state in their photodegradation [25].
Halide ions could quench the triplet-excited state of TrOCs by the formation of complex intermediates
between halide ions and the excited state of the TrOC, thus reducing their photodegradation. However,
Li et al. [25] suggested that the oxidation potential of sulfamethoxazole at triplet-excited state is not
large enough to react with halide ions and form intermediates. Therefore, except iodide, the presence of
halide ions did not affect the degradation of sulfamethoxazole. Several studies have demonstrated that
the presence of organic matter may create competition for UV light, thus affecting the photodegradation
of TrOCs. A stronger light attenuation effect occurs in the presence of organic species with higher
absorbance [39,41,42]. Among halide ions, iodide ion shows the highest absorbance that increases with
its concentration. Therefore, inhibition of the TrOC degradation can be attributed to the attenuation
effect of the halide ions [42].

Except for the significantly reduced removal in the presence of bromide ion beyond a concentration
of 5 mM, oxybenzone removal gradually increased with halide concentrations. Oxybenzone can
react with chloride ions and generate chlorinated by-products such as chloroform and halogenated
methoxyphenols [43]. Therefore, conversion of oxybenzone increased in the presence of chloride ions.
Other halide ions also form radicals in the presence of UV irradiation that may react with oxybenzone
and promote or inhibit its conversion/degradation [44].

Compared to the other TrOCs, carbamazepine removal in the control experiments (i.e., in the
absence of any halides) was originally much lower. Its removal slightly increased in the presence of
the halides.

Notably, Li et al. [42] investigated the photodegradation of ibuprofen in the presence of different
halide ions. The authors reported that, among all the halides, iodide ion shows the maximum light
attenuation effect and can significantly impact the degradation of contaminants. In our study too,
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overall, with a few exceptions, a major negative impact of iodide ion was observed on the removal of the
investigated TrOCs, which can be attributed to its maximum light attenuation effect as discussed above.

3.3.3. Effect of Bicarbonate Ion

Inorganic carbon occurs in water in the form of either carbonate or bicarbonate ions and can affect
TrOC photodegradation efficiency [45]. TrOC degradation may reduce because this ion may shield
UV radiation [36]. Bicarbonate ion may also scavenge hydroxyl radicals (Equation (4)) and generate
carbonate radicals (strong one-electron oxidants): because of this, while the dissipated hydroxyl
radical cannot take part in TrOC degradation, the carbonate radicals generated can selectively oxidize
TrOCs [26,46].

OH + HCO3
− → H2O + CO3

− (4)

Carbonate radicals react via electron transfer or hydrogen transfer with TrOCs having aromatic
amines, thiols, and phenol groups. Only a handful of studies have reported the effect of bicarbonate on
the photodegradation of contaminants [26]. In this study, except for oxybenzone, which showed an
opposite trend, TrOC removal decreased significantly with the increase in bicarbonate concentration
(Figure 6). Our observation is consistent with that of Mozia et al. [33], who reported reduced ibuprofen
degradation by MD photocatalysis due to bicarbonate ion. Oxybenzone contains a phenolic functional
group and thus its improved photodegradation in our study in the presence of bicarbonate ion can be
attributed to the formation of carbonate radicals that degrade phenolic moieties via electron transfer.
On the other hand, as in this study, Yang et al. [26] reported a reduction in sulfamethoxazole removal in
the presence of bicarbonate ion at a concentration of 50 mM. A similar decreasing trend was observed for
the photodegradation of bisphenol A and diclofenac in previous studies [47,48]. It is worth mentioning
that in this study, TrOC removal inhibition was not significant at the lowest bicarbonate concentration
tested (1 mM). Thus, it is possible that light attenuation at higher bicarbonate concentrations was one
of the reasons for the deteriorated photodegradation of the TrOCs [42].

Figure 6. Impact of different concentrations (0, 1, 5, 10, 100 mM) of bicarbonate ions on the degradation
of trace organic contaminants in the integrated DCMD–UV photolysis. Permeate flux was 3.5 L/m2·h,
conductivity was around 4 μS/cm, and TrOC concentration in permeate was below the detection limit.
Other operating conditions for integrated DCMD–UV photolysis are given in the caption of Figure 3.
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3.4. Effect of Humic Acid on TrOC Removal by DCMD–UV Photolysis

Among the natural organic matter in water is humic acid, which has an average molecular weight
of 2000–5000 and consists of a large portion of oxygen-containing functional groups. Humic acid is
chromophoric in nature; thus, it is excited by UV irradiation having a wavelength ranging between
300 and 500 nm [29,49]. In general, humic acid can promote contaminant degradation through the
generation of reactive oxygen species or retard degradation by shielding the UV radiation [39,49].
In the presence of sunlight (which emits predominantly UVA but also UVC), humic acid undergoes
excitation and generates various radicals, namely hydroxyl radical (•OH), peroxy radical (ROO•),
and singlet oxygen species (O2

•−) [36]. These radicals can attack TrOCs in the solution and oxidise them.
By contrast, humic acid can also attenuate light as it can shield UV radiation.

Figure 7 illustrates the photodegradation of the investigated TrOCs in the presence of different
concentrations (1, 5, 10 mg/L) of humic acid. With the exception of diclofenac, the impact of humic
acid on TrOC removal was low. Calza et al. [49] mentioned that the excited triple state of humic
acid plays an important role in the degradation of the phenolic contaminants. Both oxybenzone and
bisphenol A contain hydroxyl functional groups and thus their degradation was not reduced in the
presence of humic acid. On the other hand, in good agreement with our study, Zhang et al. [50]
observed a slight inhibitory effect of humic acid (20 mg/L) on the photodegradation of sulfamethoxazole.
Similarly, Wang et al. [51] observed reduced degradation of carbamazepine in the presence of humic
acid. Consistent with our observation, previously, Koumaki et al. [36] reported that the degradation of
diclofenac was greatly reduced in the presence of 20 mg/L of humic acid during 15 h of solar irradiation.
Evidently, diclofenac removal is relatively more affected by the light attenuation in the presence of
humic acid. In this study, sulfamethoxazole and diclofenac were well removed by direct photolysis but
the degradation of diclofenac was greatly affected by humic acid. This difference in degradation can be
attributed to their different molar absorption coefficients and pKa values [52,53].

Figure 7. Impact of 1, 5, and 10 mg/L of humic acid on the degradation of trace organic contaminants
in the integrated DCMD–UV photolysis. Operating conditions for integrated DCMD–UV photolysis
are given in the caption of Figure 3.
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4. Conclusions

In this study, we compared the degradation of five trace organic contaminants by UV photolysis
and combined DCMD–UV photolysis. Results showed that all five investigated TrOCs were
effectively retained (>99%) by the DCMD process, and the retained TrOCs were degraded by UV
photolysis with TrOC-specific efficiency. TrOC degradation capacity by the integrated DCMD–UV
photolysis process in the presence of humic acid and inorganic ions—namely halide, nitrate,
and bicarbonate—was investigated. The nature and extent of the impact of the ions were observed
to depend on the type of TrOCs and the concentration of the interfering ions. At a concentration
of 1 mg/L, humic acid improved the degradation of the phenolic contaminants (bisphenol A and
oxybenzone) while it inhibited the degradation of the non-phenolic contaminants (sulfamethoxazole,
carbamazepine, and diclofenac). Conversely, the presence of a high concentration (10 mg/L) of humic
acid overall inhibited the degradation of the TrOCs. With an exception, a major negative impact of
iodide ion was observed on the removal of the investigated TrOCs. Of particular interest, fluoride
and nitrate ions significantly improved TrOC degradation, while bicarbonate ion illustrated a variable
influence—from promoting to inhibiting impact—on TrOC degradation.
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Abstract: Forward osmosis (FO) is an excellent membrane process to dilute seawater (SW) reverse
osmosis (RO) concentrate for either to increase the water recovery or for safe disposal. However, the
low fluxes through FO membranes as well the biofouling/scaling of FO membranes are bottlenecks
of this process requiring larger membrane area and membranes with anti-fouling properties. This
study evaluates the performance of hollow fibre and flat sheet membranes with respect to flux and
biofouling. Ferric hydroxide sludge was used as impaired water mimicking the backwash water of a
filter that is generally employed as pretreatment in a SWRO plant and RO concentrate was used as
draw solution for the studies. Synthetic salts are also used as draw solutions to compare the flux
produced. The study found that cellulose triacetate (CTA) flat sheet FO membrane produced higher
flux (3–6 L m−2 h−1) compared to that produced by polyamide (PA) hollow fibre FO membrane (less
than 2.5 L m−2 h−1) under the same experimental conditions. Therefore, long-term studies conducted
on the flat sheet FO membranes showed that fouling due to ferric hydroxide sludge did not allow the
water flux to increase more than 3.15 L m−2 h−1.

Keywords: biofouling; fertilizers; flat sheet; flux; forward osmosis (FO); hollow fibre; reverse
osmosis (RO)

1. Introduction

Diminishing freshwater resources pose a serious threat to various practices. For example, if the
water required to make fertiliser solutions can be sourced from impaired water, it will significantly
help to conserve freshwater sources for other activities in agricultural farms. Similarly, if the brine
produced in a seawater reverse osmosis (SWRO) plant can be diluted using the pre-treatment filter
backwash water, it can be reused as the feed to the RO or can be discharged safely to the receiving
environment [1,2]. When a Forward Osmosis (FO) membrane separates diluted feed stream (impaired
water) and concentrated draw stream (concentrated fertilizer or RO brine solutions), water will naturally
pass through the FO membrane from the dilute stream to the concentrated stream to produce diluted
solutions. This is due to the osmotic pressure difference created by those two streams. The larger
the osmotic pressure difference, the higher the water flux through the membrane. At the same time,
reverse salt flux, RSF (movement of salts from the concentrated stream to the dilute stream) would also
occur, which can be minimised by selecting appropriate membranes. Generally, FO membranes will
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have active and support layers which will reduce the effective osmotic pressure difference between the
two surfaces of the active layer and thus will reduce the water flux [3–5].

The FO membranes can be obtained either as flat sheets or hollow fibres. Flat sheet membranes
available to date are showing lower water fluxes when the concentrations of draw solutions are
low [1,6–12]. One of the best available cellulose triacetate (CTA) flat sheet membranes manufactured
by Hydation Technology Innovations (HTI), USA, provides a maximum water flux of 9.6 L m−2 h−1

(LMH) when deionised (DI) water and 0.6 M NaCl salt solution were used as feed and draw solutions,
respectively [13].

According to Li et al. [14], CTA FO membranes are made by adding dried CTA and cellulose
acetate (CA) polymers to a premixed solvent of dioxane, acetone, lactic acid, and methanol at a certain
ratio. The polymer/solvent solution will be kept at 30 ◦C and stirred till a homogeneous solution is
obtained. The solution will then be stored in an oven at 30 ◦C for several hours to de-aerate and then
will be cast onto a dry clean glass plate. The formed film will be immersed into a water bath within
3 s at 12 ◦C. After solidification, the membranes will be immersed in deionized water for 24 h before
conducting any tests.

According to Lim et al. [15], a typical dry-jet wet spinning method can be applied for preparation
of the hollow fibre membrane substrates. Dried polyether sulfone (PES) powder and polyethylene
glycol (PEG400) at a fixed amount can be mixed with N-Methyl-2-pyrrolidone (NMP) at 60 ◦C for 12 h.
Hydrophilic non-solvent (PEG) is added into the polymer solution to produce a sponge-like porous
morphology for enhancing pore formation and interconnection. A degassed polymer solution will
then be pumped into the double spinneret nozzle together with the bore fluid and the molded fibres
will be immersed into the coagulation bath immediately. The solidified substrates will then be rolled
up and stored in DI water for 24 h. The hollow fibre membranes will be immersed in the aqueous
glycerol solution (50 wt%) for two days and dried in the atmosphere to minimise the collapse of their
pore structures in open-air storage. Hollow fibre membrane modules can be made using the fibres [15].

This study evaluates the performance of a hollow fibre membrane over a flat sheet membrane
with respect to the water flux. Based on the flux results, biofouling of flat sheet membranes was
also evaluated.

2. Materials and Methods

2.1. Membranes

Flat sheet cellulose tri-acetate (CTA) membranes were purchased from HTI, USA. The support
layer of the flat sheet membrane is made up of polyester mesh and average pore diameter is 0.74 nm [16].
Scanning Electron Microscopy (SEM) images of the flat sheet CTA membrane are given in Figure 1a–c.
As Figure 1a shows [17], the membrane is on an embedded screen support. Figure 1b shows the support
layer and the embedded mesh and Figure 1c is the active layer where water permeation happens.

Hollow fibre polyamide (PA) membranes used were fabricated at Samsung Cheil Industries Inc.,
South Korea and consist of a Sulphonated Polysulphone (SPSf) support layer. SEM images of the
hollow fibre PA membrane are given in Figure 1d,e [18]. Figure 1d shows the thickness of the lumens
with pores, and Figure 1e shows the lumens. CTA and PA membranes used were hydrophilic and
hydrophobic, respectively.
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Figure 1. Images of hydrophilic Cellulose Triacetate (CTA) membrane on embedded polyester screen
support: (a) cross section (reprinted from [17] with permission from Elsevier); (b) Support side; (c) active
side. SEM images of hydrophobic Polyamide (PA) hollow fibre membrane (reprinted from [18] with
permission from Elsevier) with inner surface of the hollow fibre as active layer, and the outer surface as
support layer; (d) cross section showing the thickness of the lumens along with pores (e) enlarged cross
section showing the lumen.

2.2. Flux Studies with Hollow Fibre Membrane

Feed (either deionised (DI) water or Fe(OH)3 sludge representing impaired water) and draw
solutions (NaCl, MgCl2, CaCl2, Na2SO4 and seawater reverse osmosis concentrate (ROC) representing
concentrated solution) were passed through the polyamide (PA) hollow fibre FO membrane at different
feed and draw Reynolds number (Re) ratios. Reynolds numbers were varied by changing the velocity
of the feed and draw solutions. Sludge/DI water was circulated outside the hollow fibre membrane
and the draw solution through the lumen side. Since the lumen side surface of the hollow fibre is the
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active layer, the experiments have been run at an active layer facing draw solution (AL-DS) mode.
Even though the sludge particles may block the support side in this mode, cleaning the outer surface
of the fouled hollow fibre membranes will be much easier compared to cleaning the inner lumen side
of the membrane. The experimental set up is shown in Figure 2. Change in the weight of the draw
solution was programmed to be stored in a data logger at one-minute time intervals. Experimental
water flux (Jw,e) was determined by the following equation:

Jw,e =
change in weight of the draw solution in time Δt
density of water × effective membrane area × Δt

(1)

Figure 2. Hollow fibre membrane (a) schematic of the experimental set up with a general forward
osmosis (FO) membrane cell that can accommodate either a flat sheet or a hollow fibre membrane
module, (b) photo of the hollow fibre FO membrane system used in this study (Effective membrane
area is 25.45 cm2), and (c) protocol for the analyses of fouled membrane.
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After 1 h of filtration, properties of the feed and draw solutions were measured. The membrane
was cleaned using DI water prior to each experiment.

2.3. Fouling Studies with Flat Sheet Membranes

The draw and feed solutions were ROC and pre-treatment sludge (filter backwash water) from a
seawater RO desalination plant, respectively. Thus, the solids content of pre-treatment sludge was
varied from 2% to 8% of total solids (TS). This solids content represents the suspended solids that are
removed from the filter during the backwash. This is because there are two types of pre-treatment
sludge that can be generated in an RO desalination plant; the media filters used for the pre-treatment of
seawater can be backwashed using either pre-treated seawater or ROC and can produce pre-treatment
sludge with different total solids and ionic strength. However, the dewatered sludge available in
the lab had 15% TS as received from Perth Seawater Desalination Plant (PSDP). Therefore, to obtain
required TS contents of each pre-treatment sludge, 15% TS sludge was diluted using (i) pre-treated
seawater (and the feed solution obtained was named as High EC with an EC of 45 mS/cm) and (ii) DI
water (and the feed solution obtained was named as low EC with an EC of 1.5 mS/cm). Prepared feed
and draw solutions were passed through the cellulose triacetate (CTA) flat sheet FO membrane at
0.04 m/s cross flow velocity in counter current flow configuration [19,20].

Pre-treatment sludge was circulated on the support side of the membrane (FO mode) and stirred
at a constant rate during the experiment to eliminate settling of particles. Experimental set up was
similar to that in Figure 2a. Photos of the hollow fibre membrane module as well as the experimental
setup are shown in Figure 2b. Experiments were run at 20 ± 2 ◦C and triplicated at each operating
condition. Again, change in the weight of the draw solution was programmed to be stored in a
data logger at 5 min time intervals. Furthermore, three consecutive experimental setups (similar to
Figure 2a) were run. Fouling behaviour on the FO membrane was examined after one day, four days,
one week and five weeks. One experiment was run until the membrane was fully fouled (i.e., until no
water flux observed). Water flux, conductivity, total organic carbon (TOC), and pH of each set up were
monitored continuously using a data logger, electrical conductivity (EC) meter, TOC analyser, and pH
meter, respectively.

All of the fouling experiments were run in semi-batch mode as the experiments were long-term runs,
following the experimental procedure of Li et al. [21], i.e., when the draw solution had extracted 15%
of water from the feed (150 mL), both draw and feed solutions were replaced with fresh 1L tank; TOC,
pH, temperature, and EC of the replaced solutions were measured. Prior to each new experiment, three
experimental setups were thoroughly cleaned to remove trace organic matter using the procedure given
in the next section [22]. It is important to note that the short-time treatment with alkaline hypochlorite
solution could improve the membrane performance slightly [23]. Accordingly, the hypochlorite
degradation reaction of aromatic PA membrane involves a reversible and an irreversible chlorination.
The reversible intermediate could be regenerated to initial amide by the treatment with alkaline before
it rearranged to an irreversible product, thus partially improving the membrane performance.

2.4. Cleaning of FO Set-up to Remove Trace Organic Impurities Prior to Each Fouling Test

The following procedure was followed to clean the FO set-up:

I. Recirculation of 0.5% sodium hypochlorite through the FO set-up for 2 h.
II. Removal of trace organic matter by recirculating 5 mM ethylene di-amine tetra-acetic acid (EDTA)

at pH 11 through the set-up for 30 min.
III. Additional removal of trace organic matter by recirculating 2 mM sodium dodecyl sulphate (SDS)

at pH 11 through the set-up for 30 min.
IV. Sterilisation of the unit by recirculating 95% ethanol through the set-up for 1 h.
V. Rinsing the unit with DI water (several times) to eliminate ethanol residue.
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Once the filtration was complete, a known area of membrane was selected for analysis for
cell count, SEM, TOC, adenosine triphosphate (ATP), and live/dead cell count analysis (Figure 2c).
Membrane fouling is due to the deposition of chemical (organic/inorganic) species and biological
growth on the membrane surface. Thus, cell count is an indicator of biological growth and hence the
progress of biofouling of the membrane.

3. Results

The properties of synthetic draw solutions used in this study are given in Table 1. Out of the
five synthetic draw solutions used (1.0 M NaCl, 1.0 M MgCl2, 1.0 M CaCl2, 1.0 M Na2SO4 and ROC),
Na2SO4 has the largest density while MgCl2 has the largest viscosity; CaCl2 has the highest electrical
conductivity. Properties of seawater (as feed) and reverse osmosis concentrate (ROC) as drawn are
given in Table 2.

Table 1. Properties of synthetic draw solutions used in this study.

Draw Solution
(1 M)

Density, ρ
(kg/m3)

Viscosity, μ
(Pa·s)

Conductivity *, EC
(mS/cm)

Osmotic Pressure at 25 ◦C
(bar)

NaCl 1037.00 0.001080 81.1 46.4
Na2SO4 1557.00 0.001120 81.9 52.0
MgCl2 1072.40 0.001490 96.7 79.9
CaCl2 1085.20 0.001330 108.6 80.0
ROC 1023.98 0.001004 72.3 33.0

Note: Density, viscosity and osmotic pressure were obtained from the OLI ® stream analyser, and * conductivity
from experimental values.

Table 2. Properties of feed and draw solution used in this study.

Property Seawater
Sand Filtered

Seawater
Draw

Solution—ROC
Feed Solution—PSDP

Fe(OH)3 Sludge

pH 8.42 7.68 7.77 8.69
Turbidity (NTU) 29.1 0.45 - -

EC (mS/m) 4450 4470 7300 5150
TOC (mg/L) 1.71 0.73 3.10 17.06

Alkalinity—mg/L as CaCO3 110 45 68 102
Hardness (EDTA)-mg/L as CaCO3 4600 6200 9550 4500

Solids content (% TS) - - - 4.04
Specific gravity - - - 1.01

3.1. Effect of Re on the Water Flux

Figure 3 shows the water flux through hollow fibre FO membranes when DI water and salt
solutions were used as feed and draw solutions, respectively. Draw Re was kept at 1000 and 2000 while
feed Re was kept at 200, 450, and 1200. Thus, six experiments with different feed and draw Re were
conducted. Water flux of up to 10 LMH was observed when a laminar condition (Re = 1000) prevailed
in the flow of draw solution. The Na2SO4 draw solution gave the highest flux similar to that of MgCl2.
This is interesting as 1.0 M MgCl2 has the highest osmotic pressure; however, when the Re is similar,
1.0 M Na2SO4 shows similar performance even though its osmotic pressure is lower. Furthermore,
when the Re of draw solution flow was increased to become near turbulent (at Re = 2000), all three
draw solutions showed better performance compared to MgCl2. The MgCl2 solution drew a maximum
of 5.1 LMH when the feed Re was the highest (1200). Therefore, it is evident that, when selecting a
draw solution, not only its osmotic pressure, but also its viscosity, density, and the crossflow velocity
are affecting the performance in terms of water flux.
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a) 

Figure 3. Flux through hollow fibre membranes when draw solution Re was (a) 1000 and (b) 2000.
Note that the experiments were run in active layer facing draw solution (AL-DS) mode to compare the
results with sludge dewatering experiments.

Despite the type of solution, the feed flow with a Re of 200 and the draw solution flow with a Re
of 1000 gave the best performance in terms of water flux. Low Re of feed flow provide enough time
for the water to pass through the membrane and high Re of the draw flow reduces the dilution of the
draw solution as it takes away the water flux coming from the feed side of the membrane quicker. This
allows the FO process to produce high flux under those conditions. Therefore, sludge dewatering
experiments (detailed in the following section) were conducted at 200:1000 feed to draw an Re ratio.

Reverse salt flux of the membrane was determined by measuring the EC values of the feed solution.
Since the feed solution was DI water, the change in EC was obviously due to the ions transported
through the membrane from the draw solution. Figure 4 shows the RSF (or EC values of the feed
solution) for each draw solution. NaCl shows the highest increase in RSF with time. Despite the Re,
RSF is increasing with the filtration time. CaCl2 shows the lowest RSF (below 5 μS/cm). MgCl2 which
showed lower water fluxes compared to the other salt solutions shows lower RSF—however, higher
than that of CaCl2. In general, the RSF in hollow fibre membrane was found to be small which was
also the case in the literature [24,25]. Addition of divalent ions into the NaCl draw solution reduced
the RSF but did not affect the flux, and MgCl2 was found to be a better additive [18]. However,
multi-valent cations can form complexes with organic and colloidal foulants and expedite fouling and
cake-enhanced osmotic pressure [26–29].
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(a) (b) 

(c) (d) 

Figure 4. Measurements during filtration in hollow fibre FO membrane with different draw solutions
(a) 1.0 M NaCl; (b) 1.0 M CaCl2; (c) 1.0 M MgCl2; (d) 1.0 M Na2SO4.

3.2. Effect of Sludge Solids Content

Figure 5 shows the amount of dewatered sludge from PSDP required to produce pre-treatment
sludge with different total solids concentration. Since seawater and DI water were used for dilution, the
vertical gap between the two graphs should be the TS content of the seawater. Therefore, the vertical
gap 3.374 (= 3.3964 − 0.0224) should be the TS% in the seawater used to prepare pre-treatment sludge.
Since TDS of seawater is 30–35 g/L, 3.374 TS% appears acceptable. For FO dewatering applications
through hollow fibre membranes, low EC sludge samples were chosen assuming lower EC (hence,
higher EC difference between the feed and the draw solution) would give better performance with
the membrane.
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Figure 5. TS content of sludge with high and low EC (prepared in the laboratory starting with dewatered
sludge having 15% TS obtained from PSDP).

Since the same membrane was used for each experiment (after cleaning), before and after the
two-hour sludge dewatering, baseline experiments were run with 0.5 M NaCl and DI water as draw
and feed solutions, respectively. This was to check whether the membrane coupon had returned to the
initial condition after cleaning. The results are shown in Figure 6. As Figure 6 illustrates, cleaning has
taken the membrane back to the original condition. This means, since the sludge dewatering time
was only two hours, the membrane was either not fouled or the fouling is nearly 100% reversible.
However, to compare the water flux at each sludge solids content, averaged water fluxes were plotted
in one graph as shown in Figure 7. As Figure 7 shows, the lowest sludge solids content led to the
highest water flux, i.e., 3.6 LMH, whereas all the other sludge types showed a flux of 1.5–2.5 LMH.
When sludge solids content increased, there was a slight drop in the water flux. With increase in solids
content, the viscosity and the density of the sludge increase. Higher viscosity means lower Re, and
higher density means higher Re; however, the combination of higher viscosity and higher density led
to lower water permeation through the hollow fibre membranes. The effect of higher amount of solids
content was dominant, and this would have increased the concentration polarisation (CP) effect as
sludge passed through the porous side of the membrane leading to lower water flux.

In our previous study [30], we conducted flux experiments with 4.04% pre-treatment sludge as
feed solution and ROC as draw solution. CTA flat sheet FO membrane (from HTI USA) was used in
the study as well. The active layer facing feed solution (AL-DS) mode gave a water flux of around
3 L m−2 h−1, which is higher than the flux obtained under the same condition in this study using
hollow fibre membranes (flux between 2 and 2.5 when the % TS sludge varied from 3.68 to 4.67 as
shown in Figure 7). Therefore, we decided to use flat sheet membranes for further studies on fouling.
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Figure 6. Flux at different sludge contents. Experiments were conducted at first with either MgCl2 (a)
or NaCl (b–f) as draw solutions and DI as feed solution (shown in �) and then different concentrations
of sludge were used as feed solution and reverse osmosis concentrate (ROC) as draw solution (shown
in �), and, finally, the membrane was cleaned and experiments were reverted back to original MgCl2 or
NaCl as draw solutions and DI as feed solution (shown in �).
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Figure 7. Comparison of water flux at each sludge solids concentrations.

3.3. Fouling Studies with Flat Sheet Membranes

Fouling of FO membrane is an important factor which will hinder the effectiveness of the process
if not understood well and controlled through appropriate mitigative steps. However, sometimes,
fouling will be beneficial depending on the application of the FO process. For example, Valladares
Linares et al. [31] studied the effect of fouling of FO membrane in the rejection of micro-pollutants.
They demonstrated clearly that fouled FO membrane rejected the hydrophilic ionic compounds
and hydrophobic neutral compounds highly. Rejection of hydrophilic neutral compounds reduced
slightly. They concluded that using FO along with low-pressure RO system can provide a barrier
to the passage of micro-pollutants present in the secondary wastewater effluent. Such findings on
treating wastewaters with high fouling propensities have been treated by FO processes are reported
in other studies as well [32,33]. In another study, both reversible and irreversible membrane fouling
were absent during the FO experiments when the active layer of the FO membrane was facing the
activated sludge solution [34]. One study noted that the flux was strongly dependent on the type of FO
membrane used, implying the varying level of fouling on different membranes [35]. Osmotic membrane
bioreactors [36,37] are used to improve the removal of organic and ammonium ions from wastewater.
Fouling was controlled by osmotic backwash. Large amounts of nutrients, total and suspended solids
in the centrate that emerge from a centrifuge that dewaters digested sludge in a wastewater treatment
plant, generally returned back to the inlet of the treatment plant. This stream contributes significantly
to the nitrogen and phosphorus load of the influent. Recovering the nutrients using an FO/RO system
has been evaluated in a study [36], which indicated that CTA-FO membrane showed less fouling
(cake layer compaction) compared to CTA-RO membrane due to the lack of applied pressure. Flux
recovery after cleaning of the foulants was also high since it was easy to remove the foulants deposited
on the membrane. Furthermore, recent advances in the modification of FO membranes through
nano-modifiers have improved anti-fouling properties of the membranes significantly and an excellent
review on this by Sun et al. [38] can be found in the literature. Discussions on nano-modifiers such
as low dimensional carbon-based nanomaterials (carbon nanotubes, graphene oxides, and carbon
nanofibers), other nanomaterials (halloysite nanotubes, boehmite, silica, zeolite, nano-CaCO3), and
metal/metal-oxide nanoparticles (silver and TiO2) can be found in the above-mentioned review [38].
Our study evaluates the performance of unique feed solution on the fouling of FO membrane which
can contribute valuable information to the desalination industry.
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3.3.1. Change in Water Flux

The water flux pattern with time is shown in Figure 8. Flux declined with filtration time due
to two reasons (1) fouling and (2) dilution of the draw solution as draw solution was recirculated.
However, flux increased when the draw and feed solutions were replaced with fresh solution. This
increased flux was lower than the initial flux of the previous batch due to fouling of the membrane.
Flux decline due to fouling is shown in red dashed lines in Figure 8c,d. After one week of filtration,
the flux declined further in Figure 8c due to the thickened fouling layer deposited on the membrane.
The layer may have contained microorganisms and salt deposits as both draw and feed solutions
contain salt ions. However, as the EDX spectrums shown in Figure 9a(iii),b(iii), after one week of
continuous filtration, the FO system showed only salt deposits. This fouling could easily be removed
by providing regular flushes at high cross flow velocities as deposited layers were thin and loose.

Interestingly, as Figure 8d shows, after 300 h (about 2 weeks), the flux was increased once more;
however, it was less than the initial water flux. This was repeated after about 650 h as well (around
4 weeks). After about 2 weeks, the loose salt deposit layer had formed and when its thickness increased,
part of the loose layer could be readily removed by the increased cross-flow velocity (because when
thickness reduces, velocity increases, as shown in Figure 9c–e).

Figure 8. Flux through FO membrane during long-term filtration (a) 1 day; (b) 4 days; (c) 1 week; and
(d) 5 weeks.
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Figure 9. SEM images and EDX spectra of the membrane surface after (a) one week, (b) five weeks of
filtration; schematic diagram of the FO membrane surface with filtration time: (c) initially, (d) during
the first two weeks of operation, and (e) after about two weeks of operation. Fouling layer thickness
increased over time so does the cross-flow velocity.

In summary, around 50% reduction in water flux was observed due to fouling during five weeks
of continuous filtration, without cleaning in between. This is mainly due to deposition of metals.
After eight weeks of filtration, there was no water permeation (Figure 10a). Salt deposition on the FO
membrane coupon filtered for eight weeks was higher compared to the FO membrane coupon filtered
for five weeks (Figure 10b,c). With frequent cleaning with water, water flux can be brought back to
initial value as fouling in FO membrane is reversible. A once a week cleaning cycle may be required for
longer runs as live (and dead) cells were observed after one week of filtration on the membrane surface.
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Figure 10. (a) normalised water flux with respect to filtration time; SEM images of the fouled membrane;
(b) feed side; (c) draw side; (d) elemental analysis corresponding to (a) obtained through EDX.

3.3.2. Total Organic Carbon (TOC) Results

Draw and feed solutions were replaced with fresh draw and feed samples every 24 h. The used
feed and draw solution TOC values were measured daily. Eight weeks of TOC results are reported in
Figure 11a. During eight weeks of filtration, TOC of the feed and draw solutions fluctuated. Once the
1-day, 4-day, 1-week, 5-week and 8-week filtration runs were completed, a known area of membrane
was selected (as shown in Figure 2c) and vortexed with DI water to extract the deposited fouling layer.
The extracted liquid was used to analyse the TOC content per unit of membrane area (Figure 11b).
TOC on the membrane surface has increased 10 mg/cm2 when the filtration time increased from one
day to five weeks. In addition, microorganisms started to grow on the membrane surface after one
week of continuous filtration. As shown in Figure 11b, live and dead cells were propagated over the
membrane surface which then led to reduction of water flux. Therefore, membrane may be needing at
least a weekly cleaning cycle to avoid this. In the eight weeks of the filtration trial, the TOC value was
significantly low (only 10 mg/cm2), which is hard to explain why. All the experiments other than an
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eight-week filtration trail were triplicated. Therefore, another duplicate experiment for an 8-week trial
would be required to confirm the TOC results.

(a) 

(b) 

Figure 11. (a) Daily TOC results of the feed and draw solution; (b) TOC of the filtered membrane and
live and dead cells on the membrane (Green—live cells and Red—dead cells).

3.4. Future Needs to Improve the Performance of FO Membranes

In order to improve the water flux in a FO process, the internal concentration polarisation (ICP) of
solutes should be reduced [39]. ICP is due to the migration of solutes through the porous support
layer to the interface between the active and support layers of the membrane. This will reduce the
effective osmotic pressure difference between the draw and the feed solution and reduce the flux. One
of the ways to reduce ICP is to reduce the structural parameter of the membrane, S defined by the
following formula:

S = KD = tτ/ε (2)
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where K is the resistance to solute diffusion, D is the diffusion coefficient of the solute; t is the thickness,
τ is tortuosity and ε is porosity of the support layer of the membrane. The smaller the S, the larger the
water flux. Recently, Shan et al. [40] have developed FO membranes by linking graphene oxide (GO)
with oxidized carbon nanotubes (OCNTs) through oxygen-containing groups to form water channels
in the polyamide layer. Such membrane had a very low S (230 μm) and showed very high water flux.
For such membrane, when 0.5 M NaCl and deionized water were used as draw solution and feed
solution, respectively, the water fluxes were 114 and 84.6 LMH for AL-DS and active layer facing feed
solution (AL-FS) modes, respectively. The salt fluxes were 5.17 and 3.4 gMH for AL-DS and AL-FS
modes, respectively. Further improvement to such membrane was carried out by Kang et al. [41] by
assembling graphene oxide (GO) and oxidized carbon nanotubes (OCNTs) with five bilayers on a
polyethersulfone membrane to reduce the salt passage through the membrane. An excellent review on
membranes similar to the above producing high water fluxes and low reverse salt fluxes is documented
by Sun et al. [38].

4. Conclusions

Water fluxes produced by CTA flat sheet and PA hollow fibre FO membranes were compared to
select appropriate membrane for further studies on fouling. The Reynolds Number (Re) of draw and
feed solutions was varied to enhance the water flux through membrane. Lower Re of feed and draw
solution flows produced better water flux compared to higher Re of feed and draw solution flows.
When both membranes are used to derive water flux with pre-treatment sludge (or filter backwash
water) as feed solution and ROC as draw solution, the PA hollow fibre membrane yielded an average
water flux of 2.1 LMH. The process was operated under AL-DS mode, and the sludge solids content in
the pretreatment sludge was 3.68%. In our previous study, under similar conditions, flat sheet CTA
membranes showed 1.5 times higher water flux compared to PA hollow fibre membranes. Further
studies on fouling using the CTA flat sheet membrane confirmed that water flux can decrease by 50%
over a period of five weeks due to fouling, if the membrane is not cleaned in between. If the FO process
is continued to run without further cleaning, the flux ceases after eight weeks from the beginning of the
run. With frequent cleaning with water, water flux can be brought back to the initial value as fouling in
the FO membrane is reversible. A once a week cleaning cycle may be required for longer runs and to
prevent biofouling. The flux obtained through both PA hollow fibre and CTA flat sheet membranes is
less than or equal to 3.15 LMH, which is not sufficient for the system to be economical. Improving
the performance of FO membranes by reducing the structural parameter through the introduction of
nanomodifiers to the membrane material is one of the ways to go. This will enhance the utilization
of FO in places where freshwater resources are diminishing and therefore reusing concentrates and
reducing their impacts on fresh water sources are of paramount importance.
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Abstract: In this study, thin-film composite (TFC) polyvinylidene fluoride (PVDF) membranes were
synthesized by coating with titanium dioxide (TiO2)/polyvinyl alcohol (PVA) solution by a dip
coating method and cross-linked with glutaraldehyde. Glutaraldehyde (GA) acted as a cross-linking
agent to improve the thermal and chemical stability of the thin film coating. The incorporation
of TiO2 in the film enhanced the hydrophilicity of the membrane and the rejection of dyes during
filtration. The layer of TiO2 nanoparticles on the PVDF membranes have mitigated the fouling effects
compared to the plain PVDF membrane. The photocatalytic performance was studied at different
TiO2 loading for the photodegradation of dyes (reactive blue (RB) and methyl orange (MO)). The
results indicated that the thin film coating of TiO2/PVA enhanced photocatalytic performance and
showed good reusability under UV irradiation. This study showed that nearly 78% MO and 47% RB
were removed using the TFC membrane. This work provides a new vision in the fabrication of TFC
polymeric membranes as an efficient wastewater treatment tool.

Keywords: dip-coating; dyes; membrane; nanocomposite; polyvinylidene fluoride; titanium dioxide

1. Introduction

Rapid urbanization and industrialization are leading to water scarcity and deteriora-
tion of the quality of freshwater. Effluents discharged from industries contain persistent
organic pollutants (POP), which are synthetic chemicals with pronounced persistence
against chemical or biological degradation and bioaccumulation that have substantial
impacts on human health and the environment, even at very minimal concentrations over
a prolonged period [1].

Synthetic textile dyes are emerging POPs from the textile industries [2]. The textile
industry is the highest water consuming industry and generates a large volume of effluent
during the dyeing and finishing processes, where most of the dyes were washed out
with water [3]. Effluents generated by the textile mills are notorious for their complexity,
comprising synthetic dyes, cleansing agents, salts, surfactants, dispersants, inhibitory
compounds, oil, toxic chemicals, and many other compounds [4,5]. The chemicals present
in synthetic dyes can cause fatal and mutagenic effects on living beings and aquatic
life [6]. Therefore, the main challenge is to reduce and remediate contaminated textile
effluents economically and in a sustainable manner. Traditional technologies used to
treat textile effluents have limitations and are still not adequate for complete degradation
and removal of dye residues, as most of the compounds are highly resilient for these
processes to be effective [7]. Among different wastewater treatments, the membrane
filtration process has attracted significant attention for textile effluents’ treatment because
of its high separation efficiency, simplistic operation, no sludge production, and easy to
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scale-up. Despite the advantages mentioned above, fouling is the major factor that restricts
the application of polymeric membranes for textile effluent treatment [8]. The incorporation
of nanoparticles into membranes is a novel approach to overcome the disadvantages of
fouling in polymeric membranes.

Thin-film composite (TFC) membrane with nanoparticle incorporated on the super-
ficial layer improves the physico-chemical, mechanical, and thermal properties of the
membrane. The advantage of the superficial layer is that it acts as a selective barrier during
the separation process, which enhances the separation performance of the membrane. Vari-
ous types of nanoparticles have been incorporated into the top layer of TFC membranes,
such as carbon nanotubes [9], graphene oxide [10], silica [11], zeolites [12], and titanium
dioxide [13–16]. Additional selective transport channels can be formed in TFC membranes
due to that porous nanofiller or the interfaces between nanofiller and polymer matrices,
facilitating the separation property of the resultant membrane.

Previous studies have shown that TFC membranes have great potential in separating
and reducing pollutants from wastewater [17,18]. The incorporation of nanoparticles in the
thin film enhances the water permeability, antibacterial, and antifouling properties of the
membrane [19].

Titanium dioxide (TiO2) is probably the most widely used nanomaterial in membrane
modification [20,21] due to their ability to detoxify harmful organic pollutants through
their high photocatalytic activity, larger surface area, flexibility in the surface function,
and their mechanical stability towards the UV irradiation [22]. Various methods used to
immobilize the TiO2 nanoparticles for the surface modification of a membrane are dip or
spin coating, blending, hot pressing, and physical and chemical cross-linking [23,24].

Cross-linking of TiO2 nanoparticles using polymers, such as polyvinyl alcohol (PVA)
onto a membrane have been found to have significant application in wastewater treat-
ment [25–27]. The idea behind PVA application is to introduce a hydrophilic group into
the polymeric membrane to reduce the membrane’s fouling [28]. The oleophobic behavior
of PVA decreases the fouling rate and enhances the membrane’s thermal and mechanical
properties. The incorporation of TiO2 improves photodegradation performance due to the
election-hole separation when irradiated by UV light with an energy equal to or greater
than the bandgap energy of the TiO2 nanoparticles [29]. In our previous work, polyvinyli-
dene fluoride (PVDF) membranes were synthesized by optimizing the PVA content at
a fixed TiO2 concentration. The optimization was carried out with respect to the water
flux and removal of dyes achieved by the membranes [30]. The study showed that 3 wt.%
of PVA was the optimum loading for the TFC of the membrane. Li et al. [31] observed
synthesized PVDF and PVA hollow fiber membrane modified with TiO2 nanoparticles
enhanced the dye rejection ability of the membrane compared to the PVA thin film mem-
brane. Liu et al. [32] demonstrated that the thin film membrane composed of PVA and
TiO2 nanoparticles showed improved photoactivity under visible light [30,33]. All these
findings demonstrate that the combination of TiO2 and PVA coating of TFC membranes
improves the physio-chemical properties of the membrane compared to the conventional
polymeric membranes.

This study aims to fabricate a TFC membrane with TiO2 nanoparticles incorporated
into the PVA layer to improve the antifouling and dye rejection performance. The con-
centration of TiO2 is optimized in this study. The surface chemistry, surface morphology
and hydrophilicity of the TiO2/PVA incorporated membranes were also characterized at
different TiO2 loading.

Moreover, the separation capability of TFC membrane was studied using the cross-
flow filtration method and ex-situ method for photodegradation of methyl orange (MO)
and reactive blue (RB) dyes. The effect of different parameters, such as pH, TiO2 loading,
and zeta potential, were studied to understand the behavior of the TFC membranes.
Furthermore, the kinetic study of photodegradation of dyes by TFC membranes conducted
at different TiO2 loadings is considered one of the novelties of this paper.
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In addition, the stability of the thin film coating is an important parameter that decides
the separation performance of the membrane. The stability of the PVA/TiO2 coating during
multiple filtration runs have not been reported so far. Therefore, in this study, we have
focused on the stability of the TFC membranes under UV irradiation during multiple runs.

2. Materials and Methods

2.1. Materials

All the chemicals used for this research were analytical grade and used without any
further purification. Pellet of PVDF (MW = 534,000 g/mol) and PVA (99% hydrolyzed)
were obtained from Sigma–Aldrich (NSW, Australia). Cross-linking agent glutaraldehyde
(25% in H2O) was procured from Sigma–Aldrich (NSW, Australia). MO and RB were
used for the separation, whereas bovine serum albumin (BSA) was used to prepare the
feed solution to study membrane fouling, and all of them were purchased from Sigma–
Aldrich (NSW, Australia). The type, molecular weight, and chemical structures of the dyes
used as well as the wavelength at which maximum absorption of those dyes occurred
are given in Table 1. TiO2 (Aeroxide® P25, (Brunauer–Emmett–Teller, BET) surface area =
35–65 m2/g, particle size ≈ 21 nm) were acquired from Sigma–Aldrich (NSW, Australia).
N-N dimethylacetamide (DMAc), Sulphuric acid (H2SO4), sodium hydroxide (NaOH),
hydrochloric acid (HCl), and isopropanol (IPA) were acquired from Merck chemicals
(Melbourne, Australia).

Table 1. Physio-chemical properties of the dyes used in this study.

Dye Abbreviation
Chemical
Formula

Chemical
structure

Molecular
Weight (g/mol)

Type

Wavelength at Which
the Maximum

Absorbance Occurred,
λmax (nm)

Methyl
orange MO C14H14N3NaO3S

 

626.50 Azo
dye 464

Reactive
blue RB C22H16N2Na2O11S3 327.33 Anthraquinone

dye 590

2.2. Methods
2.2.1. Fabrication of PVDF Flat Sheet Membranes

A flat sheet PVDF membrane was fabricated using the non-solvent induced phase
separation (NIPS) technique. Dried PVDF (16 wt.%) pellets were mixed mechanically with
DMAc (84 wt.%) solvent overnight to obtain a homogeneous solution. Then the solution
was sonicated at 60 ◦C for 30 min for complete degassing. The casting solution is then
spread uniformly on a glass plate using a thin film applicator (Elecometer 4340, Manchester,
England) at a thickness of 200 μm; then the film was immersed in a non-solvent bath
containing a mixture of water (70 vol%) and isopropanol (30 vol%) for the precipitation
at room temperature for at least 10 min. Further details of the membrane preparation are
described elsewhere [34].

2.2.2. Surface Modification of PVDF Membranes Using TiO2/PVA Solution

TFC PVDF membranes were prepared by chemical cross-linking reaction of PVA and
TiO2 with GA. PVA was dissolved in water at 100 ◦C until a transparent solution was ob-
tained, followed by adding of TiO2 nanoparticles (Table 2). Viscosities of the solutions were
measured by a stress-controlled rheometer (Reologica Merlin II Rheosys). PVDF membrane

41



Membranes 2021, 11, 241

was washed with a mixture of ethanol and water and spread evenly on a glass plate for
complete drying. PVA/TiO2 sol was then poured on a clean and dried PVDF membrane
and spread evenly all over it. Excess solution was removed by hanging membrane at room
temperature (as shown in Appendix A Figure A1). Figure 1 demonstrates the flow diagram
for the preparation and synthesis of the TFC PVDF membranes. Lastly, TFC membranes
were dried at room temperature before cross-linking.

Table 2. Composition of TFC membranes and the viscosity of coating solutions (TiO2/PVA).

Membrane (Abbreviation)
Modified Solution Composition

(TiO2: PVA) (wt.%/wt.%)
Viscosity (Pa. s)

Membrane 1 (PT0) Plain PVDF
Membrane 2 (PT1) 1:3 0.7 ± 0.1
Membrane 3 (PT2) 1.5:3 1.3 ±0.2
Membrane 4 (PT3) 2:3 1.5 ±0.1
Membrane 5 (PT4) 3:3 2.4 ±0.2
Membrane 6 (PT5) 5:3 3.7 ±0.3

(in all TFC membranes, PVDF = 16 wt.% and DMAc = 84 wt.%)

 

Figure 1. Preparation and synthesis flow diagram for the synthesis of TFC TiO2/PVA/ PVDF membrane.

TFC TiO2/PVA/PVDF membrane was soaked in a cross-linking solution consisting
of 2 mL GA and 0.5 mL sulfuric acid in water for 5 min at room temperature. The excess
solution was removed, and the membrane was dried at 60 ◦C for 2 min for better cross-
linking. Here sulfuric acid acted as a catalyst for the process of cross-linking. The selection
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of GA and sulfuric acid was based on our previous work recommendations [30]. Each
membrane was coated twice to obtained better efficacy for TiO2 nanoparticles.

2.3. Membrane Characterization
2.3.1. Surface Morphology and Chemical Composition of TiO2/PVA Composite
PVDF Membrane

The plain and modified TFC PVDF membrane’s surface morphology were examined
using a field-emission in- lens scanning electron microscope (FEISEM) (FEI Nova Nano
SEM, Hillsboro, OR, USA). Washed and dried membranes were cut into small pieces and
sputter-coated with gold particles for electrical conductance. The images were scanned
under high voltage at different magnification to understand the presence and dispersion of
TiO2 nanoparticles over the membrane’s surface. Energy dispersive X-ray (EDX) (Oxford
X-Max20 EDX detector) was used to study the membrane’s elemental composition. In
this study, EDX was carried out in conjunction with the SEM by using AZtecAM software.
Each elemental composition was estimated using the average of three measurements of
each sample.

Surface roughness for all the membranes were measured using an atomic force mi-
croscope (AFM) (Asylum MFP-3D Infinity). Small pieces (approximately 1.5 cm × 1.5 cm)
of the prepared membranes were glued on a flat and hard substrate such as glass. The
membrane was scanned and imaged in a scan size of 2 μm × 2 μm. Roughness parameters
were obtained and reported in terms of root mean square roughness (RMS) and mean
surface roughness (Sa); values are calculated by using Gwyddion software (Version 1.2).
Recorded results are the average of three measurements of a sample.

The functional affinity of plain and TFC PVDF membranes were analyzed using Fourier-
transform infrared spectroscopy (FTIR) (Thermo FTIR spectrometer, Dreieich, Germany).

The crystalline phases of the membranes with and without thin film coating were com-
pared using high-resolution X-ray diffraction (XRD) (BRUKER-AXS, Karlsruhe, Germany)
with the integrated software diffract EVA (Version 09.2017).

The membrane’s hydrophilicity at different TiO2 loading in thin-film coating was
calculated by the sessile drop method using the OCA20 instrument (Scientex, Melbourne,
Australia) at room temperature. Images were captured when droplet fell on the dry mem-
brane surface, and then contact angles with water were measured by supplied software.
The reported contact angle is the average of five consecutive measurements of the same
membrane at different locations.

2.3.2. Surface Charge of the Membrane

The membrane surface Zeta potential was determined by a streaming potential ana-
lyzer (Malvern surface zeta potential). The membrane’s surface charge was measured by
adding a small piece (1 mm × 1 mm) of a membrane in milli-Q water and at a required
pH. The reported values are the average of three runs of three different samples of each
membrane at pH ranging from 3 to 11. The chemicals such as NaOH (base) and HCl (acid)
were used to adjust the milli-Q water’s pH.

2.3.3. Filtration Performance and Fouling Analysis

The filtration performance of the plain and TFC PVDF membranes’ were analyzed
through cross-flow filtration set up (Figure 2). A cross-flow filtration system carried out all
the filtration experiments for the membrane with different TiO2 loading. The membrane
with an active filtration area of 0.00746 m2 was placed in the cross-flow filtration unit, and
the flow rate was kept constant at 18 L/h at an operating pressure of 3 bar. Milli-Q water
was used for the calculation of pure water flux by using Equation (1).

J =
V

A × t
(1)
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where V is the total volume of permeate collected within time t, and A is the active
membrane surface area used for filtration. The two different dyes (RB and MO) were used
to prepared model dye solutions at a concentration of 50 mg/L each. The feed solution
was circulated throughout the setup for at least 20 min before the reject was collected for
the analysis. All filtration experiments were carried out at room temperature.

 

Figure 2. Schematic representation of the cross-flow filtration unit.

Samples (feed and permeate) were collected at regular intervals, and change in the
concentration of dyes were measured by UV-Vis spectrometer (Shimadzu UV 2700, Kyoto,
Japan). The wavelength at which the maximum absorbance of a dye obtained was found
for each dye solution to produce calibration curves and to find the concentration of dyes in
the samples collected. The rejection percentage, R (%), for each experiment was calculated
using Equation (2) given below:

R (%) =

(
1 − Cp

Cf

)
× 100 (2)

where Cp is the permeate concentration, and Cf is the concentration of feed.

2.3.4. Analysis of Membrane Fouling

Fouling effects on plain and TFC PVDF membranes were analyzed as described below:
First, the cross-flow filtration of pure water was carried out for 30 min using the

selected membrane. This was followed by the filtration of 1 g/L of BSA solution for
another 60 min. The feed BSA solution was recirculated during this period. Then, the cross-
flow filtration of pure water was resumed and continued for another 50 min. Permeates of
pure water and BSA solution were collected continuously to compute flux changes during
this period. The membrane resistance was calculated using the pure water flux obtained
before and after the BSA solution’s filtration. The irreversible fouling (IF) factor of the
membrane was calculated using Equation (3).

IF =
J0 − J1

J0
× 100 (3)
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where J0 and J1 are the pure water flux values before and after the filtration of BSA solution.

2.3.5. Measurement of Photocatalytic Activity

Photocatalytic effectiveness of the TFC PVDF membranes were evaluated by pho-
todegradation of the synthetic dyes (MO and RB) in an aqueous solution. All photocatalytic
experiments were studied by the ex-situ method. The prepared nanocomposite membrane
(5 cm × 5 cm) was immersed in 130 mL of 50 mg/L of an aqueous solution of a dye
and was kept in the dark for 30 min to stabiles the adsorption of dye onto the membrane
surface. The solution was then irradiated under two Ultraviolet-C (UV-C) lamps (Philips
TUV 15W/G15 T8) with a light intensity of 2.1 mW/cm2 each. Samples from the solution
were collected at regular intervals to observe the photodegradation of dyes. Change in
concentration was examined using UV-spectrometer. Photodegradation (D) was calculated
in percentages of dye degradation according to Equation (4):

Photodegradation, D(%) =
Ci − Cf

Ci
× 100 (4)

where Ci and Cf are the initial and final concentrations of dye before and after UV irradiation.

3. Results and Discussions

3.1. The Surface Morphology of TFC Membranes at Different TiO2 Loading

The surface morphology of the plain and TFC PVDF membranes were investigated
using SEM analysis. As illustrated in Figure 3(a,a’), the plain PVDF membrane’s surface has
some obvious macro-pores, whereas the modified membranes showed a layer of TiO2/PVA
over the substrate. The distribution of TiO2 nanoparticles was non-uniform at smaller
concentrations (i.e., at 1, 1.5, and 2 wt.% TiO2); in contrast, the further increase in TiO2
loading has led to a uniform distribution over the membrane surface and part of that
agglomerated on the surface which can be clearly seen in the SEM images (Figure 3). When
the TiO2 loading was increased beyond 2 wt.%, the nanoparticles might have incorporated
into the membrane’s pores, which will reduce the membrane’s porosity. Porosities of the
membranes have been studied in one of our previous works for the membrane contain-
ing PVA/TiO2 thin film using gravimetric analysis [30]. The aggregation or stacking of
nanoparticles may induce a noticeable change in the photocatalytic performance and the
stability of the composite membranes. The aggregation of nanoparticles increases the
thickness of the TiO2/PVA thin film, which decreases the permeate flux.

   

   

Figure 3. Cont.
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Figure 3. SEM images of the top surface of the TFC membranes at different magnification at different TiO2 loading (a,a’) = 0
wt.% TiO2; (b,b’) = 1 wt.% TiO2; (c,c’) = 1.5 wt.% TiO2; (d,d’) = 2 wt.% TiO2; (e,e’) = 3 wt.% TiO2; (f,f’) = 5 wt.% TiO2 and
AFM images of the corresponding membranes (A) = 0 wt.% TiO2; (B) = 1 wt.% TiO2; (C) = 1.5 wt.% TiO2; (D) = 2 wt.% TiO2;
(E) = 3 wt.% TiO2 and (F) = 5 wt.% TiO2.

Table 2 indicates that an increase in TiO2 loading increases the solution’s viscosity,
which leads to the formation of a thick film over the substrate. Figure 4A,B illustrates the
cross-sectional images of plain and TFC membranes with 1 wt.% TiO2. The TiO2 coated
membrane has two distinct layers, one with a thin film of TiO2/PVA, having a thickness
of 5 μm, which did not exist in the plain PVDF membrane. When the solution viscosity
increases, the layer’s thickness also increased due to the agglomeration of nanoparticles
in the solution. The presence of the TiO2 nanoparticles on the membrane surface was
confirmed by the Energy-dispersive X-ray spectroscopy (EDX) analysis (Figure 4C,D).
The main peak of 0.67 and 0.277 keV represent the fluorine and carbon peak, which are
abundant because they signify the PVDF membrane. A peak detected at 4.5 keV belongs to
Ti, and 0.52 keV represents oxygen indicating the presence of the TiO2 nanoparticles in the
composite membrane.
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Figure 4. The SEM images of cross-sections of plain and modified PVDF membranes: (A) plain PVDF membrane (0 wt.%
TiO2) and (B) TiO2/PVA modified PVDF membrane (1 wt.% TiO2); and the corresponding EDX images of the top surface of
the membrane (C) plain PVDF membrane (0 wt.% TiO2) and (D) TiO2/PVA modified PVDF membrane (1 wt.% TiO2).

3.2. Surface Roughness Analysis of TiO2 Composite PVDF Membrane

The surface topography is one of the powerful techniques for mapping the surface
morphology, roughness, and adhesive properties of the nanoparticles on the PVDF mem-
brane with and without modification. Figure 3A–F represents the AFM images of the plain
and TiO2/PVA coated membranes. The average value of root means square (RMS) and the
average roughness (Ra) of different membranes are presented in Table 3. It can be observed
that the TiO2 loading has increased the surface roughness of the modified membrane. AFM
images show that the membrane surface possesses peak and valley like structures (the
brightest parts in each AFM images represent the peak, whereas the darkest parts represent
the valleys). The increasing surface roughness with increasing TiO2 loading confirms the
adhesion of TiO2 nanoparticles on the TFC membrane’s surface. The increase in TiO2
loading has also increased the peak and valley, which could help to enhance photocatalysis.
When a dye solution passed through the membrane, these valleys can adsorb the dye
molecules, which could be successfully degraded by the hydroxyl radicals produced by
TiO2 under UV irradiation [35].

Table 3. Surface roughness parameters at different TiO2 loading on the PVDF membranes obtained
from AFM images (Figure 3).

Membranes Root Mean Square Roughness (RMS) (nm) Mean Roughness (Sa) (nm)

PT0 1.07 0.9
PT1 4.46 3.5
PT2 20.33 13.4
PT3 37.45 24.40
PT4 80.40 45.43
PT5 118.20 102.5
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3.3. The Contact Angle of the Membrane

The wettability of the samples plays a very decisive role in determining the water
permeability of a membrane. Generally, it is considered as the higher the degree of
hydrophilicity, the greater the water permeability [36]. The contact angles of the plain
and modified PVDF membranes are illustrated in Figure 5A. The plain PVDF membrane
contact angle is 87.42◦ and decreased with the increase in TiO2 loading. Membrane with
5 wt.% TiO2 shows the lowest contact angle 48◦. The increase in TiO2 concentration also
implies the increase in PVA on the membrane surface, which creates the hydroxyl groups
on the surface [31]. The increase in the hydroxyl group enhances the hydrophilicity of the
membrane. Mänttäri et al. [37] found that a membrane with a lower contact angle exhibit a
significant change in zeta potential with an increase in pH.

 

 

Figure 5. Cont.
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Figure 5. Effect of TiO2 loading (A) Contact angle of the membranes; (B) FTIR spectra of plain and
modified PVDF membranes; (C) Zeta potential values at different pH for TiO2, plain PVDF and
1 wt.% TiO2 /PVA modified PVDF membrane; (D) XRD pattern of TiO2 nanoparticles, plain and
modified (for 1 wt.% TiO2) PVDF membranes.

3.4. FTIR Analysis

Fourier-transform infrared (FTIR) spectroscopy was used to study the change in
the functional group on the membrane surface after the modification by TiO2/PVA thin
film coating (with increasing TiO2 loading). The measurements were taken from 4000 to
400 cm−1, and the functional groups that participated in the structure were determined
from the peaks of the graphs of transmission against the wavelength. In Figure 5B, the
absorption band at 1140–1280 cm−1 and 1411–1419 cm−1 is characteristic stretching of CF2
and CH2 group, respectively, found in the PVDF membrane [38]. The PVDF membrane
also showed peaks at 873.88, 832.88, and 476.86 cm−1 which have been associated with the
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C-C-C bond. A distinct peak at 2929.27, 1409.70, and 1099.25 cm−1 resulted in the stretching
of -CH2, C=O, and C-O, respectively, which are the characteristics peak of PVA [39]. A
broad peak in the TiO2/PVA composite membrane at 2900–3500 cm−1 represents the Ti-OH
group, which shows the presence of -OH hydrophilic group on the surface and indicates
the presence of TiO2 nanoparticles [40]. The increase in TiO2 loading enhanced the intensity
of the peak at 3258.95 cm−1. The increase in peak intensity of -OH band represents the
increase in TiO2 nanoparticles on the surface of all the membranes (PT1 to PT5 ).

3.5. Surface Charge of the Membrane

The surface charge has a significant effect on the removal efficiency and membrane
fouling. The surface charge can be characterized in terms of zeta potential, as illustrated
in Figure 5C. Zeta potential (ζ) changed with pH of the solution due to protonation and
deprotonation of the membrane’s functional group. Its values, either positive or negative,
have a substantial effect on stabilizing the particles in the suspension. This is attributed
to the electrostatic repulsion between particles with the same electric charge that causes
the particles’ segregation [41]. The PVDF membrane is negatively charged over the entire
pH range due to the C-F group’s electronegative charge [42], whereas TiO2 particles show
positive zeta potential in acidic conditions and start to fall off with the increase in pH. The
zeta potential of TiO2/PVA coated PVDF membrane is positive in acidic conditions and
becomes negative in alkaline conditions. The acquired positive charge in acidic conditions
indicates the presence of TiO2 on the PVDF membrane. The decrease in the zeta potential
value with the increase in pH is due to the surface adsorption of OH− and Cl− anions from
the solution.

3.6. Crystalline Structure of the Synthesized Membranes

Crystallinity is one of the important parameters which affects the chemical and me-
chanical properties of a polymer. The XRD diffraction patterns of TiO2 nanoparticles,
plain PVDF membrane, and TiO2/PVA coated PVDF membrane containing 1 wt.% of TiO2
nanoparticles are shown in Figure 5D. TiO2 is a mixture of two different forms (75% anatase
and 25% rutile); therefore, the TiO2 pattern has three dominating peaks at 2θ = 25.25◦,
37.12◦, and 48.05◦ [43,44]. The diffraction peaks at 2θ = 20.8◦ and 18.56

◦
are the characteris-

tics of α-phase PVDF polymer, which were also observed in the TiO2/PVA modified. It
consists of characteristic peaks at 19.5◦ and 38.6◦, which are related to the semi-crystalline
nature of PVA [18,30,45]. The diffraction peaks at 25.2 and 45.89 indicate the anatase struc-
ture of TiO2 [46]. It indicates that nano-TiO2 particles did not change the crystal structure
of TiO2 on the surface after modification.

3.7. Performance and Photocatalytic Activity of the Membrane
3.7.1. Flux and Removal of Dyes by Composite Membranes

The variation in pure water flux of membranes coated with TiO2 (0, 1, 1.5, 2, 3, 5 wt.%)
nanoparticles was evaluated at 3 bar and presented in Figure 6A. The incorporation of TiO2
on the membrane surface results in blocking the surface pores and causing the reduction
in the permeate flux [47]. SEM images also show that an increase in the loading of TiO2
nanoparticles improves the dispersions with the formation of a thin film of TiO2/PVA
over the PVDF membrane’s surface, which results in the decrease in pore size. A gradual
reduction in pure water flux was observed as the TiO2 loading was increased in the
membranes from PT1 to PT5. The pure water flux for all the membranes is comparatively
higher than the permeate flux obtained for dye solutions due to the accumulation of dye
molecules on the membrane surface, causing membrane fouling and therefore reducing the
membrane flux. Comparing to RB dye, the permeate flux obtained for MO dye solution was
slightly higher. Lower molecular weight dye (MO) can easily pass through the membrane
compared to the higher molecular weight dye (RB), which can accumulate on the membrane
surface and yielding lower permeate flux.
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Figure 6. (A) Average flux for modified and unmodified PVDF membranes at different TiO2 loading
(0 to 5 wt.%) at an operating pressure of 3 bar for pure water and the dye solutions (RB and MO)
(Dye concentration = 50 mg/L); (B) Rejection of dyes by TiO2/PVA modified and unmodified PVDF
membrane during filtration (Dye concentration = 50 mg/L and experimental duration = 60 min);(C)
Effect of solution pH on photodegradation of dyes (MO and RB) at 50 mg/L of dye concentrations
under UV irradiation (Time =180 min); (D) Effect of NaCl concentration on RB (50 mg/L) treatment
(P = 0.3 MPa); (E) NaCl rejection at different TiO2 loading.

Rejection of different dyes with membranes coated with different TiO2 concentrations
(0 to 5 wt.%) was studied at a temperature of 27 ± 3 ◦C at an operating pressure of 3 bar.
The concentrations were 50 mg/L for both dyes, and the filtration was continued for 60 min.
Figure 6B indicates that the modified membrane with TiO2/PVA improved dye rejection
compared to the plain PVDF membrane. The rejection values better for RB dye due to its
higher molecular weight, whereas MO dye showed low rejection values. It implies that the
dye with higher molecular weight can be adsorbed easily onto the membrane surface [48].
Almost complete removal of dye was obtained in the case of PT5 membrane but with the
lowest permeate flux of 0.95 Lm−2h−1.

3.7.2. Effect of Solution pH on TFC Membrane

pH is considered an important parameter in determining the removal performance
and efficiency of the photocatalytic process. The influence of solution pH in the removal
of RB and MO was studied by changing the solution pH from 3 to 11, and the results
are shown in Figure 6C. Tests were conducted with an initial concentration of 50 mg/L
of RB and MO, at a minimum TiO2 loading (1 g/L) under UV irradiation. According
to Figure 6C, RB and MO degradation is higher in acidic conditions and decreased in
alkaline conditions. In the feed solution, the dye molecule state is changed due to pH,
which influenced the rate of photodegradation [31]. In Figure 5C, at pH less than 5.9, the
surfaces of TiO2 nanoparticles are positively charged, whereas changed to negative charge
at pH higher than 5.9. Thus, pH lower than that corresponding to the point of zero charge
supports the adsorption of dye (RB and MO) molecules on the surface of the membrane,
which improves the degradation of dyes under acidic and neutral condition.
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Furthermore, Nakabayashi et al. [49] explained that at lower pH value, TiO2 nanopar-
ticles could produce higher concentrations of hydroxyl ions, which subsequently cause an
increased photocatalytic degradation. Additionally, the increase in pH value increases the
coulomb repulsion between the negative surface charge of the TFC membrane and the OH
radicals in the photocatalytic oxidation leading to a decrease in photodegradation [50].

3.7.3. Effect of Salt on TFC Membrane

Textile mills commonly use salts for the dying process and most of which are dis-
charged in the effluent and can have adverse effects on the dye removal process. Therefore,
the effect of NaCl salt with RB dye solution (50 mg/L) was studied with and without
PVA/TiO2 coated PVDF membrane (Figure 6D). An increase in the salt concentration
increased the permeate flux rate for the TiO2/PVA coated membrane compared to that for
the plain PVDF membrane. This is due to the Donnan effect between the surface groups
(hydroxyl group) of the TiO2/PVA coated membrane and the ions with the same charge
weakened with the increase in salt concentration and increased flux [10]. The increasing
salt concentration could cause thinning of PVA/TiO2 layer on the membrane surface due
to charge interactions [31].

The effect of TiO2 loading on the removal of salt is represented in Figure 6E. The NaCl
rejection increased from 0% for PT0 to 21% for PT5. The deposition of TiO2/PVA film on
the PVDF membrane’s surface might increase the film thickness, which lowers the flux but
enhances the salt rejection. The obtained results indicate that the increasing TiO2 loading
in the TFC membrane improves permeability and ion rejection.

3.7.4. Fouling Study of PVA/TiO2 TFC PVDF Membrane

The fouling behavior of the TiO2/PVA PVDF membrane was carried out using the
BSA solution (1 g/L) for 60 min at a pressure of 3 bar. The data from Figure 7A indicates
that the initial flux of plain PVDF membrane (PT0) was higher, but the start to decline
during the BSA solution’s filtration. Whereas the TiO2 coated membrane shows similar
flux before and during the BSA rejection. The results reveal that the antifouling properties
of TiO2/PVA coated membrane has improved considerably compared to that of the plain
PVDF membrane. Moreover, the increase in TiO2 loading enhanced the fouling mitigation
properties of the membrane. Polymer surfaces are more reactive to protein molecules than
TiO2 molecules; therefore, incorporating TiO2 in PVDF membrane prevents the adsorption
of protein on the membrane surface [51]. The presence of TiO2 nanoparticles helps to wash
away the protein molecules from the composite membranes compared to the plain PVDF
membrane. Wang et al. [52] have observed that the accumulation of TiO2 nanoparticles
boosted the electron donor mono-polarity of the TiO2/PVA composite membranes and
enhanced the repulsive interaction energy between foulants and membrane surfaces to
improve the antifouling ability.

Further, the zeta potential of the plain and modified PVDF membrane containing
1 wt.% TiO2 at pH 5 were −4.56 and 3.78 mV, respectively. The pH of the BSA solution was
also around 5, and thus both the modified PVDF membrane and BSA might have the same
surface charge (positive), leading to the resistance by the membrane to adsorb BSA.

The pure water flux recovery for the PT1 membrane was 76.2% after filtering BSA
through it, whereas for the plain PVDF membrane, the pure water flux recovery was about
38.9%. The results also indicate that the irreversible fouling factors for the modified (PT1)
and unmodified (PT0) PVDF membranes were 25 and 61%, respectively.
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Figure 7. (A) Bovine serum albumin (BSA) removal using plain and modified membranes (PT0 and
PT1) (BSA concentration = 1 g/L, operating pressure = 3 bar); (B) Photocatalytic degradation of dyes
(reactive blue and methyl orange) at a dye concentration of 50 mg/L under UV irradiation for 150 min.

55



Membranes 2021, 11, 241

3.7.5. Photocatalytic Performance and Degradation Kinetics at Different
TiO2 Concentration

Figure 7B illustrates the effect of TiO2 loading on the reactive blue and methyl orange
dye’s photodegradation at a concentration of 50 mg/L. The photocatalytic performance of
the membranes was evaluated by measuring the change in the concentration of dyes for a
duration of 180 min (for the initial 30 min, the membrane was soaked in the dye solution
and kept in the dark, and for the rest of the time, the membrane was soaked in the dye
solution and exposed to UV irradiation). The results indicated that the adsorption of the
dyes was less than 5% in the dark.

The temporal change in the concentration of RB and MO in the presence of different
membranes with and without TiO2 are illustrated in Figure 8A,C. Results indicate that the
membranes with TiO2 nanoparticles show significant photocatalytic activity compared to
that of the plain PVDF membrane. The plain PVDF membrane does not show any removal
under UV irradiation, whereas the dye degradation rate increases for the TiO2/PVA coated
membrane. The increase in TiO2 loading (0 to 5 wt.%) enhanced the photo degradability
of the dyes due to the generation of the hydroxyl group. The higher the concentration of
TiO2, the higher the hydroxyl radicals produced, which enhanced the degradation rate.
The maximum degradation of 77.2% for MO and 51.5% for RB were achieved under UV
irradiation for the PT5 membrane. This was due to the generation of active radical species
such as positive holes (h+), hydroxyl radicals (OH•), and superoxide radicals (O2

•) on the
surface of the modified membranes due to the incorporation of TiO2 nanoparticles. Those
radicals attack the dye molecules, causing their degradation into intermediates through
various reaction followed by the complete mineralization into less toxic CO2 and H2O.

Figure 8. Cont.
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Figure 8. Temporal variation of normalized dye concentration in the permeate obtained from the
plain and the modified PVDF membranes: (A) RB (C) MO; Natural log plots of normalized dye
concentration in the permeate obtained from the plain and the modified PVDF membranes against
time to compute rate constants: (B) RB (D) MO.

To quantify the photocatalytic effects on the degradation of dyes at different TiO2
loading, the Langmuir-Hinshelwood (L-H) kinetic model was used [53].

− dC
dt

=
kKC

1 + KC
(5)

After integrating the above equation, we can obtain the following relationship:

ln
(

Ci

Cf

)
+ K(Ci − Cf) = kKt (6)

where Ci, Cf, are the initial and final concentrations of the dye at time 0 and t, respectively;
k and K are the reaction rate constant and adsorption equilibrium constant, respectively. C
is the concentration at a given time, t. The order of Equation (5) will be zero when Cf is
relatively high, and KC is �1. When the concentration of dye in the solution decreases, then
KC will become �1. Thus, the KC in the denominator of Equation (5) will be negligible,
and the reaction will be the first order. Overall, dyes’ degradation rate was increased with
the increase in the concentration of TiO2 nanoparticles over the surface of the membrane.
Thus, assuming the first-order decay of dyes, the following equation can be used:

− dC
dt

= kKC = k′C (7)

Integrating the Equation (7) will yield Equation (8):

− ln
Cf
Ci

= k′t (8)
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The linear regressions obtained from the plots −ln (Cf/Ci) v/s time is shown in
Figure 8B,D, and the values of the rate constants are listed in Table 4. The half-reaction
time, t1/2 required for the concentration to drop one-half of its initial concentration can be
given by Equation (9):

t 1/2 =
ln(2)

k′ (9)

Table 4. The apparent first-order rate constant (k′) and half-life time of MO and RB degradation by
plain and modified PVDF membranes.

Membrane

MO RB

Rate Constant
k′ (min−1)

R2 t1/2 (min)
Rate Constant

k′ (min−1)
R2 t1/2 (min)

PT1 0.0021 0.993 330 0.0014 0.997 495
PT2 0.0027 0.992 256.66 0.0017 0.994 407.64
PT3 0.0037 0.991 187.29 0.0022 0.997 315
PT4 0.0054 0.991 128.33 0.0032 0.998 216.56
PT5 0.0079 0.991 87.72 0.0039 0.998 177.69

The results indicate that the increase in TiO2 concentration in the film enhanced
the reaction rate and decreased the half-reaction time. The shortest half reaction time
corresponds to the high rate of degradation.

3.7.6. The Mechanisms of Photodegradation of Dyes by TFC Membrane

The detailed mechanism of the degradation and the antifouling process of the TFC
PVDF membrane is explained below (Figure 9). The mechanisms of photodegradation are
photoexcitation, migration, oxidation-reduction reaction, and charge separation [45]. When
the TiO2 coated surface is exposed to UV irradiation (hυ) with the energy equal or higher
than the bandgap energy, electrons are excited from valence band (VB) to conduction
band (CB), generating holes (hvb

+) at VB and electrons (ecb
−) at CB. Holes and electrons

react with species adsorbed on the surface of the TiO2 catalyst. Valence band holes react
with water (H2O/OH−) to generate hydroxyl radicals (HO•), while electrons react with
adsorbed molecular oxygen (O2) and reducing it to superoxide radical anion, which, in
turn, reacts with protons to form peroxide radicals [54,55] The relevant reaction that occurs
on the surface of the TFC PVDF membrane for the photodegradation of the RB and MO
can be described as:

TiO2 + hυ (λ ≤ 365 nm) → h(vb
+) + e(cb

−) (10)

The electron from CB is readily surrounded by the O2 to generate superoxide radicals
(O2

•−) on the surface of TiO2
e(cb

−) + O2 → (O2
•-) (11)

The generated superoxide radicals (O2
•-) could react with the water molecules (H2O)

to produce hydroxyl radicals (OH•) and hydroperoxyl radicals (HO2
•) which are the strong

oxidizing agents to degrade the organic molecules.
Whereas the holes produced on VB surrounded by the hydroxyl group (H2O) to

generate hydroxyl radicals (OH•) on the surface of TiO2.

h(vb
+) + OH− → OH• (12)

In an aqueous medium, VB holes can react with the surface adsorbed water molecules
to form hydroxyl species.

Ti − H2O + h(vb
+) → Ti − OH• + H+ (13)
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Therefore, when the dye (RB and MO) molecules react with the hydroxyl radicals,
they oxidized into CO2 and H2O as follows;

C14H14N3NaO3S (MO) or C22H16N2Na2O11S3 (RB) + OH• +O2 → Product (CO2) and (H2O) + degradation product (14)

 

Figure 9. Photocatalytic mechanism of TFC membrane under UV irradiation.

Further, our main focus is to modify the PVDF membranes and understand morpho-
logical behavior. The absorption of the dyes was studied under dark condition and with
UV irradiation. The change in concentration was calculated by observing the change in
absorption at a maximum wavelength (MO = 464 and RB = 590). As per Deng et al. [56],
many organic dyes such as erythrosine, eosin Y, rhodamine B, and rose bengal have been
utilized to sensitize catalysts for H2 production. Despite MO and RB are organic dyes, they
are not utilized for catalyst sensitization. Further studies are warranted in this area.

3.8. Stability of TiO2 Nanoparticles Coated onto the Membrane Surface during Photocatalysis

The stability of the TiO2 nanoparticles over the surface of the membrane has an essen-
tial role in the membrane’s performance. The long-term stability of the modified membrane
has been tested by degrading RB repeatedly three times. In order to understand the stability
of TiO2 nanoparticles on the TiO2/PVA composite PVDF membrane, the membrane was
reused for the photodegradation of the RB dye. TiO2/PVA composite membranes were
successively used three times for the dye degradation; after each use, the membranes were
washed with milli-Q water and dried at room temperature. A fresh batch of dye solution
(50 mg/L) was prepared for the next cycle, and the experiment was performed under the
same operating conditions. Figure 10 shows that the photodegradation rate decreased in
the second and third runs, compared to that in the first run. The membrane with higher
TiO2 (PT5) showed a change in photodegradation of RB dye (~24 %) after the third cycle.
Therefore, we conclude that the TiO2/PVA thin film coating is suitable for the degradation
of dyes under UV irradiation. The loss in photocatalytic efficiency is mainly due to the loss
of TiO2 nanoparticles during the washing of membranes [57].
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Figure 10. Degradation performance (stability) of TiO2 nanoparticles while degrading reactive blue
dye under UV irradiation during repeated runs (Dye concentration = 50 mg/L, 150 min. of UV
irradiation per run).

4. Conclusions

In this research, the photocatalytic activity of the TFC PVDF membrane was stud-
ied to treat the aqueous solution of reactive blue and methyl orange dyes. Membranes
synthesized by dip coating at different TiO2 loading were characterized using spectro-
scopic techniques. Based on the SEM, FTIR, and XRD measurements, the presence of TiO2
nanoparticles on the surface of the membrane was confirmed. PVA helps to obtain better
efficacy of TiO2 nanoparticles over the PVDF membrane’s surface. Glutaraldehyde is a
cross-linker for the PVA polymer chains to enhance the thin film mechanical and chem-
ical stability. The TFC membrane showed better removal of dyes, enhanced antifouling
ability, and hydrophilicity compared to the plain PVDF membrane. The enhancements of
surface negative charge and hydrophilicity made the TFC membrane more resistant to the
deposition of dyes. The increasing concentration of TiO2 nanoparticles in thin-film coating
improved the photocatalytic activity and the rate of degradation of dyes. It was found that
the degradation of RB and MO fitted the first-order kinetics.

As the TiO2 loading increases in the thin film, nanoparticles start to aggregate, reduc-
ing the porosity and the permeate flux of the membrane. The stability of nanoparticles
remained for three experimental cycles with a slight decrease in photodegradation capacity.
The attractive results provide valuable insights into the design and fabrication of high-
performance polymeric TFC membrane and demonstrate a promising approach for the
efficient removal of dyes in an aqueous solution.
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Appendix A

Figure A1. Actual images of the membrane (A) neat PVDF membrane (B) TiO2 /PVA coated PVDF membrane with different
TiO2 loading (hang them for the removal of excess solution.
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Abstract: This work investigates polyvinylidene fluoride (PVDF) membrane modification to enhance
its hydrophilicity and antibacterial properties. PVDF membranes were coated with nanoparticles
of titanium dioxide (TiO2-NP) and silver (AgNP) at different concentrations and coating times and
characterized for their porosity, morphology, chemical functional groups and composition changes.
The results showed the successfully modified PVDF membranes containing TiO2-NP and AgNP
on their surfaces. When the coating time was increased from 8 to 24 h, the compositions of Ti and
Ag of the modified membranes were increased from 1.39 ± 0.13 to 4.29 ± 0.16 and from 1.03 ± 0.07
to 3.62 ± 0.08, respectively. The water contact angle of the membranes was decreased with increasing
the coating time and TiO2-NP/AgNP ratio. The surface roughness and permeate fluxes of coated
membranes were increased due to increased hydrophilicity. Antimicrobial and antifouling properties
were investigated by the reduction of Escherichia coli cells and the inhibition of biofilm formation on the
membrane surface, respectively. Compared with that of the original PVDF membrane, the modified
membranes exhibited antibacterial efficiency up to 94% against E. coli cells and inhibition up to 65%
of the biofilm mass reduction. The findings showed hydrophilic improvement and an antimicrobial
property for possible wastewater treatment without facing the eminent problem of biofouling.

Keywords: polyvinylidene fluoride membrane (PVDF); titanium dioxide nanoparticles (TiO2-NP);
silver nanoparticles (AgNP); antibacterial property; antifouling property

1. Introduction

Nowadays, the number of industries is rapidly increasing, thereby posing the risk of serious
water pollution. Membrane filtration is among the most popular methods for sustainable wastewater
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treatment because of its advantages including no phase changes or chemical addition, simple operation,
and relatively low energy consumption [1]. Normally, membranes are typically fabricated from
hydrophobic materials such as polyvinylidene fluoride (PVDF), polytetrafluoroethylene (PTFE),
polyethylene (PE), or polypropylene (PP). Of all the materials used, PVDF is generally applied
as a membrane material due to its thermal stability, excellent chemical resistance, and good
membrane-forming ability [2]. However, PVDF is a semi-crystalline polymer with repeating
units of –CH2–CF2–, which form hydrophobic structures that can make the membrane more prone
to fouling [3–5]. Hydrophobic PVDF membrane is susceptible to fouling when the contacting aqueous
solution contains hydrophobic species such as protein, resulting in easy absorption on the membrane
surface or blockage of the membrane pores leading to decreased permeability [6,7]. Membrane
biofouling involves the attachment of microorganisms on the membrane surface to form biofilm,
a cluster of cells and their produced extracellular polymeric substances (EPS), which can significantly
decrease the separation performance of the membrane [1]. Biofilm and its associated EPS are mainly
responsible for the membrane water flux decline since their coverage on the membrane surfaces can
block membrane pores and increase water transport resistance [8]. This can shorten the working life
of the membrane, increase the operation cost, and finally restrict successful applications. To solve
this problem, the membrane hydrophilicity must be increased to induce fouling resistance, thereby
preventing the attachment of microbial cells along with the adsorption and deposition of hydrophobic
pollutants onto the membrane surface [9].

There have been many attempts at the modification of the hydrophilic layer on the existing
membrane surface in order to enhance the hydrophilicity, antibacterial properties and membrane
performance, resulting in more efficient membrane applications such as water and wastewater
treatment [10–12]. One of the most common and effective techniques to increase the hydrophilicity
on the membrane surface is the addition of inorganic nano-/micro-particles including SiO2, TiO2,
Al2O3, and ZrO2, which contain an abundance of polar groups on their particle surfaces [12,13]. One
of the most popular inorganic particles used is titanium dioxide nanoparticles (TiO2-NP) because
of its non-toxicity, low cost, and superhydrophilicity [14]. Furthermore, the catalytic activity of TiO2-NP
was proved to be capable of killing a wide range of microorganisms including endospores, as well
as fungi, algae, protozoa, and viruses [15]. For decades, silver nanoparticles (AgNP) have been
generally used as an effective broad-spectrum biocide to functionalize filtration membrane surfaces
for biofouling mitigation [16,17]. The antibacterial mechanism of AgNP, as reported in previous
literature, is the release of silver ions (Ag+) that can induce cell membrane damage, promote generation
of reactive oxygen species (ROS) and disrupt adenosine triphosphate (ATP) production and DNA
replication, ultimately causing the death of bacteria [18]. For the purpose of enhancing the membrane
fouling, the changes of membrane properties during the membrane preparation process and surface
membrane modification were mainly employed. A previous study has shown that AgNPs deposited
on PVDF membrane surface by physical vapor deposition could enhance the antibacterial properties
and decrease bacteria growth [19]. However, the modification of PVDF membrane by TiO2-NP and
AgNP using the dipped coating technique still suffers from a research gap requiring improvement.
Also, the contamination of Escherichia coli still poses serious public health issues and numerous
economic losses [20]. Therefore, TiO2-NP/AgNP-modified PVDF membrane could be useful for the
treatment of wastewater contaminated with E. coli. By using this modification method, the membrane
performance could be improved for long term use, thereby offering a more sustainable wastewater
treatment technology.

This study aims to enhance the antibacterial and antifouling properties of the PVDF membrane
modified by TiO2-NP and AgNP using the dipped coating method. The modified membrane was
characterized by scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy
(EDS) before being identified for its morphology, contact angle, and porosity. By using E. coli as a
model strain, the antibacterial property and biofilm formation inhibition of the modified membranes
were investigated.
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2. Methodology

2.1. Chemicals and Materials

PVDF flat sheet membrane was purchased from ANOW® (ANOW®, Hangzhou, China) with
the membrane specifications already reported by the manufacturer (Table 1). A commercial TiO2-NP
and AgNP were supplied from Prime Nanotechnology (Bangkok, Thailand). The properties of TiO2-NP
and AgNP as obtained from the manufacturer are summarized in Table 2. Deionized (DI) water was
used for solution preparation.

Table 1. Specifications of the polyvinylidene fluoride (PVDF) membrane.

Pore Size (μm) 0.45
Membrane Porosity (%) 80

Thickness (μm) 110
Color White

Table 2. Properties of titanium dioxide and silver nanoparticles (TiO2-NP and AgNP).

Properties TiO2-NP AgNP

Appearance White Powder Yellow Brown Colloid
Crystalline Structure 80% Anatase, 20% Rutile -

Primary Particle Size (nm) 21 -
Average Particle Size (nm) - 5–20

Particle Shape - Nanospheres

 
pH - 6 ± 1

Specific gravity (g mL−1) - 1.01
Tamped density (g L−1) 130 -

Specific surface area (m2 g−1) 50 -
Content (wt%) >99.5 -

2.2. Experimental Procedures

Membrane Modification via Titanium Dioxide and Silver Nanoparticles (TiO2-NP and AgNP)

First, TiO2-NP powders were dispersed in 1 L of deionized (DI) water and sonicated for 15 min using
an ultrasonic bath (DT100SH, Bandelin, Berlin, Germany) at 320 W, 35 kHz to obtain a homogeneous
TiO2-NP suspension. Second, AgNP was then added into the solution and the mixture of solution
was stirred by magnetic stirrer for 3 min. For membrane modification (Figure 1), 5 pieces of PVDF
flat sheet membranes (2 × 7.5 cm2) were coated by dipping into the 1 L of nanoparticle suspension
(75 cm2/L) The coating times (0–24 h) and concentrations of TiO2-NP and AgNP (0 and 10 ppm) were
varied as shown in Table 3. After that, the modified membranes were incubated in an oven (ULM700,
Memmert, Schwabach, Germany) at 60 ◦C for 1 h to eliminate excess liquid and kept in a desiccator
to completely remove moisture before being used for analysis and further experiments.
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Figure 1. Schematic diagram for TiO2-NP/AgNP dipped coating of 75 cm2 of flat sheet PVDF membrane
into 1L solution.

Table 3. Concentrations of TiO2-NP and AgNP and coating time for membrane modification.

Membrane
Concentration of
TiO2-NP (ppm)

Concentration of
AgNP (ppm)

Immersion Time (h)

Original PVDF
M1 0 0 0

Control PVDF
TiO2-NP 10 0 24

AgNP 0 10 24
Modified PVDF

M2 10 10 8
M3 10 10 16
M4 10 10 24
M5 10 20 24
M6 20 10 24

2.3. Membrane Characterization

2.3.1. Contact Angle Measurement

The membrane hydrophilicity was evaluated from the surface contact angle (OCA40, Dataphysics,
Filderstadt, Germany). The water contact angle (WCA) of the membrane was measured by the sessile
drop method at room temperature. One membrane sample was used for the measurement of each
type of membrane (Table 3). DI water was dropped on the top surface of a dried membrane at three
different positions on the single piece of membrane, and then the data were presented as a mean of the
contact angles with the errors represented as standard deviations.

2.3.2. Morphology and Chemical Composition

Scanning electron microscopy (SEM, JSM-IT500HR, JEOL, Tokyo, Japan) and energy-dispersive
X-ray spectroscopy (EDS, JEOL, Tokyo, Japan) were used to investigate the presence of TiO2-NP
and AgNP as well as the surface morphology of the membrane. For each type of membrane,
one membrane sample was used for the analysis. The membranes were cut into pieces and coated
with gold under vacuum condition before the observation to avoid the electrostatic charging through
a sputter-coater (Balzers UNION Limited, SCD040, Balzers, Liechtenstein). The chemical compositions
of the membranes were analyzed three times on the same membrane sample, and the data obtained
were presented as a mean with the errors represented as standard deviations. Besides, the outer surface
topographies and roughness of the original and modified PVDF membranes were further observed
by atomic force microscopy (AFM, SPA 400, SEIKO, Chiba, Japan). The scan area of 10 μm × 10 μm
was reported using a tapping mode.

2.3.3. Porosity Analysis

Porosity of the membrane was evaluated using the gravimetric method. Each sample of the
membrane (1.5 × 1.5 cm2) was weighed using a digital weight balance (MS204S/01, Mettler Toledo,
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Greifensee, Switzerland) and recorded as the dry weight (m2). After that, the membrane was immersed
in DI water for 48 h. Then, the sample was weighed immediately and recorded as the wet weight (m1).
The membrane porosity (ε) was calculated using Equation (1) as follows [21]:

ε =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

(m 1 − m2)/ρwater
(m 1− m2)
ρwater

+ m2
ρp

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠
× 100% (1)

where m1 is the wet membrane weight (g), m2 is the dry membrane weight (g), ρwater is the water density
(0.998 g cm−3), and ρp is the PVDF density (1.74 g cm−3). The data of the membrane porosity were
presented as a mean with standard deviations calculated from three data of three separated membranes.

2.3.4. Permeation Performances

The permeation performances of both original and modified PVDF flat sheet membranes were
performed by an in-house dead end filtration device (Sterlitech Corporation, CF042D, Kent, WA, USA).
The effective membrane area of a filtration device is 47 cm2. For each membrane, the membranes
were immersed in DI water for 24 h at room temperature. Prior to measurement, the membrane
was pre-compacted at 4 bar for 30 min to obtain the initial flux. DI water was fed into the filtration
device at the desired pressure, then, the permeate water obtained at different time intervals was
measured using an electronic weighting balance to evaluate the permeate flux (J) which was expressed
as Equation (2):

J =
V

A × t
(2)

where V is the volume of permeate water (L), A is the effective area (m2) and t is the running time (h)

2.3.5. Functional Group Analysis

Raman spectroscopy was carried out in a DXR Raman microscope (Thermo Fisher Scientific Inc.,
Madison, WI, USA) using a laser excitation wavelength of 780 nm of laser power. The experiments
were operated through an aperture of 50-micron slit and a 10×-objective lens with a laser spot of 3.1 μm.
Raman spectra were obtained using a 2 s exposure time with 32 accumulations.

2.4. Antibacterial Test

2.4.1. E. Coli Strains and Growth Condition

E. coli were obtained from multiple tube fermentation technique by the standard protocol of the
most probable number of coliform organism test (MPN) for gas and acid productions [22]. First,
three different volumes of water sample (10, 1 and 0.1 mL) were transferred into each of five Durham
tubes containing 10 mL of lactose broth (LB) and incubated at 35 ◦C for 48 h (ULM 600, Memmert,
Schwabach, Germany). The solution from the test tubes showing gas production was transferred to a
new tube containing brilliant green lactose bile broth (BGLB) and incubated overnight at 35 ◦C. Then,
0.1 mL of the BGLB was spread on nutrient agar (NA) plate before incubated at 37 ◦C for 24 h. The
isolated colonies, identified as E. coli, were further restreaked onto an NA plate until a single colony
is obtained. Once purified, the isolates were maintained in liquid nutrient broth (NB) at 4 ◦C. This
suspension was used for antibacterial and biofilm inhibition tests.

2.4.2. Antibacterial Test

The experiment was modified from Liu, Yao, Ren, Zhao, and Yuan (2018) [1]. First, the membrane
(1.5 × 1.5 cm2) was immersed into the suspension of E. coli cells (pre-adjusted with liquid NB to obtain
the initial concentration of 106 CFU/mL) with NB in 24 well-plates. Then, the well plates were incubated
at 37 ◦C for 48 h. The membranes were rinsed gently with 0.85% NaCl twice to remove the excess
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E. coli suspensions and non-adhered cells. The membranes were then transferred into sterile test tubes
containing 10 mL of 0.85% NaCl before vortex mixing for 1 min to detach the cells. Finally, 0.1 mL
of cell suspension was spread on NA plate and incubated overnight at 37 ◦C. The number of viable
cells on the membrane was expressed as colony forming unit (CFU/mL). Data were obtained from
three wells, each of which contained a single piece of membrane, and represented as a mean and
standard deviations.

2.4.3. Biofilm Inhibition Test

The biofilm inhibition test was conducted to determine the performance of the modified membranes
to inhibit biofilm formation on surface by measuring the biomass of biofilm. The pre-weighed
membranes (1.5 × 1.5 cm2) were immersed into the suspension of E. coli cells in a similar manner
to the antibacterial test, but the incubation time was increased to 72 h to allow biofilm formation.
The membranes were rinsed with DI water to remove the loosely bound cells. The membranes were
oven-dried at 60 ◦C for 1 h followed by air-drying. The weight of the membrane was measured
by a digital weight balance (UMX2, Mettler Toledo, Greifensee, Switzerland). Biofilm mass was
determined by the difference between the weight of the membrane before and after being immersed
into the suspension of E. coli cells [23]. Data were obtained from three different pieces of membrane,
and represented as a mean and standard deviations.

3. Results and Discussion

3.1. Hydrophilic Membrane Modification

3.1.1. Water Contact Angle (WCA)

(a) Effect of coating time
WCA was measured to evaluate the membrane hydrophilicity that plays a significant role in

membrane permeability [24]. The results showed that the WCAs of the original PVDF membrane
M1 and the modified membrane M2, M3, and M4 were 84.0◦ ± 2.1◦, 86.3◦ ± 1.7◦, 86.7◦ ± 0.5◦ and
35.2◦ ± 1.6◦, respectively (Figure 2). The WCA of M4 was decreased to be lower than that of M2 and
M3 due to higher TiO2-NP and AgNP content. This could result from the longest coating time for M4,
which allows more TiO2-NP/AgNP to attach on the membrane surface as shown in SEM results in the
previous section (Figure 2). Furthermore, polyetherethersulfone incorporated with AgNP exhibited
the increased hydrophilicity, leading to the increase of water permeability associated with higher
affinity [25]. This was because of high specific surface area and fraction of nanoparticles that provide
specific functionality to the modified membrane for facilitating the hydrophilicity and permeability.
Therefore, the results indicated that the coating time of 24 h can improve the membrane hydrophilicity.

(b) Effect of TiO2-NP/AgNP concentration
The results of WCAs of the original membrane (M1) and TiO2-NP/AgNP modified membranes

(M4–M6) by varied nanoparticle concentrations were illustrated in Figure 2. The WCA of M1 was 84.0◦
± 2.1◦ due to the hydrophobic property of the original membrane. As TiO2-NP/AgNP were introduced
into the membranes, the WCA were decreased to 35.2◦ ± 1.6◦ (M4), 35.3◦ ± 1.4◦ (M5) and 70.4◦ ±
3.0◦ (M6) for the nanoparticle ratios of 10 ppm TiO2-NP/10 ppm AgNP, 10 ppm TiO2-NP/20 ppm
AgNP and 20 ppm TiO2-NP/10 ppm AgNP, respectively, implying more hydrophilicity. Figure 2 also
shows that the WCA of AgNP membrane (control) was decreased to 74.0◦ ± 0.6◦. Since AgNP has
high specific surface area and high fraction of surface atom, the adhesion of AgNP on the surface
can alter the membrane properties to be more hydrophilic and permeable [25]. On the other hand,
the WCA of TiO2-NP membrane (control) was increased to 120.4◦ ± 1.9◦. The differences in contact
angle between the control TiO2-NP and AgNP membranes suggested that the optimal ratio between
TiO2-NP and AgNP contents could play an important role in the coating and differentiation of WCA.
As the contents of TiO2-NP/AgNP were increased to 10 ppm TiO2-NP/20 ppm AgNP and 20 ppm

70



Membranes 2020, 10, 289

TiO2-NP/10 ppm AgNP for M4 and M5, their WCAs were similarly decreased. This could be due to
the agglomeration of TiO2-NP and AgNP from high concentrations; therefore, the WCAs were not
decreased even though the AgNP concentration was increased. Moreover, M6 was coated by highest
concentration of TiO2-NP compared to M4 and M5, but the WCA was slightly decreased compared
to the original membrane M1 (Figure 2), which could also result from the excess of TiO2-NP on the
membrane to cause TiO2-NP agglomeration. According to the results, increasing TiO2-NP and AgNP
concentrations did not decrease the WCA; therefore, using 10 ppm TiO2-NP/10 ppm AgNP for M4
coating was adequate to improve the hydrophilicity of the membrane.

Figure 2. The water contact angle (WCA) of M1 (original), M2 (8 h), M3 (16 h), M4 (24 h) at mixed 10 ppm
TiO2-NP/10 ppm AgNP, and M5 (10 ppm TiO2-NP/20 ppm AgNP) and M6 (20 ppm TiO2-NP/10 ppm
AgNP) at coating time of 24 h.

3.1.2. Membrane Morphology

(a) Effect of coating time
The PVDF membrane was immersed in the solution of 10 ppm TiO2-NP and 10 ppm AgNP

for varied periods of time to study the effect of coating time on the membrane. The results showed that,
compared with the original membrane (Figure 3a), the TiO2-NP/AgNP was observed on the modified
membranes (Figure 3b–d), suggesting the successful coating. More particles of TiO2-NP/AgNP were
found on the membrane surface when the coating time was increased from 8 to 24 h for M2 (Figure 3b)
and M4 (Figure 3d), respectively. Figure 3b shows that the agglomerated TiO2-NP was distributed
throughout the surface while AgNP was hardly spotted; however, as the coating time increased,
TiO2-NP and AgNP were both clearly dispersed and observed on membrane M3 (Figure 3c) and M4
(Figure 3d). In addition, TiO2-NP and AgNP were mostly attached together because these nanoparticles
have high surface energy that makes them tend to agglomerate to reach more stable state [26]. EDS
mapping of TiO2-NP and AgNP distributions on M4 were also carried out and presented in Figure 4.
It can be seen clearly that the distributions of TiO2-NP and AgNP were observed on the membrane
surface after coating of 10 ppm TiO2-NP and 10 ppm AgNP for 24 h as illustrated in Figure 4a–c.
These results supported the successful coating and the layer of TiO2-NP and AgNP could improve the
hydrophilicity and possibly increase the membrane permeate flux.
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Figure 3. Scanning electron microscope (SEM) images of the membranes modified by different coating
times: (a) M1 (original); (b) M2 (8 h); (c) M3 (16 h); (d) M4 (24 h) at mixed 10 ppm TiO2-NP/10 ppm
AgNP; (e) M5 (10 ppm TiO2-NP/20 ppm AgNP); and (f) M6 (20 ppm TiO2-NP/10 ppm AgNP) at coating
time of 24 h (magnification ×5000).
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Figure 4. Mapping of particle distribution of modified membrane with 10 ppm TiO2 and 10 ppm AgNP
for 24 h (M4): (a) TiO2-NP on membrane surface; (b) AgNP on membrane surface; and (c) TiO2-NP and
AgNP of X-section (magnification ×10,000).

Additionally, elemental compositions of the modified membranes were detected by EDS.
Three elements including Ti, O, and Ag were analyzed to confirm the existence of TiO2-NP and
AgNP from the membrane modification, and the results are shown in Table 4. From the results, the
modified membranes M2–M4 contain more Ti than Ag even though the same concentrations of TiO2-NP
and AgNP were used, which indicates that Ti might adhere on the membrane surface better than Ag.
Furthermore, the percentage of O was higher than that of Ti in all membranes due to the elemental
ratio of TiO2. Table 4 also confirms the results in Figure 2 that the number of TiO2/AgNP that adhered
on the membrane surface depends on the coating time. Table 4 shows the composition of Ti, O and Ag
on M4 which was lower than M3 (coating time of 24 h). This might be due to more agglomeration
of TiO2-NP/AgNP on M4 compared with M3, which decreases the surface area of TiO2-NP/AgNP
on the membrane. These results indicated that TiO2-NP/AgNP were highly adhered by using the
coating time of 16 h (membrane M3).
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Table 4. Chemical compositions of the modified membranes. (The standard deviation (S.D.) was
obtained from 1 sample of each condition).

Membrane C (%) F (%) O (%) Ti (%) Ag (%)

M1 55.11 ± 0.18 43.61 ± 0.22 1.28 ± 0.08 - -
M2 58.16 ± 0.21 35.05 ± 0.28 4.36 ± 0.14 1.39 ± 0.13 1.03 ± 0.07
M3 35.89 ± 0.17 30.42 ± 0.34 20.51 ± 0.27 8.33 ± 0.22 4.84 ± 0.11
M4 45.02 ± 0.17 34.42 ± 0.27 12.65 ± 0.18 4.29 ± 0.16 3.62 ± 0.08

M4after 55.62 ± 0.07 37. 59 ± 0.11 5. 36 ± 0.06 0.93 ± 0.02 0.51 ± 0.01
M5 46.57 ± 0.18 33.61 ± 0.30 12.19 ± 0.20 4.06 ± 0.16 3.57 ± 0.09
M6 30.87 ± 0.16 25.46 ± 0.31 24.48 ± 0.30 13.80 ± 0.26 5.39 ± 0.11

Remark: (1) M4after is the chemical compositions of membrane after testing with pure water flux. (2) S.D. is varied
between different elements and analytical lines and for the same element in different matrices.

(b) Effect of TiO2-NP/AgNP concentration
The morphology of the modified membranes using different nanoparticle concentrations,

which were 10 ppm TiO2-NP/10 ppm AgNP (M4), 10 ppm TiO2-NP/20ppm AgNP (M5) and 20 ppm
TiO2-NP/10 ppm AgNP (M6), are shown in Figure 3. The smoother surface of the original PVDF
membrane (M1) showed that there are no particles on the surface compared with that of the modified
membranes, in which a large number of TiO2-NP/AgNP can be observed. When the concentrations
of TiO2-NP and AgNP increased, higher distribution of the nanoparticles on the membrane surface
can be observed (Figure 3 e–f). Likewise, Yang, Peng, Wang, and Liu (2010) reported that high
content of TiO2 concentration motivates the aggregation phenomenon on the membrane surface [27].
Furthermore, the presence of TiO2-NP and AgNP on the membranes was confirmed by EDS as reported
in Table 4. The results show that the amounts of Ti and O adhered on M6 were twice as much
as M4 and M5 due to higher TiO2-NP concentration (20 ppm) used for M6. From the results of WCA
(Figure 2) and the TiO2-NP and AgNP distribution mappings in Figure 4, it was evident that the
WCA was positively correlated to TiO2-NP and AgNP content on membrane surface. It could be
concluded that the deposited TiO2-NP and AgNP on membrane surface would play important role for
enhancing hydrophilicity.

3.1.3. Surface Roughness

(a) Effect of coating time
The AFM images of the membrane coated with the solution of 10 ppm TiO2-NP and 10 ppm AgNP

at different times (8–24 h) are shown in Figure 5. As observed, the original PVDF membrane (M1)
exhibits a smooth surface area with the mean surface roughness (Ra) value of 84.7 nm while M2, M3,
and M4 membranes show rougher surface at 79.3, 115.7, and 156.0 nm, respectively, with the increase
of coating time. The increase of coating time leads to more agglomeration of TiO2-NP/AgNP particles
on the membrane, which could dramatically enhance the surface roughness and, therefore, efficiently
increase hydrophilicity. The lower WCA obtained after TiO2-NP/AgNP coating on membrane surface
could be due to the enhance surface roughness. According to the Wenzel’s model, the wettability
of surface is amplified by increasing the surface roughness; in other words, an increase in surface
roughness leads to the increase of surface hydrophilicity [7,28,29].
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Ra = 115.7 nm, WCA = 86.7° ±0.5°Ra = 79.3 nm, WCA = 86.3° ±1.7°Ra = 84.7 nm, WCA = 84.0 ± 2.1°

Ra = 163.0 nm, WCA = 70.4° ±3.0°Ra = 116.3 nm, WCA = 35.3° ±1.4°Ra = 156.0 nm, WCA = 35.2° ± 1.6°
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Figure 5. Atomic force microscopy (AFM) image topography of membranes: (a) M1 (original);
(b) M2 (8 h); (c) M3 (16 h); (d) M4 (24 h) at mixed 10 ppm TiO2-NP/10 ppm AgNP; (e) M5 (10 ppm
TiO2-NP/20 ppm AgNP); and (f) M6 (20 ppm TiO2-NP/10 ppm AgNP) at coating time of 24 h.

(b) Effect of TiO2-NP/AgNP concentration
According to Figure 5, the surface roughness of PVDF flat sheet membrane was also affected by

the addition of TiO2-NP/AgNP. The AFM images show that the surface of the membranes is rougher
compared with the original PVDF membrane like presented in SEM images. Ra of M5 and M6 was
116.3 and 163.0 nm, respectively. Ra of the modified membrane was increased when the TiO2-NP/AgNP
concentration was increased from 10 ppm to 20 ppm. There is a difference of high peak and low valley
with increasing the TiO2-NP/AgNP concentration. The increase of high peaks leads to higher surface
roughness. This could explain the lower contact angle of modified membrane compared with the
original membrane, showing higher surface roughness.

3.1.4. Porosity

(a) Effect of coating time
The porosities of the original PVDF membrane and the membranes modified by varying coating

time are reported in Table 5 and calculated by Equation (1). The results showed that increasing the
coating time slightly reduced the porosity of the membrane. The porosity was increased from 61.33%
for the original membrane M1 to 67.19%, 67.18%, and 66.74% for M2, M3, and M4, with the coating time
of 8 h, 16 h and 24 h, respectively. This could be explained by the fact that longer coating time resulted
in more TiO2-NP and AgNP agglomerations, which increased the opportunity for large particles to
block the membrane pores.
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Table 5. Porosity of the membranes.

Membrane Porosity (%)

M1 61.33 ± 2.83
M2 67.19 ± 3.70
M3 67.81 ± 3.79
M4 66.74 ± 2.45
M5 66.45 ± 2.78
M6 64.10 ± 4.73

TiO2-NP (control) 65.99 ± 10.35
AgNP (control) 66.52 ± 3.35

(b) Effect of TiO2-NP/AgNP concentration
The porosities of the original PVDF membrane and membranes modified by varying

TiO2-NP/AgNP concentrations were shown in Table 5. The modified membranes with the nanoparticle
concentrations of 10 ppm TiO2-NP/10 ppm AgNP (M4), 10 ppm TiO2-NP/20 ppm AgNP (M5),
and 20 ppm TiO2-NP/10 ppm AgNP (M6) provided the increased porosities of 66.74% ± 2.45%,
66.45% ± 2.78% and 64.10% ± 4.73%, respectively, compared with 61.33% ± 2.83% of the original
PVDF membrane (M1). Previous study has also found that the addition of nanoparticles on the
membrane could increase the porosity [30]. However, among the modified membranes, the porosity
was decreased when the content of the nanoparticles increased, which might be due to the blockage
of membrane pores by the aggregation of nanoparticles [9]. A study found that the addition of
4 wt% TiO2-NP in combination with PVDF and sulfonated polyethgersulfone (PES) exhibited the
reduction of water permeability owing to the decreased porosities [31]. In addition, TiO2-NP could
induce the extremely rapid precipitation and produce a thick dense top layer that can also block the
membrane pores [32]. The results indicated that the modified membranes with TiO2-NP and AgNP
were improved in their porosity, whereas increasing the TiO2-NP/AgNP concentrations did not induce
any porosity improvement.

3.1.5. Pure Water Flux of Membranes

Pure water flux of the original and modified PVDF flat sheet membranes was measured at different
time intervals under 4 bar of pressure to evaluate the water permeability. Figure 6 exhibits the initial
pure water flux (t = 0, after setting for 30 min) and the results showed that the modified PVDF
membrane coated with TiO2-NP and AgNP gave higher flux than that of the original PVDF membrane.
The original membrane (M1) gave the lowest initial flux at 444.7 L m−2 h−1 while the M2 and M4
provided the fluxes up to 548.8 and 524.1 L m−2 h−1, respectively. The coating time of TiO2-NP and
AgNP affected the pure water flux to a greater extent. The presence of hydroxyl functional group from
TiO2-NP and AgNP contributed to improve the hydrophilicity, thereby improving the pure water flux.
M4 had the lowest contact angle (more hydrophilic) but the initial flux was lower than that of M2.
This was because the coating time of 24 h (M4) could allow more TiO2-NP and AgNP accumulation
on the membrane surface and membrane pores, resulting in the increased membrane thickness and
then lower water flux compared to 8 h (M2).
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Figure 6. Water fluxes of original PVDF membrane and modified membranes (M1, M2 and M4).

In order to verify the stability and durability of the nanoparticles coated on the PVDF membrane,
the original and modified PVDF membranes were tested by water filtration for the period of 75 min
as illustrated in Figure 6. The stable permeate flux of M2 and M4 was higher than that of M1, which
was still more than 400 L m−2 h−1. The flux decline was observed after 30 min and then it was not
significant. To determine the durability of TiO2-NP and AgNP layer coated on membrane surface after
75 min water filtration, SEM-EDS of M4 was again measured together with Raman analysis and the
result showed that both TiO2-NP and AgNP were still presented on the membrane surface. However,
the Ti and Ag concentrations before and after the pure water flux test were decreased from 4.29%
to 1.01% and 3.62% to 0.55%, respectively, as shown in Table 4. It was clear that the amount of Ti and
Ag might be lost with water, suggesting inadequate stability and durability of nanoparticles on the
membrane due to lack of strong chemical bonding on the membrane surface. Figure 7a shows the SEM
images of M4 after water filtration, which also confirmed the presence of TiO2-NP and AgNP. Raman
spectroscopy confirmed that TiO2 was strongly deposited on modified PVDF membrane. The results
of original and modified membranes exhibited a number of adsorption bands at 1703 cm−1, 1650 cm−1,
1453 cm−1, 1100 cm−1, and 840 cm−1, which were attributed to C=O, CH2, vibration of CH2, CF2,
CF stretching vibration [33–35], respectively. For the modified membrane, a broad band from 600 to
400 cm−1 was associated with the Ti-O-Ti group and the peak of 443 cm−1 could be assigned to Ti-O-Ti
stretching vibration [34]. No difference was observed after Raman shift at 2200 cm−1. The results
of Raman analysis along with SEM-EDS confirmed the deposition of TiO2-NP on PVDF membrane
before and after testing. To improve the durability and retention of nanoparticles on the membrane,
the stabilization of those nanoparticles on membrane surface by chemical/plasma activation and
crosslinked with polylactic acid might be an effective method to provide the TiO2-NP and AgNP layer
stability on membrane surface.
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Figure 7. Morphology and functional groups of membrane after pure water flux testing: (a) SEM image
of M4; and (b) Raman spectra of membrane.

3.2. Antibacterial Properties of Modified Membrane

3.2.1. Antibacterial Test

(a) Effect of TiO2-NP/AgNP concentration
Both TiO2-NP and AgNP are well-known for their antimicrobial properties [36]. TiO2-NP can

generate reactive oxygen species (ROS), especially under ultraviolet (UV) irradiation, damaging cellular
components, e.g., lipid membrane, protein, or DNA [37]. Besides oxidative stress, the released Ag+

could inactivate several enzymes and interact with DNA, resulting in cell death [38]. In this study,
the PVDF membranes coated with TiO2-NP and AgNP were tested for their antibacterial property to
reduce the number of E. coli cells.

The number of viable E. coli cells adhered onto PVDF membrane were 1.16 × 107 CFU mL−1.
In this study, the modified membranes showed antibacterial properties under dark condition that the
modification of PVDF membrane with either 10 ppm of TiO2-NP or AgNP significantly decreased
the number of viable cells on the membrane to 0.48 × 106 and 0.89 × 106 CFU mL−1, respectively
(Figure 8a). In comparison with M1, the presence of both TiO2-NP and AgNP (M4) significantly
decreased the number of viable cells on the membrane by 90% (1.11 × 106 CFU mL−1) (p-value > 0.5),
comparable to those coated with only TiO2-NP or AgNP. Increasing the amount of AgNP to 20 ppm
(M5, 0.83 × 106 CFU mL−1) did not significantly affect the antibacterial property of the TiO2-NP/AgNP
dip-coated PVDF membrane (M4) (p-value > 0.5). This is possibly due to the similar chemical
composition between M4 and M5 (Table 4). On the contrary, a higher amount of TiO2-NP (M6,
3.46 × 106 CFU mL−1) substantially reduced the antibacterial activity of the TiO2-NP/AgNP dip-coated
PVDF membrane. The particular antibacterial efficiency depends on their size, shape, and surface
areas that would release free radicals for the inactivation of bacterial cells [39]. Even though the higher
content of Ti and Ag was detected on the M6 membrane (Table 4), too high a TiO2-NP concentration
led to the agglomeration onto PVDF membrane (Figure 3f). This could reduce the contact area
between bacterial cells and nanoparticles thus decreasing the antibacterial activity. Similar results have
been observed by Soo et al. (2020) in Salmonella Albany LCUM0022 and Bacillus cereus LCUM0001
under contact with Ag dopant with TiO2 that reduces the microbial growth toward bacterial cell
growth inhibition [40]. E. coli cell growth was also decreased with the addition of catalyst under dark
condition [41]. This was the permeation of active TiO2-NP into bacterial cell during the dark condition,
resulting in the agglomeration and attachment at the bacterial membrane [42]. Of all the modified
membranes, the results indicated that the mixed solution of 10 ppm TiO2-NP and 10 ppm AgNP (M4)
was suitable for the antibacterial property.
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Figure 8. Antibacterial properties and biofilm inhibition test of membranes: (a) the number of viable E.
coli cells and (b) biofilm formation on membranes.

(b) Effect of coating time.
The number of E. coli cells on the PVDF membranes modified with 10 ppm TiO2-NP/10 ppm

AgNP at various coating times are also presented in Figure 8b. The dipped coating of 10 ppm
TiO2-NP/10 ppm AgNP onto the PVDF membrane for 8 h (M2), 16 h (M3) and 24 h (M4), reduced
the number of adhered cells by 94%, 92%, and 90%, respectively. Longer coating time resulted in the
lower antibacterial efficiency of the modified membrane even though higher Ti and Ag components
were observed (Table 4). This likely caused by the agglomeration of nanoparticles on the modified
membrane (Figure 3); therefore, M2 with lower agglomeration could contain more nanoparticle surface
area to allow more interaction sites between particles and cells, thereby showing higher antibacterial
property than M3 and M4.

3.2.2. Biofilm Inhibition Test

(a) Effect of TiO2-NP/AgNP concentration
The effect of nanoparticles-modified membrane on inhibition of biofilm formation, or antifouling

property, was evaluated by using the gravimetric method. While 0.88 ± 0.03 mg of biofilm mass
was detected in the unmodified PVDF membrane (M1), the coating of either TiO2-NP or AgNP
could significantly reduce the amount of biofilm to 0.49 ± 0.08 and 0.54 ± 0.10 mg, respectively
(Figure 8b). The results are in agreement with the antibacterial property (Figure 8a). The coating
of both nanoparticles (M4) decreased the amount of biofilm mass to 0.41 ± 0.02 mg, corresponding
to 53% reduction. In comparison with M4, the increase of AgNP to 10 ppm TiO2-NP/20 ppm AgNP
(M5) further reduced the biofilm mass by 65% (0.31 ± 0.05 mg). On the other hand, the higher amount
of TiO2-NP in M6 did not improve the antifouling property (50% reduction of biomass). However,
compared to either TiO2-NP or AgNP-modified membrane, the coating of both TiO2-NP or AgNP did
not increase the antibacterial property (Figure 8a), yet the synergistic effect on the antifouling property
was observed (Figure 8b). Besides the inactivation of bacterial cells, the altered surface hydrophilicity
also affects the biofilm formation, i.e., antifouling property of the modified membrane. Ayyaru and
Ahn (2018) [32] reported that increasing the hydrophilicity of the membrane surface could increase
antifouling properties. Fouling or the formation of biofilm is initiated by the attachment of cells to the
surface using the associated organelles such as flagellar and pilli [43]. Once the cells irreversibly
attached to the surface, they started to produce EPS substances such as carbohydrates and proteins
to form biofilm structure, which could completely block the membrane pores at this stage [44]. It has
been proposed that the hydration layer on the hydrophilic surface reduces the adhesion of protein
to the surface, resulting in the lower attached cells for biofilm formation [45].

(b) Effect of coating time
Since the antifouling property of PVDF membrane coated with both TiO2-NP and AgNP (M4)

was more effective than those coated with only TiO2-NP or AgNP (Figure 8b), the effect of coating time
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on TiO2-NP/AgNP-modified membrane was investigated. The biofilm mass of M2, M3, and M4 were
0.42 ± 0.04, 0.50 ± 0.05 and 0.41 ± 0.02 mg, respectively compared to M1 (0.8751 ± 0.03) as illustrated
in Figure 8b. The PVDF membrane modified with 10 ppm TiO2-NP/10 ppm AgNP reduced biofilm
formation by 43–53%. Increasing the coating time (8, 16, and 24 h) did not affect the antifouling
property of the modified membrane since the biofilm mass of M2, M3 and M4 were not significantly
different (p >0.05). It should be noted that increasing the coating time also decreased the WCA in this
study (Figure 2). Even though it has been found that lower WCA led to more hydrophilic membrane
that could inhibit microorganisms adhering to the membrane [46], similar results of the modified
membranes in this study suggested that more factors could play a role in antifouling properties.

4. Conclusions

In this work, the modified PVDF membrane by TiO2-NP/AgNP dipped coating technique was
developed to improve the hydrophilicity of the membrane along with its antibacterial and antifouling
properties. The results of SEM and EDS showed that the amount of TiO2-NP/AgNP on the membrane
surface increased with longer coating time and higher TiO2-NP/AgNP concentrations. Furthermore,
increasing the coating time and TiO2-NP/AgNP concentrations could decrease the WCAs of the
modified membranes. Compared with the porosity of 61.33% ± 2.83% of the original PVDF membrane,
the porosity of the modified membranes could be increased up to 66.74% ± 2.45% using the coating
time of 24 h. At this fixed coating time, increasing the nanoparticle concentrations to 20 ppm
of TiO2-NP and 20 ppm of AgNP could increase the porosities to 64.10% ± 4.73% and 66.45% ± 2.78%,
respectively. Noteworthy antibacterial and antifouling properties of the TiO2-NP/AgNP-modified
membrane were reported. The modified membranes could reduce the number of adhered E. coli cells
by approximately 90% and the biofilm formation by at least 43%. The PVDF membrane dip-coated
in 10 ppm TiO2-NP and 10 ppm AgNP for 8 h showed the highest antibacterial (94% inactivation) and
antifouling properties (65% reduction); the increased TiO2-NP or AgNP content or coating time did
not improve these properties due to the agglomeration of nanoparticles. This modified membrane
is a promising alternative for improving membrane-based wastewater treatment.
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Abstract: Compared with the traditional activated sludge process, a membrane bioreactor (MBR)
has many advantages, such as good effluent quality, small floor space, low residual sludge yield and
easy automatic control. It has a promising prospect in wastewater treatment and reuse. However,
membrane fouling is the biggest obstacle to the wide application of MBR. This paper aims at
summarizing the new research progress of membrane fouling mechanism, control, prediction
and detection in the MBR systems. Classification, mechanism, influencing factors and control
of membrane fouling, membrane life prediction and online monitoring of membrane fouling are
discussed. The research trends of relevant research areas in MBR membrane fouling are prospected.

Keywords: membrane fouling; influencing factors; control method

1. Introduction

Membrane bioreactors (MBRs) combine both biological treatment and physical separation (using
membranes) of various pollutants to treat domestic and industrial liquid wastes. Due to the combination
of the above-mentioned processes, MBRs produce treated effluents of higher quality compared to the
conventional activated sludge process [1]. MBRs are simple to operate when experienced operators are
employed and produce less sludge. They also have a very small footprint which is very valuable when
MBRs are installed in dense urban areas where space is at a premium. The advantages mentioned
above, along with the ever-decreasing cost of membrane materials and the increasingly stringent
requirements of treated effluent quality, mean that MBR technology is more and more widely applied
in wastewater treatment [2]. However, membrane fouling affects the operating flux and the life of
membranes. There is no unified statement about the mechanisms of membrane fouling, but from the
analysis of the causes of membrane fouling, the following mechanisms of membrane fouling in MBR
have been proposed and verified: (i) narrowing of membrane pores; (ii) the adsorption of the solute in
the solution by the membrane [3]; (iii) the deposition of the (activated) sludge floc on the membrane
surface [4]; and (iv) the compaction of the filter cake layer on the membrane surface. These mechanisms
alone or together play a leading role at different stages of the membrane filtration process. As various
factors govern the operating cost of a membrane system, such as power requirements, costs of power,
labor, materials, membrane cleaning, scale inhibition and membrane life and replacement, some
limitations remain in using membranes for water and wastewater treatment [5]. Once membrane
fouling occurs, it will reduce permeate flux, increase feed pressure, reduce productivity, increase
system downtime, increase membrane maintenance and operation costs due to membrane cleaning,
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and decrease the lifespan of the membrane modules [6]. Thus, the main challenge in the application of
MBRs is to find a solution to the fouling of membranes [7,8]. Most of the existing papers on membrane
fouling review a specific kind of research direction in a specific area (see Appendix A), which is not
comprehensive enough. However, membrane fouling itself involves a wide range of content and
covers a lot of knowledge basics. Those who want to promote the research on membrane fouling
must fully understand membrane fouling. In this paper, the traditional research content of membrane
fouling and the latest research results are integrated together, including every aspect of membrane
fouling research by many scholars and researchers in the past decades, which implements the most
complete discussion of influencing factors, mechanisms and control methods of membrane fouling by
far. It provides a more comprehensive and systematic reference for follow-up studies on membrane
fouling and relevant areas.

2. Classification of Membrane Fouling

Membrane fouling can be classified into internal fouling, external fouling and concentration
polarization fouling. The fouling caused by the deposition as well the adsorption of solutes and
colloidal particles on the interior of the membrane pores is called internal fouling and sometimes
referred to as pore blocking [9]. The deposition of particles, colloids and macromolecules on the
membrane surface is called external fouling. External fouling forms a fouling layer on the membrane
surface. The fouling layer can be classified as gel layer or cake layer. The gel layer is formed by the
deposition of macromolecules, colloids and inorganic solutes on the surface of the membrane due
to the pressure difference between the feed and permeate sides of the membrane. The cake layer is
formed by the accumulation of solids on the membrane surface [10]. Concentration polarization refers
to the accumulation of solutes and ions in the thin liquid layer adjacent to the membrane surface [11],
which is an inherent phenomenon in the membrane filtration process. Concentration polarization
increases the flow resistance and decreases the membrane flux. The concentration polarization layer
is determined by the convective shear force [12]. Increasing the convective velocity can alleviate
membrane resistance caused by concentration polarization.

Membrane fouling has traditionally been divided into reversible fouling and irreversible fouling
according to the degree of removal of foulants [13]. Reversible fouling refers to the part of the foulants
that can be removed by physical means such as backwashing or intermittent operation of membranes
under cross-flow filtration. Non-reversible fouling refers to the fouling that needs chemical cleaning
and cannot be removed by physical cleaning [14]. It is generally believed that reversible fouling is
caused by loose deposition of contaminants on the surface of the membrane and irreversible fouling is
caused by the blockage of membrane pores and strong adhesion of contaminants to the surface of the
membrane. Many studies have pointed out that the formation and compaction of the cake layer is the
main form of membrane fouling compared to membrane pore blocking [15]. Table 1 shows the onset of
various fouling of membranes in an MBR.

Table 1. Onset of various fouling of membrane in a membrane bioreactor (MBR).

Fouling Type Rate of Fouling (Pa.min−1) Onset of Fouling

Reversible fouling 10–100 10 min

Irreversible fouling (removed by
maintenance chemical cleaning) 1–10 1–2 weeks

Irreversible fouling (removed by
mandatory chemical cleaning) 0.1–1 6–12 months

Non-restorable fouling 0.01–0.1 A few years
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According to the composition of pollutants, membrane fouling can be divided into organic fouling,
inorganic fouling and biofouling. Organic fouling is caused by organic macromolecules. Wang et al. [16]
found that organic macromolecular polymer clusters (BPCs) are important contaminants. Analysis
shows that BPCs are less than 50 μm in diameter, which are significantly different from activated sludge
floc particles. Lin et al. [17] found that the organic matter content in the activated sludge supernatant
was significantly higher than that in the MBR effluent, and the high content of organic matter in the
supernatant was considered to contain BPCs. BPCs act like glue, which helps the sludge to adhere to
the surface of the membrane and form a cake layer. Wang et al. [18] studied the formation process and
fouling characteristics of dynamic membranes as well as an improved self-forming dynamic membrane
bioreactor (SF-DMBR) for the recovery of organic matter in wastewater and to evaluate its properties.
The results showed that 80% of the organic matter in the wastewater can be recovered faster in the case
of continuous operation. Inorganic foulants include struvite, K2NH4PO4 and CaCO3. Biofouling is
caused by the interaction between biological substances and membranes. Gao et al. [19] found that
about 65% of the particles in the membrane cake layer are smaller than the pore size of the membrane
(0.1–0.4 μm), so that they can pass through the membrane pores and can block the membrane pores.
Biofouling also includes adsorption of extracellular polymers (EPS) and microbial metabolites (SMP),
which are produced by microbial secretion, onto the membrane surface and membrane pores [20].
The microbial colony structures in the membrane cake layer and in the mixed liquor are significantly
different. Some strains will preferentially adsorb onto the membrane surface due to the secretion of
more EPS, resulting in serious biofouling [21].

3. Factors Affecting the Fouling of Membranes

There are many factors that cause membrane fouling, including the material of the membrane
module, the pressure difference across the membrane during filtration, the cross-flow velocity,
the hydraulic retention time (HRT), the sludge retention time (SRT), microbial polymerization and
dissolution processes, and mixing [22]. These factors alone or in combination provide conditions
for membrane fouling, or contribute directly or indirectly to membrane fouling. Understanding and
mastering the effects of various factors on membrane fouling is essential to prevent, control and predict
membrane fouling [23]. The influencing factors on membrane fouling are shown in Table 2.

3.1. Influence of Membrane Intrinsic Properties on Membrane Fouling

Intrinsic properties of the membrane that affect membrane fouling include material,
hydrophilicity/hydrophobicity, surface charge, roughness, pore size, porosity, and structure of the
membrane module.

3.1.1. Effect of Membrane Material on Membrane Fouling

Commonly used membranes are mainly classified into organic membranes, ceramic membranes,
and metal membranes according to the type of materials used to synthesize membranes. Among them,
the organic membranes have a low cost and mature manufacturing process, and are currently the
most widely used [24]. However, they have low strength as well as a short life and are easily fouled.
Common organic membranes include polyethylene (PE), polysulfone (PS), polyethersulfone (PES),
polyacrylonitrile (PAN) and polyvinylidene fluoride (PVDF). Among them, PVDF membrane has
a higher anti-fouling ability. Compared with organic membranes, ceramic membranes and metal
membranes have (i) better mechanical properties, (ii) resistance to high temperatures, and (iii) high flux;
however, these two materials are difficult to manufacture and are expensive [25]. In the case of the same
operating conditions [26], the PAN membrane pollutes slower than the PES membrane. Researchers [27]
found that metal membranes are easier to recover from fouling than organic membranes.
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Table 2. Factors affecting membrane fouling.

Factor Influence
Type of

Wastewater

Membrane
structure properties

The formation of the cake layer can be observed in the organic fouling, and
inorganic fouling did not easily cause membrane fouling. -

The protein in the EPS was more than the polysaccharide, and the viscosity
of the liquid increased.

Hot white pulp
wastewater

Material
characteristics

Increased SMP, increased filtration resistance, and deterioration of
membrane due to fouling.

Domestic
wastewater

Supernatant SMP had more protein than polysaccharides, the viscosity
increased, and the cake layer was easy to form. Industrial waste

When SRT increased, SMP and sludge viscosity increased. Low concentration
wastewater

Operating
condition

At 30 and 50 d, the activated sludge floc increased, the low fouling rate SRT
was too small, the SMP increased, and the fouling accelerated.

Municipal
wastewater

If it was too large, MLSS, SMP and other microbial products increased. -

HRT declined, protein substances in SMP increased, and EPS
concentration increased.

Low concentration
wastewater

HRT decreased, filtration resistance increased, and granular sludge particle
size decreased.

Artificial
wastewater

Small flocs increased under high temperature conditions, SMP, EPS
increase, filter cake layer was easy to form

Evaporator
condensate

When the temperature went up, the membrane fouling resistance increased,
and the protein content in EPS increased. Hot pulping press

3.1.2. Effect of Hydrophilicity/Hydrophobicity on Membrane Fouling

With the continuous application of membrane bioreactors, membrane fouling has become a major
bottleneck limiting its further development [28,29]. At the beginning of operation, hydrophilic organic
matter will be the dominant pollutant; however, the interaction force between hydrophobic organic
matter and the membrane is significantly greater than the interaction force between hydrophilic
organic matter and the membrane, resulting in hydrophobic organic matter becoming a dominant
pollutant in the later stage of operation [30]. Among them, hydrophilic carbohydrate organic matter and
hydrophobic humic organic matter abundantly present in the wastewater to be treated are key substances
causing membrane fouling [31]. Therefore, it is important to find out how the pro-/hydrophobic organic
matter contaminates the membrane to prevent and control the membrane fouling.

The hydrophilicity/hydrophobicity of the membrane is usually characterized by the contact angle
θ. The larger the value of θ, the stronger the hydrophobicity of the membrane surface. The value of θ
angle has a certain relationship with the morphology of the membrane surface and the pore size of
the membrane. The hydrophilicity/hydrophobicity of the membrane material has a great influence
on the anti-fouling performance of the membrane [32]. The hydrophilic membrane is less affected by
adsorption, has a larger membrane flux, and has superior anti-fouling properties compared to the
hydrophobic membrane. However, some researchers have concluded that the most hydrophilic PES
membrane suffers from the most serious membrane fouling, which may be related to the maximum
membrane pore opening of PES. It is worth noting that the hydrophilicity/ hydrophobicity of the
membrane usually only has a significant effect on membrane fouling at the initial stage of filtration.
After the initial fouling, the chemical properties of the foulants will replace the chemical properties of
the membrane itself as the main influencing factor [33].

The natural organic matter present in wastewater is divided into strongly hydrophobic, weakly
hydrophobic, polar hydrophilic and neutral hydrophilic organic matter, and is filtered separately.
It is found that the most important organic matter causing the decrease of membrane flux is neutral
hydrophilic organic matter. It is believed that the presence of more hydrophilic organic matter in the
raw water causes more serious membrane fouling [19]. However, some researchers have reached the
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opposite conclusion [15,34]. Their experiments showed that the hydrophobic organic matter is the
main factor causing the decline in flux.

3.1.3. Effect of Membrane Surface Charge on Membrane Fouling

When the membrane surface charge is the same as the charge of the pollutants present in the
wastewater, it can improve the membrane surface contamination and increase the membrane flux.
In general, the colloidal particles in the aqueous solution are negatively charged. So, if the material
having a negative potential is used as the membrane material, it can prevent membrane fouling due to
the repellent effect of similar charges.

Lin et al. [35] investigated the effects of operating pressure difference, cross-flow rate, feed
solution concentration and operating temperature on the flow potential of suspended-growth (SG)
nanofiltration membranes; the membranes were filtering NaCl, Na2CO3 and CuCl2 solutions and
they found that SG membranes have negative surface charges. At the same time, the absolute values
of electric density, zeta potential and charge density increased with the increase of cation or anion
valence state. The higher the operating pressure difference and the concentration of the liquid solution,
the lower the velocity of the cross flow and the influence of the valence state of the ions. The cation
of the same valence state have a greater effect on the charge performance of the membrane than the
anions [36]. Figure 1 shows the molecular weight distribution range of the simulated hydrophilic (HPI)
and hydrophobic (HPO) organics in the secondary treated effluent.

As can be seen from the figure, the actual molecular weight distribution range of
hydrophilic/hydrophobic organics is relatively small, mainly concentrated in the range of <10,000
Dalton. The proportion of organic molecules with HPO < 10,000 Dalton is close to 70%, and especially
the proportion of organic molecules with HPI < 10,000 is up to 80%.

 

Figure 1. Molecular weight distribution of different organic matters in secondary treated effluent.
(Note: HPO-hydrophobic; HPI-hydrophilic; SA-sodium alginate; HA-humic acid).

3.1.4. Effect of Membrane Pore Size, Distribution and Structure on Membrane Fouling

In a treatment study of wastewater containing micropollutants [37], it was found that the pore
size of the membrane is the main factor affecting the membrane flux and the turbidity removal rate of
the wastewater. The larger the membrane pore size, the more serious the fouling of the membrane,
and faster the flux decay as well as the lower the removal rate. Membrane pore size is an important
indicator that directly affects the separation performance of the membrane. In the membrane filtration
process, membrane surface or membrane pores easily become sites for adsorption and deposition;
they are also blocked by tiny particles or solute macromolecules present in water [38]. According to
the characteristics of water sources with micropollutants, the membrane fouling caused by small

89



Membranes 2020, 10, 24

molecular substances cannot be ignored. When using MBR to treat water with micropollutants, it is
important to select membranes with appropriate pore size for process operation and membrane fouling
control. The change of transmembrane pressure difference and water flux with time in three kinds of
membranes with different pore sizes is shown in Figure 2. As the pore size of the membrane increases,
the transmembrane pressure difference of the membrane increases rapidly [39].
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Figure 2. Temporal variations of flux and transmembrane pressure (TMP) when membranes with
different pore sizes are used. (a) 1#membrane; (b) 2#membrane; (c) 3#membrane.
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It is found from Figure 1 that the degree of membrane fouling is aggravated with the extension of
the running time, resulting in an increase in the transmembrane pressure difference and a decrease in the
water flux. In addition, the smaller the membrane pore size, the slower the increase in transmembrane
pressure difference, the longer the membrane cleaning cycle time, the larger the membrane pore size,
the more serious the membrane fouling, and the shorter the membrane cleaning cycle time. However,
due to high membrane surface porosity and fiber-interwoven network-like pore structure, (i) the
membrane can be cleaned effectively, (ii) the performance of the membrane can be recovered very well
after repeated cleaning, and (iii) the water flux of the membrane changes minimally [40].

3.1.5. Effect of Porosity and Roughness on Membrane Fouling

Membrane porosity and roughness also have a potential impact on membrane fouling behavior.
Generally, the larger the porosity, the smaller the transmembrane pressure (TMP). However, as the
porosity changes, the surface properties of the membrane, such as roughness, also change. This in turn
changes the possibility of adsorbing contaminants on the membrane surface. The organic membrane
porosity is usually higher than that of the inorganic membrane, but the flux is often lower than that of
the inorganic membrane [41,42]. When the membrane surface roughness is large, the membrane is
more susceptible to fouling [43].

3.1.6. Effect of Membrane Module Structure on Membrane Fouling

The membrane module is the core of membrane separation technology. For a membrane separation
process, not only membranes with excellent separation characteristics but also membrane modules
and devices with compact structure and stable performance must be applied in large-scale industrial
processes [44]. In the process of studying PVC membrane materials [45], it was found that under the
same operating conditions, the membrane bioreactor with a vertical membrane module has a better
flow state, and the shearing effect of the gas and liquid two-phase flow generated by aeration and
scouring is much stronger than that of a horizontal device. In addition, the bottom of the horizontal
device is perforated and aerated, the PVC film is thicker, and the sludge deposition on the side of the
aeration hole is also serious, so the membrane fouling rate is faster and the corresponding operation
period is shorter [46]. Under the same operating conditions, the impact of different placement modes
on membrane fouling of two typical systems is shown in Figure 3.
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(b) The membrane assembly is placed vertically 
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Figure 3. Influence of membrane placement on membrane fouling. (a) The membrane assembly is
placed horizontally; (b) The membrane assembly is placed vertically.

It can be seen that under the same operating conditions, the flow condition of the membrane
bioreactor with the membrane component placed vertically is better, and the shear effect of gas–liquid
two-phase flow generated by aeration scour is much stronger than that of the horizontal release device.

Since FMX maintains high flux and recovery rate under the most challenging conditions, it has
been used for wastewater treatment, separation and dewatering in manufacturing processes and
recovery applications in various industries. Chen et al. [47] compared the membrane filtration process
using FMX rotating disc plate, hollow fiber, tubular and filter cup membrane modules; the results
showed that the FMX membrane module yielded higher membrane flux with lower fouling of the
membrane, followed by the hollow fiber membrane, tubular, and the filter cup membrane modules
when operated under dead-end filtration mode. Results are shown in Figure 4.
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Figure 4. Variation of permeate flux of four membrane modules.

3.2. Effect of Operating Conditions on Membrane Fouling

Operating conditions affecting membrane fouling include membrane flux, TMP, aeration,
cross-flow velocity (CFV), SRT, HRT, and temperature. Furthermore, mode of operation, including
influent water quality and sludge loading, directly affects membrane fouling factors.

3.2.1. Effect of Membrane Flux and TMP on Membrane Fouling

In membrane filtration operations, membrane flux and TMP are two quantities associated with
each other [48]. If other conditions remain the same, in order to obtain higher membrane flux,
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TMP must be increased. Conversely, if TMP is increased or decreased, membrane flux will change
accordingly [49]. MBR has two modes of operation: constant flux and constant pressure. Many studies
have demonstrated the existence of critical fluxes; MBRs are operated below critical to avoid excessive
fouling of the membrane during the initial phase of operation [50]. Under low-pressure operation,
the initial filter cake layer formed is thin or only has a reversible concentration polarization layer,
so the membrane fouling is not significant. However, operating the MBR above the critical TMP makes
the initial filter cake layer thicker or forms a concentrated polarization layer. It is also converted
into a dense filter cake layer [51], which increases membrane fouling. Lowering the initial TMP
can reduce membrane fouling and slow down the rate of membrane flux decline [52]. In addition,
membrane fouling is relatively slow in constant flux operation compared to constant TMP operation,
but membrane flux recovery is poor after cleaning. This may be due to the continuous densification of
the fouling layer on the membrane surface during constant flux operation [53].

3.2.2. Effect of Aeration and CFV on Membrane Fouling

Aeration is an important parameter in the operation of MBR. It not only provides the oxygen
necessary for metabolism of activated sludge, but also washes the surface of the membrane, avoids the
deposition of pollutants and slows the fouling of the membrane. Therefore, membrane bioreactors
often use relatively larger aeration [54]. The change of aeration volume in MBR will cause changes in
the characteristics of effluent water quality and sludge mixture. When the aeration rate increases, the
effluent quality will improve and the removal rates of COD (chemical oxygen demand) and NH4

+-N
will increase, but the sludge floc size will decrease, the impact on sludge concentration and sludge
load is weak. As the amount of aeration increases, the total amount and composition of SMP will
change [55]. Among them, the protein/polysaccharide value has an important influence on the sludge
properties, which in turn affect the physical, chemical and biological properties of the sludge mixture
and ultimately affect the fouling rate. The occurrence of membrane fouling will lead to a decrease in
membrane flux to some extent [56]. Moderate aeration can reduce membrane fouling and increase
membrane flux to some extent [57]. Zhang et al. [58] found that when the aeration intensity increased
to a certain extent, membrane pore adsorption, clogging and membrane gel layer resistance became
the main membrane resistance and the fouling rate increased. Therefore, there is an optimum aeration
intensity for the operation of MBR.

The change in CFV changes the diffusion caused by shear to affect the migration of particles from
the surface of the membrane, which in turn affects the thickness of the cake layer. The membrane
flux increases approximately linearly with increasing CFV. However, the CFV is not as a large factor
as the aeration, and the better the membrane filtration performance will be after CFV exceeds the
critical value. However, when the CFV exceeds a certain threshold, the TMP will increase as the CFV
increases [59]. This is because higher CFV reduces the deposits of larger particles and allows the filter
cake layer to consist primarily of small particles. Those particles are more compact and lead to higher
TMP. Moreover, too large a CFV will cause the sludge particles to break, which will make the filter
cake layer more dense, and also stimulate the release of EPS and increase membrane fouling [60].

3.2.3. Effect of SRT and HRT on Membrane Fouling

SRT can affect MLSS (mixed liquid suspended solids), sludge composition, EPS and other
parameters which are important operating conditions affecting membrane fouling rate in an MBR.
HRT has an indirect effect on membrane fouling. First, changes in HRT will directly lead to changes
in membrane flux, which in turn will change the state of membrane filtration and affect the rate of
membrane fouling [61].

When investigating the effect of HRT on membrane fouling in a split-type anaerobic membrane
bioreactor (AnMBR) treating beer wastewater, it was found that shorter HRT can produce higher OLR
and F/M, which in turn affects the metabolic activities of anaerobic microorganisms and microbial
metabolites (the content of EPS and SMP), and sludge particle size increases, resulting in serious
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membrane fouling [62]. The change of TMP is an important indicator that directly reflects the membrane
fouling of an AnMBR, and the influence of HRT on TMP is shown in Figure 5.
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Figure 5. TMP at different hydraulic retention times (HRT).

This indicates that shorter HRT will lead to rapid increase of TMP and aggravate membrane
fouling, which is not conducive to long-term stable operation of AnMBR.

Sludge properties have an important effect on membrane fouling [63]. The rate of membrane flux
decline is positively correlated with the ratio of protein to polysaccharide, sludge settling performance
and relative hydrophobicity, but negatively correlated with EPS [64]. With the extension of SRT, the total
amount of EPS in the mixture showed a decreasing trend. The ratio of protein to polysaccharide
in tightly bound extracellular polymeric substances increased, the sedimentation performance of
sludge became worse, the relative hydrophobicity increased, the rate of membrane flux decreased,
and membrane fouling aggravated [65]. At the same time, a large number of studies have shown that
with the appropriate extension of SRT, MLSS increases, SMP concentration decreases, and membrane
fouling is somewhat relieved. Therefore, the MBR system has an optimal SRT value.

3.2.4. Effect of Temperature on Membrane Fouling

Temperature changes affect the enzyme activity, mass transfer rate and microbial activity of
anaerobic microorganisms. Changing the viscosity of the liquid can affect the treatment efficiency and
stability of the reactor [66]. A study on the effect of temperature on the treatment effect and membrane
fouling of the anaerobic membrane bioreactor [67] found that the microorganisms in the anaerobic
membrane bioreactor can maintain high activity and COD removal rate at higher temperatures.
In addition, the temperature will significantly affect the metabolism of microorganisms, resulting in
different amounts of EPS secretion. At low temperatures, microorganisms secrete more polysaccharides
and proteins for self-protection, resulting in higher EPS [68]. This information can help to optimize the
anaerobic membrane bioreactor. The operating temperature should be found such that the system EPS
concentration is at a lower level and therefore slowing down the fouling of the membrane [69].

Generally, the increase in temperature will decrease the viscosity of the mixed liquor in the MBR,
(i) increase the solubility of suspended particles, (ii) increase the mass transfer diffusion coefficient [70],
(iii) promote the movement of solute on the membrane surface to the bulk solution, (iv) reduce the
thickness of concentration polarization layer, so as to improve the cross-flow velocity, and (v) increase
the flux of the membrane [71].

When studying a forward osmosis membrane bioreactor, temperature has a significant effect on
the forward osmosis process. The water flux increases with increasing temperature. The influence of
the temperature of the draw solution is significantly higher than that of the feed solution, and only the
temperature of the draw solution is increased, which can obtain higher water flux and lower membrane
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fouling under the premise of significantly reducing the heat consumption of the system, which is an
efficient operation mode [72].

3.2.5. Effect of the Mode of Operation on Membrane Fouling

Among the many factors affecting membrane flux, the mode of operation is the key to the
successful application of membrane technology in wastewater treatment. The cross-flow velocity can
control the size of the permeate flux and to some extent contain membrane fouling [73]. The dynamic
fouling layer formed by the pollutants on the surface of the membrane is the main reason for the
decrease in membrane flux and the cross-flow filtration can effectively reduce the thickness of the
dynamic fouling layer [74]. In cross-flow filtration, the addition of a gas such as nitrogen at the inlet
end of the membrane module can increase the degree of turbulence in the pores and thereby enhance
the shear-carrying effect on the fouling layer on the membrane surface, which will increase the flux.
Increasing the cross-flow velocity helps to increase the permeate flux. However, as the cross-flow
velocity increases, the increase in permeate flux decreases. Therefore, there is an optimal cross-flow
velocity under a certain operating pressure, and the fouling is intensified above the optimal cross-flow
velocity, resulting in flux attenuation [75].

For pressure-driven membrane filtration processes, operating pressure is the most direct factor.
There is a critical operating pressure during operation. Exceeding the critical pressure causes the
membrane to foul extremely seriously [76]. At higher operating pressures, the fine particles in the
wastewater collect toward the inner surface of the membrane under high pressure, and the velocity is
faster than the speed of the particles leaving the membrane surface, and particles form a contaminated
layer on the membrane surface, causing rapid decay of flux. In addition, the increase in air volume is
not proportional to the increase in flux [77]. As the amount of compressed air increases, the permeate
flux does not increase and decrease. Therefore, it is also important to select the proper amount of air.
On the one hand, it can reduce the fouling of the membrane surface. Increasing the permeate flux,
on the other hand, does not cause unnecessary waste of energy consumption [78].

In addition, the gas/water two-phase flow can increase the degree of turbulence in the pores,
thereby enhancing the shear-carrying effect on the fouling layer on the membrane surface, and effectively
suppressing membrane fouling, thereby increasing the permeate flux [79]. Intermittent pumping is
also an effective measure to delay the development of membrane fouling [14]. When the system is off,
the TMP becomes zero and the back diffusion rate of foulants on the membrane surface is accelerated;
the removal of back-diffused foulants near the membrane surface is also enhanced, and the membrane
fouling is alleviated. However, the stoppage time cannot be too long. After stopping time reaches
a certain level, the removal effect of membrane fluid scouring on membrane fouling will be greatly
weakened, and the excessive pumping time will greatly reduce the system’s water production, so it
should determine the optimal pumping time ratio based on actual conditions [80].

3.3. Effect of Character of Activated Sludge Mixture on Membrane Fouling

The activated sludge characteristics affecting membrane fouling include sludge components,
MLSS, sludge viscosity, environmental conditions (pH, DO), EPS, SMP, inorganic matter and
microbial communities present in the activated sludge [81]. Excessive growth of activated sludge,
especially overgrowth of filamentous bacteria, can lead to serious membrane fouling, which makes the
frequency of membrane chemical cleaning higher and increases operating costs.

3.3.1. Effect of Activated Sludge Components on Membrane Fouling

The sludge mixture consists of three components, namely suspended solids, colloids and dissolved
matter. Membrane fouling is the result of a combination of all the above three components [82].
The sludge mixture of an anaerobic membrane bioreactor has small particles and the resistance formed
by the suspended solids of the sludge mixture accounts for 70% of the total resistance, the resistance
due to the colloidal substance accounts for 22%, and the resistance of the dissolved substance accounts
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for 8% [83]. For an anaerobic membrane bioreactor, it is advisable to adopt membrane fouling control
measures such as increasing the air used for mixing to increase the flushing strength of the membrane
surface and adding coagulants to increase the suspended solids from the viewpoint of reducing the
suspended solids resistance in the sludge mixture [84]. Membrane fouling control measures could also
optimize the size of particles in the activated sludge. The relationship between sludge components
and membrane fouling under different operating conditions was measured as shown in Figure 6.

Some studies [85] summarized the contribution of different sludge components to membrane
fouling in MBR operations. Obviously, there are major differences between the research results,
which can be attributed mainly to the following aspects: matrix conditions, membrane filtration
performance, hydraulic conditions, SRT, biological state and component separation methods. The sum
of the three kinds of filtration resistance calculated after the component separation of the mixture is
usually greater than the direct filtration resistance of the mixture, which is the result of the fact that
direct filtration of the mixture is conducive to the formation of dynamic layer and the development of
reducing membrane fouling.
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Figure 6. Relation between sludge composition and membrane fouling. (a) SRT=10 days; (b) SRT = 20 days;
(c) SRT = 40 days.

In the membrane fouling process of an integrated membrane bioreactor, a mud cake layer will
be formed on the surface of the membrane, the resistance will increase, and the membrane flux will
decrease. The formed mud-cake-layer resistance is related to the particle size. The smaller the particle
size, the smaller the porosity of the mud cake layer, and the greater the resistance; the larger the
particle size, the larger the porosity of the mud cake layer and the smaller the resistance of the mud
cake layer [86]. When wastewater is treated anaerobically, microorganisms rely mainly on secreted
extracellular enzymes to decompose macromolecular proteins, fats and polysaccharides into small
molecules, and then degrade small molecules to produce CH4 and CO2. The sludge formed is relatively
loose, and the size of suspended particles in the mixed liquor is small [66].

3.3.2. Effect of MLSS on Membrane Fouling

In the application of a membrane bioreactor, MLSS is an important process parameter which
directly affects the performance of the membrane [46]. On the one hand, the high MLSS concentrations
can reduce the sludge loading rate, improve the treatment efficiency and increase the viscosity of the
mixed liquor; on the other hand, it can result in the increase in membrane filtration resistance. At the
same time, the increase of sludge mass concentration will cause hypoxia or anaerobic phenomenon
at the bottom of the reactor. In addition, the sludge concentration will increase and the aeration
amount will remain unchanged, resulting in an anoxic state inside the activated sludge and short-range
nitrification and denitrification in the reactor, so that the total nitrogen has a good removal rate [87].

The sludge mass concentration gradually increases with the increase of sludge age. At the
beginning of the operation of an MBR, the sludge mass concentration increases greatly, mainly because
of the strong microbial metabolism and high sludge load during this period. After that, the sludge
growth is slow but the sludge mass concentration increases rapidly until the middle stages of operation.
In the later stage, the sludge mass concentration is limited by organic pollutants, and after the sludge
mass concentration reaches a certain level, it no longer grows and gradually reaches a stable state [88].
When the sludge mass concentration is stable, the COD of the supernatant and effluent will fluctuate
with the COD in the raw wastewater, but the total removal rate of all the solutions’ COD and removal
rate of the supernatant COD will no longer show significant fluctuations. It shows that the system is in
stable state and has good removal effect on organic pollutants [89].

Under the condition that the flow rate of the water is kept constant, as the mass concentration
of the sludge increases, the viscosity of the mixed liquid also increases, causing serious membrane
blockage, resulting in a decrease in membrane porosity, thereby increasing filtration resistance and
increasing TMP [90]. Studies have shown that the higher the sludge mass concentration, the greater
the membrane filtration resistance. Although higher MLSS can increase the volumetric load of the
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membrane bioreactor, the increase of membrane resistance will increase energy consumption and
therefore the operating costs, and affect effluent quality. Thus, the MLSS of the membrane bioreactor
should not be too high, and should be considered in terms of treatment efficiency and processing
capacity [33].

3.3.3. Effect of Sludge Viscosity on Membrane Fouling

Viscosity is essentially the ability of a molecule or solid particle in a liquid to resist external stress
or shear forces. The greater the viscosity of a solution, the greater its ability to withstand external
stresses or shear forces [49]. The mixed liquor contains a large amount of viscous substances such
as EPS, which makes it easy for the sludge flocs to adhere to the surface of the membrane, thereby
accelerating membrane fouling, and reducing the gas-liquid flow rate generated by the aeration as well
as forming a shearing effect on the membrane surface. This slows down the erosion of the contaminants
on the membrane surface and worsens the operation of the membrane bioreactor [91].

Excessive viscosity of the sludge mixture increases the likelihood of sludge adhering to the
membrane surface, thereby accelerating membrane fouling. In addition, Hu [92] showed that the
sludge with high viscosity is not easy to clean after being adsorbed to the surface of the membrane,
resulting in poor recovery of membrane flux.

3.3.4. Effect of EPS and SMP on Membrane Fouling

The effects of EPS and SMP on membrane fouling have received increasing attention in recent
years. Figure 7 is a representation of the relationship between EPS, blend EPS (BEPS), SMP, active units
(bacterial micelles and biofilm) and ECMs.

 

Figure 7. The relationship between EPS (extracellular polymers), BEPS (fixed EPS), SMP (soluble
microbial product) active units and ECMs.

EPS includes insoluble organic matter secreted by cells, which is shed from the cell surface or
caused by cell death. The main components are protein (EPSp) and carbohydrate (EPSc) [93]. The EPS
in the sludge mixture and sludge floc is usually extracted by heating, organic solvent extraction and
ion exchange. The EPS is also dissolved in the mixed liquor. It is a soluble microbial metabolite termed
as soluble microbial product (SMP). EPS and SMP levels are typically characterized by CODcr, TOC,
UV254 or directly by protein, polysaccharide and humic acid content [94].

EPS is an important factor affecting sludge settling performance and membrane fouling rate in
MBR. Excessive EPS will further deteriorate the mutual flocculation effect between microorganisms and
weaken microbial flocs [95]. The difference in EPS concentration of different activated sludge reflects
the difference in the filtration performance of the corresponding sludge. The capillary sunction time
(CST) value of the normal sludge is significantly smaller than that of the sludge bulking, which means
that the filtration performance is good when the EPS concentration is low [96]. On the other hand,
due to the high P/C ratio and hydrophobicity, the expanded sludge containing EPS is easily adhered to
the surface of the membrane, thereby causing membrane resistance. At the same time, as the adsorption
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time prolonged, the membrane flux decreased significantly, indicating that the adsorption of EPS on
the membrane surface will lead to irreversible fouling of the membrane [97]. Furthermore, EPS is a key
factor affecting sludge agglomeration. The decrease of EPS causes the aggregation of sludge flocs to
decrease, so that the size of sludge flocs becomes smaller, and smaller size flocs are easily deposited
on the membrane surface. This will cause the fouling of membrane. Therefore, there should be an
optimized EPS concentration in the membrane bioreactor, at which the floc structure of the sludge can
be maintained, and the membrane fouling potential of the sludge flocs is minimized [98].

SMP is a large class of soluble organic matter produced by microbial metabolism, including
polysaccharides, proteins, humic acids and nucleic acids. The composition is extremely complex and
poor in biodegradability [99]. Due to the entrapment of the membrane, the adsorbed SMP accumulates
on the surface of the membrane to cause concentration polarization, thereby causing membrane
fouling. The formation of sedimentary layers is a major factor in membrane fouling [100]. During the
formation of the sedimentary layer, SMP continuously fills the gap of the microbial flocs, making the
deposited layer more dense, resulting in a decrease in the porosity of the deposited layer, resulting in a
decrease in permeability and an increase in the specific resistance of the deposited layer. The higher
the concentration of SMP in the sludge mixture, the denser the structure of the sediment layer and the
smaller the void fraction. As the sedimentary layer continues to develop, the membrane flux decreases,
which increases membrane fouling [101].

3.3.5. The Effect of Microorganisms on Membrane Fouling

The biological phase in the MBR will change the sludge morphology, particle size distribution
(PSD), EPS, viscosity and other parameters affecting membrane fouling. Compared with the traditional
activated sludge method, the evolution of microbial populations in the MBR system is characterized by
few species, which are vast and with obvious dominant populations. With the extension of the running
time, the dominant populations in the MBR system consist of swimming ciliates, worms and bell
worms, beetles, and red spotted worms. Membrane fouling can be predicted by dominant populations
that indicate the state of the sludge [102].

The difference in biophase has a large effect on membrane filtration resistance. When the biophase
is changed from a lower protozoan to a higher protozoa, it is reflected as a decrease in the starting
point of the filtration resistance and slowing point in the growth rate of the microbial community.
Wang et al. [103] showed that the micro-animals and activated sludge in MBR are a dynamic process
of interaction. Meng et al. [104] found that filamentous bacteria play an extremely important role in
membrane fouling during the operation of MBR. Excessive or too few filamentous bacteria can cause
serious membrane fouling. The sludge flocs lacking filamentous bacteria are relatively fine, and it is easy
to cause serious membrane pore blockage, and the activated sludge containing excessive filamentous
bacteria will form a thick and firm filter cake layer, which increases the filtration resistance [105].

4. Membrane Fouling Control

4.1. Modification of Membrane Material Body

4.1.1. Physical Blending

The physical blending is to physically mix the membrane material matrix with the modifying
additive in a certain ratio, and the modified additive does not react with the bulk of the membrane
material [106]. Physical blending modifications can balance the advantages and characteristics of the
bulk membrane material and additives and have the advantages of both obtaining better cast film
materials [107]. At present, hydrophilic materials blended with PVDF membrane materials can be
roughly classified into two types. One is a hydrophilic polymer material, and the other is a small
molecule inorganic particle. However, physical blending of membrane materials also has difficulties
such as poor compatibility [108].
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The advantage of blending modified hydrophilic polymer with PVDF polymer is that after
adding relevant hydrophilic polymer to the film material, it can compensate for various performance
defects of the film with raw material alone, and also can give the membrane material itself the new
superiority [109]. In the polymer blend membrane, the compatibility between the polymers has a
direct influence on the formation and structure during the phase separation process of membrane
synthesis [110].

At present, in the improvement of the performance of the separation membrane, the polymers
reported for blending with PVDF including polyvinylpyrrolidone (PVP), chloromethylated polysulfone
(CMPS), polymethyl methacrylate (PMMA), poly vinyl acetate (PVAc), PEG, polyvinyl alcohol (PVA),
sulfonated polystyrene (SPS), nylon 6, sulfonated polysulfone, polyacrylonitrile (PAN), polysulfone,
and sulfonated polyaryl ether sulfone (SPES-C) [111].

Compared with hydrophilic polymer blending, blending small-molecular inorganic particles with
PVDF to improve the hydrophilicity of the membrane is a rapid development in the recent years [112].
Commonly used inorganic particles are A12O3, SiO2, TiO2, etc. The modified membrane prepared
by using the blend casting solution perfectly combines the properties of the PVDF membrane with
the hydrophilicity and heat resistance of the inorganic material to form a novel organic–inorganic
composite membrane [113].

4.1.2. Chemical Copolymerization

The chemical copolymerization modification can increase the hydrophilicity of the organic polymer
film. This is carried out by adding a modified monomer to the original cast film material of the organic
polymer film to cause a complicated copolymerization reaction and to form a new copolymer as a cast
film material. Common methods for modifying membrane materials include copolymerization, block,
chain extension, grafting, and so on. Sun et al. [114] induced the copolymerization of sulfonamide
amphiphilic groups with acrylonitrile materials and modified the propylene amine groups to inhibit
the protein adsorption properties and modified the polypropylene-sulfonamide copolymer membrane
materials with excellent properties. The PVDF was modified with 10% NaOH to improve the
hydrophilicity of the ultrafiltration membrane, and the hydrophilicity of the composite membrane
obtained by grafting polyoxyethylene methacrylate (POEM) with 5 wt % to PVDF was also greatly
improved [115].

Selina et al. [116] studied the factors that affect the performance and treatment efficiency of direct
membrane filtration, and pointed out that membrane fouling is the main challenge of direct membrane
filtration. Direct membrane filtration has been used as a promising technology for wastewater recovery
and resource recovery in various laboratories and pilot scale studies, which is attributed to the
advantages of direct membrane filtration process [117]. For example: (i) Direct membrane filtration
processes have a relatively simple system configuration, requiring less capital cost and footprint. (ii) It
has been well documented that direct membrane filtration of wastewater treatment could produce
superior permeate quality that meets water discharge or reuse standards and effective concentration of
nutrients for further recovery [118]. (iii) In some direct membrane filtration processes, water reclamation
and resource recovery from wastewater can be simultaneously achieved, showing great potential
for saving energy consumption, improving carbon neutrality, and minimizing footprint compared to
conventional wastewater treatment processes [119].

4.2. Hydrophilic Modification of the Surface of Membrane Material

4.2.1. Surface Coating

The surface coating modification method refers to coating a hydrophilic substance on the surface
of the hydrophobic film to be modified, thereby improving the anti-fouling performance of the film.
A comb polymer was coated on a PSF ultrafiltration membrane and the modified membrane was
characterized by infrared spectroscopy and X-ray photoelectron spectroscopy (XPS). The presence
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of the coating layer was confirmed by the above characterizations [120]. Furthermore, it was found
through experiments that the flux recovery rate of the modified membrane was significantly improved.
In addition, when hydrophilic materials were coated on the surface of PVDF ultrafiltration membrane,
it was found that the flux recovery rate of the modified membrane was more than 90% on the basis
of improving the anti-fouling performance. Although the modification method is relatively simple
in operation, the modified molecules coated on the film are easily detached from the surface of the
film, and therefore long-term stable modification was unable to be achieved. Zhao et al. [121] first
immersed the plasma-pretreated polyvinylidene fluoride (PVDF) membrane material in a 0.4% solution
of TMC-hexane to form a modified PVDF-TMC membrane, and then immersed the modified membrane
in sequence. The self-assembled coating modified layer was formed on the surface of the film with
0.5 wt % of SiO2-NH2 nanoparticle suspension and 0.1 wt % of SA solution. The experimental results
showed that this method can effectively improve the anti-fouling performance [122].

4.2.2. Membrane Modification by Low Temperature Plasma Surface Treatment

The plasma modification methods such as only plasma modify treatment (OPMT), plasma
polymerization graft coating treatment (PPG-CT) and plasma trigger radical graft polymerization
(PTRGP) on the surface of polymer materials can modify the membrane, but the modification
mechanisms are slightly different. PTRGP method is the grafting of monomer on the surface of the
membrane [123]. The copolymerization is mainly characterized by the fact that the monomer can
penetrate into the pores of the membrane to carry out the grafting reaction, but the level of grafting is
small. PPG-CT is mainly composed of the polymerization of monomer radicals, and its function is to
provide high grafting rate. The morphology of the membrane surface changes greatly. The presence
of polymer is obvious from the scanning electron micrograph of the membrane surface. OPMT is
mainly caused by plasma ion incidence, plasma etching and plasma surface crosslinking. At high
temperatures, the loss of membrane quality was more serious [124].

The low-temperature plasma treatment modification technology uses a gaseous substance such as
an atom, a molecule or an ion in a state in which the positive and negative charges are in a plasma state
to attack the polymer, and induces a chemical reaction such as hydrogen elimination on the surface
of the membrane to introduce a large number of polar groups such as -OH, -COOH, -SO3H, -CO,
and -NH2 [125]. This causes grafting of other monomeric substances on the surface of the membrane
material to change its properties. The low-temperature plasma treatment modification technology can
be realized in a medium to low temperature environment without changing the excellent characteristics
of the original membrane. However, the instruments and equipment required for plasma treatment
are generally costly and the operating conditions are harsh, thus limiting its use [126].

4.2.3. Surface Grafting

Surface grafting refers to the modification of the thin layer on the surface of the membrane
without changing the bulk properties of the membrane material so that a relatively stable chemical
bond is formed between the membrane surface and the grafted polymer chain [127]. The effect
of modification is more durable. Zhan et al. [128] prepared a CMPSF microporous membrane by
phase inversion method, and introduced a large amount of primary amine groups on the surface of
the membrane by chemical modification, thus constructing a surface initiation system -NH2/S2O8

2−.
The monomeric DMAEMA was successfully graft polymerized on the surface of the polysulfone
microfiltration membrane to form a porous graft membrane PSF-g-PDMAEMA. Such a membrane can
remove CrO4

2− ions in the water effectively by selective adsorption.
In recent years, research on membrane fouling control methods related to irradiation grafting

has attracted more and more attention [129–133]. The reaction mechanism of UV irradiation grafting
belongs to free radical reaction, which has low polymerization temperature and mild polymerization
conditions. Some researchers have used ultraviolet radiation grafting to introduce acrylic acid into the
polypropylene film, which greatly improved the hydrophilicity of the polypropylene film [129]. In the
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same way, the thio betaine methyl acrylate monomer was grafted onto the polypropylene microporous
membrane, and the contact angle of the membrane was significantly reduced, and therefore the flux
increased significantly [130]. In addition, the continuous hydrolysis of ultraviolet radiation was used
to graft the pentaerythritol monoester to the surface of the polypropylene hollow fiber membrane,
and the hydrophilicity and anti-fouling of the membrane were improved significantly [131]. It is
also possible to graft hydroxyethyl methacrylate onto the surface of the polypropylene microporous
membrane by ultraviolet light irradiation by using benzophenone and ferric chloride as co-initiators,
so that the contact angle of the modified membrane is reduced [132].

Jin et al. [133] used polypropylene hollow fiber membrane as the matrix and sodium styrene
sulfonate as the hydrophilic monomer to prepare a modified hollow fiber membrane with a different
grafting rate under ultraviolet irradiation and infrared spectrum. The electron microscopy test proved
that the modification was successful. When the graft ratio was 13.3%, the water contact angle of the film
was 46◦, which was significantly lower than that of the original film (64◦) [134]. Up to a certain value,
as the grafting rate was increased, the water flux increased. However, as the grafting rate increased
further, the water flux decreased. When the grafting ratio was 9.0%, the water flux reached a maximum
of 102 L/(m2·h), an increase of 29 L/(m2·h) compared to the original film. The hydrophilicity of the
polypropylene hollow fiber membrane modified by ultraviolet irradiation improved significantly.

4.3. Optimization of Membrane Modules

Factors that should be considered in the optimization of the membrane module are the shape of
the membrane module, the placement of the module, hydraulic conditions, the diameter and the length
as well as the tightness of the hollow fiber filaments [135]. As can be seen from Figure 8, the wall shear
stress inside the membrane component decreased with the increase in the length of the filament.

 

Figure 8. Effect of membrane module length on wall shear stress.

Xiong et al. [136] used the Euler model and the porous medium model to calculate the fluid flow
in the membrane module with different structures. The calculation shows that reducing the diameter
of the aeration hole and increasing the number of aeration holes can promote the uniform distribution
of gas–liquid two-phase flow field and liquid phase velocity field, as well as wall shear stress and
turbulent viscosity enhancement [137]. Increasing the height of the membrane module is beneficial to
increase the membrane area of a single membrane module while making full use of the gas for scrubbing
during aeration. The liquid two-phase flow performs high-efficiency air scrubbing on the wall surface
of the membrane. Xu [138] designed a novel spiral membrane module with a certain rotation angle by
bionics principle, thereby improving the sensitivity of the membrane module to water, gas and other
fluid disturbances, resulting in vibration of the membrane and increasing the elastic collision between
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the bubble and the membrane surface [139]. The concentration polarization phenomenon in the
falling film separation effectively controls the membrane fouling, improves the membrane separation
efficiency and flux, and reduces the energy consumption [140]. A Box–Behnken method can be used to
optimize hydraulics of the membrane module. Multi-parameters such as inlet diameter, inlet length,
membrane shell height, inlet/outlet end tube length, billet structure diameter, and inlet and outlet tilt
angle can be used as variables in the experimental design. The Box–Behnken method is the synthesis
of statistical design experiment technology. It uses the design of the Box–Behnken experiments and
obtains data through the experiments to find the proper multiple quadratic equation which can fit the
functional relationship between the factors and the effect value well. The optimal process parameters
can be determined through the analysis of the regression analysis. The Box–Behnken method solves
the multi-variable problem as a statistical method [141]. A membrane module design with optimal
response variables can obtained by a series of experiments with varying membrane configurations.
The particle residence time distribution and hydrodynamic characteristics of the liquid–solid two-phase
flow in the three-dimensional model can be simulated by coupling the calculation between the Reynolds
stress RSM turbulence model and the discrete phase model (DPM) based on the Euler–Lagrange
algorithm [142]. The simulation results show that the velocity distribution of the shell surface of the
cyclone-enhanced membrane module is more uniform and the shear stress of the membrane surface is
high; the turbulent dissipation rate and vorticity distribution are different from those of the traditional
membrane module [143]. The experimental results confirmed that the optimized membrane module
has the characteristics of high yield of flux, low pressure drop and low membrane fouling rate [144].
To overcome the shortcomings of flat sheet membranes, a new type of folding membrane module
has been designed. The vertical inclination and membrane spacing of the folding membrane module
were optimized by constant pressure membrane filtration experiments, which greatly increased the
maximum steady state membrane flux and the rate of transmembrane pressure rise. The reduction of
the rate of transmembrane pressure rise is normal, and the removal rate of chemical oxygen demand
(COD) and NH3-N is also improved [145]. Viet et al. found that, compared with the traditional
membrane bioreactor, the osmotic membrane bioreactor (OMBR) has a broader application prospect
in reducing membrane fouling and improving effluent quality [146]. Blandin et al. thought that the
OMBR process is expected to consume less energy than MBR process, but further research is needed to
confirm this [147].

4.4. Changing the Properties of the Feed Water

There are some factors affecting membrane fouling that exist in the feed liquid. In general,
the direct method of controlling the characteristics of the feed liquid is to add a flocculant or adsorbent
to the feed liquid. Compared with the monomer salt, the polymeric salt can provide more positive
charge and electrically neutralize the suspended particles in the liquid, which can improve the removal
rate of the suspended particles and increase the diameter of the particles [148]. The indirect method is
to control the reaction by changing the sedimentation and flocculation performance of the feed liquid
by adjusting the operating conditions such as HRT, SRT and reaction temperature.

Adding a commonly used adsorbent such as powdered activated carbon (PAC) to MBR can
effectively control the development of membrane fouling, slow the rate of increase of TMP, and prolong
the membrane operating cycle [149]. PAC has high adsorption capacity and can absorb dissolved
organic matter, EPS, microparticles, etc. in the mixture, and can also be embedded in the sludge
as a skeleton to form more solid sludge particles, which are not easily damaged by shear force and
therefore will not release pollutants back into the bulk liquid. However, as the system operates,
the PAC will gradually saturate, requiring regular replacement; therefore an optimum value for the
dosage of PAC exists. Zeolite can also be an effective adsorbent. Zeolite can adsorb a part of sludge
particles and reduce the resistance to membrane filtration [150]. However, zeolite also has an optimum
dosage. Excessive zeolite will be adsorbed onto the surface of the membrane and increase the filtration
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resistance. The tiny particles brought along by the zeolite itself will increase the degree of membrane
clogging and increase membrane fouling.

4.5. Control of Operating Conditions

The main operating conditions of MBR are membrane flux, operating pressure, aeration, pumping
time and cleaning cycle. One measure commonly used in MBR is to control the membrane flux below
membrane critical flux or sustainable flux operation. Zhang et al. [151] studied the short-term and
long-term actual operation of the small-scale immersed MBR (SMBR) under constant flux and constant
pressure modes of operation and found the constant pressure operation in the subcritical region and the
constant pressure below the economic operating pressure TMP in the subcritical region was conducive
to the long-term stable operation of the MBR. This is beneficial to the long-term stable operation of the
MBR [152]. Membrane flux and membrane resistance have a great relationship with the shear force of
membrane caused by the gas flow. In a certain range, the membrane flux will increase with the increase
of aeration. When the aeration amount reaches a threshold, the flux will remain the same, and with
further increase in the aeration flow rate, the membrane flux will decrease. This is because an excessive
amount of aeration will break up the already flocculated suspended particles, making the particle size
of the suspended particles smaller and more likely to block the pores of the membrane. Intermittent
suction is also an effective measure to control membrane fouling. Zhang et al. [153] considered that
the cleaning cycle and use time of the membrane had little effect on membrane fouling. In addition,
ultrasonic irradiation can play a role in slowing down membrane fouling. Studies have shown that
ultrasound has the effect of mitigating membrane fouling and can extend the membrane cleaning
cycle [154]. The addition of ozone to the feed liquid can also effectively reduce membrane fouling.
Wu et al. [155] showed that the optimum dosage (O3/SS) is 0.25 mg/g per day, which can reduce the EPS
in the supernatant and enhance the suspended solids. In general, the control measures for membrane
fouling are based on the factors that control membrane fouling. The common methods and principles
of controlling membrane fouling are shown in Table 3. It is worth noting that the effect of a single
control method is not ideal. In the actual application process, various methods should be combined
according to the specific conditions to achieve the desired effect [156].

4.6. Cleaning of Membrane Fouling

Membrane cleaning can effectively remove and control membrane fouling, reduce TMP, and restore
membrane flux [71]. The cleaning methods of contaminants in the MBR process can be divided into
physical cleaning, chemical cleaning, and electric cleaning. In the actual operation process, it is difficult
to achieve the best results with a single cleaning method. Generally, a combination of several methods
will be effective in cleaning the membrane [157].

4.6.1. Physical Cleaning

Physical cleaning mainly removes reversible contaminants in the membrane surface or membrane
pores and the methods mainly include aeration, backwashing (air or filtrate), ultrasonication,
sponge scrubbing and water washing. Physical cleaning allows the MBR to operate at a relatively
constant flux without causing secondary contamination, but requires frequent cleaning at increased
operating costs [47]. Aeration is the most commonly used membrane cleaning method in aerobic
SMBR. It uses the cross-flow caused by the ascending airflow to reduce the deposition of particles
on the membrane surface and flushes the membrane surface pollutants to reduce membrane fouling.
In the operation of the hollow fiber membrane process, the role of aeration is to provide the oxygen
demand for degrading organic matter, supply the oxygen demand for the growth and metabolism of
the activated sludge itself, and remove contaminated deposits on the membrane surface [25]. A large
amount of aeration produces a severe turbulent state on the membrane surface, and a strong shear
force can carry away the filter cake layer deposited on the membrane surface. Intermittent operation
and aeration combined can enhance the dispersion of pollutants attached onto the membrane surface
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and effectively retard membrane fouling. The suction is stopped after the membrane fouling occurs,
and the continuous aeration of the membrane cake layer from the membrane surface can restore the
flat sheet membrane flux [158]. However, there is also an optimal threshold for aeration.

Backwashing can remove most of the reversible pollutants and improve the membrane filtration
performance. The key parameters affecting the backwashing effect are the backwash intensity, frequency,
time and frequency-time ratio. Jiang et al. [159] found that low frequency, long time backwashing
(600 s filtration/45 s backwashing) is more effective than high frequency, short time backwashing (200 s
filtration/15 s backwashing). Fan et al. [160] obtained experimental methods and theoretical derivation
for determining the optimal backwashing cycle of MBR, which can be used for automatic control of
MBR backwashing. In the actual operation of MBR, cleaning by aeration and backwash are usually
used in combination, which can achieve better results than a single method of cleaning.

Ultrasonic online cleaning methods can effectively control membrane fouling [13].
Ultrasonic waves have very special properties. The “cavitation” caused by the instantaneous release
of ultrasonic energy concentrates on the solid–liquid interface, thus exerting a strong impact on the
point of action and its surroundings and on the gel layer attached to the surface of the membrane.
The precipitate produces a strong peeling effect [161]. However, excessive ultrasonic strength and
time of action will break up the sludge flocs, affecting sludge activity and damaging the membrane
module [99]. Therefore, the selection of appropriate ultrasonic intensity and time of action is essential
for effective control of membrane fouling.

Table 3. Comparison of membrane fouling control methods.

Control Methods Controlling Factors Expected Results Precautions

Modification of
membrane material

Improve membrane
surface hydrophilicity

Reduce the adsorption of
impurities on the membrane
surface and membrane pores

The membrane material should be
modified according to
treatment objectives

Optimization of
membrane components

Improve membrane
surface water conditions

Improve the effect of
membrane surface gas

flow flushing and
decontamination

High mechanical properties for
membrane materials

Aeration, ultrasound
Remove membrane

deposits and improve
liquid properties

Gas–liquid flow flushes out
membrane deposits to

increase activated
sludge activity

Excessive aeration or microwave
vibration will break up the sludge

flocs and increase the fouling of
the membrane

Add flocculant or
adsorbent (PAC), ozone

Improve liquid
properties

Improve sludge settling and
reduce EPS and SMP in

feed liquid

Inorganic flocculants change the pH
of the feed, the adsorbent itself may

also become a contaminant, and
ozone inhibits microbial activity

Intermittent suction Improve film surface
detachment properties

Conducive to the membrane
surface gas flow flushing

with pollutants

Too long stoppage will affect the
amount of water produced, too

short to achieve the desired results

4.6.2. Chemical Cleaning

Chemical cleaning is required when physical cleaning does not meet membrane fouling
requirements. Commonly used chemical agents include alkali cleaning agents, acid cleaning agents,
oxidizing cleaning agents, and surfactants (ethylenediaminetetraacetic acid EDTA, ammonium
hydrogen fluoride, etc.) [162]. Alkali cleaning agents can effectively remove organic matter and
biological foulants [163]. The process is as follows: inject water into the cleaning water tank, heat it
with steam, start the cleaning pump, slowly add the cleaning agent, mix to make the cleaning agent
completely dissolved, first clean the first section, then clean the second section for dynamic circulation
for 40 min, and then soak for 50 min to clean alternately. When the pH is reduced by 0.5, add NaOH to
control the pH value at 10–11. When the pH value is no longer reduced, carry out water washing. When
the pH value of the effluent reaches 6–7, the water washing is finished [164]. An acid cleaning agent
can effectively remove mineral and inorganic fouling [165]. During acid cleaning, water is injected into
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the cleaning water tank, heated by steam, the cleaning pump is started, hydrochloric acid is added
slowly, the pH value is controlled at 2–3, and the cleaning is carried out in sections. The first section
is cleaned, and then the second section is cleaned. The dynamic circulation is 40 min, and then the
immersion is 40 min. In this way, the cleaning is carried out alternately. When the pH value is no longer
increased, the water is washed [166]. When the pH value of the water reaches 6–7, the water washing
is finished. Hydrochloric acid can remove hydrophobic organics better, while sodium hydroxide can
remove more organic pollutants. The combination of the two can effectively remove the pollutants on
the membrane surface, but the removal effect on the pollutants inside the membrane pore is poor [167].
Oxidizing cleaning agents can increase the hydrophilicity of organic polymer contaminants and can
effectively remove the adhesion in the pores of the membrane. A surfactant can improve the contact of
the cleaning agent with the pollutants, improve the cleaning effect, and it can also destroy the bacterial
cell wall and weaken the foulants caused by the biofilm. Chemical cleaning can be used for both
on-line cleaning and off-line cleaning, which can greatly restore membrane flux, but the cleaning waste
can sometimes cause secondary fouling [168]. The four major factors to consider in chemical cleaning
are: concentration of the cleaning agent, cleaning temperature, contact time, and mechanical strength
of the film [169].

4.6.3. Electric Cleaning

Electric cleaning achieves the effect of removing contaminants by applying an applied electric
field on the film at a certain time interval to cause the contaminating particles to move away from
the film surface in the direction of the electric field. However, this method requires that the film has
a conductive function, or that the electrode can be mounted on the film surface, so that it is used
less [170].

4.6.4. Ultrasonic Cleaning

Ultrasonic irradiation can clean the fouled membrane through the production of important physical
phenomena including microjet, microstream and shock waves [171]. Indeed, the particles can be released
from the fouled membrane by the aforementioned physical phenomena taking place in a heterogeneous
liquid–solid interface. Furthermore, the active hydroxyl radicals generated in the presence of ultrasonic
irradiation can attack the adsorbed foulants and degrade the molecules of foulants which consequently
result in membrane fouling control [172]. However, the membrane can be damaged through chemical
reactions between the generated hydroxyl radicals and the membrane [173]. Therefore, the operational
conditions should be optimized in ultrasound-MBR hybrid systems. The ultrasonic cleaning can be
performed either in situ (online) or ex situ (offline) for cleaning the membrane of MBRs. Moreover,
pretreatment of the wastewater by ultrasonic irradiation or by hybrid ultrasound methods prior to
MBRs can decrease the organic loading of the wastewater and subsequently postpone the fouling of
the membrane. Moreover, the ultrasonic method can be combined with other cleaning methods, i.e.,
chemical cleaning and backwashing, to improve the cleaning efficiency [174].

5. Conclusions

MBR technology is a highly competitive technology and has been widely used in various fields
of wastewater reclamation and wastewater recycling. However, membrane fouling is a hindrance to
the widespread promotion of this technology. Therefore, research on the causes, mechanisms and
control technologies of membrane fouling is of vital importance to this technology. Although some
achievements have been made, there is room for more improvements. The author believes that future
research should focus on the following aspects:

(1) Due to the heterogeneous structure and complexity of WOM or the dissimilar fouling behaviors
between different organic surrogates, it is highly recommended that use should be made of real
wastewater in combination with advanced DOM analysis such as FT-ICR-MS (Fourier Transform-Ion
Cyclotron Resonance-Mass Spectrometry), SEC-OCD, and CLSM, as well as online monitoring methods
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such as quartz crystal microbalance, or any visualization apparatus for exploring real-time organic
membrane fouling formation. Real-time monitoring capabilities are also of great benefit for the
optimization of the periodical cleaning of membranes during long-term FO processes. New data on
the complex interactions between organic foulants and membrane materials can help the development
of effective fouling control strategies for real wastewater. For instance, appropriate pretreatment can be
developed/designed to effectively eliminate high molecular weight biopolymers (e.g., polysaccharides
and proteins) to mitigate FO membrane fouling. Finally, considering the typical short-term formation
of irreversible fouling in FO processes, the limited operational test period, and bench-scale nature of
many previous studies, pilot-scale FO systems should be operated and studied with due provision for
long-term monitoring if transition to successful full-scale wastewater FO processes is to be realized.

(2) An alternative solution for improvement of direct membrane filtration performance is to
develop new membranes with increased anti-fouling properties. Several reported studies focused
on developing the novel anti-fouling membranes and the lab-scale testing findings displayed their
good performances in membrane fouling alleviation. In view of the absence of large-scale direct
membrane filtration processes in the market, further research needs to be emphasized on (i) membrane
fouling control technologies of direct membrane filtration, especially towards low energy consumption,
less chemical usage, and easier operation and maintenance; (ii) development of novel membranes,
especially having a mechanically robust nature with low-cost environmentally friendly materials and
self-cleaning properties; (iii) comprehensive economic analysis, life cycle assessment, and carbon
footprint analysis of different direct membrane filtration processes in order to identify the most suitable
system configuration for further scale-up.

(3) The effect of the presence of ultrasound-active inorganic nanoparticles in the matrix of the
membrane used in MBR systems can be investigated in future research. Ultrasound-active nanoparticles,
i.e., ZnO, TiO2, etc., can produce hydroxyl radicals in the presence of ultrasonic irradiation. Generated
hydroxyl radicals can degrade the foulants adsorbed on the surface of the membrane or captured in
pores of the membrane, which consequently results in controlling the membrane fouling. High energy
consumption of the ultrasonic transducers limits the application of ultrasound-MBR systems on a full
scale. Further research is needed on the hybrid methods with low energy consumption for improving
the application of ultrasonic technology in full-scale MBR systems.

(4) Aeration optimization, such as intermittent or cyclic aeration, automatic aeration control based
on DO- or nutrient removal feedback and mechanically-assisted aeration scouring, has attracted much
attention to achieve efficient membrane fouling control with less energy consumption. The method
of aeration could be further optimized according to the CFD modeling on the fluidization and the
scouring behavior of the particles in MBRs. Moreover, the attachment tendency of biofilm colonizers
on the medium and membranes should be assessed. Moreover, chemical cleaning efficiency is highly
related to the interaction between chemicals and foulants. The chemical reagent has greater potential to
decrease the aging of membranes and even lead to the inactivation of microorganisms in the bioreactors.
These adverse effects caused by the chemical cleaning will be highlighted in the future.
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AnMBR anaerobic membrane bioreactor
BEPS blend extracellular polymer
BPC biopolymer clusters
CFD computational fluid dynamics
CFV cross-flow velocity
CLSM confocal laser scanning microscopy
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CMPSF chloromethylated polysulfone
COD chemical oxygen demand
CST capillary suction time
DO dissolved oxygen
DMAEMA dimethylaminoethyl methacrylate
DPM discrete phase model
ECM extracellular matrix
EDTA ethylene diamine tetraacetic
EPS extracellular polymers
F/M food to microorganism ratio
FO forward osmosis
HA humicacid
HPI hydrophilic
HRT hydraulic retention time
HPO hydrophobic
MBR membrane bioreactor
MF microfiltration
MLSS mixed liquid suspended solids
OMBR osmotic membrane bioreactor
OPMT only plasma modify treatment;
OLR organic loading rate
PAC powdered activated carbon
PAN polyacrylonitrile
pH hydrogen ion concentration
PE polyethylene
PES polyethersulfone
POEM polyoxyethylene methacrylate
PPG-CT plasma polymerization graft coating treatment
PTRGP plasma trigger radical graft polymerization
PVDF polyvinylidene fluoride
PSD particle size distribution
PVC Polyvinyl chloride
PVP Polyvinyl pyrrolidone
PS polysulfone
PVAc polyvinyl acetate
PVA polyvinyl alcohol
SA sodium alginate
SEC-OCD size exclusion chromatography with organic carbon detector
SF-DMBR self-forming dynamic membrane bioreactor
SMB sponge-based moving bed
SMBR small-scale immersed MBR
SMP microbial metabolites products
SRT sludge retention time
SG suspended-growth
SPS sulfonated polystyrene
SPES-C sulfonated polyaryl ether sulfone
TMP transmembrane pressure
TOC total organic carbon
UV under voltage
WOM wastewater organic matter
XPS X-ray photoelectron spectroscopy
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Appendix A

Table A1 shows the review papers on membrane fouling in specific areas in recent years.

Table A1. Review papers on membrane fouling in specific areas in recent years.

Research Area References

FO; RO; Driven membrane processes; Biofilm dynamics;
Membrane performance; Concentration polarization [2,12,26,56,105]

EPS; SMP; Microbial community structure; Microbial flocs; Microbial soluble
substances; Membrane modification [7,8,15,34,63]

Membrane cleaning; Membrane fouling control; Cross-flow membrane
filtration; osmotic pressure [2,4,10,11,13]

Inherent properties of membrane; Operating conditions; Mixed liquid
properties; Fouling mechanisms [14,22,34,81,88]

Anaerobic membrane bioreactor; Influencing factors; Domestic wastewater;
Biosolids production; Energy; Reuse [23,30,43,45,47,166]

Chemical oxygen demand; SRT; HRT [22,24,37,60]

Ultrasonication; Hollow fiber membrane; Mathematical model;
Emerging micropollutants [27,44,60,96]

Nutrient recovery; Phosphate recovery; Ammonia recovery; Hybrid system;
Direct membrane; [22,60,112,116,128]
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Abstract: Compared to the traditional activated sludge process, the membrane bioreactor (MBR) has
several advantages such as the production of high-quality effluent, generation of low excess sludge,
smaller footprint requirements, and ease of automatic control of processes. The MBR has a broader
prospect of its applications in wastewater treatment and reuse. However, membrane fouling is the
biggest obstacle for its wider application. This paper reviews the techniques available to predict
fouling in MBR, discusses the problems associated with predicting fouling status using artificial
neural networks and mathematical models, summarizes the current state of fouling prediction
techniques, and looks into the trends in their development.

Keywords: artificial neural network; mathematical model; membrane bioreactor; fouling prediction

1. Introduction

Under the circumstances where water pollution is a great concern and the increasing
demand for treatment efficiency and effluent quality are of paramount importance, mem-
brane bioreactors (MBR) [1] have been widely used, based on their merits in addressing
those issues. MBR technology is recognized globally as one of the most potential high-tech
applications in the field of water treatment in the 21st century. MBR is a wastewater
treatment system that combines membrane technology and biological treatment technol-
ogy [2], and mainly composed of membrane modules and bioreactors [3–5]. It does not
need secondary clarification and has the advantages of small area requirement, good efflu-
ent quality, and low sludge production. However, it also has the disadvantages of high
cost, high energy consumption, and its membranes can be fouled easily [6,7]. Membrane
fouling can shorten membrane life and cause unnecessary loss of productivity, which is
one of the important reasons limiting the development of MBR for wider applications [8].
Before membrane fouling occurs, timely cleaning or replacement of membrane modules
can effectively prolong the service life of the membranes and reduce operating costs [9,10].
Therefore, it is very important to predict membrane fouling and in order to do so factors
such as membrane flux, transmembrane pressure (TMP), related operating conditions
and predicting their correlation need to be researched [11–14]. The authors reviewed the
literature on MBR membrane fouling prediction published worldwide and found that there
is scarce literature on the prediction of fouling of membranes in MBRs. Therefore, research
outcomes on the prediction of membrane fouling are reviewed in this work, which hopes
to be helpful for researchers conducting further study in the future. Figure 1 is an overview
of fouling prediction methods.
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Figure 1. An overview of fouling prediction methods [15–27].

2. Method Based on Artificial Neural Networks to Predict Membrane Fouling

As a mathematical processing method to simulate the structure and function of the
biological neural system, an artificial neural network (ANN) has the ability to learn from
existing information on the inputs of a process and produce results similar to the ones
obtained from the process. It includes three main parts: an input layer of neurons, a hidden
layer of neurons, and an output layer of neurons, and ANN is often used to solve problems
such as classification and regression [28]. After years of research and exploration, it has
been found to have a strong advantage in the field of prediction. The prediction method
based on ANN aims to take the original measurement data or the features extracted from
the original measurement data as the input of the network, to continuously adjust the
structure and parameters of the network through certain training algorithms, and to use
the optimized network for prediction. No prior information is needed in the prediction
process, and the prediction results are completely based on the monitoring data [29]. For
the complexity of membrane fouling prediction, ANN is undoubtedly a simple method,
which can connect the input variables in wastewater treatment operation to the membrane
fouling status without any mechanistic equations [30]. The simple structure of ANN makes
its application and processing simple and efficient. However, when the input data is
not prepared well enough or the structure is too complex, the neural network used to
predict membrane fouling is easy to be overfitted. In fact, collecting a large number of data
increases the processing time and the operating costs [31]. Meanwhile, an over-optimized
ANN will also easily lead to overfitting [32]. Therefore, scholars worldwide have carried
out much research and tried to find a balance between performance and feasibility. Some
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studies have focused on the development of ANNs considering pilot-scale MBRs, and
achieved good results in predicting the TMP, permeability, and flux of a MBR. To apply
ANN to the prediction of membrane fouling in a large-scale membrane bioreactor, it is
necessary to carry out in-depth research on this subject. The number of papers published
in this area between 2010 and 2021 using Baidu Scholar search engine is shown in Figure 2.
The average annual growth rate since 2010 is 22.7%.

Figure 2. Number of papers published between 2010 and 2021 on MBRs and their fouling and cleaning.

As early as 2000, some scholars began research on ANN-based membrane fouling
prediction. Dornier et al. [33] first applied ANN to membrane fouling and successfully
predicted the fouling of membrane by sugarcane juice diluent filtered by a ceramic microfil-
tration membrane under short-term operations. However, the selection of data for network
model learning and validation needed further research. Then, back-propagation neural
network (BPNN) predicted the membrane fouling of municipal drinking water filtered
by nanofiltration membrane, and the network took the total resistance as the prediction
output to characterize the status of membrane fouling [34]. The TMP difference can reveal
membrane fouling to a great extent while the membrane filtration resistance characterizes
it. ANN is used to study the variation trend in the TMP difference before and after back-
washing, and a recurrent neural network model for the long-term behavior of membrane
filtration was established. After inputting the operating conditions, as long as an initial
resistance of membrane filtration is an input, the membrane filtration resistance value in
the following days can be predicted accurately, which can be used to predict the status of
membrane fouling [35].

Since then, the prediction of membrane fouling in different types of membrane biore-
actors has been verified with the development of ANNs. Schmitt et al. [15] used an ANN
model to predict TMP difference in the process of an anoxic–aerobic membrane bioreactor
(AO–MBR) treating domestic wastewater. Ten parameters related to wastewater treatment
measured at different locations of the AO–MBR system were used as input variables of the
ANN model, which verified that ANN was an effective way to predict membrane fouling
of an AO–MBR system treating domestic wastewater.

Another study used ANNs to predict the flux evolution of MBR on a pilot scale [36].
The wastewater treatment system consisted of two different MBR units. Each unit had
three hollow fiber membrane modules. An Elman network was used for modeling, which
is composed of a standard feed-forward neural network (FFNN) with a single hidden layer,
only adding a feedback connection between the output of the hidden layer and its input.
The permeate flux was the output of the ANN model, and the input data include TMP,
rate of change of TMP, TMP during the backwash, length of filtration cycle and backwash,
sludge retention time (SRT), total suspended solids (TSS), temperature, and oxygen decay
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rate in the aerobic zone. During the experiment, TMP increased gradually, ranging from 0 to
40 kPa. The average deviation was only 2.7% after modeling the permeate flux. However,
the parameters related to wastewater characteristics or mixture were not considered in
their work, which leads to a lack of reliability in predicting membrane fouling. Moreover,
due to the high number of hidden neurons, the predicted value of permeate flux may
exceed the experimental data. The problem of over fitting will appear when there are more
hidden layers. At the same time, it will also make the training and the convergence of the
model difficult.

In recent years, soft sensing technology has been used widely in the identification
and prediction of variables in the wastewater treatment process based on the characters of
economic reliability, rapid dynamic response, and high accuracy of identification and pre-
diction. This has become a new approach in membrane flux prediction [16,37]. Chellam [17]
and Al-Zoubi et al. [18] obtained multiple process variables related to membrane perme-
ability by analyzing the mechanisms, and 29 of them were selected as auxiliary variables to
establish a soft sensing model of membrane permeability based on BPNN. The prediction
accuracy reached 70%. However, due to the selection of too many auxiliary variables
and the large initial scale of the network, the learning time of the network was very long.
Too many auxiliary variables also led to the poor anti-interference ability of the network.
Therefore, it can only be used in the pilot platform, and cannot be applied in the practical
application of wastewater treatment plants. Mirbagheri et al. [19] selected six of the process
variables, including chemical oxygen demand (COD), concentration of sludge, and SRT,
as the auxiliary variables, and the membrane flux as the output variable to establish the
radial basis function (RBF) model. The RBF-based soft sensing model can successfully
predict the permeability of the membrane. However, because the auxiliary variables are
mainly selected by experience, the selected auxiliary variables may be redundant, and the
prediction accuracy of the model was still unable to meet the actual requirements.

In the aspect of optimizing the structure of ANN, an optimized BPNN-based predic-
tion model was established to predict the ceramic membrane fouling of aqueous extract
of Chinese medicine, in which the optimal number of neurons in the hidden layer, the
connecting weights and the thresholds of the network model were improved by using an
optimization algorithm [38]. In the experimental process, 207 groups of Chinese medicine
aqueous extract data were extracted for network training and prediction. Comparatively,
the performance of the improved BPNN model is more stable than the traditional BPNN,
the RBF network and the multiple regression analysis. The success rate in reaching the
preset goal in 20 random running experiments was as high as 95%, which can be adapted
to the multi-dimensional and nonlinear data collected in the process of ceramic membrane
purification of Chinese medicine aqueous extract. It can be used to predict the degree of
membrane fouling stably and accurately, which provides an effective method for the pre-
diction and prevention of fouling of ceramic membrane used to filter the aqueous extracts
of Chinese medicine. However, the effectiveness of this prediction model for different raw
water has not been mentioned, and needs to be further verified.

To effectively and accurately predict membrane flux of MBR, an improved extreme
learning machine (ELM) prediction model was proposed by Yang and Li [39]. Aiming at
overcoming the shortcomings of BPNN, such as easily falling into local minimum and
poor generalization performance, ELM can effectively overcome these and can obtain
good generalization performance at extremely high speed. Since the input weights and
hidden layer thresholds are given randomly, ELM usually needs more hidden layer nodes
to achieve the desired accuracy [40]. Particle swarm optimization (PSO) was used to
optimize the weights and thresholds of ELM to establish the prediction model of PSO-ELM.
The principal components extracted by a principal component analysis (PCA) dimension
reduction algorithm was used as the input of the model, and the membrane flux was used
as the output of the model. The results show that the model has better generalization
ability and higher prediction accuracy for MBR membrane flux prediction. In their study,
three variables are selected as inputs, including the influent pressure, effluent pressure and
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corrected flow rate, while other important factors such as mixed liquid suspended solids
(MLSS) and temperature were not considered. Therefore, the practicability of the model
was studied by Tang et al. [41]. They first used the PCA method to determine the main
factors which had significant influence on membrane fouling, including MLSS, operating
pressure, and temperature. Then, a prediction model based on the RBF neural network was
established. To some extent, high prediction accuracy depends on the parameter selection
of network model [42]. Hence, a genetic algorithm (GA) was introduced to the model to
optimize the parameters and achieve good global performance. Finally, the prediction
results were compared with the measured data. The results illustrated that the convergence
speed and prediction accuracy of the membrane fouling simulator based on GA-RBF was
better than the RBF network, and the expected goal was achieved. The whole experimental
process had a certain theoretical value and practical significance, which would play a
positive role in guiding the practical application of MBR.

Li et al. introduced an improved PSO algorithm to the fuzzy RBF neural network to
give it a strong nonlinear approximation ability, a self-learning ability, an adaptive ability,
and a transient/steady-state performance [43]. Tao et al. employed an improved PSO
algorithm to train the fuzzy RBF neural network [44]. The initial weights and thresholds of
the fuzzy RBF neural network are obtained by using the improved PSO algorithm, and then
the final weights and thresholds are obtained by a secondary optimization. Their results
showed that the PSO-based fuzzy RBF neural network is feasible for MBR membrane
fouling prediction, which shortens the response time, has a small steady-state error, and
can better fit with the actual membrane flux and better predict this.

Based on the RBF neural network, Han et al. [20] proposed a soft sensing method based
on a recurrent radial basis function neural network (RRBFNN). Firstly, based on the actual
operating data of a wastewater treatment process, the partial least squares (PLS) method
was applied to screen out the process variables related to membrane permeability. Secondly,
the soft sensing model of membrane permeability was established based on RRBFNN, and
the parameters of RRBFNN were adjusted by fast gradient descent algorithm to ensure the
accuracy of the soft sensing model. Finally, the designed soft sensing model of membrane
permeability was applied to the actual sewage treatment process, and the model was
verified by the measured data of wastewater treatment plant. Results showed that the soft
sensing model can accurately predict membrane permeability and has a good prediction
accuracy. The parameters to be adjusted are output weight w(t), feedback weight u(t),
the center of hidden layer neuron c(t) and the width of hidden layer neuron σ(t). The
updated formula is: ⎧⎪⎪⎨

⎪⎪⎩

c(t + 1) = c(t)− η1ϕc(t)w(t)e(t)
σ(t + 1) = σ(t)− η2ϕσ(t)w(t)e(t)
u(t + 1) = u(t)− η3ϕu(t)w(t)e(t)

w(t + 1) = w(t)− η4ϕw(t)e(t)

(1)

where η1, η2, η3, η4 are the learning rates of c(t), σ(t), u(t) and w(t) respectively; and e(t)
is the difference between the actual output and the calculated output of the neural network
at time t. When the neural network is initialized, the network parameters are set to random
values. After the network initialization, the parameters of the neural network are judged
and adjusted according to the error value. The calculation formulae of ϕc(t), ϕσ(t), ϕu(t),
and ϕw(t) are:

⎧⎪⎪⎨
⎪⎪⎩

ϕc(t) = ∂θ(t)/∂c(t)
ϕσ(t) = ∂θ(t)/∂σ(t)
ϕu(t) = ∂θ(t)/∂u(t)

ϕw(t) = θ(t)−ϕc(t)c(t)−ϕσ(t)σ(t)−ϕu(t)u(t)

(2)

The advantage of the fast gradient descent algorithm is that when there are many
data to be processed, the calculation speed of neural network will not reduce, and this can
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ensure the convergence of the algorithm, which is suitable for the use of practical sewage
treatment problems. The network output error is:

(t) = y(t)− yd(t) (3)

where yd(t) is the measured data at time t.
The mechanistic mathematical model [45–48] and computational fluid dynamics

simulation [49,50] show excellent performance in a large number of simulation studies
of transmembrane pressure difference and flux. However, the complexity of membrane
fouling limits the development of these models. To obtain practical kinetic equations, it
is necessary to simplify the operating conditions and wastewater characteristics. On this
basis, an ANN model based on a recurrent network is proposed to predict the evolution of
hydraulic resistance, sediment thickness, and infiltration flux respectively, with TMP and
other inflow characteristics as inputs [51,52]. However, in these neural network models,
only one set of initial input values is used to predict the whole output set. Geissler et al. [53]
used an ANN model to predict the changing trend of membrane flux in MBR. The input
parameters are TMP, rate of change of TMP, length of filtration cycle and backwash cycle
length, SRT, total suspended solids, aerobic zone temperature, and oxygen decay rate,
while the output is membrane flux. Other important parameters such as COD, dissolved
oxygen (DO) and MLSS were not considered in their research. In fact, due to a large number
of hidden neurons, the predicted value of membrane flux may be over-fitted.

A literature review found that research on predicting membrane fouling in forward
osmosis membrane filtration process by the ANN is rarely exercised. Jawada et al. [54]
constructed a multilayer neural network model to predict the permeation flux of forward
osmosis. The model studied the influence of the number of neurons and hidden layers on
the performance of the neural network, which is helpful in optimizing the development
of the network structure. The coefficient of determination (R2) value of the optimized
network is as high as 97.3%, which shows the effectiveness of the model in predicting the
target yield. Moreover, the effectiveness and generalized prediction ability of the model
are verified by some untrained data. The performance of the neural network model is
compared with the mass transfer model and multiple linear regression (MLR) model. The
results show that the proposed model is superior in the prediction of fouling in the forward
osmosis membrane.

The ANN based prediction model can achieve better accuracy by avoiding problems
such as the determination of network topology and local extremum value [55]. Based
on statistical learning theory and structural risk principle, the support vector machine
(SVM) maps the problem to be solved into a high-dimensional space and transforms it
into a quadratic optimization problem, which solves the local extremum problem of the
neural network. Compared with the traditional SVM, the least squares support vector
machine (LSSVM) transforms inequality constraints into equality constraints and trans-
forms the solving process into solving a group of equations, which significantly speeds
up, relatively [56]. However, the problem of parameter selection of LSSVM has seriously
hindered its development. Nie et al. [57] used the GA algorithm for parameter selection of
LSSVM and proposed an MBR membrane flux prediction algorithm based on a GA based
LSSVM. To select the parameters of LSSVM accurately, GA is used to optimize the penalty
factor and kernel function parameters of the LSSVM model. Meanwhile, PCA was used to
determine the main factors that affect MBR membrane flux. The important factors were
extracted as the input layer of LSSVM, and the membrane flux was taken as the output.
The GA-LSSVM prediction model had a high prediction accuracy for membrane flux.

Zhou et al. [58] established a BPNN model for single-step prediction based on data
interpolation and multi-step memory, with the influent water quality concentration of BOD,
total nitrogen (TN), total phosphorus (TP), sludge concentration, and influent flow as the
auxiliary variables. This model was used to predict the BOD, TN, and TP in the effluent.
However, it was only capable of single-step prediction of the parameters mentioned above.
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During wastewater treatment, the membrane flux is often used to evaluate the fouling
of membrane, and a multi-step prediction of the permeability rate can bring more economic
benefits. Therefore, Han et al. [21] proposed a multi-step prediction method of MBR
permeability rate based on FNN. Moreover, a soft sensor model was established using the
improved Levenberg Marquardt (L-M) algorithm to adjust and optimize the center, width,
output weight, and other parameters in a fuzzy neural network (FNN) [59]. In this study,
auxiliary variables are taken as the inputs of FNN, while permeability was considered as
the output. A multi-step prediction method based on time difference (TD) is proposed to
achieve high accuracy. With this method, error accumulation when predicting auxiliary
variables is alleviated, and the prediction accuracy is improved. Multi-step prediction is
a strategy to achieve value predictions by iterating the single-step prediction procedure,
which aims to obtain the output at time step (t + 1) time from the variables at time step t:

x̂t+1 = f (xt(1), xt(2), . . . , xt(n)) (4)

where, x̂t+1 is the predicted output at time t + 1, and xi(1), xi(2), . . . , x̂t+1 are n observa-
tions at time t.

Indirect multi-step prediction integrates the output of single-step prediction into the
input for the subsequent calculation:

x̂t+m = f (xt(1), xt(2), . . . , xt(n), x̂t+1, . . . , x̂t+m−1) (5)

The TD method combines dynamic programming and Monte Carlo sampling algo-
rithms. It is capable of updating the function values in a single and rapid step. The
updating formula of the TD method is as follows.

Z(t + 1) = Z(t) + α(G(t)− Z(t)) (6)

where Z is the auxiliary variable, α is the deviation, and G(t) is the updated return value.
Altunkaynak et al. [60] established a soft sensing model of water permeability based

on a fuzzy neural network (FNN). In the model, initial flux, inlet shear rate, instantaneous
pressure, and filtration time were selected as auxiliary variables based on the mechanism
analysis. The model was based on fuzzy mathematics and produces uncertain results.

The osmotic membrane bioreactor (OMBR) is a new technique for wastewater treat-
ment, but its greatest challenge is membrane fouling. The membrane flux of OMBR was
simulated and predicted by the adaptive network-based fuzzy inference system (ANFIS)
and ANN models based on the adaptive network [61]. MLSS, EC, and DO were used as the
model inputs. The ANFIS model and the ANN models were used to predict the parameters
of thin-film composite (TFC) and cellulose triacetate (CTA) membranes, and the models’
R2 were 0.9755 and 0.9404 for TFC and 0.9861 and 0.9817 for CTA, respectively. The root
means square errors of TFC (0.2527) and CTA (0.1230) in the ANFIS model were lower than
those in the ANN model, which were 0.4049 and 0.1449, respectively. Besides, RMSE, SSE,
Adj-R2, and R2 were used to compare the two established models, and the results showed
that the ANFIS model possessed better prediction ability than the ANN model [62].

To solve the problem of membrane fouling, a membrane cleaning decision model
was established with membrane recovery as the decision indices. In this model, Bandelet
transform was combined with a neural network, creating a Bandelet neural network to
predict membrane flux and recovery. However, the Bandelet neural network still has some
limitations, such as its high sensitivity to initial weights, its tendency to fall into the local
optimal solution during optimization, and the overfitting problem [63,64].

Zhao et al. [65] combined Bandelet transform with a neural network and designed a
Bandelet neural network to predict membrane flux and recovery rate so that reasonable
decisions on membrane cleaning could be made. Specifically, Bandelet function and scale
function were used as the activation functions of the hidden layer and the output layer,
respectively. Besides, the improved Bat algorithm [66] was integrated in the Bandelet
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neural network to improve the optimization outcome. The model is advantageous in its
prediction accuracy and speed, and the prediction results are better than those produced
by other prediction models.

3. Prediction of Membrane Fouling Based on Mathematical Models

In the current prediction models of membrane fouling during coagulation–membrane
filtration, the extended Derjaguin-Landau-Verwey-Overbeek (XDLVO) theory has gen-
erally been used to calculate the activation energy of smooth interfaces, but the surface
morphology of coagulation flocs will have a greater impact on the prediction results than
the activation energy [67]. The sine wave sphere model was used to simulate the surface
of rough humic acid (HA) flocs, and a strategy combining surface element integration
(SEI), XDLVO theory and composite Simpson rule was used to quantitatively simulate the
interfacial interaction energy between different rough flocs and the polyvinylidene fluoride
(PVDF) membrane. The results obtained from the combination strategy and the traditional
XDLVO method were compared, and the measured interaction energy of smooth interface
was compared with that obtained from theoretical simulation. The comparison showed
that the combination strategy is suitable to simulate the interfacial interaction energy of
flocs in a system of coagulation–membrane filtration. Meanwhile, the roughness of flocs
will lead to a difference of 1–2 orders of simulated magnitude in the interfacial interaction
energy. Besides, the rough flocs fit the membrane fouling trend better than the smooth
flocs. In other words, rough flocs’ surface morphology can introduce interactions between
flocs and membrane interface, facilitating a higher degree of confidence in characterizing
the tendency of membrane fouling [68].

In membrane bioreactors, the interfacial interactions determine the adhesion and
membrane fouling caused by pollutants. Therefore, it is of great significance to propose
an effective method to quantitatively analyze interfacial interactions [69]. The RBF and
ANN were used to predict the interfacial interactions between rough film surfaces. The
interaction data were quantified by the XDLVO method and used as the training samples
for the RBF network. The results showed that, under the same conditions, the RBF neural
network only needed about 1/50 of the calculation time compared to the advanced XDLVO
method to obtain the predictions, indicating the higher prediction efficiency of the RBF
neural network [70]. Meanwhile, the RBF neural network produced reliable results with
acceptable accuracy, suggesting its broad application prospects in the study of membrane
fouling and interfacial behaviors.

Specific flux is the main index of membrane permeability. It is defined as:

J = J20·1.025(T−20) (7)

SF = J20/ΔP (8)

where, J20 is the membrane flux at 20 ◦C, L/(m2 h); T is the temperature in ◦C; and SF is
the specific flux or permeability of the membrane, L/(m2.h. kPa).

Xu et al. [71] used the specific flux decay rate with cumulative water yield to evaluate
membrane life and established a strategy for membrane life prediction from two perspec-
tives, namely the decline of average specific flux in an actual operation and the recovery
of membrane permeability after off-line cleaning. In an actual operation of a MBR, when
the average specific flux remains too low to meet the requirement of water production for
a long time, the membrane is considered to have reached its service life, and membrane
replacements will be necessary. The membrane life predicted by this method is denoted as
Tlife-1. In an MBR operation, membrane fouling exacerbates gradually, and off-line cleaning
is the main means to remove it and restore membrane permeability. If the specific fluxes
before and after off-line cleaning remain the same, then it can be concluded that cleaning
failed to restore membrane permeability; in other words, the membrane life has come to
an end. The membrane life prediction is denoted as Tlife-2. By analyzing the long-term
operation (>3 years) of three large-scale municipal wastewater MBR treatment projects
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(>10,000 m3/d) and the effects of NaOCl off-line cleaning, two methods were proposed
to predict the membrane life: one was based on the descending trend of actual average
specific flux and the other was based on the recovery of membrane permeability before
and after off-line cleaning. The results showed that for a specific MBR project, Tlife-2 was
slightly larger than Tlife-1, but when the membrane operation time became longer than
Tlife-1, the actual clean water yield could not meet the requirements. Therefore, Tlife-1 has
more practical engineering significance.

Fenu et al. [22] took a large-scale MBR project as the research object and tried to evalu-
ate the membrane life from different perspectives, such as the failure of water production
to meet the designated requirements, the failure of membrane permeability restoration,
the maximum strength of membrane contact with the cleaning agent, the continuous in-
crease of operation costs, and the continuous decline of mechanical strength. However, the
feasibility and practical application value of Fenu’s model need further study.

Wang et al. [72] drew a prediction chart for membrane life in a reclaimed MBR water
plant (Figure 3). As the efficiency of chemical cleaning becomes lower and lower, the dis-
tance between the upper and the lower curves gradually shrinks and eventually intersects
at a point at which a larger flux cannot be obtained by increasing the operating pressure,
nor can the water permeability be further recovered by chemical cleaning. Therefore, this
intersection point can be regarded as the end of the membrane life in a practical sense. The
membrane life was first defined via different concepts, and it was predicted from various
perspectives such as water yield, water quality, decay of water permeability, cumulative
chlorine contact value, and membrane performance. The results showed that permeability
decay and membrane performance are feasible parameters to judge membrane life, while
the remaining three parameters are not ideal.

 
(a) Membrane life prediction before chemical cleaning. 

 
(b) Membrane life prediction after chemical cleaning. 

Figure 3. Membrane life prediction.
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Various analytical tools were used to systematically study the changes in the removal
of chemical oxygen demand (COD), biogas generation, sludge and cake properties, and
their correlation with membrane fouling before and after changes to the pH of the feed
solution [73]. The results showed that when pH was 8.0, the COD removal rate, gas
production rate, and membrane filtration performance of submerged anaerobic membrane
bioreactor (SAnMBR) did not show significant alteration. However, when pH was 9.1
or 10.0, the three variables showed a significant change, which lasted for a long time.
An increase of pH will lead to the dispersion of sludge flocs and the accumulation of
colloids, solutes, and biopolymers in the sludge suspension, resulting in lower membrane
performance. Statistical analysis showed that the ratio of protein (PN) to polysaccharide
(PS) in extra-cellular polymeric substance (EPS) had a strongly negative correlation with
the membrane fouling rate. When pH was 10, under such an alkaline environment, the
particles deposited on the membrane surface became smaller and condensed into a more
compact cake-like layer, resulting in a higher rate of membrane fouling.

An improved collision adhesion model has been adopted to study the interactions
between algae interfaces and hydrodynamic forces without neglecting any hydrodynamic
force on the algae. The TOPSIS (technique for order preference by similarity to an ideal
solution)—GRA (grey relational analysis) method was also used to evaluate membrane
fouling performance, which was studied and predicted by combining the improved colli-
sion adhesion model with the back propagation neural network (GA-BP) optimized by a
genetic algorithm [74]. The concept of “critical vibration frequency” was put forward, and
the energy consumption to separate algae was analyzed, providing theoretical guidance
for real-world practices.

Park et al. [24] studied a vertically-oriented hollow fiber membrane module in a
pilot-scale bioreactor. The module was equipped with two aerators for simultaneous air
injections, one facing downward and another facing upward. Different air jet structures
would have significant impacts on the features of membrane fouling, and the experimental
results showed that air injection both upward and downward could alleviate membrane
fouling effectively. Besides, membrane permeability was revealed to be related to the
dynamic information of the variables during membrane treatment. Therefore, further
studies are worthwhile to find out whether such correlation can be used to predict mem-
brane fouling.

In a pilot-scale membrane bioreactor (SMBR) for municipal wastewater treatment,
the normalized permeability is negatively correlated to the MLSS concentration while
positively correlated to the aeration intensity of coarse bubbles. As the concentration-
time continued to extend, a small increase in MLSS concentration and mixture viscosity
became more common at a certain MLSS concentration, resulting in lower membrane
permeability [25].

Some scholars have successfully predicted the variation trend of membrane flux
by studying the correlation between membrane flux and several variables in membrane
filtration [26,27]. However, membrane fouling is a complex and dynamic process, and the
numerous factors affecting membrane permeability and their mutual interactions make
it difficult to describe membrane permeability with a simple variable relationship [75].
Martín-Pascual et al. [23] proposed a general mathematical model to estimate membrane
permeability and corrected the model parameters with the actual measurements of the
process variables. This model is advantageous due to fewer parameters involved and
a simple correction process. It has been widely used in the calculation of membrane
permeability. However, the parameters included in this model are rather inaccessible for
online corrections, and the prediction accuracy is low.

Griffiths et al. [45] developed a mathematical model based on the adhesion probability
of particles on the membrane pore wall and the probability of particles falling in a specific
pore. In the model, a flat membrane was studied under constant pressure for total flow
rate and permeation volume per unit membrane area. The relationship between the total
flow rate and the permeation volume per unit membrane area was found to illustrate
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the main fouling mode at a certain time. Specifically, the fouling modes are standard
plugging, in which a certain number of particles adhere to the pore wall and block the
pores, and complete plugging, in which larger particles fall on the membrane surface, block
the pores completely, and turn into a cake layer. Although this mathematical model can
describe these different fouling modes, it cannot predict the TMP or the permeate flux at a
given time.

Pimentel et al. [46] proposed a model to reproduce the dynamics of TMP in submerged
MBR with infiltration flow rate, aeration rate, solid concentration, and temperature as the
inputs. This dynamic model could predict the evolution of TMP for an acceptable period
(about 10 days), and the determination coefficient between the predicted TMP and the
experimental data was about 0.95. However, the model could not predict TMP evolution in
real-time. Charfi et al. [48] studied the anaerobic fluidized bed MBR with granular activated
carbon (GAC) and proposed several semi-empirical mathematical models to predict the
parameter dynamics, including the dynamics of MLSS concentration or flux. These models
could describe the variations of TMP effectively, and its R2 varied from 95.63% to 99.93%.
Besides, they could predict membrane fouling in an anaerobic fluidized bed MBR. Judging
from these studies, it could be concluded that as long as the number of input parameters is
limited, these mathematical models can effectively predict membrane fouling.

In the field of membrane technologies, it is very difficult to study the internal fluid
flow of a membrane module, and one feasible strategy to tackle the problem is to ap-
ply computational fluid dynamics (CFD). TMP evolution was simulated in a pilot-scale
anaerobic MBR equipped with a flat membrane by ANSYS software. However, membrane
optimization by CFD increases the computational cost. Nevertheless, the integration of arti-
ficial intelligence (AI) and CFD could facilitate simulation of the membranes and the phase
separation process. Babanezhad et al. [76] used the adaptive-network-based fuzzy infer-
ence system (ANFIS) model with different parameters to learn about membrane technology.
The purpose of the study was to find out how to adjust different parameters in the ANFIS
model to improve the prediction accuracy of the AI model on membrane performance.
The results indicated that the AI algorithm will obtain a high prediction performance with
more input variables. That is, to predict the RUL, the more input variables, the higher
the prediction accuracy. When the number of inputs increased to 5, the R-value of the AI
predictions increased to 0.99, indicating high accuracy of the AI algorithm in predicting
membrane performances.

Recently, Zhang et al. [49] developed a 3D CFD model for open field operation and
manipulation (OpenFOAM®) to predict the evolution of permeation flux in MF tubular
membranes. The membranes were equipped with baffles as turbulence promoters to
reduce particle depositions on the membrane surface. The model produced satisfactory
simulations of the MF process. However, CFD has some limitations. The numerical
calculation algorithms used in CFD simulation software are based on several selected
mathematical models. If a large number of inputs are considered, these models will be too
complex to be developed. Besides, the research on CFD prediction of membrane fouling
has predominantly focused on membranes with a simple geometric structure. Relevant
articles have put forward several basic assumptions to simplify the numerical resolution,
which weakens their practical value.

The mathematical models, including the CFD models, are of great significance for the
prediction of membrane fouling. However, membrane fouling is a complex phenomenon
that is dependent on many factors such as the concentration of extra-cellular polymeric
substances and soluble microbial products, which are related to the operation parameters,
including biological activity and aeration. Therefore, if fewer parameters are considered
and some approximations and assumptions are made to the treatment system, these
mathematical models could be calculated with simple equations to simulate the fouling
mechanism without complex implementations.
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4. Conclusions

MBR plays an important role in wastewater treatment because of its excellent perfor-
mance. However, the problem of membrane fouling restricts the application of MBR to a
great extent. As the technologies for wastewater treatment advance, the requirements for
wastewater treatment become higher, and the control of membrane fouling is becoming
recognized as the key to overcome the bottleneck of MBR developments. Real-time, fast,
and accurate predictions of membrane fouling can not only enhance its control but also
reduce the operating costs and improve the efficiency of wastewater treatment. To predict
the evolution of membrane resistance, many mathematical methods based on membrane
fouling mechanisms have been developed. However, due to the complexity of membrane
fouling, these methods remain quite limited, and many assumptions are necessary to
simplify them in order to make them feasible for calculations. Artificial neural network
was first applied to the predictions of factors related to membrane fouling due to its good
modeling capability, and indeed achieved satisfactory results in a very short time. It has
also been used to establish an input-output prediction model based on practical membrane
fouling data. However, since membrane fouling mechanisms are complex and it is difficult
to collect data, the establishment of an ANN-based membrane fouling prediction model
still faces many challenges. To solve the problems mentioned above, further research
should focus on the following aspects:

(1) Membrane fouling mechanisms in MBRs of different structures and scales should
be studied. An important premise of accurate and rapid membrane fouling predic-
tion is the thorough understanding of the underlying mechanisms. Meanwhile, the
development of an accurate and real-time online collection system of membrane
fouling data can help to build a more comprehensive prediction model with higher
prediction accuracy.

(2) Further research should focus on remaining useful life (RUL) prediction of the mem-
brane modules at various failure modes. Most of the current research has focused
on the residual life prediction at a single failure mode, ignoring that the failure of
the membrane modules is usually caused by the synergistic effect of multiple failure
modes. Under certain external impacts, the membranes could suddenly fail to pro-
vide normal functions. Therefore, residual life prediction at various failure modes is
worthy of further study.

(3) Intelligent feature extraction and remaining useful life prediction should be addressed
in future research. An accurate prediction of remaining useful life of membrane com-
ponents is dependent on the extraction of effective information from the large amount
of data obtained from monitoring. However, traditional extraction methods for statis-
tical data and shallow machine learning strategies need to rely on a large number of
signal data and expert experience to extract the feature information manually. When
processing a large amount of monitoring data from complex engineering equipment,
these subjective data extraction methods are seriously limited. Deep learning, such
as deep belief network and convolutional neural network, can overcome such prob-
lems to some extent, but relevant research is still scarce, suggesting the necessity for
further research.
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