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relaxation-oxidation of persistent gel-like fouling of ceramic 
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A B S T R A C T   

Ceramic nanofiltration (NF) is a newly-developed technology for water recycling, but is still limited to pilot-scale 
applications. Lacking efficient and eco-friendly strategies for cleaning ceramic NF membrane impedes its scaling- 
up in industries. Forward flush, backwash and acidic/caustic cleaning are not efficient enough. In this work, a 
novel oxalic acid-aided Fenton process was proposed for synergistic relaxation/oxidation of persistent Ca2+- 
mediated gel-like fouling of ceramic NF membrane. A reactive catalyst layer was online pre-coated on top of the 
membrane via a pressure-driven cross-flow pre-filtration of Fe3O4 hydrosols. The gel-like fouling was simulated 
by alginate in the presence of Ca2+ ions. Results show that the Fe3O4 loading could be readily tuned from 0.16 to 
1.34 g m− 2 by altering the permeate flux during the pre-coating. The membrane permeability loss due to the pre- 
coating was minimal (<10%). The combination of oxalic acid chelation and Fenton-based oxidation resulted in 
high flux recovery (85.07%) for the iron-oxide pre-coated membrane, whereas the single treatment by hydrogen 
peroxide (H2O2) or oxalic acid was inefficient. This synergistic effect was attributed to relaxation of the Ca2+- 
mediated gel layer via oxalic acid/Ca2+ chelation, which presumably facilitated H2O2 diffusion at the Fe3O4/ 
foulant interface. The iron-oxide pre-coated membrane maintained stable initial normalized fluxes 
(83.33–90.15%) through the oxalic acid/H2O2 cleaning over five cycles, with no need of refreshing the iron- 
oxide pre-coat. Additionally, the leaching of iron from the iron-oxide pre-coat by oxalic acid was suppressed 
by the oxalic acid/H2O2 combination, owing to a reactive shielding by competitive sorption of H2O2 onto the 
Fe3O4 surface. Overall, the synergistic relaxation/oxidation method, demonstrated in this study, provides new 
insights into improving reactivity of Fenton-based processes on hybrid catalytic ceramic membranes for water 
treatment or fouling control.   

1. Introduction 

Ceramic nanofiltration (NF) has emerged as an attractive new tech
nology for non-potable water recycling from municipal sewage and 
secondary wastewater effluent, given its good robustness and separation 
capability upon various organic molecules (>450 Da) and small colloids 
[1,2]. Formation of a low permeable gel layer on the surface of ceramic 
NF membranes during filtration, plays a significant role in the mem
brane fouling, which affects the water-yielding capacity and energy 
consumption in water treatment [3,4]. Typically, polysaccharides (i.e., 
alginate) are considered to be a major contributor to the gel layer for
mation, attributing to the strong bridging between carboxylic groups of 

the polysaccharide molecules and divalent or multivalent metal ions (i. 
e., Ca2+ and Fe3+) [5–7]. Regardless of the hydrophilic surface (contact 
angle: 20–30◦) of ceramic NF membranes, forward flush is ineffective for 
the gel-type fouling due to its strong adherence to the membrane [4,8]. 
Backwash cannot be applied to ceramic NF membranes because of 
physical damage to the end-sealing under high transmembrane pres
sures (TMP), in addition, the backwash velocity is limited at pressures 
below 10 bar [9]. Therefore, off-line chemical cleaning of the mem
branes with alkaline, acid, or hypochlorite is frequently needed, dis
rupting the continuous filtration and influencing the membrane 
integrity [10,11]. In addition, chemical cleaning agents, such as NaOH 
and citric acid, are incapable of fully eliminating the foulants even if the 
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flux was entirely recovered, leading to a progressive flux decrease with 
successive filtration cycles [4]. 

Membrane modification with Fenton catalysts enables foulant 
removal on the membrane surface via on-site generation of reactive 
oxygen species (i.e., •OH), after addition of hydrogen peroxide (H2O2) 
[12]. The co-existence of catalysts, H2O2 and foulants on a 
catalyst-modified membrane surface could create conditions that are 
favourable for fouling layer decay, because of the short diffusive trans
port distance in Fenton oxidation processes at the catalyst/foulant 
interface [13]. The Fenton oxidation processes on the membrane surface 
aim to attack the anchoring sites at the catalytic membrane/foulant 
interface, which would result in fouling layer detachment. De Angelis 
and de Cortalezzi reported that Fenton reactions on an iron-oxide 
modified ceramic membrane achieved a flux recovery of 80% with 
bovine serum albumin degradation percentage of 40%, indicating an 
underlying detachment or relaxation of the fouling layer by Fenton 
oxidation [14]. According to Sun et al. UV/H2O2 photo-Fenton oxidation 
on a α-FeOOH-coated ceramic membrane was able to limit the increase 
of TMP to a plateau level, during continuous filtration of humic acid 
solutions [15]. Above mentioned studies, however, only have paid 
attention to the viability of using membrane-surface-localized Fenton 
reactions for fouling control, but in water treatment by ceramic mem
branes, a persistent fouling layer (i.e., gel-like foulants) on the mem
brane surface may affect the reactivity of Fenton processes, which is still 
unresolved and poorly understood [14,15]. 

Accumulation of foulants on catalytic membranes shortens the mass 
transfer distance of •OH for foulant decay, which, in principle, is 
favourable for catalysed oxidation on the membrane surface [16]. 
However, the fouling layer itself, as an undesirable steric barrier, could 
limit the diffusive transport of H2O2 onto the catalytic sites and hamper 
the oxidation of foulants. In particular, the gel layer composed of bio
polymers (i.e., polysaccharides) on the membrane surface could act as a 
mass transfer hindrance [17]. With the aid of Ca2+ ions, ubiquitous in 
natural water bodies, the cross-linked networks of the gel layer would be 
further intensified and compressed under pressure-driven filtration, due 
to intermolecular bridging between foulant molecules or charge 
screening by Ca2+ [5,18]. As such, the Ca2+-mediated gel-like fouling 
layer, with low permeability, affects the application of Fenton-coupled 
ceramic membranes for water treatment or fouling control in practice 
[3,19]. Therefore, H2O2 mass transfer on catalyst-immobilized mem
branes should be improved to enhance Fenton oxidation for fouling 
control. 

Ligand exchange reactions, governed by chelating agents, are 
capable of extracting Ca2+ from the Ca2+-mediated gel layer, rendering 
a relaxed conformation of the gel layer through resuming intra- or inter- 
molecular or foulant-membrane electrostatic repulsion or destructing 
intermolecular bridging [20]. As such, loosening fouling layer structures 
could also be expected as a factor contributing to flux recovery, in 
addition to removing the fouling layer from membrane surfaces. 
Nonetheless, Song et al. has reported that chelating agent cleaning might 
be ineffective for Ca2+-unbound foulant molecules, which are generally 
protonated under acidic conditions [21]. As reported by Athanasekou 
et al., ceramic NF membranes, with alginate deposited on their surfaces, 
would undergo an evident permeability drop (~50%) upon exposure to 
divalent metal cations, due to pore narrowing/blocking induced by 
complexation between the divalent metal cations and alginate’s car
boxylic groups [22]. It can thus be speculated that some residual fou
lants on membranes, after Ca2+ extraction through chelation cleaning, 
could release their binding sites (i.e., carboxylic groups) for free metal 
cations (i.e., Ca2+) in aqueous phase, which might reorganize 
cross-linked gel networks on the membranes and lead to a flux decline 
upon exposure to Ca2+. Additionally, some foulants, tightly embedded 
in the concavities or pore-openings of membrane surfaces, were not 
amendable to chelation cleaning [21,23]. 

In this study, a novel synergistic method of using chelating-agent 
relaxation and Fenton-based oxidation was proposed, for cleaning 

persistent gel-like fouling of ceramic NF membranes. Fe3O4 hydrosol 
nanoparticles were adopted as active Fenton catalysts to form an iron- 
oxide pre-coat on the membrane surface prior to fouling, due to their 
capability of triggering Fenton-based oxidation and facile synthesis 
processes. Sodium alginate, which is known to form gel aggregates 
through a so-called egg-box model in the presence of calcium ions, was 
chosen as a representative gel-like foulant to develop a gel layer on the 
membranes [5,11]. As suggested by pre-coated membranes prepared by 
particle materials (i.e., iron oxide and powdered activated carbon) re
ported elsewhere, the gel foulants are supposed to be deposited on top of 
the iron-oxide multilayer and within its porous channels [24,25]. Oxalic 
acid was used to assist the Fenton-oxidative cleaning of the iron-oxide 
pre-coated membranes, in light of its functions of complexing with 
Ca2+-mediated gel layer and good resistance to •OH-radical oxidation 
[26]. 

2. Materials and methods 

2.1. Chemicals and membranes 

Ferric chloride hexahydrate (FeCl3⋅6H2O, ≥99.0%), ferrous chloride 
(FeCl2, ≥98.0%), sodium alginate (≥99.0%) and oxalic acid (C2H2O4, 
≥99.0%) were purchased from Sigma-Aldrich. H2O2 (30%), calcium 
chloride dihydrate (CaCl2⋅2H2O, ≥99.0%), H2O2 test kits (limit of 
detection (LOD): 0.03–6 mg L− 1) and iron test kits (LOD: 0.10–5 mg L− 1) 
were purchased from Merck (Germany). All chemicals were used as 
received. Commercially available TiO2 NF membranes (Inopor GmbH, 
Germany) with nominal molecular weight cut-off of 450 Da and mean 
pore size of 0.9 nm were used in this study (Table S1). The membranes 
have a single channel and a tubular configuration with dimensions of 10 
mm in outer diameter, 7 mm in channel diameter and 100 mm in length. 
The effective filtration area of each membrane is 0.00163 m2. The 
membranes were sealed with epoxy glue on the membranes edges to 
avoid feed water passing through the edges prior to use. The membranes 
were operated in an inside-out mode during filtration. 

2.2. Synthesis of iron oxide hydrosol nanoparticles 

Wet-state Fe3O4 hydrosol catalysts were synthesized with the sol-gel 
method [27]. In brief, 4.00 g FeCl2 and 17.07 g FeCl3⋅5H2O were suc
cessively dissolved into 0.1 L of a 0.60 M HCl solution. The acidified 
solution of ferrous/ferric ions (Fe(II)/Fe(III)) was then dropwise added 
into 2.0 L of a 0.15 M NaOH solution with continuously stirring at a 
speed of 200 rpm, until the solution reached a pH of 2.5. The obtained 
black Fe3O4 hydrosols appeared well suspended and dispersed, which 
were favourable for iron-oxide pre-coating through pressure-driven 
pre-filtration processes. The Fe3O4 hydrosols were stored in a fridge at 
4 ◦C prior to use. 

2.3. Integrative pre-coating/filtration/cleaning system 

Catalyst pre-coating, fouling and cleaning of ceramic NF membranes 
were operated in an integrative apparatus (Fig. 1). Fe3O4 hydrosols were 
used for the catalyst pre-coating through a cross-flow filtration to in situ 
form a uniform iron-oxide pre-coat on the membrane surface. The Fe3O4 
suspension (47.0 mM) was spiked into a demineralized water feed 
stream and the pre-coating filtration was operated at TMP of 2.0–10.0 
bar and at a cross-flow velocity of 0.65 m s− 1 for 30 min. Laminar cross- 
flow inside the membrane channel was adopted to promote Fe3O4 
deposition onto the membrane surface. The Fe3O4 loading on the 
membranes, ahead of fouling/cleaning experiments, was determined by 
fully dissolving the iron oxide pre-coat with oxalic acid solutions and 
measuring the dissolved iron. For a ceramic NF membrane with a spe
cific permeability, the Fe3O4 loading can be readily reproduced by 
tuning permeate volume during Fe3O4 pre-filtration under a certain 
TMP. Therefore, the Fe3O4 loading amount, measured before batch 
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experiments, can be regarded as the initial iron loading. The deposition 
and packing of Fe3O4 nanoparticles largely relied on the permeate flux 
and cross flow velocity [28], which determined the mass transported to 
the membrane surface (nominal Fe3O4 loading) and the mass swept 
away from the membrane (Fe3O4 loss), respectively. The nominal 
loading mass and coating efficiency of Fe3O4 nanoparticles could be 
calculated as described in Text S1. 

Fouling processes were conducted after the iron oxide pre-coating of 
ceramic NF membranes, using a synthetic foulant sodium alginate. NaCl 
(5.0 mM) and CaCl2 (3.0 mM) were added into sodium alginate solutions 
(0.8 g L− 1) to simulate the solution chemistry of natural waters. NaHCO3 
(1.0 mM) was added to maintain pH 7.0 (Text S2). Filtration was carried 
out in a bench-scale cross-flow mode (Fig. 1). Prior to fouling tests, the 
pristine and iron-coated membranes were pre-compacted with demin
eralized water under 3.0 bar until a stable flux was reached. The 
membranes were then stabilized with demineralized water for 10 min to 
determine the stable initial permeate flux (J0). During the fouling ex
periments, the retentate was recycled to the feed tank (50 L), while the 
permeate was collected continuously for measuring the permeate flux. 
The filtration experiments were executed at a constant TMP of 3.0 bar 
with initial fluxes of >50 L m− 2 h− 1 during fouling, which should be a 
regular flux for ceramic NF and sufficient for the formation of gel fouling 
with concentrated alginate solutions [29]. A cross-flow velocity of 1.0 m 
s− 1 was adopted during the fouling experiments (for 60 min). The 
Reynolds number of 6116 was used during the filtration to create tur
bulent conditions. In the filtration tests with the iron-oxide pre-coated 
membranes, the content of total iron in the permeate side was lower 
than the detection limit of 0.1 mg L− 1, which is below the permissible 
limit of iron in drinking water (0.3 mg L− 1, WHO standard) [30]. 

Membrane cleaning was performed by circulating a mixed solution 
of oxalic acid/H2O2 in the feed channel as illustrated in Fig. 1. The 
cleaning performance was evaluated by tracking the permeate flux over 
multiple filtration cycles. An oxalic acid/H2O2 solution with 30.0 mM 
H2O2, 11.1 mM oxalic acid and pH 2.5 were adopted, corresponding to 
the optimum value for Fenton cleaning based on previously executed 
optimization tests (data not shown). Herein, as suggested by Mailen 

et al., degradation of oxalic acid by H2O2 could be assumed negligible 
due to the slow reaction rate (k < 2.8 × 10− 6 M− 1 s− 1) at 20 ◦C [31]. 
Membrane cleaning in our experiments was conducted at a low 
cross-flow velocity (0.02 m s− 1), in order to reduce the hydraulic 
scouring on the iron-oxide pre-coat. Each fouling/cleaning cycle con
sisted of four sequential steps: a) permeate flux test using demineralized 
water, b) filtration of the synthetic foulant solution, c) membrane 
cleaning with the oxalic acid and/or H2O2 solution, and d) permeate flux 
test using demineralized water. Cleaning with only oxalic acid or H2O2, 
or with a combination of oxalic acid and H2O2 were conducted in par
allel for the pristine and Fe3O4-coated membranes, respectively, in order 
to separately explore the individual roles of oxalic acid and H2O2 in the 
synergistic oxalic acid-assisted Fenton cleaning. Afterwards, the cleaned 
membranes were soaked into a CaCl2 solution (3.0 mM, pH 7.0), then 
the flux decline upon Ca2+ exposure (for 12 h) was investigated to 
evaluate the foulant removal from the membrane surface, since 
re-compaction of remaining foulants could occur and form again a 
compact layer due to Ca2+ complexation. Flux recovery ratios after 
membrane cleaning were calculated using Eq. (1). 

Fr =
Jc − Jf

Jw − Jf
× 100% (1)  

where Jc (L m− 2 h− 1) is the flux of demineralized water after cleaning, Jw 
(L m− 2 h− 1) represents the initial flux of demineralized water prior to 
fouling tests, and Jf (L m− 2 h− 1) is designated to the water flux after 
membrane fouling. The filtration/cleaning experiments were performed 
in duplicate, and the variations in terms of membrane permeance 
before/during fouling or after cleaning were within a 5% difference. 

Multicycle fouling/cleaning experiments were also conducted at 
bench scale, with a fouling duration of 60 min and cleaning time of 15 
min in each cycle. The unified membrane fouling index (UMFI) was used 
to quantitatively assess the total fouling and chemically irreversible 
fouling of the iron-oxide pre-coat with the oxalic acid-coupled Fenton 
cleaning. A detailed description of the UMFI has been provided else
where [32]. The UMFI was defined as a slope in the linear equation given 

Fig. 1. Schematic of integrative pre-coating/filtration/cleaning system of ceramic nanofiltration membrane.  
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in Eq. (2). 

1
J ′

s
= 1 + (UMFI) × Vs (2)  

where Js’ is the normalized specific permeate flux, and Vs (L m− 2) 
represents the unit permeate volume. A higher UMFI (m2 L− 1) value 
implies a faster decrease of Js’. Herein, the total fouling refers to the 
membrane fouling before hydraulic or chemical cleaning, and the 
chemically irreversible fouling denotes the residual fouling after 
chemical cleaning (oxalic acid/H2O2 cleaning). The total fouling index 
(TFI) was further calculated by a linear regression of fouling data of each 
filtration cycle. The chemically irreversible fouling index (CIFI) was 
finally determined by collecting the starting points of each filtration 
cycle by linear regression. The two-point approach, using the starting 
points of the first and final cycles, was also adopted for comparison [32]. 

Real surface water was also fed to the iron-oxide pre-coated ceramic 
NF membrane to test the applicability of the oxalic acid-aided Fenton- 
based cleaning strategy in practice. Canal water was collected at the 
Delftse Schie (Delft, the Netherlands) and pre-filtrated with a fine sieve 
of 1 mm mesh width before NF. Key water quality parameters of the 
canal water are summarised in Table S2. It should be noted that the 
fouling with alginate solutions is an accelerated fouling with a much 
higher load (0.8 g L− 1) than that of the pilot experiment in canal water 
treatment (11.9 mg L− 1, Table S2). As suggested by one of our previous 
studies, using this model solutions, a pilot fouling experiment of five 
days could be simulated in 2 h, due to the faster fouling by the 
concentrated alginate solutions [2]. 

2.4. Characterization of iron oxide nanoparticles and membranes and 
analysis of water quality 

Morphologies of Fe3O4 nanoparticles and top/cross-sectional views 
of iron-coated membranes were observed by transmission electron mi
croscope (TEM, JEM-2100 HR, JEOL, Japan) and scanning electron 
microscopy (SEM, Hitachi S-3400 II, Japan) equipped with energy 
dispersive spectroscopy (EDS). X-ray diffraction (XRD) was performed 
with an XRD diffractometer (D8-Advance, Bruker, USA) with Cu Kα 
radiation at 45 kV and 40 mA. Specific surface area was determined by 
N2 adsorption-desorption tests at 77 K (ASAP-2010C, Micromeritics 
Instrument, USA). The standard Brunauer-Emmett-Teller model was 
used to calculate the surface area (SBET) of the dried particles. Average 
particle size of Fe3O4 nanoparticles was estimated based on the SBET 
value presuming a spherical morphology of the Fe3O4 (Text S3). Dis
solved organic carbon (DOC) was determined by a total organic carbon 
analyser (TOC-VCPH, Shimadzu, Japan). The ions in the canal water 
samples were measured by ion chromatography (883 Basic IC plus, 
Metrohm Instrument, the Netherlands). UV254 was determined by UV/ 
vis spectrometer (GENESYS 10S UV–Vis, Thermo Scientific, USA) with a 
quartz cell (1 cm). Fe Leaching of iron oxide pre-coat was measured in a 
photometer (Spectroquant NOVA 60, Merck KGaA, Germany) using iron 
test kits. H2O2 concentration was measured by hydrogen peroxide test 
kits. During each test, the samples were filtered through 0.45 μm filters 
to retain possible impurities. 

2.5. Iron leaching of iron-oxide pre-coated membranes 

Stability and Fenton-based (homogeneous or heterogeneous) re
actions are greatly dependent on the Fe leaching of iron-oxide pre-coat. 
To understand the iron leaching, the dissolution of iron from the iron- 
oxide pre-coat was explored during the membrane cleaning with sole 
oxalic acid (or H2O2) and oxalic acid/H2O2 combination. The iron-oxide 
pre-coated membranes were subjected to Ca2+-alginate fouling with 
varying durations (i.e., 1 and 3 h) to simulate actual conditions of iron 
leaching during membrane cleaning. The iron leaching tests were per
formed at 20 ◦C and pH 2.5. Aliquots of 8.0 mL were withdrawn at 

selected time intervals and filtered for analysing the Fe concentration to 
determine the iron dissolution rate of the iron-oxide pre-coat. During 
batch cleaning, the dissolved (or fallen) iron was detected, which could 
be used for determining the loss amount of Fe3O4 from the membrane in 
cleaning processes. For determining the iron loss during the H2O2 batch 
cleaning, oxalic acid was introduced into H2O2 solutions after the batch 
cleaning so as to entirely dissolve the fallen Fe3O4 solids, which assured 
that all the lost iron could be measured as Fe(II) or Fe(III) ions. In order 
to study the possible competition between H2O2 and oxalic acid towards 
the active sites on the Fe3O4 catalytic layer, adsorption of oxalic acid was 
conducted in the absence and presence of H2O2. To exclude the inter
ference of ceramic membrane, the solid particles, dried from Fe3O4 
hydrosols, were used for the adsorption experiments. The Fe3O4 parti
cles (1.0 g L− 1) were mixed and stirred with oxalic acid (0.55 and 11.0 
mM) at pH 2.5 in the absence and presence of H2O2 (30.0 mM). The 
loading of oxalic acid on the Fe3O4 powders was determined based on 
mass balance. 

3. Results and discussion 

3.1. Characterization of iron-oxide pre-coated membranes 

Fig. 2a shows that the Fe3O4 hydrosol nanoparticles were suspended 
and well-dispersed in aqueous solutions, supplying good characteristics 
for Fe3O4 pre-coating. Spherical configurations were observed for most 
Fe3O4 nanoparticles with diameters <20 nm, a minor fraction of the 
nanoparticles exhibited a distinctive acicular-like structure that might 
be typical for goethite nanorods (Fig. 2a) [33]. The average particle size 
of the Fe3O4 nanoparticles was 12.72 nm (Table S3) larger than the 
nominal pore size (0.9 nm on average, provided by the manufacturer, 
Table S1) of the membranes, indicating that the Fe3O4 nanoparticles 
could be successfully deposited onto the membrane surface without 
penetrating into the membrane pores. As depicted in Fig. 2c, e and g, the 
membranes pre-filtered with Fe3O4 nanoparticles at higher TMP (6.0 
and 10.0 bar) presented thicker (3.0 and 4.7 μm, respectively) and more 
uniform iron-oxide layers than that formed at 2.0 bar (1.1 μm in thick
ness, nonuniform), probably attributing to a larger permeate volume 
and greater compaction effect under the higher pressures. Additionally, 
the Fe3O4 layers (1.1–4.7 μm) appeared to be much thicker than that of 
the TiO2 active layer (~50 nm, supplied by the manufacturer), sug
gesting that the abundant nanostructured and interconnected channels, 
stacked by the Fe3O4 nanoparticles on the membrane surface, could also 
act as a pre-filtration media before filtration over the active layer. As 
such, the Fe3O4 layer could be used as a protective film to alleviate the 
fouling of the membranes in water treatment [34]. According to the 
top-view SEM image (Fig. 2b), the pristine membrane displayed a dense 
smooth active layer surface with no apparent defects on the top surface. 
The iron-oxide pre-coated membranes, however, had relatively rough 
surfaces (Fig. 2d, f and h). The iron-oxide layers prepared at 6.0 and 
10.0 bar exhibited more homogeneous surfaces than that formed at 2.0 
bar. 

3.2. Iron oxide loading and its impact on permeability of ceramic NF 
membranes 

As shown in Fig. 3a, the actual loading of Fe3O4 (0.16–1.34 g m− 2) 
appeared to be somewhat smaller than estimates (0.33–1.70 g m− 2) 
through Fe3O4 retention during the cross-flow filtration, determined by 
the permeate volume and Fe3O4 concentration (13.02 ± 0.62 mg L− 1) in 
the feed (Text S1). This was probably because the permeate flow in
clined to deposit the Fe3O4 nanoparticles onto the membrane surface to 
form a cake layer, while the shearing force of cross-flow tended to flush 
away the accumulated particles, to some extent lowering the actual 
Fe3O4 loading on the membranes [35]. Herein, measurement of Fe3O4 
loss was also considered when determining the actual loading amount of 
Fe3O4 nanoparticles (Text S1), in order to optimize TMP for improving 
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coating efficiency. The actual loading of Fe3O4 was positively related to 
the TMP, suggesting that a higher permeate flux was more favourable for 
Fe3O4 deposition on the membrane surface. Under each filtration TMP, 
it was inevitable to lose a part of Fe3O4 particles due to the shearing 
force of cross-flow filtration, but the proportion of the Fe3O4 mass loss 
was decreased from 50.20% to 20.86% with increasing the TMP from 
2.0 to 10.0 bar. Thus, the coating efficiency was successfully improved 
from 49.80% to 79.14% by a higher operating TMP, as indicated by the 
inset of Fig. 3a. 

As depicted in Fig. 3b, in comparison with the pristine membrane, 
the Fe3O4 loading of 0.20 g m− 2 decreased the membrane permeability 
by only 8.18%. Subsequently, the permeability reached a plateau even 
when the Fe3O4 loading was further increased to 1.36 g m− 2 (adopted in 
our experiments), which led to a permeability decline of 9.98%. The low 
influence of the iron-oxide loadings (or thickness) on the demineralized 
water permeance of the membrane could be interpreted by the much 
higher porosities (>0.9, Text S4) of the iron-oxide layers than that of the 

supporting membrane (0.3–0.4, provided by the manufacturer). In 
contrast to the stable permeability of ceramic NF membranes (~25 L 
m− 2 h− 1 bar− 1) loaded with different amounts of Fe3O4 (0.20–1.36 g 
m− 2), pre-coating of microfiltration (MF) and ultrafiltration (UF) 
membranes, as earlier reported, produced a sharp decline in membrane 
permeability (by ~90%) after coating with nanoparticles (i.e., multi- 
walled carbon nanotubes and magnesium hydroxides), due to a rapid 
pore blockage of the membranes [36,37]. The Fe3O4 coating layer on the 
ceramic NF membranes was expected to be sufficiently porous with gaps 
between the particles larger than the membrane pore size due to the 
much larger size of the Fe3O4 particles (12.72 nm) than that of the 
nominal membrane pores (0.9 nm), which correspondingly provided 
interconnected channels for maintaining a steady water permeation. 
This advantage of ceramic NF membranes made it feasible to tune 
catalyst loading on the membranes without considerable loss of mem
brane permeability, in order to supply adequate active sites for catalysed 
reactions on the membrane surface. 

3.3. Fenton oxidative cleaning of iron-oxide pre-coated membranes 
without using oxalic acid 

As observed in Fig. 4a, the permeate flux of both the pristine and 
iron-oxide pre-coated membranes underwent an abrupt drop during the 
initial stage of fouling with Ca2+-alginate solutions, probably due to 

Fig. 2. Characterization of Fe3O4 hydrosols and ceramic nanofiltration mem
branes: (a) TEM image of Fe3O4 hydrosol nanoparticles. (b) Top-view SEM 
image of pristine membrane. Cross-section SEM images with inset EDS profiles 
and top-view SEM images of iron-oxide pre-coated membranes prepared at (c, 
d) 2.0 bar, (e, f) 6.0 bar and (g, h) 10.0 bar. 

Fig. 3. (a) Fe3O4 loading during pre-coating filtration at different trans
membrane pressures (TMP). Inset: Fe3O4 coating efficiency vs. applied TMP. (b) 
Effect of Fe3O4 loading on the permeability of iron-oxide pre-coated mem
branes. Error bars represent standard deviation of the values in duplicate. 
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partial pore narrowing/plugging by alginate branches [38]. Afterwards, 
a slower decrease of the permeate flux was observed, until the end of 
filtration, likely attributing to gradual formation of a cake layer [39]. 
The evident flux decline during the fouling processes indicated that the 
fluxes applied in the experiments should be beyond the critical flux [40]. 
Subsequently, the fouled iron-oxide pre-coated and pristine membranes 
were, respectively, subjected to three and four batches (20 h for each 
batch) of H2O2 cleaning (30.0 mM, pH 2.5). The demineralized water 
flux of the pristine membrane was slowly restored during three 
consecutive cleaning batches until a flux recovery of 43.29%, presum
ably owing to direct oxidation by H2O2 of low oxidation power 
(reduction potential (E◦H2O2/H2O) = 1.763 V) [41]. After the third 
cleaning batch, the flux reached a plateau, manifesting that the 
remaining alginate residues on the membrane surface were resistant to 
the direct oxidation by H2O2. However, the flux recovery of the 
iron-oxide pre-coated membrane in each cleaning batch was much 
higher than that of the membrane without pre-coat, likely ascribed to 
the high oxidation power of •OH (E◦•OH, H+/H2O = 2.730 ± 0.017 V) 
generated by Fe3O4-initiated Fenton reactions [42]. After the third 
cleaning batch, the flux appeared even slightly higher than its initial 
level, which was likely caused by partial loss of Fe3O4 layer from the 
membrane surface because of the long cleaning process with H2O2 
solutions. 

To verify the contribution of Fenton-based processes to membrane 
cleaning, iron leaching and H2O2 conversion were simultaneously 
monitored. As depicted in Fig. 4b, during each batch cleaning of the 
iron-oxide pre-coated membrane, Fe(II) ions (0.6–1.0 mg L− 1) were 
detected as the dominant iron species leached from the Fe3O4 layer, and 
a decrease of H2O2 concentration (by 12–48%) was also observed. 
Typically, the dissolved Fe(II) would instantaneously react with H2O2 

through homogenous Fenton reactions to generate •OH radicals (Eq. (3), 
k = 63 M− 1 s− 1) [43]. However, due to the overdose of H2O2 relative to 
the dissolved Fe(II) ([H2O2]:[Fe(II)] = 30/0.01 mM/mM), the produced 
free •OH in the aqueous phase inclined to be scavenged by the excessive 
H2O2 (Eq. (4), k = 2.7 × 107 M− 1 s− 1), instead of degrading membrane 
foulants [44]. By comparing the reaction rates of Eq. (5) and Eq. (6), the 
Fe(II), prevailing in the bulk solution, should originate from the 
HO2

•-governed reduction of Fe(III) (Eq. (6), k = 2 × 103 M− 1 s− 1) rather 
than from the Fe(III) reduction by H2O2 (Eq. (5), k = 2.7 × 10− 3 M− 1 

s− 1) [44,45]. These results suggested that homogeneous Fenton re
actions of H2O2 with Fe(II) (or Fe(III)) did not play an important role in 
•OH generation for the oxidative cleaning. 

Fe(II) + H2O2 + H+→Fe(III)+•OH + H2O (3)  

H2O2+
•OH→H2O + HO2

• (4)  

Fe(III) + H2O2→Fe(II) + HO2
• + H+ (5)  

Fe(III) + HO2
•→Fe(II) + O2 + H+ (6) 

Therefore, in the H2O2 cleaning, the foulant decay presumably pro
ceeded through heterogeneous Fenton processes, catalysed by the Fe3O4 
surface. Regarding this, Lin and Gurol proposed the reaction routes of 
H2O2 decomposition on iron oxide surfaces (Eq. (7)− (11)) [46]: 

≡ Fe(II) − OH + H2O2→ ≡ Fe(III) − OH+•OH (7)  

≡ Fe(III) − OH +H2O2→(H2O2)ads (8)  

(H2O2)ads → ≡Fe(II)+H2O + HO2
• (9)  

HO2
• ↔ H+ + O2

•− (pKa = 4.8) (10)  

≡ Fe(III) − OH + HO2
•→ ≡ Fe(II) + H2O + O2 ​ (11) 

Herein, the heterogeneous Fenton reactions took place at the Fe3O4- 
foulant interface, where the iron-oxide catalysts, foulants and H2O2 co- 
existed. The H2O2 surface reactions and •OH formation at the Fe3O4- 
foulant interface were then favourable for the oxidative detachment of 
the fouling layer from the membrane surface [47]. Prior to the surface 
reactions, H2O2 should be diffusively transported from the bulk solution 
to the Fe3O4-foulant interface, where it was supposed to react with the 
Fe3O4 layer. Therefore, it could be anticipated that the limited H2O2 
penetration into the Fe3O4-foulant interface inclined to prolong the time 
that was needed for cleaning the iron-oxide pre-coated membrane, 
attributing to the H2O2 diffusion barrier caused by the compact fouling 
layer [48]. 

3.4. Oxalic acid-aided Fenton cleaning of iron-oxide pre-coated 
membranes 

As depicted in Fig. 5a, the permeate fluxes of pristine membranes 
were poorly restored (by 5.81% or 7.96%, respectively) by sole oxalic 
acid (11.1 mM) or binary oxalic acid/H2O2 (11.1 mM, 30.0 mM) 
cleaning. Without a Fe3O4 catalytic layer, the slight flux recoveries were 
likely attributed to fouling layer relaxation by oxalic acid or weak 
oxidation by H2O2. Owing to the higher stability constant of Ca2+-oxa
late (logβ = 3.0–3.4) than that of Ca2+-alginate (logβ = 2.2), oxalic acid 
should be capable of extracting the Ca2+ out of the cross-linked Ca2+- 
alginate matrix and loosening its compact configuration [49,50]. 
Meanwhile, the water fluxes of the oxalic acid (or oxalic acid/H2O2) 
treated pristine membranes nearly decreased to their before-cleaning 
levels after Ca2+ exposure (3.0 mM). This result signified that in the 
non-oxidative cleaning system, some foulants, loosened by oxalic acid, 
still persisted on the membrane surface or in the membrane pores, and 
tended to be re-organised into a cross-linked conformation through 
complexing with Ca2+ [51]. As observed in Fig. 5b, oxalic acid cleaning 

Fig. 4. (a) Batch cleaning of pristine and iron-oxide pre-coated membranes 
with single H2O2 ([H2O2]0 = 30.0 mM, pH = 2.5). (b) Iron leaching and H2O2 
conversion during H2O2 cleaning of iron-oxide pre-coated membrane. 
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resulted in a higher flux recovery (38.73%) for the iron-oxide pre-coated 
membrane, presumably because the oxalic acid could dissolve some 
Fe3O4 (leached FeT: 43.31%, 4.46 mg L− 1, Table 1), and then partially 
detached the Ca2+-alginate layer. The flux also encountered a decline 
(by 78.07%) after Ca2+ exposure, further confirming that the remaining 
gel layer was re-compacted upon exposure to Ca2+. Notably, the flux was 
recovered by 85.07% when combining H2O2 and oxalic acid for cleaning 
the iron-oxide pre-coated membrane and no flux decrease was observed 
upon Ca2+ exposure. This result suggested that the gel-like fouling layer 
was sufficiently removed from the iron-oxide pre-coat by the synergistic 
cleaning of oxalic acid relaxation and Fenton oxidation. Herein, the 
surface •OH radicals were expected to preferentially attack the alginate 
molecules without evident scavenging by oxalic acid, due to the much 

lower reaction rate of •OH/oxalic acid (k•OH/oxalic acid = 1.4 × 106 M− 1 

s− 1) than that of •OH/alginate (k•OH/alginate = 9.2 × 107 M− 1 s− 1) [52, 
53]. In comparison with the Fenton cleaning without using oxalic acid 
(Section 3.3), the synergistic oxalic acid/H2O2 cleaning of the iron-oxide 
pre-coated membrane consumed much less H2O2 (9.6%, Table 1) and 
shorter cleaning time (1 h), which was presumably attributable to an 
accelerated diffusion of H2O2 to the Fe3O4/foulant interface due to gel 
layer relaxation by oxalic acid. 

Practicality of the synergistic oxalic acid/H2O2 cleaning was evalu
ated via multicycle filtration/cleaning with the iron-oxide pre-coated 
membrane (Fig. 6a). Each cycle included filtration of Ca2+-alginate so
lution (0.8 g L− 1) for 1 h, followed by oxalic acid/H2O2 (11.1 mM/30.0 

Fig. 5. Cleaning of (a) pristine and (b) iron-oxide pre-coated membranes with 
single oxalic acid and oxalic acid/H2O2 combination ([oxalic acid]0 = 11.1 mM, 
[H2O2]0 = 30.0 mM, pH = 2.5). The Ca2+ exposure tests were conducted at 
[Ca2+]0 = 3.0 mM and pH = 7.0. 

Table 1 
Comparison of cleaning performance between iron-oxide precoated and pristine ceramic nanofiltration membranes fouled with Ca2+-alginate gel layer (ND: not 
detected).  

Membranes Foulants Cleaning agents Dissolved Fe2+ (mg L− 1) Dissolved Fe3+ (mg L− 1) H2O2 conversion (%) Flux recovery (%) 

Iron-oxide precoat Ca2+-alginate Oxalic acid/H2O2 ND 0.66 9.6 85.07 
Iron-oxide precoat Ca2+-alginate H2O2 ND ND 0 7.80 
Iron-oxide precoat Ca2+-alginate Oxalic acid 0.25 4.21 – 38.73 
Pristine membrane Ca2+-alginate Oxalic acid/H2O2 – – 0 7.96 
Pristine membrane Ca2+-alginate H2O2 – – 0 6.31 
Pristine membrane Ca2+-alginate Oxalic acid – – – 5.81  

Fig. 6. (a) Multicycle filtration/cleaning of iron-oxide pre-coated membrane by 
oxalic acid/H2O2 combination ([oxalic acid]0 = 11.1 mM, [H2O2]0 = 30.0 mM, 
pH = 2.5). (b) Evaluation of total fouling indices (TFI) and chemically irre
versible fouling indices (CIFI). The iron-oxide pre-coat was not refreshed be
tween the cycles. 
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mM) cleaning for 15 min. The iron-oxide pre-coat was not refreshed 
between the cycles. Within the first three cycles of oxalic acid/H2O2 
cleaning, over 90% of the initial flux was maintained, and then the 
initial flux decreased to ~83%. After the third cleaning, the initial 
normalized flux of the membrane reached a plateau level of 83–85%. 
These results implied that most of the gel-like foulants could be reversed 
from the iron-oxide pre-coated membrane by the synergistic oxalic acid/ 
H2O2 cleaning, while some irreversible fouling might occur at the early 
stage (i.e., the first three cycles) of the multicycle filtration/cleaning 
[22]. The slightly higher initial normalized flux (84.9%) after the third 
cleaning, than that after the second cleaning (83.3%), was possibly 
resulted from a partial falling-off of the Fe3O4 layer from the membrane, 
which might release some blocked pores for water permeation. Kramer 
et al. reported that hydraulic backwash could recover the permeability 
of gel-fouled ceramic NF membranes maximally by 43% but damaged 
the membrane integrity, and forward flush slightly restored the 
permeability (<10%) [54]. This indicated that the synergistic cleaning 
method of this work might be a promising substitute for conventional 
hydraulic backwash and forward flush for cleaning ceramic NF mem
branes. As depicted in Fig. S1, approximately 26.5% of the Fe3O4 
nanoparticles were leached after five cleaning cycles, probably due to 
the hydraulic scouring and chemical leaching during the oxalic 
acid/H2O2 circulation. As suggested by Pan et al. [55], the remaining 
iron-oxide layer (~2.1 μm in thickness, Fig. 7a) after five fil
tration/cleaning cycles was likely ascribed to the drag forces caused by 
radial flow, frictional forces and molecular forces between the particles. 
Furthermore, the iron layer still presented a homogeneous and dense 
coating on the membrane surface (Fig. 7b), which could provide suffi
cient active sites for Fenton-based reactions. Additionally, as shown in 
Fig. 7c, the XRD patterns of the iron-oxide pre-coated membrane 

corresponded to the cubic spinel structure of Fe3O4, signifying an 
abundance of active Fe3O4 species on the membrane surface [56]. After 
multicycle filtration/cleaning, the characteristic peaks of the Fe3O4 
nanoparticles were almost unchanged except for a presence of reflection 
peaks of γ-Fe2O3 (maghemite), indicating a partial conversion of the 
Fe3O4 to the γ-Fe2O3 phase after oxidation reactions [56]. The XRD 
profiles showed an evident α-Al2O3 crystalline phase of the Al2O3 sup
porting layer, but no apparent characteristic peaks of TiO2 and ZrO2 
were observed, which indicated an amorphous structure of the TiO2 
active layer and ZrO2 inter-layer [57]. 

To predict the long-term performance of using oxalic acid-assisted 
Fenton oxidation for cleaning iron-oxide pre-coated membrane, the 
fouling reversibility, developed in the multicycle filtration/cleaning, 
was quantitatively studied through a statistical analysis of the unified 
membrane fouling index (UMFI) values. As observed in Fig. 6b, the 
regression-line slopes of the cyclic fouling curves from Eq. (2) [32] 
corresponded to total fouling index (TFI) values of five filtration cycles, 
varying in a range of 3.51 × 10− 2 to 4.24 × 10− 2 m2 L− 1 (averaging 3.94 
× 10− 2 m2 L− 1, R2 ≥ 0.98). These values were much higher than the TFI 
value (1.13 × 10− 3 m2 L− 1) in ceramic UF membrane fouling by 
Ca2+-alginate as reported by Alresheedi et al., suggesting a faster fouling 
tendency of the ceramic NF membrane by gel-like foulants compared to 
the ceramic UF membrane [58]. The chemically irreversible fouling 
index (CIFIall-data) value was 2.3 × 10− 3 m2 L− 1, as represented by the 
slope of the regression-line connecting the starting points of the five 
fouling curves (R2 = 0.75), which was comparable to the CIFItwo-point 
(2.4 × 10− 3 m2 L− 1) determined by the two-point approach [32]. The 
chemically irreversible fouling ratio (CIFI/TFI = 5.8%) in the oxalic 
acid/H2O2 cleaning (15 min) was much lower than those (20% and 38%, 
respectively) in NaOH (10 mM) and NaClO (14 mM) cleaning with even 
longer duration (4 h), indicating a higher efficiency and reversibility of 
using oxalic acid-aided Fenton oxidation for cleaning gel-like fouling, 
compared to the conventional NaOH and NaClO cleaning [58]. 

3.5. Iron leaching of iron-oxide pre-coated membranes 

The combined use of iron-oxide pre-coat and oxalic acid favoured 
iron leaching, as observed in Fig. 8. This could be potentially attributed 
to three underlying mechanisms, such as protonation, non-reductive 
complexation and reductive dissolution [59]. Herein, the protonation 
and reductive dissolution were excluded to be the possible causes for the 
iron dissolution, due to the negligible pH variation (pH = 2.5–2.6, 
Fig. S2) during Fe3O4/oxalic acid (or Fe3O4/oxalic acid-H2O2) in
teractions and minimal Fe(II) generation after the oxalic acid or oxalic 
acid/H2O2 treatment (Fe(II) ≤ 0.25 mg L− 1, Table 1). Non-reductive 
complexation of Fe3O4/oxalic acid was thus supposed to act as the 
dominant pathway for the iron leaching from the iron-oxide pre-coat 
surface [60]. The comparison of the iron leaching from the iron-oxide 
pre-coat by oxalic acid (11.0 mM) and oxalic acid/H2O2 (11.0/30.0 
mM) in the presence and absence of Ca2+-alginate fouling layer is 
illustrated in Fig. 8a. The iron leaching of the bare iron-oxide pre-coat by 
oxalic acid could be described as a linear function of time (FeT = 0.8664 
t, R2 = 0.99). This result suggested that the Fe leaching of the iron-oxide 
pre-coat by oxalic acid was possibly governed by slow ionization of the 
oxalic acid (pKa1 = 1.25, pKa2 = 4.27), which constantly supplied 
dissociated oxalic acid for iron dissolution [61]. Additionally, the 
maximal Fe leaching (13.4%) of the iron-oxide pre-coat by oxalic 
acid/H2O2 combination appeared much lower than that caused by oxalic 
acid (50.8%) within an identical time scale (60 min), which indicated a 
potential inhibition of iron dissolution by H2O2 addition into oxalic acid 
solutions [62]. 

As suggested by Xue et al. [53], the dissolution of Fe3O4 via 
complexation is a surface-controlled reaction occurring in two steps, 
adsorption of ligand on oxide surfaces through ligand exchange and iron 
dissolution by weakening Fe–O bonds of Fe3O4. To elucidate the 
inhibiting effect of H2O2 on the oxalic acid-induced iron leaching of the 

Fig. 7. (a) Cross-section SEM image with inset EDS profile and (b) top-view 
SEM image of iron-oxide pre-coated membrane after five cycles of Ca2+-algi
nate filtration and oxalic acid/H2O2 cleaning. (c) XRD patterns of iron-oxide 
pre-coated membrane before and after five cycles of Ca2+-alginate filtration 
and oxalic acid/H2O2 cleaning. 
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iron-oxide pre-coat, the surface adsorption of oxalic acid on Fe3O4 col
loids was investigated with batch adsorption tests in the presence and 
absence of H2O2. As depicted in Fig. 8b, the adsorption of oxalic acid 
([oxalic acid]0 = 0.55 mM) by the Fe3O4 colloids was markedly 
decreased by 34.9% by H2O2 addition into the Fe3O4/oxalic acid matrix, 
even a greater inhibition (by 39.1%) by H2O2 on the oxalic acid 
adsorption could be observed for the oxalic acid of higher initial con
centration (11.1 mM). Moreover, since the free oxalic acid remaining in 
the solution was increased after the H2O2 addition (Fig. S3), most of the 
oxalic acid was thus supposed not to be degraded by Fenton-based 
oxidation but remained in the aqueous phase or on the Fe3O4 surface 
[26]. Therefore, the decreased iron-leaching of the iron-oxide pre-coat 
in the oxalic acid/H2O2 matrix was presumably not attributable to po
tential degradation of oxalic acid in the presence of H2O2, but to an 
underlying adsorptive competition between H2O2 and oxalic acid on the 
Fe3O4 surface, which was also found by Rodríguez et al. [62]. 

Compared with the bare iron-oxide pre-coat, the Ca2+-alginate 
fouled (for 1 h) membane underwent firstly a minimal Fe dissolution 
(FeT leaching: 2.47%) by oxalic acid at the early stage (20 min), but 
developed an exponential increase at the later stage (FeT leaching: 
43.31%) (Fig. 8a). The nonlinear two-stage profile of leached FeT vs. 
time suggested that the iron leaching rate of the fouled iron-oxide pre- 
coat was not entirely surface-reaction limited, but also relied on 
transport-controlled steps, such as oxalic acid diffusion through the gel 

layer [47]. As such, it could be inferred that the Ca2+-alginate gel layer 
as a steric barrier supressed the iron leaching at an early stage, but in
clined to be loosened by oxalic acid following continuous oxalic acid/
Ca2+-alginate complexation, which in turn promoted the diffusion of 
oxalic acid onto the Fe3O4 surface [63]. Hence, during the 15-min oxalic 
acid/H2O2 cleaning in the multicycle filtration/cleaning (Section 3.4), 
the compact gel-like cake layer, formed on the iron-oxide pre-coat, made 
that the hydraulic scouring could not directly act on the iron-oxide 
pre-coat surface, which protected the iron layer from being flushed 
away by cross flow to some extent. Likewise, the introduction of H2O2 
restricted the Fe leaching by oxalic acid (by 84.8%), likely due to a 
promoted diffusion and competitive adsorption of H2O2 onto the 
iron-oxide pre-coat surface. This result well accounted for the desirable 
stability and reproducibility of the iron-oxide pre-coat during multicycle 
runs of oxalic acid-aided Fenton cleaning, as discussed in Section 3.4. A 
two-stage leaching of iron, but to a less extent (FeT leaching: 10.1% by 
oxalic acid, 3.9% by oxalic acid/H2O2), could also be observed with a 
more severely fouled (for 3 h) iron-oxide pre-coat. The findings of the 
oxalic acid/H2O2 cleaning (Section 3.4, Fig. 5) and the iron leaching 
experiments (Fig. 8) demonstrated an underlying synergistic effect be
tween oxalic acid and H2O2, regarding the gel layer relaxation/ox
idation and Fe-leaching suppression, for effective defouling of 
iron-oxide pre-coated ceramic NF membranes, which can be illus
trated by Scheme 1. 

3.6. Implications for the direct treatment of surface water 

Filtration of canal water for 5 d was performed using a Fe3O4 pre- 
coated ceramic NF membrane, with 15-min oxalic acid/H2O2 cleaning 
every 24 h. The relative production downtime during membrane 
cleaning was 0.62 min h− 1, much lower than the value (2.6 min h− 1) of 
NaClO cleaning for ceramic NF membranes reported by Kramer et al. 
[2]. The iron-oxide pre-coat (pre-coated for 30 min) was reused over the 
five cycles (5 d) of canal water filtration, which would presumably exert 
an insignificant impact on the continuous operations of the pre-coated 
membranes in practice. As depicted in Fig. S4a, a fast drop of perme
ability (~38.7%) was also observed in the NF processes of the canal 
water, when switching the pure water filtration to the canal water 
filtration, which was similar to the phenomenon found in the NF with 
alginate (Fig. 4a). The membrane permeability with canal water 
decreased by 48.7% in the first cycle, indicating the high fouling po
tential of the canal water towards the membrane. The initial canal-water 
permeability for the following cycles were recovered to ~90% after 
oxalic acid/H2O2 cleaning, implying high cleaning efficiencies during 
the long-term filtration with canal water. During the five cycles, the 
oxalic acid/H2O2 solution was reused, which reduced the consumption 
of chemicals and production of oxalic acid wastewater. As mentioned by 
earlier studies, oxalic acid could be well degraded in aerobic conditions 
with microbial treatment technologies (i.e., activated sludge), a normal 
aerobic wastewater treatment plant could thus deal with the produced 
oxalic acid wastewater [64]. Furthermore, Table S2 presents that the 
iron-oxide pre-coated membrane rejected ~90% of DOC and UV254, 
suggesting its high rejection of organic matter probably owing to steric 
exclusion by the ceramic NF membrane. By contrast, the rejection rates 
of anions and cations appeared to be much lower, which were 43–78% 
and 27–42%, respectively. Notably, after the five cycles (5 d) of fil
tration/cleaning, there still was a certain amount of iron-oxide pre-coat 
(~0.9 μm in thickness, Fig. S4b) remaining on the membrane surface, 
indicating a potential applicability of using iron-oxide pre-coated NF 
membranes for long-term water treatment. 

3.7. Research needs and challenges 

The cleaning strategy, proposed in this work, provides a pathway of 
using pressure-driven pre-filtration of Fe3O4 nanoparticles to obtain a 
catalytic ceramic NF system for fouling control in water treatment. 

Fig. 8. (a) Iron leaching of bare and fouled iron-oxide pre-coat by single oxalic 
acid and oxalic acid/H2O2 combination ([oxalic acid]0 = 11.1 mM, [H2O2]0 =

30.0 mM, pH = 2.5). (b) Oxalic acid sorption by Fe3O4 powders with and 
without (W/O) addition of H2O2 ([Fe3O4]0 = 1.0 g L− 1, [H2O2]0 = 30.0 mM, 
pH = 2.5). 
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However, the long-term usage of Fe3O4-pre-coated ceramic NF mem
brane in industries may be limited by the stability and reactivity of 
catalyst pre-coat. Further studies on using stable and active catalysts for 
improving the pre-coated catalytic ceramic membrane are thus needed. 
Additionally, as can be speculated from this study, the synergistic 
relaxation-oxidation method, currently tested as a proof of principle, 
may apply to other types of Ca2+-mediated fouling (i.e., humic acids) 
due to their similar mechanisms in the formation of a gel layer on 
membrane surfaces via Ca2+ bridging [20]. We thus believe that un
derstanding the roles of oxalic acid and Fenton-based oxidation in the 
typical Ca2+-mediated alginate fouling, may provide insights into 
handling other Ca2+-derived fouling with an integration of chelatio
n/oxidation. However, the integrative method should be further piloted 
in practice and explored for more complex real water matrices, also to 
understand how other compounds could interfere. 

4. Conclusions 

In this work, a synergistic method of coupling oxalic acid chelation 
and Fe3O4-activated Fenton oxidation process was proposed for cleaning 
persistent gel-like fouling of ceramic NF membrane. The conclusions can 
be drawn as follows: 

Cross-flow pre-filtration of Fe3O4 nanoparticles was able to pre-coat 
a uniform reproducible iron-oxide layer on top of the ceramic NF 
membrane. The pre-coat thickness was controlled by the trans-mem
brane pressure (2.0–10.0 bar), only causing a minimal decrease of 
membrane permeability (<10%). 

Synergistic effect between oxalic acid relaxation and Fenton-based 
oxidation processes played a key role in the removal of gel layer, 
which was presumably attributed to enhanced diffusive transport of 
H2O2 at the iron-oxide pre-coat/foulant interface. 

Oxalic acid-aided Fenton cleaning for 15 min achieved stable initial 
normalized fluxes (83.33–90.15%) of the iron-oxide pre-coated mem
brane during five filtration/cleaning cycles, with no need of refreshing 
the iron-oxide pre-coat between the cycles. The leaching of iron from the 
iron-oxide pre-coat was suppressed in the oxalic acid/H2O2 matrix, 
which was likely due to a reactive shielding by competitive reactions of 
H2O2 on the Fe3O4 surface. 
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