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Abstract: The secondary effluent of the wastewater treatment plant is considered as one of the
reused water sources and needs advanced treatment to meet increasingly stringent water treatment
standards. Ultrafiltration, as one of the most widely used advanced treatment technologies, is limited
due to membrane fouling, and coagulation and pre-oxidation have received extensive attention
as pretreatment methods to alleviate membrane fouling. This research proposes a new method of
Fe(II)-activated peroxymonosulfate (PMS) coagulation and a pre-oxidation system coupled with
ultrafiltration (UF) to treat secondary effluent from sewage plants, separately evaluating the treatment
effect under different molar ratios of Fe(II)/PMS. The Fe(II)/PMS decontamination mechanism and
membrane fouling control effect were elucidated through pollutant removal efficiency, membrane
morphology, membrane flux trend, and membrane fouling resistance distribution. According to the
experimental results, the optimal effect of organic matter removal and membrane fouling mitigation
was achieved at the Fe(II)/PMS dosage of 60/60 µM/µM (molar ratio 1:1). The efficiency of pretreat-
ment methods in removing organics and fluorescent components and mitigating membrane fouling
followed the order of Fe(II)/PMS > Fe(III) > inactivated PMS. Fe(II)/PMS could produce a synergistic
effect in a high concentration state (60 µM), relying on the dual effects of coagulation and oxidation
to alleviate membrane fouling. Coagulation and pre-oxidation by Fe(II)/PMS significantly reduced
the clogging of membrane pores and the proportion of irreversible resistance, effectively controlling
membrane fouling and improving effluent quality. SEM images further confirmed its effectiveness,
and EPR results unequivocally indicated that its synergistic mechanism was mediated by •OH and
SO4

•−. The research results can provide ideas for advanced wastewater treatment and secondary
effluent reuse.

Keywords: ultrafiltration; membrane fouling; coagulation; pre-oxidation; ferrous-activated
peroxymonosulfate; secondary effluent

1. Introduction

Water is the basic condition for human existence and an irreplaceable resource that
supports the social and economic system [1]. Resource recovery is a virtuous circle, not
just providing more sustainable resources but also reducing costs for water utilities [2].
Under the background of today’s era, sewage treatment has become an important part of
the urban water resource cycle. By the end of 2017, China’s daily sewage treatment capacity
was about 193 million tons, accounting for about 20% of the global sewage treatment
scale [3]. The discharge of pollutants from industry, cities, and agriculture has increased,
and the progressively serious water pollution problem has put forward higher requirements
for urban sewage treatment facilities [4]. The stable secondary effluent after biological
sewage treatment is a reliable water source for reuse. However, the effluent after secondary
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treatment still contains a considerable amount of pollutants, bacteria, etc., and needs to be
equipped with advanced treatment processes such as disinfection or membrane technology
to improve water quality, reducing negative impacts on public health [5,6].

Membrane filtration has been recognized as an effective advanced treatment method
with a small footprint, superior performance in removing organic matter and retaining
microorganisms, and can produce higher quality and safer water, making it a competitive
option of increasing interest [3]. As a typical process of membrane technology, ultrafiltra-
tion (UF), with a membrane pore diameter of 5–100 nm, can effectively remove bacteria,
colloids, suspended solids, and even harmful substances in water [7]. However, in wastew-
ater treatment plants, UF has insufficient ability to remove small molecular organics and
membrane fouling. Membrane fouling, as the main obstacle to low-pressure membrane
technology, will lead to increased operation and maintenance costs, and needs to be assisted
by means of physical backwashing, disinfection, and chemical cleaning [8,9]. The main
contributors for membrane fouling are protein-rich biopolymer fouling layers, humic acids,
colloids, etc. [10,11]. Although the permeability of the membrane can be partially restored
by physical backwashing, owing to the serious irreversible fouling of UF processing, fre-
quent physical cleaning will shorten the life of the membrane [7]. Chemical cleaning also
cannot fully restore the original performance and permeability of the membrane, resulting
in a decrease in membrane filtration performance over time [12]. Therefore, many studies
have turned their attention to pretreatment of membranes. For membrane fouling, current
widely used pretreatment methods include coagulation, pre-oxidation, adsorption, etc., but
a single method cannot completely remove the targeted foulants, and there are still some
small molecular organic substances and bacteria that may accumulate on the membrane
or block membrane pores [13]. Combination processes have been extensively studied,
among which various coagulation–oxidation synergistic processes such as Fe(II)-KMnO4,
Fe(II)-PMS, Al (III)-O3, etc., which have achieved relatively excellent fouling mitigation
effects [14–16].

FeSO4 is a common low-cost coagulant with high activity and environmental friendli-
ness, and PMS has more general activation properties than persulfate (PS) and H2O2, owing
to its lower energy of the lower unoccupied molecular orbital [17–19]. The feasibility and
high efficiency of the co-processing of the two have been demonstrated, due to the bidirec-
tional action of coagulation and oxidation, and they have been applied in the pretreatment
of membrane technology for surface water, micro-pollutants such as carbamazepine (CBZ)
and sulfamethoxazole (SMX), and sludge dewatering [15,20,21]. In previous studies, Cheng
et al. evaluated the effect of using Fe(II)/PMS as a membrane pretreatment method to treat
natural organic matter in a ceramic membrane UF system under neutral conditions, and
later evaluated the removal efficiency of natural organic matter and sulfate anions in the
nanofiltration (NF) system [19,22]. There may be some differences between the secondary
effluent of the sewage plant, the natural water, and the water quality simulated by the
experiment, so it is necessary to evaluate the treatment effect of this pretreatment method
in real water.

In this study, the recommendations of optimal molar ratio were provided for the
removal of TOC in the secondary effluent. On this basis, with Fe(II)/PMS as the core, the re-
moval of organic matter, fluorescent components, and nitrogen and phosphorus nutrients in
effluent was studied by analogy to Fe(III) coagulation and un-activated PMS pre-oxidation.
The effect and mechanism of the three methods in the mitigation of membrane fouling
were studied. The membrane fouling was characterized by a scanning electron micro-
scope (SEM), the oxidation mechanism was explored by electron paramagnetic resonance
(EPR), and a fouling fitting model was constructed. This research is of great value to the
application of wastewater reuse, and the research results can also provide new insight into
advanced wastewater treatment and secondary effluent reuse.
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2. Materials and Methods
2.1. Preparation of Feed Water

To simulate the real situation, the secondary effluent used in this study was directly
taken from the Harbin Xinyi Wastewater Treatment Plant. The secondary treatment process
adopted by this plant was the Anaerobic-Anoxic-Oxic (AAO) process. The water samples
were taken from the front end of the ultraviolet (UV) disinfection process. The experimental
water temperature was maintained at 19–21 ◦C. The specific raw water quality parameters
were shown in Table S1.

2.2. Experimental Setup
2.2.1. Pretreatment with Fe(II)-PMS

In this study, Fe(III) coagulation, un-activated PMS, and Fe(II)-activated PMS were
adopted as pretreatment strategies for the UF process. Ferric chloride (FeCl3) used as a co-
agulant was purchased from Tianjin Xinbote Chemical Co., Ltd. Tianjin, China. Potassium
hydrogen peroxymonosulfate KHSO5·KHSO4·K2SO4 used as an oxidant was obtained from
Shanghai Aladdin Biochemical Technology Co., Ltd. Of China, and ferrous sulfate (FeSO4)
used as an activator was obtained from Tianjin Jizhun Chemical Technology Co., Ltd.
Tianjin, China. All research reagents were commercially available and adopted without pu-
rification. Ultrapure water was used in the solution preparation and backwashing process
involved in the experiment.

The polyvinylidene fluoride (PVDF) UF membranes used in this study were purchased
from Microdyn Nadir Company of Germany (Wiesbaden, Germany), whose molecular
weight cut-off was 150 kDa. Diaphragm diameter was 76 mm and the membrane area
was 45 cm2, while the effective filtration area after subtracting the apron was 38 cm2. The
membrane was soaked in 30% ethanol for 30 min before use, and then washed three times
with ultrapure water for subsequent process.

The coagulation experiment was carried out at room temperature (17–21 ◦C), taking
1 L of raw water, and adding a certain dose of Fe(III) to the water sample to initiate the
reaction. Appropriate doses of PMS were added to a certain concentration of Fe(II) samples
for pre-oxidation experiments. The coagulant dosage used in the coagulation experiment
was 0, 30 and 60 µmol/L. The dosage of Fe(II)/PMS used in the Fe(II)-activated PMS
experiment included: 0/0, 0/30, 0/60, 30/30, 60/60, 120/120, 15/60, 30/60, 90/60, 120/60,
60/15, 60/30, 60/90, 60/120 µM/µM. A six-link electric stirrer (MY3000-6G, MeiYu, Hubei,
China) was adopted with rapid mixing for 1 min at 200 r/min, followed by slow mixing
for 20 min at 50 r/min. After stirring, the water samples were taken and stored at 4 ◦C, and
then immediately put into the UF device for filtration without precipitation.

2.2.2. Membrane Filtration

The device mainly involved in this study was a flat-sheet UF membrane device, mainly
composed of a nitrogen cylinder, a pressure reducing valve, an ultrafiltration cup (Amicon
8200, Millipore, Billerica, MA, USA) with a maximum volume of 500 mL, an electronic
balance, and a computer connected to an automatic control and information acquisition
software. The experiment was performed in filtration cells with constant pressure dead-end
mode. The filtration pressure was provided by a nitrogen cylinder, and the transmembrane
pressure (TMP) was maintained constant and controlled at about 0.07 MPa for each filtration.
Figure 1 shows the experiment setup of UF, Fe(III)-UF, PMS-UF, and Fe(II)/PMS-UF. The
operating process of the membrane filtration was as follows.

The pretreated UF membrane was placed face up at the bottom of the ultrafiltration
cup. An amount of 300 mL of the water sample to be filtered was taken and put into the
ultrafiltration cup, and filtered under pressure. The backwashing water was ultrapure
water of 200 mL, and the backwashing pressure was 0.1 MPa. In the experiment of mea-
suring membrane flux, each ultrafiltration membrane was filtered for three cycles. When
conducting experiments related to membrane characterization, in order to ensure that the
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surface morphology of the membrane was not damaged, only one cycle of filtration was
performed, including ultrapure water filtration and water sample filtration.

Figure 1. Ultrafiltration system setup.

2.3. Analytical Methods
2.3.1. Characteristics of Effluent and Membrane

In the experiment, the efficiency of the coagulation and pre-oxidation UF system in
treating the secondary effluent of the sewage plant was investigated, so it is necessary
to measure the quality of the raw water and the effluent after UF, so as to deduce the
practicability and feasibility of the system. Total organic carbon (TOC) of water samples
was detected by a total organic carbon analyzer (Multi N/C 2100S, Jena, Germany). UV254
was tested by a UV/vis spectrophotometer (T6, Xinshiji, Beijing, China) at the wavelength
of 254 nm. Polysaccharide and protein were also determined by this apparatus, using
the phenol sulfuric acid method [23] and the Lowry method, respectively [24]. Total
phosphorus (TP) was measured by ICP-OES (Optima 8300, PerkinElmer, Waltham, MA,
USA), total nitrogen (TN) was measured by a TOC analyzer (TOC-VCPN, Shimadzu, Kyoto,
Japan), and a pH meter (PB-10, Sartorius, Germany) was used to measure pH value.

In order to further characterize the concentration of organic matter in the water,
fluorescence excitation-emission matrix (EEM) was also employed to characterize the
fluorescence intensity of water samples. The EEM spectra were generated by a fluorescence
spectrophotometer (F7000, Hitachi, Tokyo, Japan) with excitation (Ex) wavelengths of
200–450 nm at an interval of 5 nm and emission (Em) wavelengths of 250–550 nm at an
interval of 1 nm. The samples for analysis included the raw water samples obtained
after adding the reagents and stirring, the raw water samples prefiltered through 0.45 µm
membranes, the effluent after UF process, and the effluent samples filtered through 0.45 µm
membranes. To eliminate the influence of Raman scattering, the EEM spectrum of ultrapure
water was subtracted before samples analysis.

Electron paramagnetic resonance (EPR) spectroscopy (A200S-95/12, Bruker, Germany)
was used to detect free radicals •OH and SO4

•− formed in the Fe(II)/PMS system and 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO, 97%, MACKLIN) was used as a spin-trapping agent.
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Then, 1 mL of standard sample and 50 µL of DMPO were prepared. The spectroscopy
settings included a microwave frequency of 9.852 GHz and microwave power of 7.290 mW.

Scanning electron microscope (SEM) (ZEISS Sigma 500, Oberkochen, Germany) was
applied to observe the fouling of the UF membrane after secondary effluent filtration and
the characterization of the micromorphological changes on the membrane surface after
Fe(II)/PMS pretreatment.

All of the above analyses were performed at room temperature of 300 K.

2.3.2. Membrane Resistance Evaluation

In order to further analyze the water purification efficiency of coagulation and coagulation-
oxidation treatment, this research also studied the total membrane resistance and resistance
distribution of UF membranes. The resistance-in-series model was used to evaluate the
fouling resistance [25,26]. The membrane resistance was analytically calculated by Darcy
Law Equation (1).

J =
TMP
µRt

(1)

Rt = Rm + R f (2)

R f = Rr + Rir (3)

where J is the permeate flux (L/(m2·h)), TMP is the transmembrane pressure (Pa), µ is the
dynamic viscosity (Pa·), Rt is the filtration total resistance (m−1). The total resistance (Rt)
consists of intrinsic membrane resistance (Rm) and membrane fouling resistance (R f ), while
R f consists of reversible resistance (Rr) and irreversible resistance (Rir). Before filtering
the water sample, under the same external conditions, the Rm of the UF membrane was
measured by filtering the ultrapure water. After the water sample was filtered for the
first time, the ultrapure water was filtered again to obtain the Rt, and the R f of the UF
membrane could be obtained according to Equation (2). After the first backwash, the
ultrapure water was filtered again to obtain the sum of the Rm and Rir. Finally, the Rir and
Rr could be calculated by Equation (3).

2.3.3. Fouling Model Fitting

Membrane fouling is the main reason hindering the development of membrane filtra-
tion. Membrane flux decreases owing to accumulation of contaminants on the membrane
surface and in the membrane pores. When the particle diameter is smaller than the pore
size, the particles will enter the pores and cause pore blockage, while when the particle
diameter is larger than the pore size, the particles will accumulate on the membrane surface
to form a fouling layer. Under constant pressure conditions, the flux decrease in dead-
end filtration can be explained by different fouling models, including complete blocking,
standard blocking, incomplete blocking, and sediment filtration. In the complete blocking
model, it is assumed that the voids are completely blocked by particles, not allowing fluid to
pass through, and there is no overlap between the particles, meaning the pollution layer is
a single layer and the blocking area is proportional to the filtration volume. In the standard
blocking model, it is assumed that the particles are deposited on the walls of the membrane
pores and the pore volume decreases are proportional to the permeation volume. For the
incomplete blocking model, it is assumed to be similar to the complete blocking model, but
the particles can overlap, meaning the probability that the particles block the membrane
pores is not 100%. The sediment filtration model assumes that particles accumulate on
the membrane surface, stacking and assembling to form a filter cake layer [27,28]. The
mathematical equations of the four types of fouling models are shown in Table 1.
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Table 1. Types and causes of membrane fouling models.

Models Causes Flux and Resistance Model

Complete blocking Pore Blockage J0 − J = AV
Standard blocking Direct adsorption 1/t + B = J0/V

Incomplete blocking Long-term adsorption ln J0 − ln J = CV
Cake filtration Boundary layer resistance 1/J − 1/J0 = DV

Where, A, B, C, and D are constants, V is the filtration volume, t is the filtration time, and J0 is the initial
permeate flux.

3. Results and Discussion
3.1. Effect of Fe(II)/PMS Molar Ratio on TOC Removal

To evaluate the influence of coupled Fe(II) and PMS with different molar ratios on
the optimization of raw water quality, the water quality before UF membrane permeation
was determined and the concentration of organic components (TOC) after administration
is illustrated in Figure 2. When the PMS concentration remained at 60 µM, and the Fe(II)
concentrations were set at 0, 15, 30, 60, 90, and 120 µM, the average TOC concentration
decreased from 9.06 to 7.88, 7.42, 6.86, 6.74, and 6.86 mg/L, respectively. TOC gradually
decreased with Fe(II) dosage, but decreased indistinctively when the Fe(II) concentration
rose to 60 µM. This is owing to the oxidation of Fe(II) into Fe(III) by the presence of PMS.
The in situ formed Fe(III) acted as a coagulant, was hydrolyzed, and eventually formed
positively charged complexes under neutral conditions, which strongly interacted with
negatively charged colloidal substances and then agglomerated into larger particles or flocs,
followed by interception and removal in the subsequent membrane process [29–31].When
Fe(II) concentration was fixed at 60 µM, the PMS concentrations varied in the range of 0,
15, 30, 60, 90, and 120 µM, TOC concentration turned out to be 12.09, 10.41, 10.15, 9.00,
8.48, and 8.07 mg/L, respectively. TOC gradually decreased with the PMS dosage. This
phenomenon was due to the fact that PMS acted as an oxidant, converting macromolecular
organics in the secondary effluent into small molecules or mineralized pieces [15,32]. The
experimental results could also indicate that under the same molar dosage of Fe(II) and
PMS, the coupling function led to better removal efficiency of organic matter than the
individual application. The effect of 90 µM coagulant was slightly superior to that of 60 µM
coagulant, but high doses of coagulant may lead to secondary pollution due to excessive
residual iron content in the effluent. Iron residue may cause the water to darken and be
unacceptable to the public [33]. Therefore, the follow-up evaluation of the coupling effect
for the system and the membrane treatment was carried out under the optimal molar ratio
of 1:1.

Figure 2. Pollutants in the feed water of UF under different molar ratios of Fe(II)/PMS: concentrations
of TOC.
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3.2. Application Advantages of Fe(II)/PMS-UF Treatment
3.2.1. Removal of TOC and UV254

Using Fe(III) coagulation/PMS oxidation as pretreatment methods, the quality of the
effluent after the UF membrane was tested. The raw water was set as the control group,
and the remaining second to eighth groups were added in the influent with 30 µM PMS,
30 µM Fe(III), 30 µM Fe(II)/30 µM PMS, 60 µM PMS, 60 µM Fe(III), 60 µM Fe(II)/60 µM
PMS, and 120 µM Fe(II)/120 µM PMS. Figure 3a shows the removal efficiency of TOC and
UV254 under the Fe(II)/PMS molar ratio as 1:1 (concentration gradients of 30/30, 60/60
and 120/120 µM/µM). UV254 has a strong correlation with the content of aromatic carbon
and is usually used to represent aromatic compounds in DOC, usually hydrophobic NOMs
such as humic substances [22,34]. Compared with the control group, the TOC removal rates
of the second to eighth groups were 4.2%, 13.0%, 14.2%, 6.5%, 21.4%, 29.3%, and 35.8%,
respectively. It can be seen that the removal effect of inactivated PMS alone on TOC was
limited, and Fe(III) alone had a better effect, while the removal effect of PMS coupled with
Fe(II) activation surpassed that of PMS and Fe(III) alone. In this study, when the molar
ratio was 1:1, the removal rate of TOC increased with the dosage going up, and compared
with the data of Section 3.1, TOC values decreased as a whole, implying that ultrafiltration
had a certain retention effect on TOC. Compared with the effluent of the control group, the
UV254 values of the remaining groups decreased by 3.7%, 12.2%, 23.4%, 6.4%, 31.9%, 46.3%,
and 49.5%, respectively, which showed the same trend as the TOC results.

Figure 3. Pollutants in the permeate water of UF under different conditions: (a) concentrations of
TOC and UV254; (b) concentrations of polysaccharide and protein; (c) concentrations of TN and TP.
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The results exhibited that Fe(II)/PMS pretreatment was superior to Fe(III) coagulation
and PMS oxidation with the same molar dosage in removing TOC and UV254, and the effect
was gradually optimized with the increase in the input amount. Organic pollutants cannot
always be efficiently oxidized and decomposed by oxidants, and thus activation methods
were adopted to promote the oxidation reactions [35]. According to previous studies, PMS
is a precursor of sulfate radicals, which can generate sulfate radicals and hydroxyl radicals
under conditions such as photolysis, pyrolysis, or chemical activation [35,36]. Meanwhile,
Fe(II) was oxidized to Fe(III) by PMS, acting as an activator and forming a coagulant in situ.
The Fe(II)/PMS system coupled the dual effects of advanced oxidation and coagulation to
significantly degrade organic pollutants in the secondary effluent.

3.2.2. Removal of Macromolecular Organics

In addition to TOC and UV254, macromolecular organic proteins and polysaccha-
rides were also determined. As shown in Figure 3b, detecting effluent after pretreat-
ment and ultrafiltration, the protein concentrations of the second to eighth groups re-
duced by 5.8%, 13.6%, 15.6%, 19.5%, 29.2%, and 39.0%, and polysaccharides reduced by
44.8%, 36.4%, 42.4%, 35.3%, 39.9%, 49.6%, and 58.0%, respectively, compared with the
control group. It can also be concluded that the removal efficiency followed the order:
Fe(II)/PMS > Fe(III) > inactivated PMS. Both the proteins and polysaccharides contributed
to membrane fouling. In the early stage of membrane filtration, hydrophobic proteins de-
posited on the membrane surface, thereby reducing the permeability of the membrane, and
soluble polysaccharides were more likely to cross-link to form a gel layer, which may cause
worse membrane fouling than proteins [37,38]. The gel layer was formed by non-covalent
bonds in the connecting regions and forms a continuous three-dimensional network, while
the interaction of proteins and polysaccharides was also non-covalent [39]. Sulfate radicals
generated by Fe(II)-activated PMS broke the non-covalent bonds through oxidation, and
degraded macromolecular substances into small molecules, thereby reducing the concentra-
tions of proteins and polysaccharides [40]. This synergistic effect was superior to individual
coagulation or oxidation because it combined the dual effects of coagulation and oxidation,
while ordinary oxidation was converted into a more effective advanced oxidation.

3.2.3. Removal of Fluorescent Organics

EEM spectra have been used to characterize organic components such as protein and
humic acid in river water, domestic sewage, and the secondary effluent during ultrafil-
tration and nanofiltration [41]. The impact of Fe(II)/PMS on the fluorescent components
of secondary effluent from the Harbin Xinyi sewage treatment plant was investigated,
the intensity values of fluorescent substances in water before and after UF are shown
in Table S2, and the EEM spectra of fluorescent components in effluent after membrane
are presented in Figure 4. According to the research by Yu and Graham [14], the EEM
spectra was divided into four regions: Region A (Ex/Em = 235–240/340–355 nm, aro-
matic proteins), Region B (Ex/Em = 275–280/320–330 nm, tryptophan-like components),
Region C (Ex/Em = 240–260/390–445 nm, fulvic-acid-like components), and Region D
(Ex/Em = 290–350/410–435 nm, humic-acid-like components). For influent before UF,
when only inactivated PMS was added regardless of the concentration, tryptophan-like
components (Peak B) and fulvic-acid-like components (Peak C) were not significantly weak-
ened, while aromatic proteins (Peak A) and humic-acid-like components (Peak D) slight
decreased, and the order followed: inactivated PMS > Fe(III) coagulation > Fe(II)/PMS.
However, when only Fe(III) was added, the four main peaks all performed a downward
trend. Compared with the results of Fe(II)/PMS dosing, it implied that coagulation in
Fe(II)/PMS was responsible for the removal of fluorescent components [15]. This can be
attributed to that the complexes formed by the coagulant metal and fluorescent organics
in the flocs can quench the fluorophore, influencing fluorescence measurements through
light absorption, scattering, and even shading [42,43]. The activated PMS also had a certain
removal effect on the fluorescent components in the secondary effluent, and when the
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molar ratio was 1:1, the higher the dosage, the better the removal effect. For the effluent
after membrane filtration, when only inactivated PMS was added, the four main peaks did
not show a clear downward trend, while Fe(III) coagulation contributed to the decline of
the four main peaks, also verifying the previous conclusion. At the same time, the intensity
of fluorescent components decreased after the UF process, indicating that UF can intercept
substances such as protein and humic acid to a certain extent.

Figure 4. Fluorescence EEM spectra of organic matters in the permeate water of UF under different
concentrations of Fe(II)/PMS: (a) control; (b) 30 µM PMS; (c) 60 µM PMS; (d) 30 µM Fe(III); (e) 60 µM
Fe(III); (f) 30/30 µM/µM Fe(II)/PMS; (g) 60/60 µM/µM Fe(II)/PMS; and (h) 120/120 µM/µM
Fe(II)/PMS.
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3.2.4. Removal of TN and TP

Nutrient elements such as nitrogen and phosphorus can cause eutrophication, which
will lead to environmental and ecological problems, such as algal blooms and freshwater
resource pollution [44]. Therefore, the nitrogen and phosphorus elements in the effluent
of the UF membrane after pretreatment were detected. Figure 3c reveals that the TN
concentrations leveled off, and that for the eight groups of membranes were 16.20, 16.19,
16.07, 15.93, 16.16, 16.07, 15.86, and 15.78 mg/L, respectively. Compared with the raw water,
the TN removal rate of each group was less than 10%, owing to that the added chemicals
did not produce obvious biological effects. Fe coagulation and PMS oxidation failed to
effectively process removing nitrogen with a minimal effect. Generally speaking, there is
basically no nitrogen removal effect for coagulants prepared from Fe or Al. Coagulation
combined with complexation or other complex mechanisms may be required for nitrogen
removal [45].

However, the concentration of TP was greatly affected by dosing, and especially
in groups with 30/30, 60/60, and 120/120 µM/µM Fe(II)/PMS, the removal rate of TP
compared with raw water can reach 98.7%, 96.5%, and 99.2%, respectively. It can be seen
from the results that the synergistic pretreatment of Fe(II)/PMS had a good removal effect
on TP, and coagulation played a major role. As reported by Liu et al. [46], the combination
of coagulation and ultrafiltration could remove about 80% of phosphorus. The iron salt
was hydrolyzed to form a variety of polymeric cations, which reduced the zeta potential
of the particles and promoted instability. The greater amount of iron coagulant dosage
triggered the better phosphorus removal efficiency [47]. Phosphorus was removed through
a combination of charge neutralization, bridge formation, and scanning solidification
mechanisms [48]. As the oxidant in the system, PMS can achieve a phosphorus removal
efficiency of about 10%, compared with the control group. The combination of the two can
reduce the phosphorus concentration to a trace amount, meeting the TP discharge standard
for domestic surface water [49].

3.3. Membrane Fouling Control
3.3.1. Membrane Morphology Characterization

Figure 5 presents the SEM image of the ultrafiltration membrane surface after Fe(II)/PMS
pretreatment of the secondary effluent. The SEM images showed clear membrane pores
on the surface of the new membrane (Figure 5a), different pore sizes, relatively uniform
distribution, and the unpolluted membrane surface without any foulants. After filtering the
secondary effluent, the membrane (Figure 5b) surface was evenly covered by foulants, and
a portion of the foulants entered the membrane pores, forming a smooth and dense cake
layer. At the same time, some pollutants with larger particles on the membrane surface
were clearly visible. After pretreatment with different agents, it can be clearly seen that
the surface of the membrane presented different morphologies. When treated with 60 µM
PMS, the fouled membrane began to expose some membrane pores, and the filter cake
layer was damaged to a certain extent. When treated with 60 µM Fe(III), a porous and
loose agglomerate cake layer was formed on the membrane surface, which delayed the
decrease in membrane flux [50]. The Fe(II)/PMS system, owing to its superior oxidation
and coagulation performance, significantly destroyed membrane fouling and formed flocs
with larger particles, and the cake layer was more loose and porous. The obvious floc pores
provided a larger number of water passages for the water flow, which was beneficial to the
recovery of the membrane flux and the subsequent backwashing of the cake layer.
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Figure 5. SEM images of membrane surface: (a) original membrane; membrane after (b) raw water
filtration; (c) pretreatment of 60 µM PMS; (d) pretreatment of 60 µM Fe(III) and (e) pretreatment of
60 µM Fe(II)/60 µM PMS. Conditions: EHT = 15 kV, Mag = 20.00 KX.

3.3.2. Membrane Flux Development

The flux variations in the UF system with different concentrations of PMS, Fe(III),
and Fe(II)/PMS pretreatment are illustrated in Figure 6. The raw water without any
pretreatment caused the severe flux decline, and at the end of the three cycles under low
(30 µmol/L) and high (60 µmol/L) concentrations, the specific flux (J/J0) decreased to
about 0.18 LWH. Under the condition of low concentration (30 µmol/L), PMS oxidation
had limited improvement on the specific flux; at the end of each cycle, the specific flux
(J/J0) was about 0.21 LWH. Fe(III) coagulation significantly enhanced membrane fouling
control with a specific flux of 0.25 LWH at the end of each cycle. In the Fe(II)/PMS group,
the mean specific flux at the end of three cycles was about 0.27 LWH under the dual
effects of coagulation and oxidation. Similarly, under the condition of high concentration
(60 µmol/L), the flux changes caused by different pretreatment methods showed the same
trend. When only PMS was added for oxidation, the J/J0 at the end of each cycle was
about 0.20 LWH, and it was about 0.24 LWH under the condition of Fe(III) coagulation,
while in the Fe(II)/PMS group, the specific flux at the end of the three operation cycles
was 0.30 LWH under the dual effects of coagulation and oxidation. Compared with raw
water, after three cycles of hydraulic backwashing, the flux recovery rate of Fe(II)/PMS at
30 µmol/L and 60 µmol/L could reach 50% and 67%, respectively, so the synergy of them
was extremely helpful for flux recovery.
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Figure 6. Changes of specific flux (J/J0) with filtration volume (mL) under different concentration
conditions.

It can be seen from the experimental results that PMS oxidation can remove some
organics, oxidizing macromolecules into small molecules, while the oxidation ability of
inactivated PMS was limited, giving rise to the limited ability to mitigate membrane
fouling. Fe(III) coagulation alleviated membrane fouling by removing organics through
binding with insoluble flocs, and the ability was slightly stronger than that of oxidation,
while both oxidation and coagulation were taken into account by Fe(II)/PMS, leading
to optimum membrane fouling mitigation. Cheng et al. [22] found that at the same iron
dosage, the Fe(II)/PMS combination was better than Fe(III) coagulation alone in restoring
membrane flux. Fan et al. [51] also found that the membrane flux of the Fe(II)/PMS-UF
group increased by 65%, 84%, and 99% in three filtration cycles, respectively, which was
due to the dual effects of coagulation and oxidation, and they were convinced that the
mechanisms of coagulation and oxidation on membrane flux promotion were different.
Coagulation removes pollutants by generating flocs to adsorb insoluble pollutants, forming
micro-flocs to visible suspended particles, which will gradually precipitate during the
subsequent stationary period, forming a sludge mass as shown in Figure 5 [52]. The larger
sludge produced may cause clogging of the UF membrane pores, which may be the reason
for the lower specific flux at the end of the cycle with 60 µM Fe(III) than with 30 µM Fe(III).
The PMS molecule is asymmetrical (−O3SO-OH), with the attached sulfite (SO3) on one
side and hydrogen on the other side, which is more susceptible to nucleophilic attack by
electron-rich organics, thereby oxidizing certain electron-rich organic pollutants through
electron transfer [53,54]. However, due to its weak oxidative capacity, its fouling mitigation
is far from satisfactory.

3.3.3. Fouling Resistance Analysis

Flux represents membrane permeability and is inversely proportional to filtration
resistance. The raw water was set as the control group, and the remaining second to eighth
groups were added in the influent with 30 µM PMS, 30 µM Fe(III), 30 µM Fe(II)/30 µM
PMS, 60 µM PMS, 60 µM Fe(III), 60 µM Fe(II)/60 µM PMS, and 120 µM Fe(II)/120 µM
PMS. Figure 7a reveals the distribution law of the total filtration resistance, and Figure 7b
shows the distribution law of the fouling layer resistance, which could further explain
the flux changes in the previous section. The total resistance values of the eight groups
were 4.49 × 1011 m−1, 4.34 × 1011 m−1, 3.16 × 1011 m−1, 2.99 × 1011 m−1, 3.46 × 1011 m−1,
2.98 × 1011 m−1, 2.77 × 1011 m−1, and 2.21 × 1011 m−1, respectively. Among them, the
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fouling layer resistance accounted for a large proportion, the values of intrinsic membrane
fouling resistance were approximately equal, and the membrane fouling caused by the raw
water was the most serious. Under the condition of lower concentration, Fe(III) coagulation
played a major role in reducing the total resistance (Rt) and intrinsic membrane fouling
resistance (Rm), and PMS oxidation had limited effect on alleviating membrane fouling,
because the altered effect of oxidation on functional groups was possible to increase the
interaction of pollutants with the membrane. However, under the condition of higher
concentration, as the concentration increased, PMS oxidation could further alleviate mem-
brane fouling [55]. From the analysis of the reversibility of membrane fouling, according to
the discussion of the previous section, after hydraulic backwashing, the initial membrane
fluxes of the second and third cycles still had a large gap with the initial membrane fluxes
of the operation. It can be seen that the recovery effect of membrane fluxes was limited,
indicating that there was serious hydraulic irreversible fouling. As shown in Figure 7b,
PMS oxidation could reduce the irreversible resistance (Rir) and reversible resistance (Rr)
to a certain extent, while Fe(III) coagulation could greatly reduce the irreversible resistance,
which could be caused by larger size of the floc particles generated by coagulation, and
some of the small substances that tend to block the membrane pores were absorbed at
the same time. Under the condition of higher concentration, the dual effects of oxidation
and coagulation produced by Fe(II)/PMS greatly reduced the proportion of irreversible
resistance (Rir) and increased the proportion of reversible resistance (Rr). This can be
attributed to that Fe(II) was oxidized to Fe(III), which acted as a coagulant to adsorb small
molecular substances that easily block the membrane pores, and at the same time, PMS was
activated to generate •OH and SO4

•−, which oxidized and mineralized organic matter [22].

Figure 7. (a) Fouling resistance distributions of UF membrane (Rm) and fouling cake (R f ); (b) fouling
resistance distributions of reversible (Rr) and irreversible (Rir) fouling.

3.4. Oxidation Mechanism and Fouling Model Analysis

The fitting data of the fouling model for three periods of filtration are shown in Table
S3. From the regression results, it can be seen that standard blocking and cake filtration
were the main causes of membrane fouling, and no matter what the dosing conditions
were, the fitting degree of each system was not much different, which may also be related
to the dead-end filtering mode. Standard blocking is due to smaller particles adhering to
the pores of the membrane, and cake filtration is due to the fact that the substances with
larger particles are repelled by the narrow membrane pores, and they mutually adhere and
deposit to form a filter cake layer, resulting in a decrease in flux [56]. Fe(II)/PMS created
the best reversible and irreversible fouling mitigation performance. On the one hand,
coagulation absorbed some small-molecule organic compounds, relieving the blockage of
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membrane pores, and on the other hand, oxidation further removed organic matter on the
basis of coagulation.

According to the reaction mechanism, it can be speculated that the removal of pollu-
tants by Fe(II)/PMS is jointly mediated by •OH and SO4

•−, and the efficient degradation
of fluorescent substances in raw water is promoted through the synergistic effect of oxida-
tion and coagulation, which can be demonstrated by the EPR experiments. As shown in
Figure 8, EPR spectra of different radicals captured by DMPO were simulated. No obvious
peaks were observed in Fe(II) and PMS suspensions, indicating no free radical generation,
while adduct characteristic signals of DMPO-SO4 and DMPO-OH were observed in the
Fe(II)/PMS suspension, indicating the formation of •OH and SO4

•−. SO4
•− was generated

by Fe(II)-activated PMS, and the peak intensity of DMPO-SO4 was much lower than that
of DMPO-OH, because the capture efficiency of •OH by DMPO was higher than that of
SO4

•− [57]. The mediated reaction mechanism is described as follows:

Fe2+ + HSO−5 → Fe3+ + SO•−4 + OH− (4)

SO•−4 + OH− → •OH + SO2−
4 (5)

•OH + SO2−
4 → SO•−4 + OH− (6)

Fe2+ + SO•−4 → Fe3+ + SO2−
4 (7)

Fe2+ + •OH → Fe3+ + OH− (8)

Figure 8. EPR spectra of Fe(II), PMS, and Fe(II)-activated PMS systems.

Sulfate radical (SO4
•−) and hydroxyl radical (•OH) can be converted into each other,

the reaction of Equation (5) occurs under alkaline conditions, and the reaction of Equation
(6) occurs under acidic conditions. Fe(II) can react with •OH and SO4

•-, and be oxidized to
Fe(III) to play the role of coagulant.

4. Conclusions

In this study, a novel method applying Fe(II)/PMS coupled UF for the treatment of
secondary effluent from the Harbin Xinyi sewage treatment plant was proposed. The
performance of Fe(III) coagulation, inactivated PMS pre-oxidation, and Fe(II)/PMS as
pretreatment strategies for a UF system were evaluated separately. This research explored
the optimal molar ratio in the experimental concentration range and the decontamination
mechanism of Fe(II)/PMS, and the following conclusions were drawn:
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− The Fe(II)-activated PMS coupled UF process can effectively reduce the content of
pollutants in treating the secondary effluent of sewage treatment plants. The effect of
removing organic matter, fluorescent components, and alleviating membrane fouling
followed the order of Fe(II)/PMS > Fe(III) > inactivated PMS, and all three methods
had good phosphorus removal effect, where coagulation played a major role in the
removal of TP. The denitrification effect is less than satisfactory.

− Coagulation has a good removal effect on fluorescent components such as aromatic
proteins and tryptophan-like components in organic matter, and the removal rate was
proportional to the concentration of the coagulant.

− In terms of membrane fouling control, Fe(II)/PMS relied on the dual effects of co-
agulation and oxidation, and could produce synergistic effects at high concentra-
tions (60 µmol/L), and the specific flux recovered from 0.19 LWH to 0.30 LWH,
which was better than the two superimposed. This was because the combined use
of Fe(II)/PMS at high concentrations can reduce the fouling of membrane pores and
greatly reduce the proportion of irreversible resistance, so it can effectively alleviate
membrane fouling.

− The pretreatment method has the advantages of low cost and less dosage of chemicals.
When the concentration of Fe(II)/PMS was 60/60 µM/µM, i.e., the molar ratio was
1:1, membrane fouling was alleviated, and the specific flux (J/J0) was improved. The
total resistance, reversible resistance, and irreversible resistance were all the lowest,
and the TP removal rate achieved over 99%. Fe(II) was oxidized into Fe(III), and at the
same time, PMS was activated to generate SO4

•− and •OH, resulting in a synergistic
effect of coagulation and oxidation, which was better than a single coagulation or
oxidation process.
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under different concentration conditions.
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