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Abstract  10 

Biofouling of membranes in water treatment is considered as one of the major practical problems. 11 

A novel and an efficient approach for cleaning biofilm grown on the membrane surface is proposed 12 

by applying a direct electric current (124 mA, 90 s) through platinum electrodes inside a cross-13 

flow ultrafiltration channel. Depending on the electrochemical reactions occurring at the 14 

electrodes, either chlorine or hydrogen-producing configuration is realized by interchanging the 15 

current polarity. Baseline determination of the amount of chlorine generated and change in pH is 16 

assessed as a function of current intensity, linear cross-flow velocity, and duration of applied 17 

current. The efficiency of the proposed method is determined by investigating electrically treated 18 

biofilm through bacterial inactivation using Confocal Laser Scanning Microscopy (CLSM), 19 

bacterial cell structure changes through Scanning Electron Microscopy (SEM), and by estimating 20 

the amount of biomass removal through Optical Coherence Tomography (OCT). When a chlorine-21 

producing electrode is placed at the inlet of the flow cell, 68% of bacterial inactivation is achieved 22 

without any modification of bacterial cell shape. Furthermore, a high and near-complete biomass 23 

removal is achieved (99%) after a subsequent forward flush of the electrically treated biofilm. 24 

However, placing a hydrogen-producing electrode at the inlet reveals a slightly lower bacterial 25 

inactivation (65%) and lower biomass removal (77%). Additional systematic experiments using 26 

individually sodium hydroxide (NaOH), sodium hypochlorite (NaOCl), or gas microbubbles 27 

enabled to elucidate the cause of biofilm removal, synergic effect of caustic agent NaOH and 28 

microbubbles. 29 

 30 
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1. Introduction and background 32 

Water filtration technologies primarily thrive on membrane processes as they have the potential to 33 

produce high quality of clean water at reasonable energy footprints. Biofilm growth on membrane 34 

surfaces during filtration presents a serious concern due to the quick proliferation of bacterial cells 35 

and the fast generation of extracellular polymeric substances (EPS) [1]. It tends to block the 36 

filtration channel, thereby significantly increasing the energy requirement of filtration processes. 37 

Thus, the biofouling prevention and removal from membrane surfaces remain a key challenge to 38 

improve membrane performance.  39 

Several methods to control the development of biofouling on membrane surfaces are proposed 40 

in the past [2, 3]. Biological strategies, such as the use of bacteriophage [4], quorum sensors 41 

inhibitors [5, 6], addition of nitric oxide donors [7], water pretreatment [8-10] and bacteriostatic 42 

materials [11-16] aid in reducing bacterial attachment and biofouling. The optimization of 43 

hydrodynamic conditions by controlling the shear rate and flow turbulence has shown inherent 44 

biofouling mitigation by using unique feed spacers designs [17-22]. Besides, various physical 45 

processes are often utilized in industries to achieve membrane cleaning, such as hydraulic 46 

(backflushing, backwashing) [23], pneumatic (air bubbling, air sparging) [24, 25], and ultrasound 47 

[26-28] approaches. Contrary to physical treatments, the impact of chemical agents [29, 30] in the 48 

cleaning of membranes has been actively pursued [31, 32]. However, these traditional physical and 49 

chemical techniques have inherent drawbacks including lack of cleaning efficiency, high operating 50 

cost, production of toxic chemical by-products, damage/shorter lifespan of membranes, and 51 

limitations from industrial-scale applications [3, 33].  52 

The use of an electric field through electrolysis process to effectively eliminate bacteria has 53 

been demonstrated in the past [34], mainly achieved due to cell lysis. Exemplary studies [35-39] 54 

have shown an effective or full microbial inactivation under varying experimental conditions 55 

(current intensity [35], duration of electrical shock [35, 37], electrode distance [37], bacteria 56 

type/concentration [36, 38, 39] and different electrolyte types [34]) when electrodes were directly 57 

placed in an electrolytic solution containing microbes. Wouters et al. [40] reported that electric 58 

treatment is more efficient in killing the bacteria than the heat inactivation. Under the direct 59 

application of current to the electrolytic solution, the bacterial inactivation is primarily achieved 60 

by the production of local disinfectant due to oxidation/reduction reactions taking place at 61 

electrodes and is further concomitant by a change in pH [37, 41].  62 



3 
 

Inspired by the active elimination of bacteria in an electrolytic suspension, attempts have been 63 

made to apply the electric field to mitigate biofouling developed on the membrane surface [36, 42-64 

48]. Electro-kinetic methods (one electrode placed in the feed side and one electrode either located 65 

in the permeate side or represented by an electro-membrane) have shown the ability to remove the 66 

gel layer from the membrane through electrophoresis phenomena. These studies also demonstrated 67 

an enhancement in permeate water flux due to electroosmosis phenomenon, which occurs 68 

simultaneously and acts as an additional driving force for the feed stream [42, 49, 50]. In electro-69 

kinetic methods, no local disinfectant, pH change, and microbubble formation occur as electrodes 70 

are separated by the membrane. The electrode presented in the feed side is exposed to the 71 

electrolytic solution, whereas the other electrode is in the permeate side (pure water or solvent), 72 

not allowing oxidation/reduction reactions at the electrodes. The use of alternating current by 73 

keeping both electrodes on the feed side has also been demonstrated [39, 44]. However, alternating 74 

current has a very low efficacy to produce electrochemical reactions [51]. Thus, cleaning with 75 

these methods [36, 42-45] only occurs due to the electrostatic repulsion mechanism, which is not 76 

very effective especially for pre-grown biofilm.  77 

The biofilm removal using electro-conductive membrane [44, 51] and conductive feed spacer 78 

[45] is actively being studied. Electrically conductive surfaces like electro-conductive membranes 79 

or feed spacers, allow electrical current to pass through them. Mechanistically, this approach is 80 

slightly better compared to electro-kinetic methods. When current passes through the conductive 81 

surfaces, they not only act as electrostatic repulsion surfaces for oppositely charged bacteria but 82 

also trigger a small percentage of oxidation/reduction reactions (at the locations where electrodes 83 

are connected to membrane or spacer surface [51]). As most of the applied current passes through 84 

the membrane or feed spacer, usually no bubble formation occurs and a very small amount of 85 

disinfectant is generated. Thus, this approach performs slightly better than electro-kinetic methods. 86 

From cleaning mechanism point of view, previous methods employed especially for membrane 87 

biofouling cleaning [36, 42-45] are not able to exploit full potential advantages offered by the 88 

application of electric field mainly; pH change, formation of disinfecting species and impact of 89 

gas bubbles (like seen when electrodes are submerged directly in electrolytic solution [34, 35]). In 90 

line with this idea, we study the efficacy of direct electric current on a biofilm (already grown on 91 

ultrafiltration (UF) membrane surface) removal/mitigation by simply introducing two electrodes 92 

at inlet and outlet (ensuring that electrodes are not in contact with membrane or spacer) of a cross-93 
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flow cell [52]. Seawater is a natural electrolyte, converting flow-cell to an electrolytic cell in cross-94 

flow conditions. Under the application of direct current [51] through inert electrodes made of 95 

platinum (Pt), electrochemical reactions (Eqs. 1-5) are induced and interact with already grown 96 

biofilm. The seawater electrolysis leads to the formation of chlorine and hydrogen gases at two 97 

electrodes associated with the generation of sodium hydroxide (NaOH) in the medium.  98 

 99 

 100 

 101 

The chlorine gas hydrolyzes in water to form hypochlorous acid (HOCl) and hypochlorite ions 102 

(ClO-), which are recognized as the major oxidants for water disinfection. As bacteria are 103 

embedded in EPS matrix of the biofilm, the production of chlorine/hydrogen gas microbubbles 104 

through electrochemical reactions associated with other compounds (like NaOH, HOCl/OCl-) 105 

helps in immediate inactivation and EPS degradation resulting in biofilm removal.  106 

In the present work, we demonstrate our proposed patented technique [52] in a lab-scale setup 107 

using a cross-flow cell mimicking the feed side of an industrial-scale UF module. For the proposed 108 

technique, we do not anticipate any change in filtration performance as electrodes are not in contact 109 

with membrane or feed spacer like observed for electrophoresis/electroosmosis methods. Thus, for 110 

simplicity and to primarily focus on biofilm removal effectiveness, a non-pressurized and non-111 

permeating cross-flow filtration cell equipped with a UF membrane along with the feed spacer is 112 

used in the present study. The impact of in-situ applied electric current on the membrane biofouling 113 

is first investigated. Subsequently, key parameters determining cleaning efficiency of biofilm from 114 

the membrane surface have been identified, demonstrating the validity of the proposed technology 115 

for efficient membrane cleaning, especially for seawater desalination. 116 

  117 
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2. Experimental section 118 

2.1. Materials  119 

Polyethersulfone (PES) UF membrane (Synder LY flat sheet membrane, model YMLY3001, 120 

molecular weight cut-off (MWCO) = 100 kDa, Synder Filtration, Vacaville, CA, USA) and a feed 121 

spacer [17] (volume of 690 mm3) in-house prototyped by 3-D printer technology were used in this 122 

work. Platinum (Pt) electrodes (cylindrical wires, diameter 0.5 mm, total length 26.6 mm, total 123 

area 42.2 mm2, purity 99.95%, Alfa Aesar, Haverhill, Massachusetts, USA) placed at inlet and 124 

outlet of the flow cell (not in contact with either membrane or feed spacer) were employed in order 125 

to trigger the electrolysis inside the flow cell. The length of Pt wires, which are specifically 126 

immersed in the flowing feed solution, is 12.6 mm with an area calculated of 20.2 mm2. As 127 

platinum is chemically recognized as an inert element, it does not participate in the redox reactions. 128 

For electrical shock experiments, the bacterial feed suspension consisted of 2 g of BactoTM Yeast 129 

Extract (Extract of Autolyzed yeast cells, Becton Dickinson and Company) dissolved in 0.5 L of 130 

natural Red Sea water and incubated at 30 ⁰C for 24 h. The obtained suspension was further diluted 131 

by adding 1.5 L of seawater. The conductivity of the feed solution was measured to be 60.5 mS/cm. 132 

 133 

2.2. Experimental lab-scale setup of electrical shock experiments 134 

The experimental setup of electrical shock experiments in a cross-flow UF channel is illustrated 135 

in Figure 1. The base of the used flow cell channel was fully occupied by a membrane and feed 136 

spacer having dimensions of (85 mm x 19 mm) and a height of 1.2 mm. The prepared feed bacterial 137 

solution was pumped to the flow cell by a gear pump (Model 75211-70, Cole-Parmer) at a 138 

volumetric flow rate (Q) of 100 mL/min (corresponding to the inlet feed flow velocity of U0 = 139 

0.073 m/s) throughout the growth of biofilm (10 days). To test the attachment strength of the pre-140 

grown biofilm on the membrane surface, a flushing process was carried out at day 11 of biofilm 141 

development by increasing five times the flow rate to reach 500 mL/min (U0 = 0.365 m/s) for 30 142 

s. Subsequently, a constant electrical shock (current intensity I = 124 mA and voltage E = 62 V) 143 

was applied in one step for a shock time (t) of 90 s on platinum electrodes, which were initially 144 

immersed within the flowing bacterial feed solution based seawater. The electrically shocked 145 

biofilm was characterized by Scanning Electron Microscopy (SEM) and Confocal Laser Scanning 146 

Microscopy (CLSM) (Section 2.3). For the experiments aiming to determine the biofilm removal 147 

efficiency of this approach, the electrical shock was followed by a flushing process at a volumetric 148 
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flow rate of 500 mL/min (U0 = 0.365 m/s) for 30 s and the remained biofouling on membrane 149 

surface was monitored by Optical Coherence Tomography (OCT) (Section 2.3).  150 

 151 

 152 

Figure 1. Schematic of the lab-scale setup of electrical shock experiments to evaluate biofilm 153 

treatment (a), and graphic illustrated the electrolysis process carried out in the flow cell unit in 154 

case of chlorine configuration along with dimensions of the utilized flow cell and OCT scanned 155 

location (blue dot shown in the flow cell) (b). 156 

 157 

For the application of electric current, platinum electrodes were connected to a DC power 158 

supply (DC, BK Precision, Yorba Linda, CA, USA). They were placed at the input and output 159 

sides of the flow cell separated at a distance of 89.6 mm. Two configurations were investigated in 160 

this study: (a) chlorine configuration and (b) hydrogen configuration. When the anode (positive 161 

electrode) is placed at the inlet of the flow cell, it is referred to as chlorine configuration (chlorine 162 

microbubbles produced at the inlet). Whereas, placing cathode (negative electrode) at the inlet is 163 

referred to as hydrogen configuration (hydrogen microbubbles are generated at the inlet). Either 164 

configuration is achieved by switching the DC polarity on Pt electrodes. It is worth to mention 165 
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here that during the application of electric current, the concentrate solution was inhibited to go 166 

back to the feed solution tank via a closed valve (VV1 shown in Figure 1). The treated disinfectant 167 

solution was then collected throughout electrolysis in a separate tank via an opened valve (VV2 168 

shown in Figure 1) placed in the line of concentrate solution. 169 

 170 

2.3. Characterization of biofouling before and after electrical treatment 171 

For each configuration and at each step of biofouling treatment, three-dimensional (3D) images of 172 

biomass were in-situ scanning by Optical Coherence Tomography (OCT, Thorlabs Hyperion, A-173 

scan rate: 127 Hz, refractive index: 1.35, central wavelength: 930 nm). The same dimensions of 174 

scanned areas were maintained for all images presented in the manuscript. The surface of scanned 175 

regions was estimated to be 0.2303 mm2 (0.49 mm × 0.47 mm) with a scan depth (x-z plane) of 176 

1.13 mm and a resolution of 147 × 180 × 499 pixels. Furthermore, the same location of biofouled 177 

membrane in the flow cell was persistently scanned for both configurations. The scans were taken 178 

at a distance of 21 mm from the inlet and symmetrically at the center, 8.5 mm away from the top 179 

edge of the membrane area, as depicted in Figure 1b. This location is selectively characterized as 180 

the gas microbubbles, and the other chemical compounds generated by electrolysis are 181 

substantially flowing over it during the electrical shock application. It is relevant to highlight here 182 

that owing to OCT software and hardware constraints, taking several scans at different locations 183 

per experiment was not possible, as once the OCT probe is set, it could not be moved to avoid 184 

losing the exact imaging location. Thus, only one location could be scanned per each experiment 185 

to monitor accurately the change in biomass occurred at various stages of treatment. However, the 186 

experiments were triplicated for each configuration type to confirm the efficiency of the proposed 187 

cleaning technology. Thus, three OCT biofouling structural images were acquired for each stage 188 

of treatment per each configuration type and further processed by using Avizo software (Field 189 

Electron and Ion Company, Hillsboro, OR, USA) [53] to determine their corresponding biomass 190 

volumes. The percentages of biofilm removal were then calculated by taking into account the 191 

biomass volumes initially pre-grown on the membrane surface (V0) and their corresponding 192 

volumes remaining on the membrane after electrical shock/flushing (Vf), following this equation: 193 

% biofilm removal = (V0 – Vf)×100/V0. The standard deviations were calculated for the 194 

percentages of biofilm removal obtained from these triplicated experiments.  195 

https://synonyms.reverso.net/synonyme/en/substantially
https://en.wikipedia.org/wiki/Hillsboro,_Oregon
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Moreover, the biofouled membrane was characterized by Scanning Electron Microscopy 196 

(SEM, Magellan, FEI). Confocal Laser Scanning Microscopy (CLSM, LSM710 upright confocal 197 

microscope, Zeiss, Germany) was also utilized to visualize the live/dead cells of the biofouling 198 

samples scraped from the membrane by using a metal knife scarper. The samples (having each a 199 

volume of 1 mL) were stained with 2 µM of Syto®9 green-fluorescent nucleic acid (Syto 9, 5 mM 200 

solution in DMSO, Molecular Probes, Eugene, Oregon, USA) and 30 µM of Propidium Iodide (PI, 201 

1.0 mg/mL solution in water, Molecular Probes, Eugene, Oregon, USA). These probes were 202 

visualized after excitation at wavelengths of 488 nm and 561 nm for Syto 9 and PI, respectively. 203 

For each characterized sample, a stained biofilm volume of 20 µL was transferred on a microscopic 204 

glass slide to be performed by CLSM imaging. The average percentages of live/dead cells were 205 

determined through processing a sequence of CLSM images (obtained from triplicated 206 

experiments of each configuration) by ImageJ software (U.S. National Institutes of Health, 207 

Maryland, USA). 208 

 209 

3. Results and discussion 210 

The cleaning efficiency of a pre-grown biofilm on UF membrane using DC is experimentally 211 

investigated. The influence of operating parameters on chlorine generation inside the flow cell was 212 

first evaluated without any biofilm presence. Further, two configurations (chlorine (Section 3.1) 213 

and hydrogen (Section 3.2)) are utilized to investigate the efficacy of this method on the pre-grown 214 

biofilm and quantitatively evaluate the biofilm removal potential. Finally, the mechanisms 215 

responsible for effective cleaning and uprooting of biofilm from the membrane surface are 216 

presented by performing a few sets of additional individual dosing experiments (using only base, 217 

chlorine species, or gas microbubbles) to elucidate the biofilm removal mechanism. 218 

 219 

3.1. Chlorine configuration  220 

3.1.1. Chlorine generation and pH change by electrolysis in absence of biofilm 221 

The active chlorine content in water (or produced locally by electrolysis of seawater) is known to 222 

have a lethal impact on microorganisms [35, 54]. When DC is applied, the amount of chlorine 223 

generated should be enough to trigger the killing of bacteria, and its minimal efficient values are 224 

dependent on the microbial resistance (bacterial family [55] and biofilm thickness/morphology). 225 

Therefore, the variation of free and total chlorine generated with the increasing of current intensity 226 
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(I) and voltage magnitudes (E), inlet linear feed flow velocity (U0), and the duration of electrical 227 

shock (t) was evaluated and shown in Figure 2, along with pH change in the medium (experimental 228 

protocol of chlorine and pH measurements are described in Section S1 of Supplementary material).  229 

The chlorine amount exhibited a quasi-proportional increase with the increase of applied 230 

current intensity and voltage magnitude for electrical shock time of 90 s at a linear feed flow 231 

velocity of 0.073 m/s (Figure 2a). The concentration of free chlorine raised from 0.3 mg/L at 10 232 

mA (E = 5 V) to reach 7 mg/L at 124 mA (E = 62 V). The total chlorine production also evolved 233 

at the same rate (≈ 23 times of increase) with the increase of current intensity from 10 mA to 124 234 

mA, where the concentrations were estimated to be 0.6 mg/L and 14 mg/L, respectively. A 235 

reduction of chlorine amount was obtained with the increase of linear feed flow velocity in the 236 

filtration channel at applied DC of 40 mA (E = 20 V) for 90 s (Figure 2b). At a high velocity of 237 

0.183 m/s, the electrochemical process produced 0.7 mg/L and 2.2 mg/L of free and total chlorine, 238 

respectively. The same behavior of chlorine amount was previously observed in a research study 239 

established by Nath et al. [56]. They reported augmentation of active chlorine with the current 240 

density and its reduction with the increase of flow rate when they investigated the use of novel 241 

perforated graphite/stainless steel electrodes for electric current in the drinking water application. 242 

The chlorine generation is also found to be influenced by the electrical shock time (Figure 2c). 243 

It produced 1.1 mg/L and 2.6 mg/L of free and total chlorine in 15 seconds of electrolysis at I = 244 

40 mA (E = 20 V) and U0 = 0.073 m/s. Moreover, the rate of chlorine production is found to be 245 

higher at short shock time (below 45 s). The variation of chlorine quantity versus the electrical 246 

shock time has rarely been measured [55]. However, the relationship between the electrical shock 247 

time and the inactivation rate of bacteria in the presence of electrochemical disinfectants [57, 58] 248 

was found to significantly decrease the bacterial survival rate with the increase of applied current 249 

duration. The pH of the untreated bacterial solution was also measured and was found to be 7.4, 250 

whereas the pH values of shocked bacterial solutions were in the range between 8.0 and 8.4 for all 251 

tested parameters. This raise of pH is attributed to the formation of NaOH in the medium through 252 

electrolysis [36]. At this range of pH, the chlorine species (HOCl and OCl-) having a bactericidal 253 

effect exist simultaneously in the medium [59].  254 
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 255 

 256 

Figure 2. Quantity of free and total chlorine produced during the electrical treatment achieved in 257 

the flow cell in absence of biofilm, along with pH change in the medium, as a function of various 258 

parameters: Current intensity (a), inlet linear feed flow velocity (b), and electrical shock time (c). 259 

For (a), equivalent voltage magnitudes corresponding to the current intensities are as well plotted 260 

at the second X-axis. 261 

  262 
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In our experiments, the biofilm was developed over 10 days at slow linear velocity (U0 = 0.073 263 

m/s) to develop a thick, sticky  and dense biofilm on the membrane surface [60]. This velocity was 264 

maintained during the application of DC on the pre-grown biofilm to avoid the interference of 265 

other factors on biofilm environment. Moreover, the electrical shock duration (t = 90 s) was 266 

selected based on the study of Ayoub et al. [37] who reported that for a low amperage (0.1 - 1 A), 267 

the electric treatment should be applied for a duration greater than 30 s in order to affect the 268 

bacterial cells. Once the linear velocity (U0 = 0.073 m/s) and the shock time (t = 90 s) were figured 269 

out, these operating parameters were fixed to monitor the evolution of chlorine amount and pH as 270 

a function of current intensity increase (voltage amplitude increase), as plotted in Figure 2a. The 271 

generation of highest chlorine amounts (7 mg/L and 14 mg/L for free and total chlorine, 272 

respectively) along with the highest pH amplitude (pH = 8.4) in the medium at I = 124 mA 273 

(equivalent to E = 62 V) led to select this amperage/voltage magnitude for processing the electrical 274 

shock experiments on pre-grown biofilm.  275 

 276 

3.1.2. Effect of electrical shock on a pre-grown biofilm 277 

To investigate the bacterial inactivation capacity of the proposed technique, an electrically shocked 278 

biofilm was characterized by using CLSM. This electrically treated biofilm was compared with a 279 

sample of biofilm, which was not treated electrically. Figures 3a, b present the images of stained 280 

samples where the live and dead cells were shown in green and red colors, respectively. The 281 

analysis revealed that more live bacterial cells were visualized in case of unshocked biofoulant 282 

(Figure 3a) with average viability percentages estimated of 80% and 20% for live and dead cells, 283 

respectively (Table 1). Instead, for shocked biofouling, it displayed that 68% of bacterial cells 284 

were inactivated, and only 32% of them were survived (Figure 3b, Table 1). These results indicated 285 

that the killing of bacterial cells occurred within the biofilm matrix when a DC was applied inside 286 

the flow cell. Microbial inactivation in salt solution has been already investigated by directly 287 

applying electric current on the bacterial suspension [35, 37]. In our study, the bacteria are 288 

embedded within the biofilm and are not in direct contact with Pt electrodes where the current was 289 

applied (Figure 1). Hence, as a primary viewpoint, it was concluded that the inactivation of bacteria 290 

was not related to the current effect. The generation of chemical products (HOCl/ ClO- and NaOH) 291 

in the medium could be solely responsible for the bacterial inactivation as they are recognized as 292 

bactericidal agents in previous studies [55, 58, 61, 62].   293 
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Table 1. Average viability percentages of bacterial cells for various unshocked and shocked 294 

biofoulant samples calculated based on confocal laser scanning microscopy images. For 295 

electrically treated biofouling sample in chlorine configuration, the amounts of free and total 296 

chlorine generated and passed over the biofilm are 7 mg/L and 14 mg/L, respectively. 297 

Setup Sample Live cells (%) Dead cells (%) 
Chlorine 

configuration 
Unshocked 80 ± 8 20 ± 8 

Electrical shocked 32 ± 4 68 ± 4 
Hydrogen 

configuration 
Unshocked 74 ± 4 26 ± 4 

Electrical shocked 35 ± 3 65 ± 3 
 298 

 299 

The influence of electrical shock treatment on the bacterial morphology at a cellular level was 300 

examined using SEM at various locations of unshocked and shocked biofilm pre-grown on 301 

membrane (Figures 3c, d). Compared to unshocked bacterial cells (Figure 3c), no modification or 302 

defects on bacterial cell membranes were observed at this magnitude of scans after the electrical 303 

shock (Figure 3d). However, CLSM results revealed that the electric treatment contributed to 304 

inactivate 68% of bacteria (Figure 3b, Table 1). Therefore, it can be inferred that the killing of 305 

bacteria was carried out but no perceptible modification in the structure of bacterial cells was 306 

observed at the employed scan level. In agreement with other studies, neither chlorine disinfection 307 

nor electrical shock results in damage to the bacterial membrane cells [63-65]. Hence, the electrical 308 

treatment solely causes dysfunction of bacterial cells without inducing any bacterial morphology 309 

alteration. 310 
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 311 

Figure 3. Confocal laser scanning microscopy (a, b) and scanning electron microscopy images (c, 312 

d) of unshocked (a, c) and electrically shocked (b, d) bacterial cells of biofouling formed in case 313 

of chlorine configuration. The white arrows in the images show the bacterial cells, and the green 314 

and red colors in (a, b) represent the live and dead cells, respectively. For electrically treated 315 

biofouling samples (b, d), the amounts of free and total chlorine generated are 7 mg/L and 14 316 

mg/L, respectively. The scale bars are 50 µm for (a,b) and 5 µm for (c,d). 317 

 318 

3.1.3. In-situ biomass characterization through OCT imaging 319 

The impact of applied DC on the biofilm removal from the membrane surface was in-situ 320 

investigated within the flow cell unit by OCT imaging. 3D images of the biofilm pre-grown on the 321 

membrane surface were visualized and analyzed with high resolution scans at various stages of 322 
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treatment as depicted in Figure 4: (a) unshocked at U0 = 0.073 m/s, (b) unshocked and flushed at 323 

U0 = 0.365 m/s for 30 s and (c) electrically shocked at U0 = 0.073 m/s (I = 124 mA, t = 90 s) 324 

followed by flushing at U0 = 0.365 m/s for 30 s. 325 

OCT scans revealed that the untreated biofilm, which was initially developed at a linear 326 

velocity of 0.073 m/s, displayed dense biomass with a volume estimated of 0.0098 mm3 (Figure 327 

4a). To check the strong attachment of biofilm to the membrane and spacer surfaces, the velocity 328 

was increased to 0.365 m/s resulting in a dislodge of minor biomass volume under high-velocity 329 

conditions. Then, the resulting biomass volume decreased slightly to reach 0.0084 mm3 (Figure 330 

4b). However, when the biofilm was placed under DC (124 mA for 90 s at U0 = 0.073 m/s) in the 331 

presence of chlorine crossing over the biofilm (7 mg/L of free chlorine, Figure 2a) followed by 332 

flushing at high velocity (U0 = 0.365 m/s), the biofouled material was almost completely detached 333 

from the membrane surface resulting in a very-small remaining biomass volume of 0.0001 mm3 334 

on the membrane, as shown in Figure 4c. The percentage of removed biomass reached 99% 335 

compared to the biomass volume of untreated sample. Furthermore, photography images were 336 

taken for this experiment on the top of the filtration system (spacer/membrane) before and after 337 

the electrical shock and presented as insets in Figure 4. They exhibited that the major biomass was 338 

successfully swept away from the membrane surface as well as from the spacer after the 339 

application of electrical shock. The average biomass cleaning obtained through triplicated 340 

experiments was found to be 90%±13% for chlorine configuration.  341 

These findings confirmed the potential of this novel approach to eliminate the biofouling 342 

developed on UF membrane. In this chlorine configuration, the pre-grown biofilm is exposed to 343 

several factors resulted from the electrolysis process occurred during the application of electrical 344 

shock: (i) production of chlorine compounds (HOCl/ ClO-), (ii) formation of NaOH in the medium 345 

and (iii) hydrodynamic shear provided by gas microbubbles flowing over the biofilm. One or more 346 

of these factors generated around the biofilm environment caused the cleaning ability of the 347 

proposed technique. Therefore, we aimed in the next section to segregate the chlorine effect by 348 

switching the electrode-producing chlorine to the outlet side of the flow cell (hydrogen 349 

configuration). As a result, the interaction of chlorine compounds with the pre-grown biofilm was 350 

eliminated. Consequently, the investigation of hydrogen configuration effectiveness has two 351 

targets: (i) exploring if other factors of electrolysis process than chlorine are involved in the 352 

bacterial inactivation and biofouling removal, (ii) examining the consistency of technique potential 353 
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in absence of chlorine for a universal filtration application as it is known that the presence of 354 

chlorine without control could damage other types of membranes such as reverse osmosis (RO) 355 

based on aromatic polyamide membranes [66, 67]. 356 

 357 

 358 

Figure 4. Biofilm removal assessed by 3D-OCT images of biofouling/membrane as a function of 359 

various treatment steps acquired in case of chlorine configuration: unshocked at U0 = 0.073 m/s 360 

(a), unshocked and flushed at U0 = 0.365 m/s for 30 s (b), and electrically shocked (124 mA for 361 

90 s at U0 = 0.073 m/s, pH treated medium = 8.4) then flushed at U0 = 0.365 m/s for 30 s (c). The scale 362 

bar (100 µm) corresponds to Y-axis direction. The photography insets represent the filtration 363 

system in case of (a) and (c), and the black dots indicate the OCT scanned area location. The color 364 

spectrum visualized in the biofouling/membrane structure is related to the light reflection intensity 365 

of each material. Consequently, the membrane active layer and fluid flowing through the 366 

biofouling/membrane are visualized in a similar color (orange) due to their close reflection 367 

intensity. Likewise, the membrane support layer and biomass material appear in the shade of blue 368 

to green colors.  369 

 370 

3.2. Hydrogen configuration  371 

As in chlorine configuration, CLSM and OCT imaging were achieved for unshocked and 372 

electrically shocked pre-grown biofilm in case of hydrogen configuration, where no chlorine could 373 
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be involved to influence the biofilm. The results were displayed in Figure 5 and the average 374 

viability percentages of live/dead cells were summarized in Table 1. CLSM characterization 375 

revealed that 65% of bacterial cells were inactivated when an electrical shock was applied in case 376 

of hydrogen configuration (Figure 5b, Table 1). The estimated percentage of dead cells was 377 

slightly lower than this obtained in presence of chlorine (68% of dead cells in chlorine 378 

configuration, Figure 3b, Table 1). It exposed a significantly higher percentage when compared to 379 

this obtained in case of unshocked biofilm (26% of dead cells, Figure 5a, Table 1). These results 380 

confirmed that the killing of bacteria was carried out even though the chlorine species were absent 381 

from the biofilm environment. In the present configuration, NaOH is only present in the medium. 382 

This caustic base, which is further known as a disinfectant agent, has the ability to interact with 383 

the biofilm and inactivate the bacteria [61, 62]. It is important to highlight here that the measured 384 

pH of the solution that was collected externally from the flow cell was determined to be 8.4 under 385 

the applied electrical shock conditions. However, as the feed solution was continuously flowing 386 

over the biofilm, the collected solution would undergo slight dilution. Consequently, the local pH 387 

between the electrodes (where biofilm resides) would be higher [68, 69] with a higher 388 

concentration of NaOH present during electrolysis process. Although it is highly desirable to 389 

measure pH online locally near the electrode, owing to experimental complexity and small channel 390 

height, the measurement of pH was only achievable offsite, as depicted in Figure 1. Thus, potential 391 

bacterial inactivation for this configuration is primarily associated with local pH change occurring 392 

between the electrodes. However, slight less bacterial inactivation is observed in this case 393 

compared to chlorine configuration, where the presence of additional chlorine compounds (HOCl/ 394 

ClO-) led to a supplementary bactericidal action on microorganisms in agreement with Hülsheger 395 

and Niemann [36]. These authors observed a slight increase of surviving cell number when 396 

microbial suspensions containing other than sodium chloride electrolytes (phosphate or sulfate) 397 

were electrically pulsed at high voltage. 398 

Moreover, as in chlorine configuration, OCT images realized at various steps of treatment 399 

(Figures 5c-e) demonstrated that the untreated biomass volume reduced slightly after flushing at 400 

high velocity (U0 = 0.365 m/s) for 30 s (V biomass = 0.0037 mm3, Figure 5d) when compared to the 401 

initial pre-grown biomass volume (V biomass = 0.0040 mm3, Figure 5c). However, this biomass 402 

volume significantly decreased when the electrical shock was applied (124 mA for 90 s at U0 = 403 

0.073 m/s) followed by flushing at high linear velocity (U0 = 0.365 m/s) for 30 s (V biomass = 0.0009 404 
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mm3, Figure 5e). Therefore, 77% of initial pre-grown biomass were detached from the membrane 405 

surface as a result of electrical treatment in the absence of chlorine. The average biomass cleaning 406 

obtained through triplicated experiments was found to be 71%±14% for hydrogen configuration. 407 

 408 

 409 

Figure 5. Live/dead cells (green and red colors, respectively) of unshocked (a) and electrically 410 

shocked bacterial cells (b) characterized by confocal laser scanning microscopy, and biofilm 411 

removal assessed by 3D-OCT images of biofouling/membrane as a function of various treatment 412 

steps acquired in case of hydrogen configuration: unshocked at U0 = 0.073 m/s (c), unshocked and 413 

flushed at U0 = 0.365 m/s for 30 s (d), and electrically shocked (124 mA for 90 s at U0 = 0.073 414 

m/s, pH treated medium = 8.4) then flushed at U0 = 0.365 m/s for 30 s (e). The scale bar (100 µm) 415 

corresponds to Y-axis direction. For (c-e), as explained in Figure 4, due to close reflection 416 

intensities, the membrane active layer and fluid flowing appear in a similar color (yellow), while 417 

the membrane support layer and biomass material are visualized in purple color.  418 
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Indeed, it is relevant to emphasize here that although for both configurations (chlorine or 419 

hydrogen) the biofilm was pre-grown on membrane surface for 10 days under the same 420 

experimental conditions, a different thickness of biofilm was observed for the two configurations 421 

(Figures 4a and 5c). This is primarily associated with the heterogeneous nature of biofilm growth. 422 

As OCT probe was fixed for both configurations at the same location, a different volume of biofilm 423 

was observed in each configuration. However, statistical averaging of biofilm thickness at varied 424 

locations in the flow cell reveals about 228±13 μm as average biofilm thickness for both 425 

configurations, suggesting that experimental conditions were well controlled for biofilm growth. 426 

The percentage of biofilm removal achieved after electrical shock and flushing was determined 427 

relative to its corresponding biomass volume initially developed on the membrane surface (as 428 

mentioned in Section 2.3). Consequently, the deficiency of maintaining a constant initial biofilm 429 

volume for both cases does not influence the results of subsequent treatment stages. Thus, although 430 

the cleaning potential in hydrogen configuration was not as effective as seen in case of chlorine 431 

configuration where almost the entire biofilm was removed from the membrane surface (Figure 432 

4c), the high efficiency of the proposed technique to sweep away the biofouling was successfully 433 

confirmed. 434 

 435 

3.3. Mechanism of biofilm removal using direct electrical current 436 

The present work successfully demonstrates that a direct electrical current applied across the flow 437 

cell through Pt electrodes immersed in seawater can effectively remove the pre-grown biofilm 438 

from membrane surface. Several competing factors are potentially responsible for this efficient 439 

biofilm removal. To understand these factors, the electrolysis process carried out due to DC 440 

application inside the flow-cell needs to be highlighted. When a voltage potential is applied 441 

through Pt electrodes immersed in seawater, the primary ions presented in the medium (Na+/Cl- 442 

and H+/OH-) are attracted to oppositely charged electrodes. Consequently, the loss and gain of 443 

electrons (achieved by Cl- and H+, respectively) at each electrode due to redox reactions (Eqs. 1-444 

5) complete the external electrical circuit. Thus, no flow of electrons through the water or biofilm 445 

takes place as neither the membrane nor the spacer used has an electro-conductive property. 446 

Moreover, the electrodes were not located in direct contact with the membrane/spacer. Therefore, 447 

under the given scenario, no direct impact of the electrical field can be envisaged on the biofilm 448 

removal for both tested configurations (chlorine or hydrogen). Only electrochemical reactions 449 
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occurred at electrodes that generate chemical/physical products, could potentially aid in uprooting 450 

the existing pre-grown biofilm from the membrane surface. Under given experimental conditions, 451 

only three potential products can interact with the biofilm after electrolysis: (i) chlorine species 452 

HOCl/ClO-, (ii) NaOH base, and/or (iii) gas microbubbles (chlorine or hydrogen) flowing over the 453 

biofilm.  454 

Noticeably, the chemical interaction of chlorine species (HOCl/ClO-) with the biofilm is 455 

only possible in the chlorine configuration case when the electrode-producing chlorine is kept at 456 

the inlet. A higher percentage of biofilm cleaning is achieved for the chlorine configuration 457 

compared to hydrogen configuration where chlorine species exit out of the flow cell without 458 

affecting the biofilm. Hence, it is inevitably to infer that the presence of chlorine is not common 459 

as well as the major factor that aids in biofilm removal. Therefore, the fundamental mechanism of 460 

biofilm removal can be primarily attributed to NaOH formation (local pH change) and/or the 461 

hydrodynamic shear created by flowing gas microbubbles in both configurations.  462 

These proposed hypotheses are tested by performing additional individual experiments 463 

(experimental protocol described in Section S2 of Supplementary material). NaOH, NaOCl, and 464 

gas microbubbles are systematically isolated to experimentally investigate the cleaning efficacy of 465 

each component. The relative cleaning performance for each investigated case is shown in Figure 466 

6. It can be concluded that the effect of chlorine was negligible. Simultaneously, NaOH influence 467 

and gas microbubble force were found to aid quite a bit in biofilm removal. Averages of 34% and 468 

67% of biomass volume removal were independently achieved for NaOH and microbubbles, 469 

respectively. The highest potential of biomass uprooting was then attributed to the mechanical 470 

shear of gas microbubbles generated through electrolysis. 471 

Based on these findings, it can be affirmatively confirmed that NaOH and microbubble 472 

interactions with biofilm are primarily responsible for the cleaning action. Previous studies [37, 473 

46, 70] reported that the introduction of a dilute base solution caused deformation in the biofilm 474 

structure and could also aid in weakening its mechanical stability resulting in its detachment from 475 

the membrane surface. In our study, an increase in local pH was monitored due to the formation 476 

of alkali (NaOH) over the pre-grown biofilm when an electric current was applied. Biofilms are 477 

primarily composed of polymeric content (EPS), which ensures the intercellular cooperation 478 

within the matrix and provides the mechanical stability to the biofilm [46, 71]. The generation of 479 

NaOH led to hydrolyze the polysaccharide matrix of the biofilm (EPS) [46, 71]. As EPS acts as a 480 
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glue between the biofilm and the membrane/spacer [46, 71], any deformation of its structure 481 

induces the deterioration of the entire biofilm resulting in its removal from the membrane. Besides, 482 

gas microbubbles (chlorine or hydrogen) were simultaneously generated through electrochemical 483 

reactions and flow over and around the biofilm. These microbubbles also exert a shear force on 484 

the microbial community resulting in further weakening its attached biomass [46, 72]. 485 

 486 

 487 

Figure 6. Percentage of biomass volume removal at various applied treatments. The percentage of 488 

biomass removal was calculated based on initial and final biomass volumes on membrane surface 489 

determined by using 3D-OCT characterization (as achieved in Figures 4 and 5) for each treatment 490 

case.  491 

 492 

4. Perspectives 493 

The outcomes of this study suggest that the application of electrical shock to the biofilm aids in 494 

cleaning the membrane surface effectively in a very short time scale. Although the biofilm had 495 

high resistance against the fluid shear force exerted by increasing the linear flow velocity (Figures 496 

4b and 5d), it appeared that biofilm bonds or stickiness were compromised under the influence of 497 

electrolysis process induced by an electric current application and the biofilm removal from the 498 

membrane surface was effectively achieved. This cleaning method provides an attractive and very 499 

straightforward way to effectively sweep away the biofouling from UF membrane systems. The 500 

proposed technique also potentially appears to be energy efficient compared to exiting Clean-In-501 

Place (CIP) technologies used in commercial plants. From the presented results, for a single 502 
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electrical shock process the amount of electrical power consumed should be around P = 7.68 Watt 503 

(P = E*I, where E = 62 V and I =124 mA). In general, CIP pumps and compressors consume much 504 

higher energy than the proposed method. In addition, small homogeneous gas bubbles generated 505 

through this technique were found not to coalesce, and passed easily through the channel, avoiding 506 

one of the major challenges in aeration based cleaning technology [73-75]. However, the direct 507 

application of this technology on real filtration modules, which are few meters in length, may 508 

require some subtle changes to achieve a high cleaning potential. For instance, the use of spacer 509 

type metal electrodes at inlet and outlet can be embedded in each filtration channel, while having 510 

the regular plastic spacer in between the electrodes could serve as one option. For this design, a 511 

greater length of metallic conductive spacers relative to plastic spacers is encouraged to ensure a 512 

greater cleaning efficiency. Another alternative would be to insert multiple Pt wire electrodes as 513 

electrodes connected in series across the length of the module at a specified distance. All these Pt 514 

wires could be electrically energized systematically to considerably promote the electrolysis 515 

process across the module.  516 

Even though this approach might require a higher voltage extent in real filtration modules, DC 517 

will be applied intermittently and only for a short shock time, which limits the energy requirement. 518 

Contrary to CIP technique, once the electrodes are installed in the filtration, neither additional 519 

equipment nor chemical products will be needed to integrate the system for proceeding the biofilm 520 

removal. Moreover, this technique is in-situ applied in two consecutive steps (electric shock and 521 

flush) without any heating process (as encountered in other techniques). All these aforementioned 522 

benefits help to minimize the energy consumption of filtration systems. Compared to the 523 

traditional CIP methods, we foresee easier installation, handling, and lower energy consumption 524 

as key points for the adaption of this technology to commercial water treatment plants.  525 

Intermittent electrical shocks regularly applied from the onset of the filtration process 526 

might mitigate or even delay the growth of biofilm. Therefore, further studies are aimed to be 527 

realized to deeply demonstrate the potential of this approach in preventing/controlling the 528 

biofouling growth in UF membranes. In the nearest future, research studies are planned to be 529 

performed to extend this approach in other filtration systems (RO, NF) in a controlled manner.  530 

 531 

  532 
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5. Conclusions 533 

Removal of pre-grown biofilm from UF membrane surface by using direct electric current is 534 

successfully investigated in this study. The amount of chlorine generated via the electrochemical 535 

reactions was found to be in-situ controlled by varying several operating parameters. A near-536 

complete cleaning potential (99%) associated with high bacterial inactivation (68%) was achieved 537 

when the electrode-producing chlorine was placed at the flow cell inlet. However, placing this 538 

electrode at the outlet side led to a slightly lower biofilm removal (77%) and bacterial inactivation 539 

(65%). The biofilm removal mechanism was mainly attributed to the synergic effect of gas 540 

microbubbles and the caustic agent (NaOH) which were simultaneously generated during 541 

electrolysis process.  542 
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