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NaClO has been widely used to restore membrane flux in practical membrane cleaning processes, which
would induce the formation of toxic halogenated byproducts. In this study, we proposed a novel heat-
activated peroxydisulfate (heat/PDS) process to clean the membrane fouling derived from humic acid
(HA). The results show that the combination of heat and PDS can achieve almost 100% recovery of per-
meate flux after soaking the HA-fouled membrane in 1 mmol/L PDS solution at 50 °C for 2 h, which
is attributed to the changes of HA structure and enhanced detachment of foulants from membranes.
The properties of different treated membranes are characterized by scanning electron microscopy (SEM),
atomic force microscope (AFM), attenuated total reflection Fourier transform infrared spectroscopy (ATR-
FTIR), and X-ray photoelectron spectroscopy (XPS), demonstrating that the reversible and irreversible
foulants could be effectively removed by heat/PDS cleaning. The filtration process and fouling mechanism
of the cleaned membrane were close to that of the virgin membrane, illustrating the good reusability of
the cleaned membrane. Additionally, heat/PDS which can avoid the generation of halogenated byproducts
shows comparable performance to NaClO on membrane cleaning and high performance for the removal
of fouling caused by sodium alginate (SA), HA-bovine serum albumin (BSA)-SA mixture and algae, further
suggesting that heat/PDS would be a potential alternative for membrane cleaning in practical application.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Ultrafiltration (UF) technology has attracted extensive atten-
tion in the fields of chemical recovery, cell harvesting, drinking
water production and wastewater treatment because of its high
performance on the retention of particulates, colloids and micro-
biological organisms without the addition of chemicals [1,2]. How-
ever, membrane fouling during the filtration process could result in
increased energy consumption and declined membrane flux, which
is still the main obstacle for the application of UF technology [3].

Nowadays, many strategies have been developed to prevent or
mitigate membrane fouling, such as the pretreatment of feed wa-
ter, development of anti-fouling membranes and optimization of
operating conditions [4-6]. In practical membrane process, mem-
brane fouling is still inevitable during the long-term filtration pro-
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cess, and periodical membrane cleaning needs to be conducted for
the removal of foulants and recovery of membrane flux [1]. Acids,
bases, oxidants, chelating agents, surfactants and enzymatic com-
ponents are the common chemicals applied in membrane clean-
ing for the removal of different foulants [7]. Among these agents,
sodium hypochlorite (NaClO) is a widely adopted oxidant for re-
moving organic and biological foulants because of its strong oxidiz-
ing ability and low cost [8]. However, exposure to NaClO cloud also
change some intrinsic membrane properties such as hydrophilic-
ity, pore size distribution and zeta potential, which may reduce
the quality of permeate and the lifespan of membrane [9]. Further-
more, as a commonly used disinfectant in water/wastewater treat-
ment processes, NaClO can react with organic and micro-biological
substances to generate halogenated byproducts with high toxicity.
Our recent studies show that NaClO cleaning of UF membranes
fouled by humic acid or algae can form a variety of chlorinated
byproducts [10,11]. Liu et al. investigated the generation of halo-
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genated organics during the online-cleaning of fouled membranes
by NaClO, finding that the amounts of generated total organic halo-
gen during this process was estimated to be 648.45 kg per year in
China [12,13]. Due to the inefficient treatment of the cleaning solu-
tion, a substantial portion of these halogenated byproducts would
be inevitably discharged into natural water bodies to increase the
potential risks for both environment and human health. Therefore,
the modification of chemical cleaning process by NaClO should be
considered, and it is urgent to explore other oxidation processes
for membrane cleaning.

In recent years, peroxides including peroxydisulfate (PDS),
peroxomonosulfate (PMS), peracetic acid and hydrogen peroxide
(H,0,) have been broadly applied in water/wastewater treatment
processes [14-16]. These peroxides can be activated by ultraviolet
(UV), ultrasound, heat, base and transition metals to produce sul-
fate radical and hydroxyl radical in advanced oxidation processes
(AOPs) for the efficient degradation of organic contaminants [17-
19]. Additionally, AOPs such as Fe(II)/PDS, Fe(Il)/PMS, UV/PDS and
heat/PDS have also been utilized to mitigate membrane fouling
through the pretreatment of feed water, in which the generated
reactive species could greatly change the characteristics of typical
foulants and reduce their fouling potential in the following filtra-
tion process [20-22]. Recently, typical AOPs including H,0,-MnO,
system and Fe(I)/PMS process were reported to be useful options
for the chemical cleaning of fouled membranes, which achieved ef-
ficient recovery of membrane flux [23,24]. Due to the absence of
halogen atom, the application of these peroxides produces much
fewer toxic halogenated byproducts than chlorine. Except for tran-
sition metals (MnO, and Fe(Il)), heat is another unique method for
the activation of PDS without the addition of other chemicals. Ad-
ditionally, the temperature of waste heat generated in many indus-
trial processes usually ranges from 60 °C to 120 °C [25], which can
be considered as the energy source for PDS activation to lower the
cost of heat/PDS process [22]. Previous studies reported that mass
transfer of cleaning agents from the bulk solution to the mem-
brane surface is an important limiting factor during the chemical
cleaning process, which could be enhanced by the increase of op-
erating temperature [26,27]. Thus, the application of heat/PDS may
have a synergetic effect for foulant removal in chemical cleaning
process. However, as far as we know, very limited study has been
conducted in this field.

The chemical reagents and experimental procedures were
present in Texts S1 and S2 (Supporting information). The clean-
ing efficiency was evaluated in the form of flux recovery ratio and
fouling resistance removal (shown in Text S3 in Supporting infor-
mation). The analytic methods were offered in Text S4 (Supporting
information). The schematic diagram of experimental set-up was
shown in Fig. S1 (Supporting information).

As shown in Fig. 1a and Fig. S2 (Supporting information), the
combination of HA and Ca2* resulted in an apparent flux decline
with the final normalized flux (J/Jy) reducing to approximately 0.51,
and the reversible and irreversible fouling resistance were calcu-
lated to be 0.34 and 2.99 x 10! m~!, respectively. This result indi-
cates that irreversible fouling played the dominant role in the foul-
ing process, suggesting that further chemical cleaning was required
for membrane flux recovery in this process.

As shown in Fig. 1b, the membrane flux recovered to 59% and
67% of Jy, while 29% and 49% of the fouling resistance were re-
moved after cleaning by heat alone (50 °C) and PDS alone (1
mmol/L), respectively, indicating that foulants deposited on the
membrane could be partly removed by these two cleaning pro-
cesses. The application of heat/PDS process (50 °C) exhibited much
better performance for membrane fouling removal. The flux recov-
ery ratio and resistance removal increased from 82% and 77% to
almost 100% with the PDS dose ranging from 0.25 mmol/L to 1
mmol/L, suggesting that high temperature can not only improve
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Fig. 1. (a) Effect of HA fouling and backwash on membrane flux decline. (b) Per-
formance of different cleaning processes for membrane flux recovery and fouling
resistance removal. (c) Variation of UV,s4 absorbance after directly treating HA by
heat/PDS and (d) Variation of FTIR spectra after directly treating HA by heat/PDS.
Conditions: feed HA solution 10 mg/L, molecular weight cutoff 50 kDa, cleaning
time 2 h, temperature 50 + 1 °C, initial pH 7.0 + 0.2, PDS dose 1 mmol/L for PDS
alone.

the cleaning efficiency, but also can reduce the PDS dosages. It
should be noted that the recovery ratio of flux further increased
to about 119% as the addition of PDS was raised to higher than
2 mmol/L, revealing that the flux of the cleaned membrane was
higher than that of the virgin membrane. Correspondingly, about
117% of total fouling resistance was removed after heat/PDS treat-
ment with the PDS dosage higher than 2 mmol/L, showing that the
membrane intrinsic resistance was reduced. Similar phenomena
could also be found when the fouled membranes were exposed to
NaClO or HCl during the chemical cleaning processes, which could
be attributed to the enlargement of membrane pore size or the in-
crease of membrane hydrophilicity [28,29]. These results indicate
that the heat/PDS with PDS dose ranging from 0.25 mmol/L to 1
mmol/L could be applied for the cleaning of HA-fouled membrane.

To investigate the released foulants after different cleaning pro-
cesses, the cleaning of HA-fouled membrane by heat/PDS system
were studied, and the variations of UV,54 absorbance in the clean-
ing solution were monitored. As shown in Fig. S3a (Supporting in-
formation), UV,s4 absorbance in cleaning solutions treated by heat
alone and PDS alone were quite low, suggesting limited existence
of HA in cleaning solutions. With PDS dose increasing from 0.25
mmol/L to 2 mmol/L, UV,54 absorbance apparently increased from
0.067 cm~! to 0.175 cm~!. After subtracting UV,s4 absorbance of
sole PDS at different dose in Fig. S3b (Supporting information), it
can be concluded that the heat/PDS treatment caused easier re-
lease of HA from the membrane surface and pores, which is in ac-
cordance with the results in a previous study that chemical clean-
ing of fouled membrane by Fe(II)/PMS could reduce the adhesion
force between foulants and membrane [24].

To verify the influence of heat/PDS on HA properties, exper-
iments were conducted by applying heat/PDS system to directly
treat HA solution. As can be seen in Fig. 1c, the decline of UV;s4
absorbance in HA solution was negligible at 0.25 mmol/L PDS,
which was 27% when the PDS dose reached 5 mmol/L. UV,54 rep-
resents aromatic chromophores and unsaturated bonds in NOM
[30], and the reduction of UV,s4 absorbance indicates the struc-
tural damage of HA. FTIR spectra was further performed to analyze
the structure change of HA after treatment by heat/PDS. Fig. 1d
shows that characteristic peaks of HA significantly changed after
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Fig. 2. SEM images of different treated-membranes: (a) virgin membrane, (b) HA fouled membrane, (c) membrane cleaned by heat/PDS (0.25 mmol/L), (d) membrane cleaned
by heat/PDS (0.5 mmol/L), () membrane cleaned by heat/PDS (1 mmol/L), (f) membrane cleaned by heat/PDS (2 mmol/L), (g) membrane cleaned by heat/PDS (5 mmol/L).
Conditions: feed HA solution 10 mg/L, molecular weight cutoff 50 kDa, cleaning time 2 h, temperature 50 + 1 °C, initial pH 7.0 & 0.2.

treatment. Compared with the untreated HA, obvious absorbance
peaking at 500-1100 cm~! and around 1298 cm~! in the spec-
tra of HA after reaction could be attributed to the presence of
PDS (Fig. S4 in Supporting information). Then the disappearance of
characteristic peaks at about 2920 cm~! and 1400 cm~! could be
found after reaction, which were related to the typical hydropho-
bic groups of HA including the C-H, C-H, and C-Hs3 stretching
of alkyl structures and the C-H deformation of aliphatic, respec-
tively [31,32]. However, the intensities of characteristic absorbance
peaks of hydrophilic groups at around 1100 cm~! representing the
C-0 stretching vibration in esters, ethers and phenols, at about
1600 cm~! corresponding to the C=0 stretching vibration of car-
boxyl and ketones/quinones, and at round 3400 cm~! represent-
ing OH groups were significantly enhanced after reaction, respec-
tively [23,32,33]. These results suggest that the oxidation of HA
by heat/PDS could make HA substances more hydrophilic, which
would facilitate the shift and detachment of foulants from the
membrane and then increased the cleaning efficiency.

The surface morphologies of virgin, fouled, and cleaned mem-
branes were observed by an SEM. As represented in Fig. 2a, a clean
and smooth surface of the virgin membrane was found. When the
membrane was fed with HA solution, foulants were deposited to
form a dense and compact cake layer on the membrane surface
(Fig. 2b). While the PDS dose was 0.25 mmol/L in the heat/PDS
process, it can be seen in Fig. 2c that chain flocs of fouling ma-
terials appeared on the membrane surface, which indicates that
the surface fouling layer was partly destroyed and fragmentized
during the cleaning process. With the increase of PDS dose to 0.5
and 1 mmol/L, the foulants were broken into smaller irregular ag-
glomerated fractions and had a more diffused distribution on the
membrane surface (Figs. 2d and e). More SEM images with high
magnification in Fig. S5 (Supporting information) also verified that
the size of the agglomerated flocs on the membrane surface de-
creased with PDS dose increasing from 0.25 mmol/L to 1 mmol/L.
When heat/PDS with PDS dosage no less than 2 mmol/L was ap-
plied, negligible foulants were found on the membrane surface
(Figs. 2f and g). These results demonstrate that the performance of
heat/PDS for foulants removal from the membrane was improved
with the elevation of PDS dose, which is consistent with the in-
creased membrane flux recovery, resistance removal and HA re-
lease in the cleaning solution. However, the membranes treated by
over-dosed PDS (2 and 5 mmol/L) seemed to have rougher surface
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Fig. 3. (a) Comparison of membrane fouling between untreated and cleaned mem-
branes. (b) Fouling ratios of untreated and cleaned membranes after HA fouling.
Conditions: feed HA solution 10 mg/L, molecular weight cutoff 50 kDa, cleaning
time 2 h, temperature 50 + 1 °C, initial pH 7.0 & 0.2.

compared to the virgin membrane, which is accompanied by the
excessive recovered water flux of cleaned membrane. AFM, ATR-
FTIR and XPS were also applied to analyze the change of mem-
brane surface before and after cleaning, which were detailly dis-
cussed in Text S5 (Supporting information), demonstrating the high
removal efficiency of foulants after chemical cleaning by heat/PDS.

The influencing factors including solution pH and temperature
on the cleaning efficiency of HA-fouled membrane by heat/PDS
were also evaluated (Fig. S6 in Supporting information) and dis-
cussed in Text S6 (Supporting information). Based on the results
and discussion, it is achieved that alkaline condition benefit the
permeate flux recovery and the resistance removal with damaging
the membrane structure. Therefore, neutral condition would be a
good choice for the cleaning of HA-fouled membrane by heat/PDS
process. As high temperature benefits the PDS activation and the
diffusive mass transfer rate, increasing trend of permeate flux re-
covery and resistance removal was found in the temperature range
of 40-70 °C. But the increasing rate gradually decreased and a good
cleaning efficiency could be achieved even at 50 °C.

The fouling behaviors of virgin and cleaned membranes were
comparatively evaluated through the repeated filtration of HA so-
lution. The filtration of HA solution resulted in a significant flux
decline for the virgin membrane, and the normalized flux at the
end of the second filtration cycle decreased to around 34% (data
not shown). Fig. 3a shows that heat/PDS cleaning could improve
the permeate flux, and the performance was enhanced with the
increase of PDS dose. For instance, the terminal normalized flux
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during the second filtration cycle increased from 49% to 58% when
the initial PDS concentration rose from 0.25 mmol/L to 5 mmol/L.
The whole fouling ratios for different treated membranes are illus-
trated in Fig. 3b, showing that the fouling ratio increased from 32%
to 46% with PDS dose increasing from 0.25 mmol/L to 1 mmol/L.
The fouling ratio and fouling curve of the membrane cleaned by
heat/PDS at 1 mmol/L PDS were quite similar to that of the virgin
membrane, demonstrating that the cleaned membrane could be
reused with little change of membrane fouling behavior. However,
the fouling ratio was further elevated to 61% when the heat/PDS
process with a PDS dose of 5 mmol/L was applied, which evi-
dences that the membrane had a worse anti-fouling performance.
This was in accordance with the result in previous studies that the
excess exposure to NaClO could increase the membrane fouling po-
tential [34,35]. It should be noted that membranes with higher sur-
face roughness were easier to be fouled because that the particles
approaching the membrane surface were more likely to be trapped
in the valleys of the rough surface [36]. Thus, the slight increase
of membrane surface roughness after chemical cleaning with over-
dosed PDS (Fig. S7d in Supporting information) might partly ac-
count for the decreased anti-fouling performance of the cleaned
membrane.

To further investigate the influence of chemical cleaning on the
fouling mechanisms caused by HA, four classic filtration models
were applied to fit the experimental data. The fouling models in-
cluding complete blocking, standard blocking, intermediate block-
ing and cake filtration were calculated according to the equations
described in Table S1 (Supporting information) [37,38], and the
correlation coefficient values (R?) were represented in Table S2
(Supporting information). For the virgin membrane, the R? val-
ues were 0.8530, 0.9999, 0.9151, and 0.9588 for complete block-
ing, standard blocking, intermediate blocking and cake filtration,
respectively. This illustrates that the fouling mechanism for HA fil-
tration was mainly governed by standard blocking and cake for-
mation, which was followed by the possible participation of inter-
mediate blocking. Similar results could also be found in a previous
study [21]. When the membranes cleaned by heat/PDS (PDS < 0.5
mmol/L) were used for the filtration of HA, the R? values for mod-
els increased except for standard blocking. This indicates that stan-
dard blocking played a decreased role during the fouling formation,
which might be due to the presence of residual foulants on the
cleaned membrane surface and pores (Figs. 2c and d). With the fur-
ther increase of PDS dose to 1 mmol/L, the R? values for complete
blocking, intermediate blocking and cake filtration decreased obvi-
ously, and the fouling mechanism was still governed by standard
blocking and cake formation. This result proves that the chemical
cleaning by heat/PDS at 1 mmol/L PDS did not change the fouling
mechanism.

To evaluate the application potential of the heat/PDS process
in membrane cleaning, three other cleaning agents including HCI,
NaOH and NaClO were selected to treat fouled membranes. As il-
lustrated in Fig. 4a, HCl and NaOH played a limited role in the
foulants removal with the flux recovery ratios being 60% and 65%,
respectively. Poor cleaning efficiencies by HCl and NaOH could
also be verified by the low fouling resistance removal of 31% and
45%, respectively. The flux recovery ratio and resistance removal
reached 86% and 84%, respectively, when 0.5 mmol/L NaClO was
applied to chemically clean the fouled membrane for 2 hours,
which was comparable to that achieved by heat/PDS with a PDS
dosage of 0.5 mmol/L. Unfortunately, the cleaning of HA-fouled
membranes by NaClO can result in the formation of toxic halo-
genated byproducts. Therefore, the heat/PDS process would be a
promising alternative to replace NaClO for membrane cleaning.

To comprehensively evaluate the practical potential of heat/PDS
for membrane cleaning, heat/PDS was employed to clean the mem-
branes fouled by other typical foulants including SA, BSA, HA-
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Fig. 4. (a) Effect of cleaning agents on membrane flux recovery and fouling
resistance removal. Filtration conditions: feed HA solution 10 mg/L, molecular
weight cutoff 50 kDa. Cleaning conditions: cleaning time 2 h, temperature 50 =+
1 °C, pH 7.0 + 0.2. HCl=NaOH =NaClO=PDS=0.5 mmol/L. (b) Performance of
heat/PDS for the cleaning of membrane fouled by BSA, SA, HA-BSA-SA mixture and
algae-laden water. Filtration conditions: feed SA solution 5 mg/L, BSA solution 5
mg/L, HA=BSA=SA=10 mg/L in HA-BSA-SA mixture, cell concentration of 2 x 10°
cells/mL in algae-laden water. Cleaning conditions: cleaning time 2 h, temperature
50 £ 1°C, pH 7.0 + 0.2.

BSA-SA mixture and algae-laden water, and the rejection rate of
membrane before and after cleaning was also evaluated. As illus-
trated in Fig. 4b and Fig. S8a (Supporting information), the fil-
tration of SA, BSA, HA-BSA-SA mixture and algae-laden water re-
sulted in serious flux decline with final normalized flux (J/Jy) val-
ues at 0.52, 0.53, 0.22 and 0.26, respectively. After the chemical
cleaning by heat/PDS, the flux of SA-fouled and BSA-fouled mem-
brane was recovered to 1.12 and 0.63, respectively, indicating that
SA was easily removed by heat/PDS, which was contrary to BSA.
Previous studies have reported that high temperature and oxida-
tion by chemicals could induce the misfolding and aggregation of
proteins [4,39]. The low cleaning efficiency of BSA-fouled mem-
brane by heat/PDS might be attributed to the enhanced crosslinks
in BSA aggregates, which was difficult to be removed from mem-
brane surface and pores [40]. The flux recovery ratio and resistance
removal of membrane fouled by HA-BSA-SA reached 0.94 and 0.98,
respectively, revealing that the organic composite fouling which
was commonly existed in practical water was easily removed af-
ter cleaning by heat/PDS. In addition, fouling caused by algae-laden
water could also be effectively removed by heat/PDS with flux re-
covery ratio and resistance removal being 0.87 and 0.95, respec-
tively. Thus, it could be concluded that heat/PDS cleaning was a
promising method for the removal of SA, HA-BSA-SA and algae
fouling. Fig. S8b (Supporting information) shows that rejection rate
of virgin and cleaned membranes for BSA and SA had no signif-
icant change (P > 0.05), while membrane rejection rate for HA-
BSA-SA was slightly decreased from 81.8% to 80% (P < 0.05) after
cleaning, which was still kept in a high level. These results show
that heat/PDS cleaning has limited influence on the membrane re-
jection performance, and the cleaned membrane can be reused in
water treatment.

This study developed a novel heat/PDS process to clean the HA-
fouled membranes, and the cleaning efficiency was promoted with
the increase of PDS dose. Heat/PDS cleaning could improve the
hydrophilicity of HA, which was accompanied by the effective re-
moval of reversible and irreversible foulants from the membranes.
The heat/PDS process exhibited a comparable cleaning efficiency
to NaClO without forming toxic halogenated byproducts, which
was more effective than acid and alkaline cleaning. Heat/PDS also
showed high cleaning performance for SA, HA-BSA-SA and algae
fouling. When heat/PDS is applied in practice for membrane clean-
ing, waste heat in industrial processes and solar energy will be an
economical choice for heating water, which will efficiently reduce
the cost of cleaning process. Thus, heat/PDS would be a promising
choice to replace NaClO for the chemical cleaning of membranes
fouled by organic compounds.
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