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Ferrous-activated peroxymonosulfate (PMS) is regarded as a promising technology to treat organic pollutants.
However, the excessive sulfate anions generated in the oxidation process need to be considered with respect to
their potential harm to the environment and human health. The removal of organic compounds and sulfate
anions by Fe(II)/PMS oxidation coupled with nanofiltration (NF) was studied in this research. The mechanism of
Fe(II)/PMS coupled with NF in natural organic matter (NOM) and sulfamethoxazole (SMX) removal were sys
tematically investigated by comparison with single Fe(II)/PMS and NF treatments. The results demonstrated that
the hybrid system showed better performance than the single treatments for both pollutants. High-performance
size exclusion chromatography (HPSEC) analysis indicated that macromolecular organic matter in Songhua River
water was broken down and converted into small fragments with a size of approximately hundreds of Da by Fe
(II)/PMS oxidation. Zeta potential analysis showed that the zeta potential of the effluent decreased under the
effect of Fe(III) and that some small organic molecules generated in the process of oxidation were negatively
charged. The SMX removal experiment showed that Fe(II)/PMS oxidation played a leading role in SMX removal
in the hybrid system. Moreover, a radical quenching experiment was conducted to explore the effects of SO⋅−4 and
HO⋅ on SMX degradation. Fe(II)/PMS treatment effectively alleviated membrane fouling and improved the flux
behaviour, with a stable sulfate anion rejection rate of approximately 90% achieved by NF in the long term.
These results suggested that Fe(II)/PMS coupled with NF could control membrane fouling, intercept sulfate
anions and improve effluent quality, which provides a new strategy for water treatment.

1. Introduction
Together with economic development, increasing human activities
have caused serious effects on the aquatic environment. Aggravation of
conventional pollution and the identification of emerging contaminants
have attracted considerable attention. Sulfamethoxazole (SMX) is a
widely used antibiotic in both humans and livestock because of its low
price and broad-spectrum effectiveness [1,2]. A serious problem caused
by SMX is that it drives the emergence of resistance genes and bacteria
[3], further leading to harm to the ecosystem and danger to human
health. At present, some water treatment processes such as activated
sludge [4], adsorption [5] and advanced oxidation processes [6] were
widely researched for SMX and NOM removal. Activated sludge process

does not cause secondary pollution, but the periods of microbial
domestication and antibiotic degradation are long, accompanied by a
large energy consumption. Adsorption is another useful method to
remove SMX and NOM with a low cost, but adsorbent is difficult to
regenerate and the adsorbed contaminants need a further treatment. By
contrast, advanced oxidation processes have attracted an increasingly
attention due to its high selectivity and efficient degradation [7].
Recently, sulfate radical-based advanced oxidation processes (SRAOPs) have been used for the removal of SMX. SO⋅−4 is the dominant
reactive oxygen species (ROS) that is produced by the activation of
peroxymonosulfate (PMS) and peroxydisulfate (PDS) [8]. Because of the
strong oxidation of SO⋅−4 (2.5–3.1 V vs NHE) [9], it has been used for the
degradation of various emerging contaminants. PMS can be more easily

* Corresponding author.
E-mail address: hitliangheng@163.com (H. Liang).
https://doi.org/10.1016/j.seppur.2021.119088
Received 13 March 2021; Received in revised form 5 May 2021; Accepted 3 June 2021
Available online 7 June 2021
1383-5866/© 2021 Elsevier B.V. All rights reserved.

L. Bai et al.

Separation and Purification Technology 274 (2021) 119088

activated than PDS because of its lower lowest unoccupied molecular
orbital energy [10]. Many methods have been applied to activate PMS to
generate SO⋅−4 , including heat activation [6], electrical activation [11],
alkaline activation [12], transition metal activation [13] and so on.
Ferrous (Fe(II)) activation is considered an ideal activation method
because iron is a readily available and environmentally friendly material
[14,15]. To date, the Fe(II)-activated PMS reaction has been applied for
the degradation of many kinds of refractory contaminants, such as car
bamazepine [16] and ciprofloxacin [17]. Excellent performance of this
reaction with respect to natural organic matter (NOM) removal was also
observed [18]. The reaction between SO⋅−4 and organic compounds is
shown in Eq. (1) [19].
SO⋅−4 +organic compounds → CO2 + H2O + SO2−
4 +by-products

off (MWCO) was 300 Da. HA, SA and BSA were selected for this study
because they can represent humic substances, polysaccharides, and
proteins in surface waters, respectively. BSA and SA powders were dis
solved in ultrapure water (18.2 MΩ cm, Milli-Q) to make 2 g/L stock
solutions. HA was dissolved in 0.01 M sodium hydroxide solution and
stirred for 24 h. All stocks were kept in a refrigerator at 4 ℃. Before the
experiment, the original solutions of organic substances were diluted to
50 mg/L with deionized water, and the pH was adjusted to 7 ± 0.2.
Then, 7 mM/L NaCl and 1 mM/L CaCl2 were added to the solutions to
stimulate the ionic environment of surface water. Stock solutions of SMX
(40 μM/L) were prepared by dissolving SMX in 1 L ultrapure water and
then stirring for 24 h. Natural surface water was collected from the
Songhua River in Harbin. The ranges of the Songhua River water quality
parameters were as follows: turbidity: 1.18–2.60 NTU, pH: 6.7–7.4,
concentration of dissolved organic matter: 7.90–9.70 mg/L, and UV
absorbance: 0.126–0.155 cm− 1.

(1)

and organic compounds,
During the oxidation process between
+
a large amount of SO2−
4 and K is generated when a high concentrations
of PMS is required in water and wastewater treatment, where SO2−
4 is
worthy of attention [20]. On the one hand, excessive SO2−
4 causes
adverse human health effects after entering the body. The maximum
acceptable concentration of sulfate in water intended for human con
sumption is 250 mg/L [21]. On the other hand, sulfate-reducing bacteria
become the dominant species among pipe flora in the presence of a high
concentration of SO2−
4 , and the reduction products produced in the
process of metabolism exacerbate pipeline corrosion [22]. Hence, a
problem that must be solved to successfully apply the PMS oxidation
process is excessive SO2−
4 in the effluent.
Nanofiltration (NF) has been widely used as an advanced drinking
water treatment method because of its efficient removal of many kinds
of contaminants [23]. NF membranes with pore sizes of approximately
1 nm in diameter [24] are made from polymers containing ionizable
functional groups; these groups ionize in water to make the membrane
surface negatively charged at neutral pH [24–26]. As a consequence of
their tight pores and negatively charged surface, NF membranes can
achieve high retention of multivalent anions [27]. It has been reported
that more than 90% of SO2−
4 is intercepted by NF270 membranes [28].
Therefore, it can be inferred that NF is an efficient treatment method to
solve the problem of excess introduced sulfate.
The problem of excessive effluent SO2−
4 caused by PMS oxidation
cannot be ignored. As far as we can ascertain, few researchers have
taken this problem into account. The objective of this study was to
investigate the efficiency and mechanisms of Fe(II)/PMS coupled with
NF for organic compound removal and the stability of this system in
long-term operation. By comparison with single Fe(II)/PMS and NF
treatments, the effect of the hybrid system on NOM was explored to
further understand the removal mechanism of Fe(II)/PMS + NF treat
ment. Furthermore, the effect of the molar ratio of Fe(II) to PMS, pH, and
dosage of Fe(II)/PMS on SMX removal was investigated. The improve
ment in NF membrane flux through Fe(II)/PMS treatment, as well as the
stability of SO2−
4 interception in the long run, were also investigated to
estimate the feasibility of the hybrid system. The purpose of this
research was to develop a new method to both enhance water purifi
cation and eliminate excessive SO2−
4 in the effluent.
SO⋅−4

2.2. Experimental setup
To guarantee good oxidant performance, FeSO4 and PMS were
freshly prepared by dissolving quantitated FeSO4⋅7H2O and PMS in ul
trapure water at pH of 7 ± 0.2, and calibration was conducted by
inductively coupled plasma optical emission spectrometry (ICP-OES)
and the iodometric method [29,30]. Fe(II) activation of PMS was carried
out in a beaker at room temperature. A programmable coaguflocculation test mixer (MY-3000 2 N, Meiyu, China) was adopted
with rapid mixing for 1 min at 200 r/min, followed by slow mixing for
20 min at 50 r/min and finally 30 min precipitation. At the end of
mixing, 250 μM Na2S2O3 was added to terminate the reaction. Next, the
supernatants were utilized for nanofiltration.
NF experiments were performed in a cross-flow system. The system
consisted of a metering pump (TYPE P, BRAN LUEBBE, Germany),
electronic balance (BSA3202S, Sedolis, Germany), and cross-flow
membrane module (CF042D, STERLITCH, USA) with an effective area
of 42 cm2. A constant temperature of 25 ± 1 ℃ was maintained by a
thermostatic water container (DC-0510, SCIENTZ, China) during cir
culation. The permeate was collected in a conical flask and weighed by
an electronic balance to calculate flux, and all data were recorded by an
online computer.
Each NF experiment included four different and continuous stages, as
follows: (1) the NF membrane was compacted with ultrapure water at 6
bar for 2 h; (2) the NF membrane was conditioned with baseline solu
tions (7 mM/L NaCl and 1 mM/L CaCl2 dissolved in ultrapure water) at
5 bar for 1 h to achieve membrane ionic equilibrium; (3) continuous
filtration of raw water for 24 h was performed, where the pressure was
maintained at 5 bar and the flow velocity was maintained at 15 L/h; and
(4) after filtration, NaOH solution (pH = 11) and sodium citrate (pH = 3)
were used to wash the NF membrane at 30 m/min. The SMX removal
experiment with NF alone involved only the first three steps. All ex
periments were conducted at the same room temperature.
Experiments to identify the main radical species in the Fe(II)/PMS
system were conducted by using different radical scavengers. To explore
the predominant radical species in SMX degradation under Fe(II)/PMS
treatment, TBA was used to quench HO⋅, and MeOH was used to quench
both HO⋅ and SO⋅−4 .

2. Materials and methods
2.1. Chemicals and feed solution preparations

2.3. Analytical methods

Humic acid (HA), sodium alginate (SA), SMX, PMS (2KHSO5⋅KH
SO5⋅K2SO4, available as Oxone), FeSO4⋅7H2O, KI, Na2S2O3⋅5H2O, tertbutyl alcohol (TBA), and methanol (MeOH) were purchased from
Aladdin Chemicals (Shanghai, China). Bovine serum albumin (BSA),
5,5-dimethyl-1-pyrroline N-oxide (DMPO), and polystyrene sulfonate
sodium were obtained from Sigma-Aldrich, USA. All reagents were
commercially available and used without purification. NF270 mem
branes were purchased from Dow Filmtec, and the molecular weight cut-

Dissolved organic carbon (DOC) was detected by a total organic
carbon analyser (Multi N/C 2100S, Jena, Germany). Before DOC anal
ysis, all water samples were filtered through a 0.45 μm membrane. The
conductivity of the filtrate was tested by a conductivity meter (DDSJ308A, INESA, China). Zeta potential was tested by a Zetasizer nano in
strument (Zetasizer Nano ZS, Malvern, UK). A pH meter (PB-10, Sarto
rius, Germany) was used to measure pH. Fluorescence excitationemission matrices (EEMs) were used to investigate the fluorescence
2
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properties of water samples and were generated by a fluorescence
spectrophotometer (F7000, Hitachi, Japan) with scanning over excita
tion wavelengths of 200–450 nm at an interval of 5 nm and emission
wavelengths of 250–550 nm at an interval of 1 nm. For each sample, the
EEM intensity of pure water was deducted from the EEM of the sample to
remove Raman scattering peaks. To test the molecular weight (MW) of
organic matter, high-performance size exclusion chromatography
(HPSEC) (LC-20, Shimadzu, Japan) with an organic carbon detector
(Sievers 900, GE, USA) was adopted. The column temperature was
maintained at 40 ℃, and the flow rate and injection volume were 0.5
ml/min and 100 μL, respectively. A system schematic can be found in
Wang et al. [31]. Sodium polystyrene sulfonate with molecular weights
of 3610, 7540, 32000, and 126700 Da was employed to calibrate the
relationship between retention time and MW. All anions and cations
were measured by ICP-OES (Optima 5300 DV, PerkinElmer, USA) and
ion chromatography (Integerion HPIC, ThermoFisher, USA). Electron
paramagnetic resonance (EPR) spectroscopy (A200, Bruker, Germany)
was used to detect HO⋅ and SO⋅−4 . DMPO was used as a spin trapping
reagent. The spectroscopy settings included a microwave frequency of
9.792 GHz, microwave power of 19.05 mW, modulation width of 0.1
mT, and temperature of 300 K.
The concentration of SMX was detected by a high-performance liquid
chromatography (HPLC) instrument (1200LC, Agilent, USA) with a UV
detector and a Spherisorb S5 ODS2 column (4.6 × 250 mm, 5 μm). The
mobile phase consisted of 60:40 (v:v) pure water and methanol with a
flow rate of 1 ml/min. SMX was detected at λ = 270 nm. The column
temperature was maintained at 30 ℃ during the testing process.

forming soluble complexes with high positive charges and adsorbing on
the surface of organic colloids with negative charges [32] so that the
organic pollutants in the solutions formed flocs and were then removed.
It should be noted that the DOC removal rate of Songhua River water
was significantly lower than that of the other three water samples. The
likely reason was the existence of small organic matter in Songhua River
water, which was difficult to remove by coagulation and oxidation.
After single NF treatment, the DOC concentrations of the HA, SA, and
BSA solutions and Songhua River water decreased by 93%, 92%, 94%,
and 84%, respectively. It can be concluded that NF showed better per
formance in DOC removal than did Fe(II)/PMS oxidation, especially for
Songhua River water. The DOC removal rates of the HA and BSA solu
tions and Songhua River water increased relative to those under single
treatment to 95%, 95% and 88%, respectively, while that for the SA
solution slightly decreased to 91%. As reported in the literature, preoxidation may cause a deterioration in effluent quality because smallmolecule oxidation products can penetrate the membrane, as usually
observed in ultrafiltration [18]. The same situation occurred in the SA
solution. In this work, the lower DOC of the effluent than the NF effluent
may be due to the pores of the NF membrane being small enough to
intercept most organic molecules after oxidation [33]. Overall, the
hybrid system further strengthened DOC removal.
3.1.2. Molecular weight distribution of organic matter
The MW distribution of organic matter was investigated to further
understand the influence of Fe(II)/PMS and NF on the model solutions
and Songhua River water. HPSEC chromatograms of organic matter in
the feed and effluent were obtained by HPLC with an organic carbon
detector and are illustrated in Fig. 2. As previously documented in the
literature [34,35], the MW of BSA was approximately 67 kDa, and most
SA molecules were larger than 100 kDa, which was in agreement with
the HPSEC results (Fig. 2(b) and (c)). In contrast, the MWs of HA were
widely distributed, with values less than 10 kDa, as shown in Fig. 2(a).
Under Fe(II)/PMS treatment, the peaks both of HA and BSA disappeared,
and new peaks that represented low-MW substances were generated.
The occurrence of new peaks demonstrated that the oxidation agents
degraded macromolecules into various small molecules. In the NF
treatment, almost all the peaks of HA, SA and BSA disappeared, which
was consistent with the better DOC removal of NF. It should be noted
that organic compounds with MWs in the hundreds were not completely
removed in Fig. 2(a) and (c). This incomplete removal was possibly due
to the small size of these compounds, leading to a limited role of NF. In
addition, SA could be effectively removed by both Fe(II)/PMS and NF.
The comparison between the hybrid system and NF revealed almost no
notable difference in the HA peak shapes in the two processes, indicating
that NF played a dominant role in HA removal in the hybrid system. A
new peak that represented organic compounds with a MW in the dozens
appeared with the disappearance of oxidation products of BSA that were
treated by Fe(II)/PMS, where the organic compounds of this size were
mainly removed by electrostatic repulsion. It is possible that the low ion
density of the compounds led to their low removal efficiency via NF.
In Songhua River water (Fig. 2(d)), four major peaks were observed
representing biopolymers, humic substances, building blocks, and lowMW substances [36]. The peak with high intensity corresponded to
humic substances, confirming that humic substances were the dominant
form of organic matter in Songhua River water. The building blocks
came from the breakdown of humic substances [37], and the bio
polymers were considered to be a mixture of proteins and poly
saccharides. After processing by Fe(II)/PMS, the biopolymer peak
completely disappeared, accompanied by significant decreases in other
peaks. The oxidation products were distributed in the range of less than
1 kDa. The similar peak shape in Fig. 2(a) indicated that the main
components of the Songhua River water oxidation products were humic
substance oxidation products containing building blocks. Interestingly,
the peak at approximately 100 Da could not be removed by the hybrid
system, but the building blocks with a similar MW from raw water could

3. Results and discussion
3.1. Removal of NOM by Fe(II)/PMS and NF
3.1.1. Effects of Fe(II)/PMS and NF on DOC removal
To evaluate organic removal in the coupled process, the removal
efficiencies of DOC by Fe(II)/PMS and NF treatment were determined
and are illustrated in Fig. 1. Fe(II)/PMS treatment caused reductions in
the DOC contents of HA, SA, BSA and Songhua River water of 85%, 89%,
83% and 60%, respectively. During the process of PMS activation, sul
fate radicals were generated, which broke down macromolecular
organic matter and converted it into small fragments or directly
mineralized organic matter. Meanwhile, Fe(II) was oxidized to Fe(III)
[13], ultimately playing a role as a coagulant. Fe(III) was hydrolysed,

Fig. 1. Effect of Fe(II)/PMS oxidation on the DOC of raw water and permeated
water. Experimental conditions: pH = 7 ± 0.2, model foulant solution con
taining 7 mM NaCl and 1 mM CaCl2, crossflow rate of 15 L/h, and temperature
of 25 ± 1 ℃. Fe(II)/PMS reaction time of 1 min rapid mixing for 1 min at 200 r/
min and slow mixing for 20 min at 50 r/min. [Fe2+] = 0.25 mM, [HSO−5 ] =
0.25 mM. Error bars represent 95% confidence intervals.
3
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Fig. 2. Effect of Fe(II)/PMS oxidation, NF and hybrid treatment on the MW distribution of HA (a), SA (b), BSA (c), and Songhua River water (d).

be effectively removed. Previous researchers have reported that NOM
treated with UV/PS generates more low-MW neutrals than low-MW
acids because of electron transfer reactions of SO⋅−4 [38]. The ion in
tensity differences between the two substances caused the differences in
removal efficiency.

in changes in fluorescence properties. The removal of organic matter by
Fe(III) coagulation was another reason for the decrease in fluorescence
intensities. It has been reported that fluorophores can be effectively
absorbed by coagulants [40]. After NF treatment, the T1, T2, and T3
peaks completely disappeared, suggesting that proteins and humic
substances can be effectively intercepted by NF. A new low-intensity
peak derived from aromatic proteins (T4 = 129) formed. This peak
may be due to small-molecule proteins with fluorescence characteristics
that cannot be completely removed by NF. Fig. 3(f) shows no fluores
cence peaks, indicating that aromatic proteins and humic acid-like
components with fluorescence properties were completely removed. It
could be inferred that the oxidation products in Songhua River water
that could pass through the NF membrane did not possess fluorescence
properties. The results suggested that NF had a better efficiency of NOM
removal than Fe(II)/PMS and that the synergism of the two processes
can enhance the removal of NOM.

3.1.3. Fluorescence EEM spectra
The impact of Fe(II)/PMS and NF on the fluorescent components of
HA, BSA, and Songhua River water was investigated. Owing to poly
saccharides possessing no fluorescence characteristics, SA was not
investigated. The EEM spectra of HA and BSA are presented in Fig. 3(a)
and Fig. 3(b), respectively. At the same concentration, the fluorescence
peak intensity of BSA was much stronger than that of HA. According to
the research of [39], the EEM spectra were divided into five regions:
region I (Ex/Em = 200–250/280–330 nm, aromatic proteins), region II
(Ex/Em = 200–250/330–380 nm, aromatic proteins), region III (Ex/Em
= 200–250/380–540 nm, fluvic acid-like components), region Ⅳ (Ex/
Em = 250–400/280–380 nm, soluble microbial by-product-like com
ponents), and region Ⅴ (Ex/Em = 250–400/380–540 nm, humic acidlike components). As illustrated in Fig. 3(c), a T1 peak representing
humic acid-like components and a T2/T3 peak representing aromatic
proteins in the EEM spectra of Songhua River water were observed. The
positions of the T1, T2, and T3 peaks were consistent with the peaks of
the BSA and HA solutions, suggesting that the organic matter with
fluorescence characteristics in Songhua River Water was similar to HA
and BSA. The fluorescence peak intensity results (humic acid-like peak
> aromatic protein peak) demonstrated that abundant humic substances
can be found in Songhua River water. When the solutions were treated
with Fe(II)/PMS, the fluorescence intensities of the T1 (657), T2 (357),
and T3 (276) peaks sharply decreased to one-third of their original
values (T1 = 298, T2 = 119, and T3 = 90) due to changes in the
structure of dissolved organic matter by SO⋅−4 and HO⋅, further resulting

3.1.4. Effects of Fe(II)/PMS and NF on solution zeta potential
The zeta potentials of the different feed solutions were examined to
characterize the solution properties. As presented in Fig. 4, the zeta
potentials of untreated the HA, SA, and BSA solutions and Songhua River
water were − 24.30 mV, − 10.50 mV, − 6.79 mV, and − 13.60 mV,
respectively. After Fe(II)/PMS treatment, the zeta potential of the BSA
solution slightly decreased to − 5.40 mv, and that of the SA solution
decreased to − 20.50 mv. According to classic coagulation theory, an
appropriate amount of Fe(III) can compress the double-charge layer of
colloids or be directly adsorbed on the colloidal surface to achieve a
decrease in zeta potential [41]. Surprisingly, the zeta potential of the SA
solution was only − 0.23 mv, approaching zero. SA possesses more
carboxyl groups than do other organic foulants [42]. Presumably, the
oxidation products of SA containing many carboxyl groups coordinate
with Fe(III), resulting in a neutralized surface charge [43]. As expected,
4
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Fig. 3. Fluorescence EEM spectra of (a) BSA solution, (b) HA solution, (c) Songhua River water, (d) Songhua River water treated with Fe(II)/PMS, (e) effluent of NF,
and (f) effluent treated with Fe(II)/PMS + NF.

significant decreases in the zeta potentials of the NF permeates of the
HA, SA, and BSA solutions and Songhua River water occurred under the
effect of electrostatic repulsion between the NF membrane and negative
organic compounds, where the zeta potentials of the NF effluents of the
HA and BSA solutions and Songhua River water were higher than those
of the Fe(II)/PMS treatment effluent. The sharp decrease in the zeta
potential of the SA solution after Fe(II)/PMS treatment resulted in weak
electrostatic repulsion by the NF membrane. This effect may partly
explain why the DOC concentration of the SA solution treated with Fe
(II)/PMS + NF was higher than that of the NF permeate. Instead, the zeta
potential of the NF effluent after pre-oxidation treatment decreased. On
the one hand, organic matter with a high zeta potential (i.e., weak
electronegativity) easily form flocs, which could be effectively inter
cepted by the NF membrane. On the other hand, substances with a small
size and high electronegativity may be produced in the oxidation

process. Compared to the zeta potential of samples treated with Fe(II)/
PMS, only a slight decrease in zeta potential occurred, indicating that
these substances were difficult to intercept by the NF membrane. This
difficulty was due to the reduction in organic matter size, leading to a
reduction in the effect of steric hindrance on interception. Consequently,
more negatively charged particles flowed out with the permeate, and the
zeta potentials of all solutions, especially the HA solution, decreased
compared to that of the NF permeate. Due to the presence of similar
constituents, the zeta potential variation trend of Songhua River water
was in agreement with that of the HA solution.
3.2. SMX removal in Fe(II)/PMS
3.2.1. Effect of Fe(II)/PMS concentration
To investigate the degradation efficiency of Fe(II)/PMS, three
5
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SMX degradation first increased, followed by a declining tendency as the
dosage of Fe(II) increased. When the dosage of Fe(II) was 60 μM, the
degradation efficiency of SMX was 90%. In addition, the plateau phase
of the reaction was reached later for this group than for other groups (10
min versus 5 min). The SMX degradation efficiency was optimal at an
addition amount of 90 μM Fe(II), corresponding to a 94% degradation
rate. When the Fe(II) concentration further increased, the degree of SMX
degradation after 30 min decreased to 82% and 67%. The results indi
cated that the optimum molar ratio of Fe(II)/PMS was 1:1 for SMX
degradation. A similar result was reported in the Fe(II)/PMS degrada
tion of polychlorinated biphenyls [44]. Two aspects were used to
explain the mechanisms for this phenomenon. On the one hand, widely
accepted views of Fe(II)/SO⋅−4 and SMX/SO⋅−4 reactions are expressed as
Eqs. (2) and (3), respectively [45]. The reaction rate constant of Fe(II)SO⋅−4 (k = 4.6 × 109 M− 1 S− 1) is close to that of SMX-SO⋅−4 (k=(12.5 ±
3.1) × 109 M− 1 S− 1). From a kinetics point of view, competition between
Fe(II) and SMX for SO⋅−4 results in a decrease in the removal rate of SMX.
Fe(III) can also activate PMS and form sulfur pentoxide radical (SO⋅−5 )
according to Eq. (4) [8], and SO⋅−5 is not an effective oxidant due to its
low standard redox potential of 1.1 V [7]. On the other hand, the rate
constant for PMS activation by Fe(II) is 3.0 × 104 M− 1 S− 1 (Eq. (5)) [46],
which is much lower than that for the reaction between Fe(II) and SO⋅−4 .
One reasonable explanation may be that Fe(II) mainly reacted with SO⋅−4
and could not effectively activate PMS to generate SO⋅−4 , resulting in a
further decrease in SMX degradation. Therefore, Fe(II) exerts its effects
via two pathways: (1) direct competition with SMX for SO⋅−4 and (2) a
reduction in SO⋅−4 generation that indirectly decreases SMX removal.

Fig. 4. Effect of Fe(II)/PMS and NF on zeta potential. Experimental conditions:
pH = 7 ± 0.2, model foulant solution containing 7 mM NaCl and 1 mM CaCl2,
crossflow rate of 15 L/h, and temperature of 25 ± 1 ℃. [Fe2+] = 0.25 mM,
[HSO−5 ] = 0.25 mM. Error bars represent 95% confidence intervals.

different concentrations of Fe(II)/PMS were conducted at an Fe(II)/PMS
molar ratio of 1:1. As shown in Fig. 5, the degradation of SMX by Fe(II)/
PMS was divided into two stages: rapid decay in the first five minutes,
followed by a plateau phase. This phenomenon indicated that a large
amount of SO⋅−4 resulted from the high concentration of Fe(II)/PMS at
the initial stage of the reaction, leading to fast degradation of SMX. After
that, almost no degradation of SMX occurred. Following a 30 min re
action, 49% SMX degradation was obtained with an Fe(II)/PMS dosage
of 30 μM. An increase in Fe(II)/PMS concentration from 30 μM to 90 μM
remarkably promoted SMX degradation from 49% to 92%. As the con
centration of Fe(II)/PMS increased, the degradation of SMX became
more efficient. The improvement in degradation efficiency upon further
increasing the Fe(II)/PMS concentration from 90 to 150 μM was not
obvious. This phenomenon was in accordance with a previous study
[17] that reported that Fe-activated PMS showed a limited ability to
degrade SMX. In terms of the economy of the process, the optimum dose
of the reagent Fe(II)/PMS in this study was determined to be 90 μM.

Fe(II) + SO4⋅-→Fe(III) + SO42- (k = 4.6 × 109 M− 1 S-1)

(2)

SMX + SO4⋅-→intermediates (k=(12.5 ± 3.1) × 109 M− 1 S-1)

(3)

Fe(III) + HSO5-→SO5⋅-+ Fe(II) + H+

(4)

Fe(II) + HSO5-→SO4⋅-+ Fe(III) + OH– (k = 3.0 × 104 M− 1 S-1)

(5)

As previously described, a marginal decrease in degradation rate
occurred at the dosage of 60 μM Fe(II), indicating that the decline in the
SMX removal rate may be induced by an overdose of PMS. To estimate
the influence of the PMS dosage in the system, experiments were per
formed at PMS doses of 60 μM, 90 μM, 120 μM, and 150 μM with an Fe
(II) dose of 90 μM. As seen in Fig. 6(b), the corresponding degradation
rates were 67%, 93%, 89% and 82%, respectively. The best degradation
efficiency corresponded to a PMS concentration of 90 μM. The results
still showed that the optimum ratio of Fe(II)/PMS was 1:1. Overdosage
of PMS may result in the reaction shown in Eq. (6) [44] becoming the
main reaction pathway of SO⋅−4 , leading to a lower SMX removal effi
ciency. Overall, both excess Fe(II) and PMS would lead to a reduction in
the removal rate of SMX with a greater contribution of Fe(II). This
conclusion was further confirmed by the fact that the reaction rate
constant of HSO−5 -SO⋅−4 was smaller than that of Fe(II)-SO⋅−4 (see Eqs. (2)
and (6)).

3.2.2. Effect of Fe(II)/PMS molar ratio
The influence of the initial molar ratio of Fe(II)/PMS on degradation
at a PMS dosage of 90 μM is shown in Fig. 6(a). The variation trend for

HSO5-+ SO4⋅-→SO5⋅-+SO42-+H+ (k < 1 × 105 M− 1 S-1)

(6)

3.2.3. Effect of initial pH
The effect of the initial pH value was evaluated over an initial pH
range of 5–9. The oxidant concentrations were set at 90 μM, and a molar
ratio of 1:1 was used. Fig. 7 shows that 95% of SMX was removed at
acidic pH. However, the degradation efficiency of SMX from pH 5 to 9
gradually decreased. At neutral and alkaline pH values, SMX removal
reached 92% and 85%, respectively. There was no significant difference
between pH 5 and pH 7 in terms of SMX degradation efficiency. How
ever, an obvious decrease in removal was observed when the pH further
increased to 9, likely due to the changes in radical species and iron
forms. Previous research reported that both SO⋅−4 and HO⋅ exist in the

Fig. 5. Effects of different Fe(II)/PMS concentrations on SMX degradation ef
ficiency. Experimental conditions: pH = 7 ± 0.2, [SMX]0 = 5 μM, dosages of Fe
(II) and PMS as indicated in the figure. Error bars represent 95% confi
dence intervals.
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Fig. 6. Effect of different molar ratios of Fe(II) and PMS on SMX degradation efficiency. Experimental conditions: pH = 7 ± 0.2, [SMX]0 = 5 μM, dosages of Fe(II) and
PMS as indicated in the figure. Error bars represent 95% confidence intervals.

experiments were conducted to explore the radical species. As shown in
Fig. 8(a), the signals of DMPO-OH and DMPO-SO4 could be identified,
demonstrating the existence of two kinds of radicals in the Fe(II)/PMS

Fig. 7. Effect of initial pH on SMX degradation efficiency. Experimental con
ditions: [SMX]0 = 5 μM, [PMS] = [FeSO4] = 90 μM. Error bars represent 95%
confidence intervals.

persulfate system [47]. HO⋅ was formed by the reaction of SO⋅−4 and OH−
(Eq. (7)) [48].
(7)

⋅
SO⋅−4 +OH− →SO2−
4 +HO

An increase in pH means an increase in OH , leading to more SO⋅−4
transformation into HO⋅. The reaction rate constant of SMX and HO⋅(k =
5.8 × 109 M− 1 S− 1) [17] is lower than that of SMX and SO⋅−4 (Eq. (2)). In
addition, the degree of deprotonation of SMX improved with increasing
pH, but deprotonated SMX reacts more readily with SO⋅−4 than with HO⋅
[49]. Taken together, an increase in pH leads to more HO⋅ generation,
which is detrimental to SMX removal. As for the influence of pH on PMS,
on the one hand, self-decomposition of PMS occurs at alkaline condition.
On the other hand, the second dissociation of PMS happens at pH of 9.4
and SO2−
5 is predominant forms which exerts a limited effect comparing
to HSO−5 [20]. In the Fe(II)/PMS system, a series of precipitates and
complexes of iron were observed [32], such as Fe(OH)2+, Fe(OH)3, and
Fe(OH)−4 . The activation efficiency of iron hydroxide complexes for PMS
was insufficient, leading to low SO⋅−4 generation [50]. Therefore, the
effect of pH on the degradation efficiency of SMX depends on the in
fluence of the yield of free radicals, radical species, and the dissociation
species of SMX.
−

3.2.4. Oxidation mechanism
To demonstrate the generation of SO⋅−4 and HO⋅ in this system, EPR

Fig. 8. Mechanism of oxidation: (a) EPR spectra of Fe(II)-activated PMS in the
presence of DMPO and (b) the influence of TBA and MeOH on SMX degrada
tion. Error bars represent 95% confidence intervals.
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system. To further understand the contributions of SO⋅−4 and HO⋅ to SMX
degradation, TBA and MeOH were applied as quenchers to explore the
roles of the two radicals. As the dosage of scavenger far exceeded the
oxidation dose, the degradation of SMX was significantly inhibited. TBA
could rapidly reacts with HO⋅(kHOÂ⋅ /TBA =(3.8 ~ 7.6) × 108) but shows
limited inhibition of SO⋅−4 (kSO Â⋅− /TBA =(4.0 ~ 9.1) × 105), while both

However, only around 12% TOC was removed in the oxidation process,
illustrating that few SMX was mineralized by SO⋅−4 . The hybrid process of
Fe(II)/PMS + NF had enhanced removal efficiency with 98% SMX and
25% TOC removed. It can be concluded that Fe(II)/PMS was a more
effective method to remove SMX and NF achieved better NOM removal.
A combination of both approaches can be used to treat raw water con
taining both NOM and emerging pollutants.

4

SO⋅−4 and HO⋅ can be scavenged by MeOH (kHOÂ⋅ /MeOH = 2.5 × 107,
kSO

4

Â⋅−

/MeOH

=9.7 × 108) [51]. As shown in Fig. 8(b), only a small decline

3.3. Effect of Fe(II)/PMS on membrane fouling

in SMX degradation was found with TBA addition. A significant decay of
SMX degradation happened in the presence of MeOH. At TBA and MeOH
doses of 3 mM, the SMX degradation efficiency decreased to 7% and
29%, respectively. Further increasing the doses of TBA and MeOH to 7.5
mM led to reductions in SMX degradation efficiency by 9% and 52%,
respectively. This result indicated that both SO⋅−4 and HO⋅ play a role in
SMX degradation. Increasing the dose of MeOH led to a sharper decrease
in SMX degradation than that obtained with increased TBA dose,
demonstrating that SO⋅−4 is the major reactive species with SMX. A
previous study also suggested that SO⋅−4 played a leading role in SMX
degradation [52]. At neutral pH, SO⋅−4 is the predominant reactive
radical [53]. When the pH value is over 5.7, SMX mainly exists in the
deprotonated form [54], which is more vulnerable to the attack of sul
fate radicals [55]. Hence, SO⋅−4 was the key to SMX degradation in the Fe
(II)/PMS system.

The variations in NF membrane flux with and without Fe(II)/PMS
treatment are illustrated in Fig. 10(a). After membrane pretreatment, all
of the tests were carried out under the condition that the initial flux was
13.6 L/(m2⋅h⋅bar). The filtration curves of the HA, SA, and BSA solutions
presented a rapid decline followed by a stable flux situation. The flux
decline caused by the SA and BSA solutions was the most severe. The
variation trends of the flux curves of both the SA and BSA solutions were
similar, where the final fluxes were reduced to 4.37 and 4.54 L/
(m2⋅h⋅bar), respectively. In contrast, the terminal fluxes of the Songhua
River water and HA solution less significantly declined, decreasing to
6.12 and 5.43 L/(m2⋅h⋅bar), respectively. This result is in agreement
with other reports that polysaccharides and protein-like substances were
the key foulants responsible for fouling [59]. Although it has been re
ported that composite pollution is more serious than single-component
contamination [60], the lower organic content of Songhua River water
than the SA and BSA solutions resulted in a lower flux decline. The flux
of the NF membrane was improved by pretreatment for all raw water
samples. After Fe(II)/PMS treatment, the final fluxes of the HA, SA, and
BSA solutions and Songhua River water increased to 10.34, 6.95, 6.42
and 8.84 L/(m2⋅h⋅bar), respectively. It can be concluded that Fe(II)/PMS
pretreatment had a significant effect on fouling mitigation. As previ
ously mentioned, NOM was effectively removed by Fe(II)/PMS treat
ment, thus reducing NOM fouling on the membrane. An important point
that needs to be discussed is the pollution of iron ions. In a previous
study, Lin et al. found that an overdose of Fe(II)/PMS in NF pretreatment
would aggravate ferric fouling and enhance gypsum scaling on the
membrane, leading to a flux decline instead [33]. Therefore, an appro
priate dosage is needed to ensure that fouling mitigation rather than the
aggravation of pollution occurs.
In addition, Fe(II)/PMS treatment was extremely helpful for flux
recovery after membrane cleaning. As shown in Fig. 10(b), the mem
brane specific flux of the untreated HA, SA, and BSA solutions and
Songhua River water returned to 0.71, 0.94, 0.66, and 0.92, respec
tively. After pretreatment, the specific fluxes were 0.97, 0.95, 0.71 and
0.95, respectively. On the one hand, HA and BSA caused severe irre
versible fouling, while the fouling caused by SA and Songhua River
water could be almost completely reversed after hydraulic cleaning. On
the other hand, Fe(II)/PMS treatment effectively increased the flux re
covery rates for HA contamination but showed limited recovery for BSA
contamination. Membranes contaminated by Songhua River water
without pretreatment exhibited good flux recovery, where the overall
trend of flux recovery was similar to that of the SA solution. As stated
before, the NOM from Songhua River water mainly consisted of humic
substances, but worse flux recovery was observed for another membrane
contaminated by HA solution without pretreatment. The difference in
membrane flux recovery between the HA solution and Songhua River
water showed that the NOM from Songhua River water differed from HA
in some characteristics. Another possible reason was that in the presence
of multiple pollutants, SA-like substances played a leading role in
membrane fouling in Songhua River water. Due to the low concentration
of SMX in Songhua River water contributing marginal fouling, these
data were not published in the present study.

3.2.5. SMX removal by Fe(II)/PMS, NF and Fe(II)/PMS + NF
The removal of SMX and TOC by the Fe(II)/PMS, NF, and Fe(II)/PMS
+ NF processes is presented in Fig. 9. Due to the concentration of SMX
was too low (5 μM) to be detected accurately by TOC analyzer, the SMX
concentration and Fe(II)/PMS concentration were increased to 50 μM
and 900 μM, respectively. NF treatment only resulted in 48.0% SMX
removal under the same operating conditions as in Section 3.1. This
finding was consistent with prior observations [56,57] of a lower
rejection rate for SMX than other emerging contaminants. Compared
with the values for other antibiotics and pharmaceuticals, the rejection
rate of SMX was extremely low. This result could be attrib
uted to the following aspects: (1) the molecular weight of SMX is 253
Da, which is smaller than the MWCO of NF270 (300 Da), indicating that
size exclusion played a limited role in SMX removal; and (2) SMX pos
sesses a high dipole moment [25]. As reported, compounds with high
dipole moments are properly oriented towards the pores through elec
trostatic attraction when they approach membrane pores, which makes
it easy for SMX to pass through membranes [58]. Besides, TOC removal
of NF treatment was the same as SMX removal due to NF was a physical
separation process. In contrast, the degradation of SMX by Fe(II)/PMS
treatment was extremely effective, and 92% removal was achieved.

Fig. 9. SMX removal by Fe(II)/PMS, NF and combined process. Experimental
conditions: pH = 7 ± 0.2, [SMX]0 = 50 μM, [PMS] = [FeSO4] = 900 μM,
crossflow rate of 15 L/h, initial pH = 7 ± 0.2. Error bars represent 95% con
fidence intervals.

3.4. Stability of ionic removal
The removal rate of sulfate and conductivity of the permeate over
8
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Fig. 10. (a) Normalized flux of NF membranes in different solutions and (b) normalized flux recovery obtained by cleaning with/without Fe(II)/PMS. Cleaning
conditions: crossflow rate of 30 m/min; time of 15 min; NaOH (pH = 11) and sodium citrate (pH = 3) as cleaning agent. Error bars represent 95% confi
dence intervals.

time were tested to explore the removal capacity of sulfate ions in the Fe
(II)/PMS + NF system, where the conductivity of the permeate repre
sents the quantity of total dissolved solids (TDS). As shown in Fig. 11(a)
and (b), throughout the operating period, more than 80 mg/L sulfate
ions were stably removed by nanofiltration membrane and the rejection
rate of sulfate remained at approximately the 90% level. The conduc
tivity of the filtrate continuously increased from 163.3 μs/cm to 195 μs/
cm during the period 1–24 h, illustrating that the TDS of the effluent
continuously increased. The reason for the permeate TDS increase can
be summarized as the combined effect of several factors. First, the
adsorption of Fe(III) on the NF membrane surface resulted in charge
neutralization, further leading to a decrease in electrostatic repulsion.
Second, the NF membrane surface charge properties were influenced by
the accumulation of fouling [61]. Last, cake-enhanced concentration
polarization occurred as the cake layer became denser [62]. As observed
in Section 3.3, the flux curves of Songhua River water treated with Fe
(II)/PMS continually declined, and no plateau phase appeared, indi
cating continuous fouling accumulation over time in the operating
period. This result was consistent with the change in permeate TDS.
Accumulated pollution caused a membrane charge variation that further
weakened Donnan exclusion but showed little influence on the rejection
of sulfate ions. It can be inferred that steric hindrance, rather than
electrostatic repulsion, played a major role in sulfate rejection in the
system.

4. Conclusion
The current study investigated the efficiency of Fe(II)/PMS coupled
with NF in the simultaneous removal of NOM and SMX, as well as the
effect of Fe(II)/PMS treatment on membrane fouling control and the
stability of ion removal of NF membranes. The hybrid process (Fe(II)/
PMS + NF) showed better performance than the single processes in
terms of both NOM and SMX removal, with values of 88% and 95%,
respectively. In the Fe(II)/PMS process, NOM was removed by the
combined effect of Fe(III)coagulation and SO⋅−4 and HO⋅ oxidation. The
results of DOC and HPSEC analysis indicated NF out-performed Fe(II)/
PMS in terms of NOM removal. By contrast, NF exhibited limited
interception of SMX due to the high dipole moment of SMX. In contrast
to NOM removal, Fe(II)/PMS played a key role in SMX degradation in
the hybrid system. When the pH increased from 5 to 9, the SMX removal
rate showed a downward trend, where pH had an impact on SMX
removal due to the yield of free radicals, radical species and the disso
ciation species of SMX. Radical quenching experiments indicated that
SO⋅−4 played a more important role than HO⋅ in SMX degradation.
Songhua River water pollution tended to consist of SA. Fe(II)/PMS
significantly alleviated membrane fouling and improved the NF mem
brane flux because the concentration of organic matter decreased. The
results suggested that a stable sulfate ion rejection of approximately
90% was obtained in long-term operation. The high efficiency of or
ganics removal of Fe/PMS + NF process may have great potential in

Fig. 11. (a) Sulfate concentration in feed and nanofiltration permeate (b) variations in the removal rate of sulfate and conductivity of the filtrate over time. Error
bars represent 95% confidence intervals.
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scale-up industrial application. And further works may focus on
improvement of performance and system stability.
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