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A B S T R A C T   

Membrane fouling is an inevitable drawback of the membrane based long-term operations. In this study, we 
investigated a spontaneous galvanic process for membrane fouling mitigation, which termed as the in-situ 
galvanic micro-coagulation (GMC) process. Results demonstrated that the GMC contributed to a lower trans-
membrane pressure development in contrast with the control system (7.15 vs 14.11 KPa/LMH/cP for about 1200 
h operation). Significantly, a reduced concentration of extracellular polymeric substances (EPS) in terms of 
polysaccharides and proteins was observed for the GMC system on both the membrane surface and membrane 
pores, in comparison with the control system i.e. (134.09 � 7.37 vs 379.55 � 9.64 μg/cm2 of polysaccharides and 
27.48 � 2.48 vs 35.87 � 3.53 μg/cm2 of proteins) and (70.46 � 1.93 vs 120.46 � 3.21 μg/cm2 of polysaccharides 
and 17.96 � 1.39 vs 20.52 � 2.12 μg/cm2 of proteins) respectively. Additionally, higher accumulation of EPS on 
the membrane surface of control system results in higher roughness of biofilm, lower porosity, robust and thicker 
biopolymer microstructure as compared to the GMC system. This kind of morphology and biofilm structure 
formed on the membrane surface of control system directly contributed to the higher transmembrane pressure. 
Overall, this work shows a potentially feasible and promising approach for membrane fouling mitigation, 
especially for the decentralized system with relatively low permeate flux.   

1. Introduction 

An estimation of around 80% of the global population confronts a 
high-level water security or water-related biodiversity risk and thus the 
issue of water security is receiving considerable attention [1,2]. As re-
ported that two-third of the whole China (669 cities) is facing the 
problem of water scarcity, along with eutrophication of more than 40% 
and 80% of the rivers and lakes respectively. In addition, around 300 
million rural inhabitants cannot be provided with safe drinking water 
[3]. Therefore, it is of the vital importance and also the need of the era to 
develop sustainable water/wastewater treatment techniques and plat-
forms to address these daily growing water-related issues. 

In the recent decades, membrane technology not only emerged as a 
mature and efficient water treatment technique, but also plays a sig-
nificant role in coping with the global challenges of water scarcity and 
aquatic pollution [4]. However, the drawbacks like membrane 
biofouling after prolonged filtration runs greatly affects the practical 
application of the membrane-based processes. Researchers from 
different backgrounds have introduced a number of tactics to cope with 

the challenges of membrane biofouling [5–7]. Among these solutions, 
efficient pre-treatment prior to membrane filtration can be regarded as a 
simple, economical and feasible technique to reduce membrane 
biofouling and improving the sustainability of membrane filtration 
process. 

Generally, pre-treatment methods for low-pressure membranes (such 
as UF) include physical, chemical and biological-based treatment [8] 
and it has been well recognized that biopolymers are the main attrib-
uters especially for the development of irreversible biofouling of ultra-
filtration (UF) membranes [9,10]. Therefore, though the methods of the 
pre-treatment are different, they can be utilized for a common purpose 
of biopolymers reduction (extracellular polymeric substances or EPS). 
Biopolymers, naturally existed in the surface water and also be secreted 
by the accumulated microbes within the membrane reactor during the 
long-term operations [11–14]. In surface waters, most of the natural 
organic matter (NOM) including colloidal impurities, EPS and bio-
polymers are negatively charged and stably existed as a result of elec-
trical repulsion [15]. Therefore, the destabilization of these negatively 
charged impurities followed by the precipitation could be a viable 
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method to reduce membrane biofouling. Coagulation, by dosing iron or 
aluminium salts was recognized as an efficient pre-treatment method for 
alleviating the membrane biofouling and continuously drawing re-
searchers’ attention worldwide [16–19]. 

Coagulation as a pre-treatment for NOM removal, normally relies on 
either the charge neutralization through highly charged cationic hy-
drolysis products or the sweep flocculation via amorphous hydroxide 
precipitate [20]. In contrast with the conventional coagulation (i.e. 
pre-coagulation followed by flocculation and settling), the in-line (or 
in-situ) coagulation has less footprints and was found to be more efficient 
in reducing the membrane biofouling. Also the later one was attributed 
to the less build-up of TMP profile, because of the retention of small 
flocs/particles (preventing pore blocking and the formation of cake layer 
with higher density) [21,22]. Electrocoagulation (EC), another type of a 
competitive coagulation having advantages like less sludge production, 
easy to operate in all temperatures, etc. [20,23] and therefore revealed 
its competitiveness against the conventional chemical coagulation. 
However, the use of external power to initiate EC is one of the bottle-
necks for its practical application especially in remote areas. 

In the reference of above mentioned pros and cons, an in-situ galvanic 
micro-coagulation (GMC) system (having no energy input) was inves-
tigated in this study to mitigate the biofouling of UF membrane. Results 
showed that the slowly oxidized iron via in-situ GMC process can facil-
itate the membrane fouling reduction, especially from the long-term 
perspective. Biopolymers accumulated on the membrane surface and 
in the membrane pores are significantly reduced in the GMC system 
compared to the control system, with the subsequent influence on the 
microstructure of the biofilm formed on the membrane surface after 
long-term operation, both of which were believed to contribute the 
membrane fouling alleviation. The study aimed to give some insights for 
the development of small-scale decentralized membrane-based water 
purification systems (like gravity-driven systems) with a low biofouling 
rate. 

2. Materials and methods 

2.1. Experimental setup 

A custom built dead-end UF system (with cut-off size of ~100 kDa) 
was built to evaluate the impact of the in-situ GMC on membrane 
biofouling phenomena (Fig. S1, Supporting Information (SI)). UF 
membrane coated with multi-walled carbon nanotubes was used in this 
study as it has better antifouling property in comparison with pristine 
membrane. Briefly, to prepare the conductive UF membrane, 50 mg 
multiwall carbon nanotubes (MWCNTs) were mixed thoroughly by 
sonication for 10 min in 100 mL 0.1% sodium dodecyl sulfate (SDS) 
solution. Then, a certain amount of the CNT suspension was then 
deposited on a PVDF membrane by vacuum filtration to form the 
conductive layer on the surface of the PVDF membrane (final CNT 
content of around 0.2 mg/cm2). A stainless steel mesh (SSM), that is 
closely attached with membrane surface was used as a sacrificial anode. 
A carbon fiber brush (with diameter of 60 mm and length of 50 mm) was 
used as an inert cathode and placed above the sacrificial SSM anode. The 
distance between the bottom of the cathode and the anode is about 50 
mm (Fig. S1). Acetone was used for the cleaning and activation of carbon 
brush (overnight soaking) and after that heating in muffle furnace at 
450 �C for 30 min was applied [24]. Before start-up, SSM was poised at 
the electrode potential of 1.0 V for three days with the intention to 
facilitate the iron oxidation. Thereafter, two electrodes were connected 
with an external circuit (500 Ω external resistor, no extra energy input) 
to trigger the galvanic reactions, till the end of the filtration run. For 
comparison, a parallel system without the external circuit was also 
operated (termed as the control system). Influent water samples were 
collected from a local lake (Olympic Park, Beijing, China; main char-
acteristics of the lake water quality are reported in SI, (Table S1)). A 
control tank with constant water level head was used for the membrane 

units/reactors and a constant permeate flux (3.5 LMH) was maintained 
during the UF operation using peristaltic pump. In order to verify 
whether the in-situ galvanic micro-coagulation can mitigate the mem-
brane fouling, both systems were operated over a relatively longer 
duration without backwash. Trans-membrane pressure (TMP) of mem-
brane modules was continuously monitored by pressure gauges. The 
total membrane resistance (TMR) was calculated by the equation: 
TMR ¼ TMP

μT ⋅JT 
, where μT and JT represent the viscosity (cP) and the flux at 

temperature T, respectively. 

2.2. Electrochemical test 

Cyclic voltammetry (CV) analysis was performed with three- 
electrode set-up using Ag/AgCl as a reference electrode. CV analyses 
were conducted several times (as shown in Fig. 3b) during the whole 
period of operation to monitor the changes in electrical performance of 
the SSM from respective systems. Scanning rate was set at 0.1 V/s and 
the potential window was between � 1.2 and 1.2 V, respectively. Voltage 
drop across the external resistor (R ¼ 500 Ω) was used to calculate the 
circuit current, with the help of data acquisition system (USB-6000, 
National Instrument, USA) and the electrode potentials were determined 
against a saturated Ag/AgCl electrode (Mettler Toledo, þ0.197 V vs 
Standard Hydrogen Electrode (SHE)). 

2.3. Water quality analysis and membrane characterization 

Size exclusion chromatography (SEC) (Waters, USA) and 3D 
excitation-emission matrix (EEM) spectrofluorometry (F-4600FL, Hita-
chi, Japan) were used to characterize the water quality before and after 
the membrane filtration. UV254 and Total organic carbon (TOC) were 
determined via a UV–Vis Spectrophotometer (UV-2600, Shimadzu, 
Japan) and TOC analyser (TOC-Vwp, Shimadzu, Japan), respectively. 
Other analytical parameters like NH4

þ-N and PO4
3--P were measured as 

per the APHA Standard Methods. 
Fouled membrane, at the end of the filtration run was carefully taken 

out from the respective membrane tank and cut into several pieces for 
further analysis. Portion of the fouled membrane (with the biofilm) was 
freeze-dried and analysed by Fourier Transform Infrared Spectroscopy 
(FTIR, Spectrum TWO, PerkinElmer, USA) with Quest ATR Accessory 
and confocal Raman microscope (InVia-Reflex, Renishaw, UK). The 
surface roughness of the respective biofilm was measured via a 3D 
surface measurement system (InfiniteFocus, Bruker alicona, Austria). 
Concentration of proteins and polysaccharides within the biofilm, 
accumulated on the membrane surface and within the membrane pores 
were measured in triplicate, as mentioned in a previous study [25]. For 
EPS extraction, briefly, the cake layer on the membrane surface was 
carefully scraped off with a plastic sheet (Deli, China), the sludge sus-
pension were fully mixed in phosphate buffer saline (PBS) solution, ul-
trasonically treated for 3 min and heated to 80 �C in a water bath for 30 
min. The mixture was centrifuged at 20,000 g for 15 min. The super-
natant was filtered through a 0.45 μm membrane and taken to represent 
the EPS for chemical analyses. After the membrane surface was wiped 
with a sponge, 0.01 mol/L NaOH was used for extraction of internal 
foulants. The membrane was soaked for 24 h at 20 �C in the alkaline 
solution and the extracted organic matter was then subjected to the 
following chemical analyses. 

In addition, the EPS extracted from the biofilms were also analysed 
by SEC to determine the apparent molecular weight (MW) distribution 
of UV-active substances within the biofilms and in membrane pores. SEC 
was performed using a SEC column (Phenomenex, BioSep 5 μm, SEC- 
s3000, 290 Å) and SecurityGuard™ Cartridges (Phenomenex, KJ0- 
4282) with 10 mM sodium acetate (CG grade, Aladdin, Shanghai, 
China) as the mobile phase. The measurement was carried out by the 
Waters HPLC system (1525 Binary Pump, Model 1500 Column Heater, 
2998 Photodiode Array Detector, 2707 Autosampler) at 254 nm. The 
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flow rate was set at 1.0 mL/min, and the injection volume of water 
samples was 100 μL. 

Before taking images of the scanning electron microscopy (SEM), 
pieces of fouled membrane was immersed in 2.5% glutaraldehyde 
overnight and treated with gradient alcohol (10, 30, 50, 70, 90 and 
100%, each for 10 min) for dehydration before they were dried [26]. For 
direct observe the surface morphology of the UF membrane, the fouling 
layer on the membrane surface of the respective was removed using high 
pressure tap water and sponge. The samples were then platinum-coated 
by a sputter and observed under a field SEM (SU8000, Hitachi, Japan). 

3. Results and discussion 

3.1. Membrane fouling development 

TMP profile as a function of time is shown in Fig. 1a, representing 
membrane fouling of the respective systems. It shows that the GMC 
system has a much better propensity for antifouling as compared to the 
control system, especially from the long-term operation perspective. 
Specifically, the TMR of the control system in comparison with that of 
the GMC was increased to 4.81 KPa/LMH/cP and 3.04 KPa/LMH/cP 
respectively, after a continuous operation of about 600 h. Subsequently, 
the TMR gap in between the two systems further increased with respect 
to time, and for control system was reached almost twice of the GMC 
system (14.11 vs 7.15 KPa/LMH/cP) after about 1200 h operation. As 
shown by several studies that using coagulation as the pre-treatment 
process can effectively remove the biopolymers and consequently 
lower the membrane fouling rate [27,28]. Furthermore, it was also 
indicated by Tabatabai et al. that the aggregates formed via coagulation 
with high porosity form porous deposits will result into the cake layer 
with low specific cake resistance [29], leading to the low increasing rate 
of TMR. 

State of the membrane surface after the removal of fouling layer was 
observed under SEM (Fig. 1b–e) and a noticeable difference was 
observed for both of the membranes. In contrast with the GMC system 
(Figs. 1d and e), cluster of foulants are attached on the surface of the 
membrane (Figs. 1b and c) that further leads to the blockage of mem-
brane pores in control system (Fig. 1c, marked by yellow arrows). This 

reveals that the interaction between the foulants (mainly the bio-
polymers) and the membrane surface was much stronger within the 
control system as compare to GMC system which results into a higher 
fouling rate. Biopolymers was supposed to serve as the glue for the 
formation and attachment of an impermeable foulant layer on the 
membrane surface [30], and it was implied that the adsorbed bio-
polymers on the membrane surface will also intrude into the membrane 
pores, which cannot be readily removed by regular physical washing 
[31]. In order to further explore the reasons inducing this phenomenon, 
the influence of GMC on water quality was examined firstly in the 
following section. 

3.2. Effect of GMC on organic matter removal 

EEM was utilized to distinguish the change in different components 
of dissolved organic matter (DOM) in water samples (influent/effluent) 
of the respective systems (Fig. 2a to c). Generally, the EEM spectra is 
divided into five regions: simple aromatic proteins (regions I, II), fulvic 
acid-like substances (region III), humic substances (region V) and solu-
ble microbial by-products like materials (peak IV) (Fig. 2a) [32]. The 
fluorescence intensities of peak I, II and IV, indicates an indirect amount 
of EPS (the major cause of irreversible membrane fouling) present in the 
tested samples. Here, results demonstrate that both systems have a 
negligible effect on humic substances removal but decrease in the 
portion of the EPS content, revealing that EPS is the main cause of the 
biofouling. In comparison with the control system, GMC was observed 
with high reduction of soluble microbial by-products and proteins. It 
was shown that biopolymers were more easily reduced by coagulation 
than humic substances, regardless of the coagulation condition [33]. 
Therefore, the less biofouling in GMC system confirms that the bio-
polymers were not simply intercepted by the membrane but also via 
enhanced removal efficiency by micro-coagulation. 

UV254 and TOC measurements further support the performance of 
GMC system in terms of organic matter removal (Fig. 2d). MW distri-
bution for organic matter removal was investigated for the water sam-
ples taken from membrane tanks and effluents of the control and GMC 
systems, respectively using SEC (Fig. 2e). Micro-coagulation signifi-
cantly reduced the UV-active biopolymers (with apparent MW higher 

Fig. 1. Temporal variation of TMR for the control and GMC systems (a); SEM images of the virgin PVDF UF membrane (b) and the membrane surface after removing 
the biofouling layer from the control (c, d) and the GMC (e, f) systems (yellow arrows indicate the foulants adhered on the membrane surface; scale bar in c and e:10 
μm). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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than 10 kDa) with in the membrane tank in comparison with control 
system. On the other hand, no significant change was observed in con-
trol tank for low range UV-active organic matter (MW range of 3–10 
kDa) along with a slight decrease in both of the membrane tank and 
effluent of the GMC system. Therefore, by these results we came to the 
conclusion that the micro-coagulation facilitates the removal of bio-
polymers (as no increment or new peak was observed for the organic 
matter with low range MW), which might be the main reason for less 
biofouling in GMC system. Regarding the inorganic nutrients removal, 
GMC has negligible effect on NH4

þ-N removal but can contribute to PO4
3-- 

P reduction (Figs. S2 and SI). 

3.3. Potential mechanism of GMC induced membrane fouling reduction 

To explore biofouling mitigation mechanism, the Redox reactions 
using CV analysis for both of the systems are shown in Figs. 3a and b. 
Significantly, no redox peak was observed for control system throughout 
the operation period. Nevertheless, a noticeable oxidation peak that 
relates with the iron oxidation [34] was found for the GMC system and 
increased peak current was observed in parallel with the operation time, 
implying a gradually enhanced electron transfer process. Additionally, 
the blue shift of the oxidation peak represents the enhanced oxidation 
process that could ascribe to the microbes contribution [35–37]. Inter-
estingly, a weak reduction peak was observed at the beginning of the 
operation but gradually decreased in the GMC system, indicating the 
inhibited effect (possibly ascribed to the precipitation produced via 
micro-coagulation) on the reductive ability in the GMC system after 
long-term operation. 

Change in anodic potential (AP) in the respective systems show that 
the equilibrium AP of the SSM was significantly lower in the GMC sys-
tem as compare to control system (Fig. 3c). According to the Nernst 
Equation, the lower anodic potential (corresponding to a more negative 
change of the Gibbs free energy) can favour the spontaneous oxidation 
reaction from thermodynamic perspective. Though no apparent current 
was detected in the external circuit of the GMC system (Figs. S3 and SI), 
it was speculated that both the initially poised electrode potential and 
the external connection to the inert cathode contributed to the iron 
oxidation/dissolution, as resulting into the micro-coagulation in GMC 
system. 

Principle mechanism of the micro-coagulation for membrane fouling 
mitigation was illustrated in Fig. 3d. It was supposed that the poised 
electrode potential (at 1.0 V) firstly destroy the protection layer (chro-
mium oxide) of the SSM and then facilitates the galvanic corrosion when 
connected to an inert cathode. Secondly, the poised electrode potential 
could do stimulation to the bacteria to promote the electron transfer [38, 
39]. Both of these mechanisms promote the iron oxidation of SSM to 
form ferrous ions, results into the formation of ferrous/ferric hydroxide 
nanoparticles (FH-NPs). These highly positive charged FH-NPs (in-situ 
produced) not only interact with the negatively charged NOM (i.e. 
biopolymers) but also precipitated them on the outer layer of the 
multi-walled carbon nanotubes layer before entering into the membrane 
pores. In addition, these FH-NPs can adsorb on the surface of the mi-
crobes, isolating them with the external nutrients, resulting into the less 
secretions of the SMP by microbes attached on the membrane surface. 
Furthermore, partial of the biopolymers will be mineralized via micro-
bial dissimilation (this process could be more obvious in 

Fig. 2. Characteristics of the DOM in the control and GMC systems via EEM fluorescence spectra (a-c); UV254 and TOC of the raw water and effluent water samples in 
the control and GMC systems (d); MW distributions of DOM in raw water, membrane tanks and effluents of the control and GMC systems, respectively (f). 
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micro-coagulation system due to the “isolating effect”) which also con-
tributes to the reduction of biopolymers in the GMC system. Hence, the 
less SMP accumulation in GMC system leads to the mitigation of mem-
brane biofouling from the long-term perspective. 

3.4. Fouled membrane characterization 

Surface roughness of the biofilm attached to the surface of the both 
membranes was analysed using 3D surface measurement system at the 

end of the filtration run as shown in Figs. 4a and b. Biofilm attached on 
the membrane surface of the control tank has high roughness than that 
of the GMC system (9.243 vs 2.154 μm, Fig. S4). Higher EPS (bio-
polymers) content mainly to high roughness because of the shrinking 
behaviour of biofilm during air-drying process (formation of the more 
folds). In addition, the fouled membrane surface properties were also 
measured by using Raman spectroscopy (Fig. 4c) and three character-
istic peaks of multi-walled carbon nanotubes were observed for both of 
the systems. Among which, the D band (~1350 cm� 1) reflects the 

Fig. 3. CV curves of the SSM in the control and GMC systems at different periods during the operation (a, b), at the scan rate of 0.1 V/s; Dynamic changes of the 
electrode potentials of SSM in the control and GMC systems, from the beginning till the stabilized status after around 250 h operation; Description of the proposed 
mechanism inducing the reduction of the membrane fouling in the in-situ GMC system (d), (BPs: biopolymers; FH-NPs: ferrous/ferric hydroxide nanoparticles). 

Fig. 4. Surface morphology pictures of the biofilm formed on the membrane surface of the control and GMC systems (a, b) (scale bar: 100 μm); Confocal Raman 
spectra of the bio-fouled membranes taken from the control and GMC systems, respectively (c); variation of ATR-FTIR spectra of pristine and bio-fouled membranes 
from the control and GMC systems, respectively (d). 
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defects of the multi-walled carbon nanotubes, while G (~1580 cm� 1) 
and G’ (~2700 cm� 1) bands point-out the graphitic nature of the multi- 
walled carbon nanotubes and the two-phonon, second-order scattering 
process [40]. A slight increase in ID/IG (intensity ratio) was observed in 
the GMC system (0.81 � 0.03) as compared to the control system (0.72 
� 0.01), also the intensity of G’ band was reduced in GMC system. 
Previous studies revealed that the activity of iron oxide NPs is prominent 
at sp2 site of MWCNTs and will attack the sp2 sites of MWCNTs [41], 
which can result into the diminish of the intensity of G band [42]. Here, 
it was suggested that the in-situ produced FH-NPs play a similar role as 
the iron oxide NPs when adsorbed on the MWCNTs, and therefore 
induced the screening effect as described in a previous study [43]. 

In-depth accumulation of biofilm on both of the membranes was 
examined by using ATR-FTIR as shown in Fig. 4d. In Contrast with the 
pristine PVDF membrane, bio-foulants (biofilm) on both of the mem-
branes have highly masked vibration signals of PVDF. Similar peaks 
were observed in both control and GMC systems, ascribing that the 
foulants on the membrane surface of both the systems were similar in 
terms of their composition. Specifically, the broad peak appeared in 
between 3200 and 3600 cm� 1 was attributed to the vibration of –OH 
bonds. Peaks at 1653 cm� 1 and 1546 cm� 1 represents the absorbance 
band I and II of amides [44] respectively, indicating the accumulation of 
protein-like substances. Similarly, peaks at 1035 and 1243 cm� 1 

ascribed the stretching of C–O of polysaccharides [45] and vibration of 
R-C-O-C-R [46], respectively. On the other hand, the spectrum of the 
GMC system was nearly identical to the pristine PVDF membrane, when 
observed after the removal of fouling layer. In contrast, peaks of the 
amides and polysaccharides were still present for the control system, 

confirming the existence of the residual biopolymers on the surface even 
after the membrane cleaning. These results further strengthens the SEM 
observations as shown in Figs. 1b and c, that claims the strong inter-
action forces between the biopolymers and membrane surface in the 
control system than that of the GMC system, resulting into the severe 
membrane fouling. 

3.5. Biopolymers accumulation on membrane surface and in membrane 
pores 

Biopolymers or EPS have been demonstrated as the decisive sub-
stances to determine directly the fouling rate of the UF system [9,10]. As 
such, investigating the accumulation of EPS on the membrane surface 
could help further understand the behaviour of micro-coagulation in 
membrane fouling mitigation. Herein, the EPS accumulated on the 
surface and within the pores of membrane were extracted separately and 
analysed by SEC to investigate the apparent MW distribution and the 
relative concentration of the UV-active organics (Figs. 5a and c). Control 
system has much higher amount of UV-active organics on the surface 
and within the pores of the membrane as compared to the GMC. More 
specifically, the GMC system has less accumulation of UV-active bio-
polymers (apparent MW range of 10–100 kDa) and humic substances 
(apparent MW range lower than 10 kDa) on the membrane surface, in 
comparison with the control system (Fig. 5a). In comparison, the 
reduction of the organics which were accumulated within membrane 
pores are more likely to appear within the apparent MW range of 7–40 
kDa, indicating that the organics within this MW range are more likely 
entering and clogging the membrane pores and therefore resulting in the 

Fig. 5. MW distributions of the EPS extracted from the bio-fouled membrane surface of the control and GMC systems, respectively (a). Absolute concentrations of 
polysaccharides and proteins extracted from the bio-fouled membrane surface of the control and GMC systems, respectively (b); MW distributions of the EPS 
extracted from the bio-fouled membrane pores of the control and GMC systems, respectively (c). Absolute concentrations of polysaccharides and proteins extracted 
from the bio-fouled membrane pores of the control and GMC systems, respectively (d). 
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irreversible membrane fouling. 
Absolute concentrations of polysaccharides and proteins (dominant 

components of the EPS) were measured to further explore the effect of 
micro-coagulation on the EPS accumulation during the membrane 
fouling as shown in Figs. 5b and d. Micro-coagulation results in high 
efficiency of polysaccharides removal or inhibiting its secretion as 
compare to the proteins, for both surface and within the pores of the 
membrane. Especially, the concentration of polysaccharides on the 
membrane surface of control system was almost three times higher than 
that of the GMC system (379.55 � 9.64 vs 134.09 � 7.37 μg/cm2). On 
the other hand, the difference between the proteins concentration for 
both of the membrane surfaces was relatively smaller (35.87 � 3.53 vs 

27.48 � 2.48 μg/cm2). Similar trends were observed for the poly-
saccharides and proteins concentration within the membrane pores i.e. 
120.46 � 3.21 vs 70.46 � 1.93 μg/cm2 and 20.52 � 2.12 vs 17.96 �
1.39 μg/cm2, respectively. Hence, micro-coagulation noticeably reduce 
the EPS accumulation (especially the polysaccharides), both on surface 
and within the pores of membrane and thereby results into the less 
biofouling. 

3.6. Effect of GMC on biofilm 

The structure and morphology of the biofilm formed on the mem-
brane surface was believed to have a direct effect on filtration process. 

Fig. 6. SEM observations of the biofilm formed on the membrane surface of the control (a, b) and GMC (c, d) systems, respectively; Microstructure of the biofilm 
accumulated on the membrane surface of the control (e, f) and GMC (g, h) systems, respectively (For Fig. 6a–d, the biofilm samples were pre-treated by gradient 
alcohol for dehydration; For Fig. 6e–h, the biofilm samples were pre-treated via freeze-drying). 
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Therefore, to examine the visual effect of micro-coagulation on biofilm 
formation, membrane surface was observed under SEM-EDS at the end 
of the operation as shown in Fig. 6, S6 and S7. A clear difference was 
observed in terms of surface morphology of the biofilm attached on the 
membrane surface of the respective systems (Fig. 6a to d). In comparison 
with control system (Figs. 6a and b, the red arrows represent the 
spherical bacteria), noticeably no obvious microbes were identified from 
the surface of the biofilm in GMC system (Figs. 6c and d). In addition, it 
can be observed that in galvanic micro-coagulation system, the ag-
glomerates extensively existed and seems covered the microbes (Figs. 6d 
and S7). From the EDS results (Figs. S6 and S7), it can also be seen that 
Fe element is significant higher in the micro-coagulation system 
compared to the control system (12.72% vs 1.27%, weight percentage). 
These results further strengthens the mechanism of micro-coagulation 
(Fig. 3d), that the in-situ produced FH-NPs not only wrapped the mi-
crobes but also isolate them from the surrounding environment. 
Resulting into the disturbed metabolism and reduced secretions of the 
EPS, favoring the membrane biofouling mitigation. On the contrary, the 
microbes and their secretions were easily observed within the biofilm 
attached to the membrane surface of the control system (Fig. S6), con-
firming that the microbial secretions not only strengthens the stickiness 
of biofilm but also enters into the membrane pores and therefore in-
tensifies the membrane fouling. 

Microstructural investigation of biofilm (vacuum-dried biofilm) 
attached to the membrane surface of both the systems was conducted 
under the SEM (Fig. 6e to h). In comparison with the control system, the 
biofilm formed in the GMC system has higher porosity with thinner and 
slender bio-polymeric structure. On the other hand, the control system 
has more robust and denser structure of biopolymers, indicating their 
higher content. Thus, it is understood that biopolymers concentration 
not only affect the microstructures of the biofilm, it also helps in the 
development of membrane biofouling. 

The cross-section of the fouled membranes after air-drying for both 
of the systems was also observed as shown in Fig. 7. Thickness of the 
multi-walled carbon nanotubes layer was found to be the similar i.e. 
around 2.7 μm in both systems. However, the thickness of the biofilm 
layer in the control system (19.56 μm) was noticeably greater than that 

of the GMC system (13.37 μm) (Figs. 7b and d). EPS acts as a scaffold for 
the biofilm formation and its higher concentration will further facilitate 
the process of formation and adhesion of biofilm on the membrane 
surface, resulting into a more denser biofilm accumulation as claimed by 
many of the previous studies [47]. Additionally, the inner void spaces of 
the GMC system was found to be more cleaner than that of the control 
system, these results were attributed to the less accumulation of foulants 
within the inner structure (pores) of the membrane. This is consistent 
with the content of EPS measured above, which corresponded to the 
lower observed TMR development in the GMC system. 

3.7. Implications and future perspectives 

Nowadays, decentralized water/wastewater treatment systems are 
among the hot choices of the era because of their fundamental advan-
tages like cost-effectiveness and sustainability, etc. Decentralized 
membrane-based drinking water treatment system is a reliable solution 
to cope with the issues of water security especially in developing 
countries and the remote regions. Here, we introduced an energy effi-
cient and chemically independent in-situ galvanic micro-coagulation 
integrated with UF system in order to mitigate the membrane fouling. 
Results demonstrated that the slowly oxidized iron mitigate the devel-
opment of membrane biofouling, especially for prolonged filtration 
runs. More significantly, considering that the driving force required for 
the filtration can be substituted by the gravity (i.e. the gravity-driven 
filtration system), then no external energy input is required for the 
whole system, resulting into a promising alternative pre-treatment 
method for low permeate flux filtration system. 

Certainly, before the final application, there are still several issues 
that need to be addressed: 1) from galvanic (reaction rate) perspective, 
for iron-based anode, different inert cathode materials (can induce 
different electrochemical potentials against to iron) could be trialed to 
examine its effect on iron oxidation and the subsequent influences on 
membrane biofouling development. In addition, the internal resistance 
and external circuit conditions (like the external resistor, circuit con-
nections, etc.) can also be manually adjusted to investigate its influence 
on system performance; 2) from the operation aspect, the characteristics 

Fig. 7. SEM images of the cross-section of the bio-fouled membranes from the control (a-b) and GMC (c-d) systems, respectively (inserts represent the pictures of the 
inner void space of the respective membranes). 
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of the feed water (like the content of DOM, pH, and temperature, etc.) 
and flow rate of the system must be in accordance with the galvanic 
system, in order to optimize the system operation; 3) from long-term 
operation perspective, it is obvious that the microbes will accumulate 
within the system as a function of time. Therefore, the synergistic effect 
between the galvanic reaction and microbial interactions (i.e. microbial 
corrosion, etc.) must be identified to have a better understanding of the 
mechanisms behind this integrated system. 

4. Conclusions 

The spontaneous in-situ GMC was utilized in this study to mitigate the 
UF membrane fouling. The slowly oxidized and released ferrous ion 
contributed to the reduction of biopolymers in the membrane tank of 
GMC system as compared to the control system. Consequently, the 
accumulation of EPS on the membrane surface and within membrane 
pores was significantly lower in GMC system, resulting into the low TMR 
increasing rate. The in-situ GMC process could inhibit the secretions of 
the EPS by wrapping the microbes and therefore weakened the in-
teractions between the biofilm and the membrane surface. The lower 
content of biopolymers in the biofilm formed on the membrane surface 
of GMC system leads to a higher porosity with thinner and slender bio- 
polymeric structure, which also contributes to the mitigation of mem-
brane fouling. This study overall presents a new way to alleviate the 
membrane fouling with low environmental footprints. 
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