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a b s t r a c t 

The surface properties of electrically conductive membranes (ECMs) govern their advanced abilities. During 

operation, these properties may differ considerably from their initially measured properties. Depending on their 

operating conditions, ECMs may undergo various degrees of passivation. ECM passivation can detrimentally 

impact their real time performance, causing large deviations from expected behaviour based on their initially 

measured properties. Quantifying these changes will enable consistent performance comparisons across the 

active and electrically conductive membrane research field. As such, consistent methods must be established 

to quantify ECM membrane properties. In this work, we proposed three standardized methods to assess the 

electrochemical, chemical, and physical stability of such membrane coatings: 1) electrochemical oxidation, 2) 

surface scratch testing, and 3) pressurized leaching. ECMs were synthesized by the most common approach –

coating support ultrafiltration (UF) and/or microfiltration (MF) polyethersulfone (PES) membranes with carbon 

nanotubes (CNT) cross-linked with polyvinyl alcohol (PVA) and two types of cross-linkers (either succinic acid 

(SA) or glutaraldehyde (GA)). We then evaluated these ECMs based on the three standardized methods: 1) We 

evaluated electrochemical stability as a function of electro-oxidation induced by applying anodic potentials. 2) We 

measured the scratch resistance to quantify the surface mechanical stability. 3) We measured physical stability by 

quantifying the leaching of PVA during separation of a model foulant (polyethylene oxide (PEO)). Our methods 

can be extended to all types of electrically conductive membranes including MF, UF, nanofiltration (NF), and 

reverse osmosis (RO) ECMs. We propose that these fundamental measurements are critical to assessing the 

viability of ECMs for industrial MF, UF, NF, and RO applications. 

• Anodic-oxidation was used to check the electrochemical stability of ECMs 
• Depth of penetration resulted from scratch test is an indicator of the electrically conductive membrane 

coating’s mechanical stability 
• The leaching of the main components forming the nanolayer was quantified to assess the membranes’ physical 

stability 
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Specifications table 

Subject area: Separation and Purification 

More specific subject area: Water and Wastewater treatment by conductive membranes 

Method name: Electro-oxidation, scratch test, and foulant separation to assess electrochemical, 

mechanical, and physical stability of ECMs 

Name and reference of original 

method: 

M. A. Halali, C. F. de Lannoy, Investigating the Stability of Electrically 

Conductive Membranes 

Recourse availability: The description of the details are provided in the manuscript [1] 

Method details 

Membranes are the technology of choice for water and wastewater treatment due to their 

selectivity, smaller footprint, and low cost. Recently, electrically conductive membranes (ECMs) have 

gained great attention for their potential to improve the antifouling performance of membranes [2–

6] . The first generation of ECMs are commonly made of CNT/PVA networks cross-linked with a cross-

linking agent such as dicarboxylic acids or dialdehydes. These membranes can carry an externally 

applied electrical charge across their surface. The application of an electric potential to an ECM

promotes various antifouling mechanisms at the membrane/water interface [6–10] . These antifouling 

mechanisms include electrostatic repulsion of like-charged foulants [11] , electrochemical [12] and 

electrocatalytic [13] reactions, and gas generation [14] . ECMs have presented several advantages as

compared to conventional membranes such as: (a) controllably target foulants at the membrane/water 

interface which makes them more effective than traditional bulk solution cleaning (biocide dosing, 

pH adjustment) [15–17] , (b) use electrons, “clean reagents”, as antifouling mediators, making the 

process less chemical intense and easy to operate, which reduces the handling and storage costs of

chemicals [18–20] , and (c) can tailor their antifouling mechanisms by tuning the applied electrical

properties (polarity, magnitude, and frequency). Therefore, the antifouling mechanisms can be tailored 

to exclusively match the application [ 7 , 17 , 21 ]. 

ECMs are synthesized with specific surface properties such as pore size, surface hydrophilicity, and 

surface conductivity to target different antifouling applications. The in-situ properties of membranes 

during the operation, however, may differ significantly with their initially measured properties. 

Membranes may be subjected to passivation during operation, leading to changes in their surface 

properties [22] . Membrane passivation would hinder their antifouling performance, impact their 

integrity, and increase the system energy consumption. For instance, the surface conductivity of ECMs 

allows for charge mobility across a surface, which in turn promotes antifouling mechanisms at the

surface. Hence, the loss in conductivity would directly compromise the antifouling performance of 

such membranes. It is difficult to monitor the real time passivation of surfaces, and the in-situ

membrane properties are often assumed to be unchanged from their initially measured properties. 

To date, the common characterization tests carried out after fabrication of membranes have failed to

consider the operational impacts given that significant changes occur at the surface. The challenges of

real time measurements (either direct or indirect) necessitate better assessment of surface properties. 

Three types of ECM stability are the focus of the methods in this work. Electrochemical stability,

mechanical stability, and physical stability. We propose specific methods to study these forms of ECM

stability that should form the basis for all ECM assessments. Their importance and method of testing

are described here: 

Electrochemical Stability : We propose a method to assess the anodic stability of CNT-based

membranes using a three-electrode electrochemical cell. ECMs are exposed to anodic, cathodic, 
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lternating, or block currents (distinguished from alternating currents as anodic and cathodic currents

pplied sequentially at irregular intervals) depending on the foulant type and their application. Anodic

urrent can permanently oxidize CNT-membranes [23–25] . CNT-corrosion decreases the surface

onductivity critical for their antifouling performance. Many studies have reported the optimum

otential required to promote interfacial mechanisms such as electrostatic repulsion, biofoulant

nactivation, organic oxidation, or hydrogen peroxide generation [26–32] . However, the current-density

orrelated to the reported optimized potentials is significantly different from the real current density

pplied to the surface over the membrane’s operational window. The real current density is often

gnored due to lack of real time measurements and is therefore often overestimated. 

Mechanical Stability : We propose scratch testing ECMs using a diamond tip to quantify the surface

echanical stability of membranes where the impact of surface chemistries is distinguishable. Cross-

ow is the most common configuration in membrane-based systems regardless of the membrane type

microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), or reverse osmosis (RO)) or membranes

hape (flat sheet, hollow fiber, or spiral-wound). In such systems, membranes are constantly exposed

o shear forces induced by tangential flow containing solid particles. In addition, cleaning procedures

uch as mechanical cleaning can damage the membrane surface. It is expected that surface damage

nduced by fouling, aging, scaling, or mechanical cleaning alter the surface properties of electrically

onductive membranes [33–37] . Therefore, it is important to assess the mechanical stability of

embranes used in separation-based systems. Mechanical stability of membranes is less explored as

ompared to other surface properties such as hydrophilicity, surface charge, and surface roughness. 

Physical Stability : We propose a model foulant separation test to quantify the impact of

oncentration polarization on ECM polymer network instabilities. CNT-based membranes are most

ften composed of CNTs, organic polymers, and binders. The polymers and cross-linkers are added

o take advantage of their hydrophilicity, stability, and film-forming ability. Polymers (PVA) and cross-

inkers are attached via covalent bonds, electrostatic interactions, and H-bonding [38–40] , however, a

ortion of PVA is loosely bound to the network and leaches under certain operating conditions (high

ransmembrane pressure, high foulant concentration) which results in changes in surface properties. 

It should be noted that while the interactions between these various types of stability are not

ully understood, the stability assessment methods discussed in this paper will allow researchers

o compare membranes with different chemistries from mechanical, electrochemical, and physical

erspectives. The described methods are focused on MF and UF membranes, however, they can easily

e extended to NF and RO membranes as well. 

aterials and procedure 

ECMs used in this study are synthesized following the same method published in our co-sbumitted

ork [41] . In short, pristine UF PES membranes were coated with CNT/PVA network cross-linked with

ither succinic acid (SA) or glutaraldehyde (GA). Unless otherwise mentioned, all ECMs contain 1 mg

NT and the CNT: PVA ratio was kept at 1:10 in all the membranes. 

lectrochemical Stability 

A three-electrode electrochemical cell (Fig. S1) coupled to a potentiostat (Multi Autolab M204,

etrohm) was used to quantify the anodic oxidation state of the membranes through fixed potential

hronoamperometry as well as cyclic voltammetry methods. In order to be able to record currents

igher than 10 mA in response to high applied potentials, a booster (1A Metrohm) was coupled to the

otentiostat. The CNT-based membrane, graphite sheet, and an Ag/AgCl electrode (Metrohm, operating

ange: 0-80 °C) were used as the working electrode (anode), counter electrode (cathode), and reference

lectrode, respectively. All electrodes were placed in an electrochemical cell containing phosphate

uffered saline (PBS, purchased from VWR) solution as the electrolyte. PBS solution contains 137 mM

odium chloride, 2.7 mM potassium chloride, and 10 mM phosphate buffer. The electrochemical cell

as operated under continuously stirred conditions at 200 rpm. Supplementary tests were carried out

o gain a better understating of the stability and CNT degradation mechanisms involved. The tests are

escribed as follows: 
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Fixed potential chronoamperometry 

Anodic potential can oxidize CNT surfaces leading to a decrease in the current at the membrane

surface. Fixed potential chronoamperometry can provide useful insights on the oxidation state of 

membranes over time. Fixed potential chronoamperometry reveals the magnitude and duration of 

the current that can be applied to the surface before the electrically conductive surface undergoes

severe oxidation. In addition, the real current densities reported from this test can be used for closer

predictions of antifouling mechanisms promoted by current density such as electrostatic repulsion 

force, gas generation, and radical generation. The efficient potential range for antifouling performance 

of ECMs has been reported to be in the range of 0 – 2 V. Under applied anodic potentials CNTs

can corrode, as a result of various oxidizing mechanisms such as mechanical breakdown, oxidation 

of CNTs, and radical generation. A number of oxidation mechanisms are activated at potentials above

2 V, and have been explored for anti-fouling applications [42–44] . For these reasons, Fixed potential

chronoamperometry tests were carried out by applying either 2 V or 4 V (with respect to the Ag/AgCl

reference electrode) to the membrane for 240 min and 20 min, respectively, to explore the oxidation

process. The time periods were chosen because the currents were shown to reach steady state over

the test window. Hence, surfaces are expected to have minor oxidation changes beyond these time

periods. Further, anodic current is applied often in different current types (direct or alternating

current) or with different current duty ratios (ratio of pulsing time over one cycle). Therefore, the

duration of the test represents a longer current window than would occur in normal operating

conditions. 

Cyclic voltammetry 

Cyclic voltammetry (CV) is a complementary test to fixed potential chronoamperometry. In this 

test, anodic potentials are applied to ECMs at a certain scan rate and for a number of cycles. It is

expected that the magnitude of the current will decrease over each cycle until the membrane achieves

a final oxidation steady-state. The rate of current drop over each cycle is a measure of the anodic

stability over time. CV is an informative test as it exposes the membrane to a wide range of potentials

that can induce different oxidizing mechanism. For the CV test, 15 cycles at a scan rate of 0.1 mVs −1 

were applied to each membrane, with a scan range of 0 – 3 V relative to the Ag/AgCl electrode. 

Four-point conductivity meter 

The conductive nanolayer in ECMs consists of a connected porous CNT network. Corrosion of 

CNTs leads to lower total conductivity of the network. As a result, it is expected that the decrease

in ECM surface conductivity will lead to a decrease in their electrochemical conductivity. Therefore, 

the surface conductivity of membranes was measured before and after anodic oxidation at 4 V (with

respect to the Ag/AgCl reference electrode) for 20 min. The surface conductivity was measured using

a four-point probe conductivity meter. Before the test, membranes were fully dried at 60 °C using an

oven and cooled at ambient temperature. This instrument is equipped with two pairs of sharp needles

arranged in a square configuration that are attached to adjustable arms. The needles are lowered

onto the surface in such a way that they only contact the conductive surface and not the insulating

polymeric support underneath. The probe applies a potential to the surface and calculates the sheet

resistance by considering the resistance between different pairs of the needles. Before reporting the 

sheet resistance, the correct position of the needles should be confirmed by monitoring the resistance

values between different pairs. If the CNTs are uniformly distributed across the surface, the resistance

measured between all possible pairs of needles is expected to be within the same order magnitude.

Any significant difference in the resistance between pairs of needles indicates that the needle probes

have either not made complete contact with the conductive layer because they have not been lowered

deep enough into the conductive coating, or that the coating is discontinuous. 
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Table 1 

Specifications of the micro scratch tester (Anton 

Paar). 

Parameter Value 

Maximum Normal load 100 N 

Normal load resolution 0.1 mN 

Maximum friction load 100 N 

Friction force resolution 0.1 mN 

Maximum scratch length 70 mm 

Scratch speed 0.4-600 mm/min 

Maximum depth 10 0 0 μm 

Depth resolution 0.5 nm 
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otal organic carbon analyzer 

The breakdown of CNT structures because of passivation is expected to increase the organic

arbon content in the electrochemical batch reactor. CNT destruction could occur from direct chemical

xidation of the CNT structure or from mechanical forces that are induced during the application of

otentials. For example, the generation of hydrogen/oxygen gas during application of cathodic/anodic

urrents leads to formation of micro-bubbles. Micro-bubbles may get trapped inside the CNT network,

nd the subsequent increase in the size of these bubbles may cause mechanical breakdown of the

NT structures. The destruction of CNTs therefore increases the organic carbon content of the batch,

hich was measured before and after electro-oxidation at 4 V (with respect to the Ag/AgCl reference

lectrode) for 20 min using a total organic carbon analyzer (TOC, SHIMADZU). The data obtained from

his method can monitor the extent to which electrical currents applied to the CNTs contribute to the

echanical breakdown of CNTs, which in turn leads to electrochemical instability. 

ourier-transform infrared spectroscopy (FTIR) 

Fourier-transform infrared spectroscopy (FTIR) is used to monitor the oxidation state of chemical

tructures. As mentioned, functionalized CNT, PVA, and cross-linkers are bound in an electrically

onductive membrane (ECM) network through covalent bonds, electrostatic interactions, and H-

onding. The intensity of C-O, C = O, and O-H bonds associated with such components is expected to

hange over the oxidation period. As a result, FTIR allows us to identify the changes in their chemical

onds. 

icro scratch tester 

Scratch testing can be used to assess the mechanical stability of the electrically conductive

oatings of ECMs. Scratch testing can be carried out on three different scales: macro, micro, and

ano depending on the thickness of the electrically conductive coating. Thin metallized layers, for

xample, should be tested with a nano-scratch tester, while thicker CNT or rGO layers should ble

valuated with a micro-scratch tester. In this study, a micro scratch tester manufactured by Anton

aar (Revetest scratch tester) was used. The specifications of this device are shown in Table 1 .

cratch testing consists of three steps: 1. Pre-scan – The physical state and topography of the

urface is monitored before applying any force, 2. Scratching – The surface is scratched using

redefined settings such as scratch path, speed, and type, and 3. Post-scan – The physical state

nd topography of the surface is monitored after scratching and damaging the surface. It should

e noted that pre-scan and post-scan should be carried out under the lowest pressure possible to

inimize any additional damage to the surface beyond that caused by the scratch-test. We defined

he correct scratch settings based on instructions of the manufacturer for polymeric coatings as

ell as performing different scratch trials prior to the real scratch test. These settings include the

cratch type (constant, progressive, or incremental), scratch length, scratch speed, applied normal

oad, indenter type, indenter shape (Spherical, Berkovich, and Vickers), indenter radius, and indenter
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Table 2 

Micro scratch settings used. 

Settings Value 

Indenter characteristics 

Type Rockwell 

Shape Spherical 

Material Diamond 

Radius 200 μm 

Tip angle 90 °
Serial number AJ-259 

Scratch characteristics 

Type Constant 

Normal load 0.5 N 

Scratch length 1 mm 

Scratch speed 5 mm/min 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

angle. The manufacturer recommends a scratch testing with a Rockwell diamond indenter to evaluate 

the resistance of polymeric or ceramic materials. The critical load (loads at which material failure

occurs), scratch length, and scratch speed must be defined by the user depending on the type of

the material. The settings used in our study for each of the parameters in Table 1 are provided in

Table 2 . These settings have been identified as optimal for membrane surfaces coated with carbon

nanotubes, as demonstrated in this study. We recommend all researchers to use these settings 

to standardize scratch-testing across graphitic nanomaterial ECMs. ECMs composed of metallized 

surfaces or conductive polymers will require different settings. The micro scratch tester reports 

parameters such as depth of penetration, normal force, tangential force, acoustic emission, and friction 

coefficient. Acoustic emission is used to monitor the material failures including cracks and voids 

across the network in non-destructive testing [45] . Friction coefficient, μ, is the ratio of tangential

force over normal force and is mostly μ < 1. A rupture in surface would lead to friction coefficients

μ > 1. Depth of penetration of the indenter over the scratch length was used as an indication 

of the mechanical stability. Three scratches should be performed on each surface to validate the

reproducibility of the results. 

Model foulant separation test 

The coatings in electrically conductive membranes (ECMs) contain nanoparticles and/or polymers. 

This is true for ECMs composed of graphitic nanomaterials, conductive polymers, and metal thin

films. Loosely bound molecules may leach from such coatings leading to surface instabilities. Surface 

passivation induced by leaching of molecules may cause alterations in surface properties, therefore, 

it is important to quantify the chemical stability of ECMs. To this end, we recommend challenging

the surface with model foulants in a realistic separation process and evaluating the impact of

concentration polarization on the stability of the conductive coating components. A filtration process 

allows for model foulants to accumulates at the surface leading to formation of a concentration

polarization (CP) layer. Pressures build up locally at the CP layer which can dislodge chemically

unstable molecules. Leached molecules should be measured and quantified in the permeate to 

evaluate the physical stability of the conductive nanolayer. Our suggestion is to use polyethylene oxide

(PEO) as a model foulant. PEO is commonly used to identify the molecular weight cut off (MWCO) of

membranes, it is inexpensive, and it is widely available in a range of molecular weights making it

effective for inducing concentration polarization in MF, UF, NF, and RO membranes. While the MWCO

of a membrane is defined by the molecular weight of PEO particles that are rejected at > 90% by the

membrane, in our pressurized stability test, PEO is used to induce concentration polarization. As such,

researchers should choose a PEO particle size that is effectively rejected from the membrane > 99.5%.

Using this size of PEO, it is expected that these polymer particles will accumulate at the surface, form

a strong CP layer, and induce strong local pressures that may force any loosely bound molecules out

of the conductive layer. 
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Table 3 

Operating conditions of the separation test. 

Parameter Value 

Membrane Nominal pore size 30 nm 

Model foulant Polyethylene oxide 

Foulant size 2 MDa 

Feed concentration 50-250 ppm 

Transmembrane pressure 10-100 psi 

CNT mass loading in nanolayer 1-3 mg 
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We conducted a polyethylene oxide (PEO) separation test to evaluate the physical stability of the

anolayer with the experimental conditions provided in Table 3 . The carbon content in the permeate

as quantified using a total organic carbon analyzer (TOC, SHIMADZU). For example, our pristine

ltrafiltration (UF) polyether sulfone (PES) membranes, with nominal pore size of 0.03 μm efficiently

eject 2 MDa polyethylene oxide (PEO) particles. Under the assumption of a robust stable nanolayer,

CMs are expected to have an equal or higher rejection performance as compared to pristine PES

embranes due to the presence of the extra separation barrier coating the support membrane (in our

ase a porous CNT network). If the nanolayer is unstable, the carbon content in the permeate will be

igher than that found in pristine PES membranes due to polymer (or nanomaterial) leaching. The

egree of instability can then be correlated to the magnitude of leaching. 

Leaching from the ECM can be quantified by measuring the change in the organic carbon content

n the permeate. The organic carbon content in the permeate will be composed of the polymer that

eached from the ECM, as well as the small fraction of PEO that may pass through the membrane. If

eaching is measured from the membrane under PEO testing, then a series of control separation tests

hould be performed to identify the sources of carbon content in the permeate as follows: 

1. Separation test on support membranes : This test provides an average value for permeated PEO

particles through the support membranes (e.g. UF PES membranes). 

2. Separation test on the support membrane exposed to the same conditions used to fabricate the ECM :

ECMs are often fabricated using high temperature curing, exposure to acids or bases, or other harsh

processing conditions that could impact the support membrane. These controls conditions identify

if such parameters contribute to changes in the rejection performance of the support membrane. 

3. Pure water flux on PES membranes and ECMs : This is a negative control test to ensure that applied

pressure during pure water permeability does not cause physical instability. 

4. Separation test on individual components of the ECMs : ECMs are often composed of nanomaterials,

polymers, binders, cross-linkers, and other additives. To identify the source of the leachates may

require making ECMs with each of these components separately. For example, in this study we

evaluated the impact of concentration polarization on networks composed of CNTs alone, CNT with

PVA, and CNT with PVA cross-linked with glutaraldehyde. Each of these control conditions help

identify which component was contributing to the permeate leachate. 

In our example, local pressure build-up induced by concentration polarization induced leaching

f loosely bound polymeric particles. As a result of concentration polarization, PEO particles partially

lock the surface leaving fewer pathways for water permeation. Local pressure increases in the open

ores led to leaching of unreacted and unstable polymers (e.g. PVA). In order to quantify the degree

f leaching, the physical instability should be tested at different operating pressures, different feed

oncertation, and at thicknesses of the nanolayer as provided in Table 3 . 

ethod validation 

nodic oxidation 

Fig. 1 shows the results of cyclic voltammetry applied on an ECM containing 1 mg CNT, 5 mg

VA, and glutaraldehyde (GA) as the cross-linker (CNT/5xPVA/GA). The conductivity of the membrane
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Fig. 1. Cyclic voltammetry. ECM contains 1 mg CNT mass loading. The conductive ECM, graphite sheet, and an Ag/AgCl electrode 

were used as the working electrode (anode), counter electrode, and reference electrode, respectively. The scan range was 0 – 3 

V at a scan rate of 0.1 mVs −1 . 

Fig. 2. Fixed potential chronoamperometry for membranes with different chemistries containing CNT, PVA, and cross-linkers 

(glutaraldehyde, GA, and succinic acid, SA). Trials were conducted for each network as follows. ECM, graphite sheet, and an 

Ag/AgCl electrode were used as the working electrode (anode), counter electrode, and reference electrode, respectively. The 

total cell potential was 4 V. All ECMs contain 1 mg CNT. 

 

 

 

 

 

 

 

 

decreases over 15 cycles, as shown in Fig. 1 . The drop in conductivity is greater in the first 5 cycles

indicating a fast oxidation rate while it is lesser in the next 10 cycles indicating steady state oxidation.

These results can be correlated to findings in Fig. 2 where fixed potential chronoamperometry was

applied. In Fig. 2 , the conductivity of an ECM with the same chemistry as in Fig. 1 , (CNT/5xPVA/GA),

follows the same trend in oxidative change. Initial fast corrosion leads to a steady state plateau.

The fixed potential chronoamperometry method is used to quantify the electrochemical stability 

of ECMs containing different types and amounts of cross-linkers. A comparison among different 

ECMs is provided in Fig. 2 . Membranes containing 1 mg of CNTs, 10 mg PVA, and glutaraldehyde

(CNT/10xPVA/GA) showed higher final conductivity even thought they had a lower initial conductivity. 

The lower initial conductivity is due to the higher amount of electrically insulating PVA (10 mg vs 5

mg) within the network. Interestingly, the greater stability of membranes with higher PVA may be

attributed to oxidative protection of the CNTs by the polymer. 

Detailed experiments as well as the results of surface conductivity, mechanical conductivity, and 

chemical bonding state of membranes with different networks are provided in the original manuscript 
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Fig. 3. SEM images of CNT-ECM: (on the left) before, and (on the right) after electrolysis working as an anode under 2 V for 180 min. ECMs contain 1 mg of CNT. 
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Fig. 4. The mechanical stability of an ECM measured in the micro-scratch test with different input settings. The settings are as 

follows: (A) The tip of radius 200 μm applied a normal force of 0.5 N and the scratch length and scratch speed were 1 mm and 

5 mm/min, and (B) The tip of radius 100 μm applied a normal force of 15 N and the scratch length and scratch speed were 5 

mm and 5 mm/min. 

 

 

 

 

 

 

 

 

[1] . ECM conductivity measurements before and after surface oxidation (not shown here) revealed

that the ECM surface conductivity was lower for all ECMs after oxidation, supporting the results

from chronoamperometry. The mechanical breakdown of CNT structures was quantified using a total 

organic carbon analyzer and found to be insignificant. FTIR analysis, found in the supplementary

information of the original manuscript [1] , was conducted to monitor the presence of chemical bond

formation in response to a current applied to the ECMs. The presence of C = O bonds increased during

electrochemical oxidation. We hypothesize that this increase in C = O bond formation is a result of

acetylation reactions between the cross-linker (GA) and PVA. It is worth noting that no noticeable

damage was observed on CNT structure after exposure to 3 h anodic oxidation (2 V), demonstrated

by scanning electron microscopy (SEM, Fig. 3 ). 
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Table 4 

Leachate values measured by different rejection tests. 

Membrane CNT mass 

loading (mg) 

PVA mass 

loading (mg) 

PEO Concentration 

(mg/L) 

Pressure 

(psi) 

Fabrication 

Temperature ( °C) 

Fabrication 

pH 

Leachate 

(mg/L) 

PES - - 250 10 25 7 5.87 

PES - - 250 10 25 3 9.88 

PES - - 250 10 100 7 3.24 

PES - - - 10 25 7 0.00 

ECM 1 - 250 10 25 3 2.01 

ECM 1 10 - 10 25 7 0.96 

ECM 1 10 - 100 25 7 1.44 

ECM 1 10 250 10 25 7 41.25 

ECM 1 10 250 100 25 7 84.97 

ECM 1 10 50 10 25 7 24.02 

ECM 1 10 50 100 25 7 53.53 

ECM 3 30 250 10 25 7 36.10 
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cratch test 

The results of the micro scratch test on an electrically conductive membrane with the correct

ettings is presented in Fig. 4 a. As indicated, the depth of penetration increased over the scratch

ength which shows the degree of instability. Membrane rupture leads to data that cannot be

uantifiably analyzed; it is important to identify the critical operational settings to avoid this outcome

y running control tests. The settings include indenter radius, applied normal force, scratch length,

nd scratch speed. Thus, membranes were purposefully ruptured to demonstrate the difference

etween and successful and failed scratch test. An example of a failed test is presented in Fig. 4 b.

ore results of failed tests can be found in the supplementary information. 

ejection test 

The results of induced concentration polarization were discussed in detail in the original

anuscript [1] . As explained in the Methods section, a series of control tests were conducted to assess

he stability of the nanolayer followed by deconvolution of leaching sources as follows: 

 2 MDa PEO separation test on pristine PES membrane: 

◦ Negligible carbon content in the permeate side 

 2 MDa PEO separation test on PES membrane exposed to the processing conditions used in making

the ECMs, including high temperature curing and acidic solutions: 

◦ Negligible carbon content in the permeate side 

 Pure water flux on PES membranes and ECMs: 

◦ Negligible carbon content in the permeate side 

 2 MDa PEO separation test on ECMs containing PVA: 

◦ High carbon content observed in the permeate side 

A summary of leachate values quantified from different rejection tests is provided in Table 4 [ 1 , 41 ].

n short, UF PES membranes fully rejected 2 MDa PEO particles (99.6%). However, the measured

ermeate carbon content was high in membranes composed of CNTs cross-linked with PVA formed

n a support UF PES membrane. These findings led us to speculate that the nanolayer is physically

nstable under concentration polarization conditions, or high pressure conditions, and that the PVA

ould leach through the membrane under certain conditions. It should be noted that pure water flux

t the same pressures as applied during MWCO testing did not lead to an increase in the permeate

arbon content. As a result, we hypothesize that local pressure build-up induced by concentration

olarization was responsible for PVA leaching. PEO separation tests under either a higher PEO

oncentration (250 ppm compared to 50 ppm) or under a higher transmembrane pressure (TMP, 100

si compared to 10 psi) were conducted to confirm our hypothesis. It was observed that either a
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higher feed concentration or a higher TMP led to higher leaching. To alleviate the local pressure build-

up, thicker CNT layers (containing three times higher CNT mass loading) were synthesized which

could extend the concentration polarization layer. The results revealed that membranes with thicker 

nanolayers resulted in less leaching (by up to 50% less leaching) due to an extended concertation

polarization layer. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial interests or personal 

relationships that could have appeared to influence the work reported in this paper. 

Acknowledgments 

This work was supported and funded by Natural Sciences and Engineering Research Council 

of Canada (NSERC) Collaborative Research and Development (CRD) grant supported by Trojan 

Technologies and Pall Water. We acknowledge Dr. Siva Sarathy and Mr. Arndt Nottrott for their

support and guidance. We are especially thankful for the facilities and assistance of the McMaster

Manufacturing Research Institute (MMRI) and McMaster Biointerface Institute (BI). 

Supplementary materials 

Supplementary material associated with this article can be found, in the online version, at doi: 10.

1016/j.mex.2022.101627 . 

References 

[1] M.A. Halali, M. Larocque, C.F. de Lannoy, Investigating the stability of electrically conductive membranes, J. Memb. Sci. 627

(2021) 119181, doi: 10.1016/j.memsci.2021.119181 . 
[2] I.H. Loh, R.A. Moody, J.C. Huang, Electrically conductive membranes: Synthesis and applications, J. Memb. Sci. 50 (1990)

31–49, doi: 10.1016/S0376- 7388(00)80884- 4 . 

[3] W. Hu, S. Chen, Z. Yang, L. Liu, H. Wang, Flexible electrically conductive nanocomposite membrane based on bacterial
cellulose and polyaniline, J. Phys. Chem. B. 115 (2011) 8453–8457, doi: 10.1021/jp204422v . 

[4] F. Ahmed, B.S. Lalia, V. Kochkodan, R. Hashaikeh, Electrically conductive polymeric membranes for fouling prevention and
detection: a review, Desalination 391 (2016) 1–15, doi: 10.1016/J.DESAL.2016.01.030 . 

[5] A. Ronen, S.L. Walker, D. Jassby, Electroconductive and electroresponsive membranes for water treatment, Rev. Chem. Eng.
32 (2016) 533–550, doi: 10.1515/revce-2015-0060 . 

[6] P. Formoso, E. Pantuso, G. De Filpo, F.P. Nicoletta, Electro-conductive membranes for permeation enhancement and fouling
mitigation: a short review, Membr 7 (2017) 39 Page7 (2017) 39, doi: 10.3390/MEMBRANES7030039 . 

[7] S.H. Hong, J. Jeong, S. Shim, H. Kang, S. Kwon, K.H. Ahn, J. Yoon, Effect of electric currents on bacterial detachment and

inactivation, Biotechnol. Bioeng. 100 (2008) 379–386, doi: 10.1002/bit.21760 . 
[8] C.F. De Lannoy, D. Jassby, K. Gloe, A.D. Gordon, M.R. Wiesner, Aquatic biofouling prevention by electrically charged

nanocomposite polymer thin film membranes, Environ. Sci. Technol. 47 (2013) 2760–2768, doi: 10.1021/es3045168 . 
[9] F. Ahmed, B.S. Lalia, V. Kochkodan, R. Hashaikeh, Electrically conductive polymeric membranes for fouling prevention and

detection: A review, Desalination 391 (2016) 1–15, doi: 10.1016/J.DESAL.2016.01.030 . 
[10] H. Särkkä, M. Vepsäläinen, M. Sillanpää, Natural organic matter (NOM) removal by electrochemical methods - a review, J.

Electroanal. Chem. 755 (2015) 100–108, doi: 10.1016/j.jelechem.2015.07.029 . 

[11] C. Thamaraiselvan, A. Ronen, S. Lerman, M. Balaish, Y. Ein-Eli, C.G. Dosoretz, Low voltage electric potential as a driving
force to hinder biofouling in self-supporting carbon nanotube membranes, Water Res 129 (2018) 143–153, doi: 10.1016/j.

watres.2017.11.004 . 
[12] P. Held, An Introduction to Reactive Oxygen Species Measurement of ROS in Cells, 2015. www.biotek.com (accessed July

22, 2020). 
[13] A.J. Sutherland, M.X. Ruiz-Caldas, C.F. de Lannoy, Electro-catalytic microfiltration membranes electrochemically degrade 

azo dyes in solution, J. Memb. Sci. 611 (2020) 118335, doi: 10.1016/j.memsci.2020.118335 . 

[14] I. Gall, M. Herzberg, Y. Oren, The effect of electric fields on bacterial attachment to conductive surfaces, Soft Matter. 9
(2013) 2443–2452, doi: 10.1039/c2sm27270a . 

[15] L. Tang, A. Iddya, X. Zhu, A. V Dudchenko, W. Duan, C. Turchi, J. Vanneste, T.Y. Cath, D. Jassby, Enhanced flux
and electrochemical cleaning of silicate scaling on carbon nanotube-coated membrane distillation membranes treating 

geothermal brines, (2017). https://doi.org/10.1021/acsami.7b12615. 
[16] Despo Fatta-Kassinos, Wastewater Reuse and Current Challenges, Springer International Publishing, Cham, 2016, doi: 10.

1007/978- 3- 319- 23892- 0 . 

[17] M.A. Halali, C.-F. de Lannoy, Quantifying the impact of electrically conductive membrane-generated hydrogen peroxide and
extreme pH on the viability of escherichia coli biofilms, Ind. Eng. Chem. Res. (2021) acs.iecr.1c02914, doi: 10.1021/ACS.IECR.

1C02914 . 

https://doi.org/10.1016/j.mex.2022.101627
https://doi.org/10.1016/j.memsci.2021.119181
https://doi.org/10.1016/S0376-7388(00)80884-4
https://doi.org/10.1021/jp204422v
https://doi.org/10.1016/J.DESAL.2016.01.030
https://doi.org/10.1515/revce-2015-0060
https://doi.org/10.3390/MEMBRANES7030039
https://doi.org/10.1002/bit.21760
https://doi.org/10.1021/es3045168
https://doi.org/10.1016/J.DESAL.2016.01.030
https://doi.org/10.1016/j.jelechem.2015.07.029
https://doi.org/10.1016/j.watres.2017.11.004
https://doi.org/10.1016/j.memsci.2020.118335
https://doi.org/10.1039/c2sm27270a
https://doi.org/10.1007/978-3-319-23892-0
https://doi.org/10.1021/ACS.IECR.1C02914


M.A. Halali and C.-F. de Lannoy / MethodsX 9 (2022) 101627 13 

 

 

[  

 

[  

[  

[  

[  

[  

 

[  

[  

 

[  

[  

 

[  

 

[  

 

[  

 

[  

[  

 

 

[  

 

[  

 

[  

 

 

[  

[  

 

[  

[  
[18] I. Sirés, E. Brillas, M.A. Oturan, M.A. Rodrigo, M. Panizza, Electrochemical advanced oxidation processes: today and

tomorrow. a review, Environ. Sci. Pollut. Res. 21 (2014) 8336–8367, doi: 10.1007/s11356- 014- 2783- 1 . 
[19] Y. Feng, L. Yang, J. Liu, B.E. Logan, Electrochemical technologies for wastewater treatment and resource reclamation,

Environ. Sci. Water Res. Technol. 2 (2016) 800–831, doi: 10.1039/c5ew00289c . 
20] H. Wang, Q. Guan, J. Li, T. Wang, Phenolic wastewater treatment by an electrocatalytic membrane reactor, Catal. Today.

236 (2014) 121–126, doi: 10.1016/j.cattod.2014.05.003 . 
[21] M. Sun, X. Wang, L.R. Winter, Y. Zhao, W. Ma, T. Hedtke, J.-H. Kim, M. Elimelech, Electrified membranes for water treatment

applications, ACS ES&T Eng 1 (2021) 725–752, doi: 10.1021/acsestengg.1c0 0 015 . 

22] A.L. McGaughey, R.D. Gustafson, A.E. Childress, Effect of long-term operation on membrane surface characteristics and
performance in membrane distillation, J. Memb. Sci. 543 (2017) 143–150, doi: 10.1016/j.memsci.2017.08.040 . 

23] C.D. Vecitis, M.H. Schnoor, M. Saifur Rahaman, J.D. Schiffman, M. Elimelech, Electrochemical multiwalled carbon nanotube
filter for viral and bacterial removal and inactivation, Environ. Sci. Technol. 45 (2011) 3672–3679, doi: 10.1021/es20 0 0 062 . 

24] M. Tominaga, Y. Yatsugi, N. Watanabe, Oxidative corrosion potential vs. pH diagram for single-walled carbon nanotubes,
RSC Adv. 4 (2014) 27224–27227, doi: 10.1039/c4ra02875a . 

25] S. Ohmori, T. Saito, Electrochemical durability of single-wall carbon nanotube electrode against anodic oxidation in water,

Carbon N. Y. 50 (2012) 4 932–4 938, doi: 10.1016/J.CARBON.2012.06.023 . 
26] A.R. Khataee, M. Safarpour, M. Zarei, S. Aber, generation of H2O2 using immobilized carbon nanotubes on graphite

Electrochemicalelectrode fed with air: Investigation of operational parameters, J. Electroanal. Chem. 659 (2011) 63–68,
doi: 10.1016/j.jelechem.2011.05.002 . 

27] T.H.R. Niepa, J.L. Gilbert, D. Ren, Controlling Pseudomonas aeruginosa persister cells by weak electrochemical currents and
synergistic effects with tobramycin, Biomaterials 33 (2012) 7356–7365, doi: 10.1016/j.biomaterials.2012.06.092 . 

28] E.L. Sandvik, B.R. Mcleod, A.E. Parker, P.S. Stewart, Direct electric current treatment under physiologic saline conditions kills

staphylococcus epidermidis biofilms via electrolytic generation of hypochlorous acid, PLoS One 8 (2013) 55118, doi: 10.1371/
journal.pone.0055118 . 

29] A. Ronen, W. Duan, I. Wheeldon, S. Walker, D. Jassby, Microbial Attachment Inhibition through Low-Voltage Electrochemical
Reactions on Electrically Conducting Membranes, (2015). https://doi.org/10.1021/acs.est.5b01281. 

30] S. Pandit, S. Shanbhag, M. Mauter, Y. Oren, M. Herzberg, Influence of Electric Fields on Biofouling of Carbonaceous
Electrodes, (2017). https://doi.org/10.1021/acs.est.6b06339. 

[31] X. Li, X. Yang, H. Xue, H. Pang, Q. Xu, Metal–organic frameworks as a platform for clean energy applications, EnergyChem
2 (2020) 10 0 027, doi: 10.1016/J.ENCHEM.2020.10 0 027 . 

32] S. Zheng, Y. Sun, H. Xue, P. Braunstein, W. Huang, H. Pang, Dual-ligand and hard-soft-acid-base strategies to optimize

metal-organic framework nanocrystals for stable electrochemical cycling performance, Natl. Sci. Rev. (2021), doi: 10.1093/
NSR/NWAB197 . 

33] J. Kim, B. Van Der Bruggen, The use of nanoparticles in polymeric and ceramic membrane structures: review of
manufacturing procedures and performance improvement for water treatment, Environ. Pollut. 158 (2010) 2335–2349,

doi: 10.1016/j.envpol.2010.03.024 . 
34] G.S. Ajmani, D. Goodwin, K. Marsh, D.H. Fairbrother, K.J. Schwab, J.G. Jacangelo, H. Huang, Modification of low pressure

membranes with carbon nanotube layers for fouling control, Water Res 46 (2012) 5645–5654, doi: 10.1016/j.watres.2012.

07.059 . 
35] M.L. Pype, B.C. Donose, L. Martí, D. Patureau, N. Wery, W. Gernjak, Virus removal and integrity in aged RO membranes,

Water Res 90 (2016) 167–175, doi: 10.1016/j.watres.2015.12.023 . 
36] B.C. Donose, S. Sukumar, M. Pidou, Y. Poussade, J. Keller, W. Gernjak, Effect of pH on the ageing of reverse osmosis

membranes upon exposure to hypochlorite, Desalination 309 (2013) 97–105, doi: 10.1016/j.desal.2012.09.027 . 
[37] H. Hagihara, K. Ito, N. Oshima, A. Yabuuchi, H. Suda, H. Yanagishita, Depth profiling of the free-volume holes in

cellulose triacetate hollow-fiber membranes for reverse osmosis by means of variable-energy positron annihilation lifetime

spectroscopy, Desalination 344 (2014) 86–89, doi: 10.1016/j.desal.2014.03.015 . 
38] F. Pan, Y. Li, Y. Song, M. Wang, Y. Zhang, H. Yang, H. Wang, Z. Jiang, Graphene oxide membranes with fixed interlayer

distance via dual crosslinkers for efficient liquid molecular separations, J. Memb. Sci. 595 (2020) 117486, doi: 10.1016/j.
memsci.2019.117486 . 

39] A. Shameli, E. Ameri, Synthesis of cross-linked PVA membranes embedded with multi-wall carbon nanotubes and their
application to esterification of acetic acid with methanol, Chem. Eng. J. 309 (2017) 381–396, doi: 10.1016/J.CEJ.2016.10.039 .

40] H. Bang, M. Gopiraman, B. Kim, S. Kim, I. Kim, Colloids and surfaces A : physicochemical and Engineering Aspects Effects of

pH on electrospun PVA /acid-treated MWNT composite nanofibers, Colloids Surfaces A Physicochem. Eng. Asp. 409 (2012)
112–117, doi: 10.1016/j.colsurfa.2012.05.046 . 

[41] M.A. Halali, C.-F. de Lannoy, The effect of cross-linkers on the permeability of electrically conductive membranes, Ind. Eng.
Chem. Res. 58 (2019) 3832–3844, doi: 10.1021/acs.iecr.8b05691 . 

42] S.G. Bratsch, Standard Electrode Potentials and Temperature Coefficients in Water at 298.15 K, J. Phys. Chem. Ref. Data. 18
(1989) 1807, doi: 10.1063/1.555839 . 

43] H. Liu , A. Vajpayee , C.D. Vecitis , Bismuth-doped tin oxide-coated carbon nanotube network: Improved anode

stability and efficiency for flow-through organic electrooxidation, ACS Appl. Mater. Interfaces. 5 (2013) 10054–10066
https://doi.org/10.1021/AM402621V/SUPPL_FILE/AM402621V_SI_001.PDF . 

44] Y. Baek, H. Yoon, S. Shim, J. Choi, J. Yoon, Electroconductive feed spacer as a tool for biofouling control in a membrane
system for water treatment, Environ. Sci. Technol. Lett. 1 (2014) 179–184, doi: 10.1021/ez400206d . 

45] R. Piotrkowski, Acoustic emission technique to assess microfractures of metalic coatings with scratch-tests, n.d. https:
//www.researchgate.net/publication/237710525 (accessed April 11, 2020). 

https://doi.org/10.1007/s11356-014-2783-1
https://doi.org/10.1039/c5ew00289c
https://doi.org/10.1016/j.cattod.2014.05.003
https://doi.org/10.1021/acsestengg.1c00015
https://doi.org/10.1016/j.memsci.2017.08.040
https://doi.org/10.1021/es2000062
https://doi.org/10.1039/c4ra02875a
https://doi.org/10.1016/J.CARBON.2012.06.023
https://doi.org/10.1016/j.jelechem.2011.05.002
https://doi.org/10.1016/j.biomaterials.2012.06.092
https://doi.org/10.1371/journal.pone.0055118
https://doi.org/10.1016/J.ENCHEM.2020.100027
https://doi.org/10.1093/NSR/NWAB197
https://doi.org/10.1016/j.envpol.2010.03.024
https://doi.org/10.1016/j.watres.2012.07.059
https://doi.org/10.1016/j.watres.2015.12.023
https://doi.org/10.1016/j.desal.2012.09.027
https://doi.org/10.1016/j.desal.2014.03.015
https://doi.org/10.1016/j.memsci.2019.117486
https://doi.org/10.1016/J.CEJ.2016.10.039
https://doi.org/10.1016/j.colsurfa.2012.05.046
https://doi.org/10.1021/acs.iecr.8b05691
https://doi.org/10.1063/1.555839
http://refhub.elsevier.com/S2215-0161(22)00012-7/sbref0043
http://refhub.elsevier.com/S2215-0161(22)00012-7/sbref0043
http://refhub.elsevier.com/S2215-0161(22)00012-7/sbref0043
http://refhub.elsevier.com/S2215-0161(22)00012-7/sbref0043
https://doi.org/10.1021/ez400206d
https://www.researchgate.net/publication/237710525

	Methods for stability assessment of electrically conductive membranes
	Method details
	Materials and procedure
	Electrochemical Stability
	Fixed potential chronoamperometry
	Cyclic voltammetry
	Four-point conductivity meter
	Total organic carbon analyzer
	Fourier-transform infrared spectroscopy (FTIR)
	Micro scratch tester
	Model foulant separation test

	Method validation
	Anodic oxidation
	Scratch test
	Rejection test

	Declaration of Competing Interest
	Acknowledgments
	Supplementary materials
	References


