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A B S T R A C T   

This study aimed at evaluating the concomitant electrochemical reduction and separation of organic and inor
ganic model contaminants from water. A highly conductive (40,000 S/m) support free carbon nanotube (CNT) 
membrane was used as a cathode in a three-electrode electrochemical crossflow membrane filtration system. 
Diatrizoate (DTZ), a recalcitrant iodinated contrast media; resazurin (RZ), a redox indicator; and hexavalent 
chromium ion (Cr(VI)), a ‘gold’ standard for characterization of reducing systems, were tested as model con
taminants. Voltages of − 0.6 to − 1.0 V were enough to remove between 90% and 95% of the three model 
contaminants tested. Removal of Cr(VI) proceeded by reduction to Cr(III) followed by adsorption onto the 
cathode, which could be efficiently regenerated (up to 95%) applying reversal (anodic) potential. Preliminary 
findings applying AC current (0.6–1.5 V, 10 Hz-1 kHz) suggest that it could be a feasible approach for detoxi
fication with minimization of membrane clogging. Resazurin was immediately transformed into resorufin to near 
completion which was in turn further reduced to dihydroresorufin. The reductive transformation of DTZ resulted 
in almost complete deiodination, leading to the accumulation of 3,5-diacetamidobenzoic acid as the main end- 
product. Although other five secondary transformation products were detected, four of them were fully deio
dinated. Concluding, the proposed electrochemical filtration cell equipped with a highly conductive CNT- 
cathodic membrane can be regarded as a potential technique for water decontamination and effective dehalo
genation of organic compounds.   

1. Introduction 

Electrochemical processes have attracted great attention in recent 
years for water and wastewater detoxification due to their efficiency 
over typical treatments [1]. These techniques provide adaptable and 
cost-effective treatment solutions for heavy metals and micropollutants 
removal, offering an alternative key to many environmental and in
dustrial problems. Carbon nanotubes (CNTs), similarly to other 
conductive carbon nanomaterials, have a wide potential in water and 
wastewater treatment and decontamination applications due to their 
inherent antibacterial characteristics, physical and chemical properties, 
and high electrical conductivity [2–4]. In addition to fouling-resistant 
systems for desalination, they display enhanced solute separation, and 
innovative electrocatalytic platforms for pollutants removal. Over the 
past few decades, the cost-effective CNT-based electrocatalysts have 
been studied to remove pollutants due to their unique structural and 

electrical properties [5,6]. 
Many literature reports are available on water and wastewater 

treatment using electroconductive CNT based membranes, most if not all 
performed in batch mode. For example, an electrochemically active 
filter made of multiwalled carbon nanotube (MWCNT) filter was studied 
for the adsorptive removal and electrochemical oxidation of the aqueous 
dyes (methylene blue and methyl orange) and aqueous anions (chloride 
and iodide) [7]. This study was done in dead-end filtration mode at a low 
flow rate of 1.5 ± 0.1 mL/min. Simultaneous dechlorinationation and 
oxidation of organic compounds during filtration through a cathodic 
CNT membrane was reported. Reactive oxidant species were generated 
by the reductive decomposition of chlorine through the catalytic inter
action with CNT [8]. Electrochemical oxidation with a CNT filter was 
also studied for removal and inactivation of viruses [9] and bacteria [3, 
5]. In addition, improved electrosorption efficiency was observed with 
CNT-chitosan composites [10]. Stainless steel nets coated with single 
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wall carbon nanotubes (SWCNT) were used for electrochemical removal 
of chromium and lead in batch mode [11,12]. Moreover, catalyst doped 
CNT electrodes were demonstrated for different kinds of pollutants 
removal in batch mode studies. For instance, manganese oxide 
MnO2/MWCNT hybrids were used for tetrabromobisphenol A degrada
tion [13] and Pt, Pd, Ru-Cu supported-CNT electrode was studied for 
aniline oxidation [14]. 

Some other electro-reactive membranes have been reported for 
degradation for different pollutants, with emphasis on pharmaceutical 
active compounds. For example, Misal et al. [15] used a porous Ti4O7 
and Pd-Cu doped Ti4O7 reactive membrane to study electrochemical 
oxidation and reduction of sulfamethoxazole. Embedded nano 
zero-valent iron (nZVI) particles into single and double-walled carbon 
nanotubes were studied as a mean for the regeneration of the electro
conductive membrane surface as well as enhanced electrochemical 
oxidation of pollutants in continuous regime, such azo dyes [16] and 
metropolol [17]. Highly electrically conductive CNTs enable the direct 
transfer of electrons to the metallic nanoparticles, however, keeping an 
inert atmosphere is a critical challenge during the fabrication of nZVI 
embedded-CNT membranes [17]. Zhao et al. [18] studied the electro
chemical oxidation of bisphenol A during flow-through filtration 
through an anodic CNT membrane coated with bismuth-doped tin di
oxide. Similarly, TiO2 porous nanotube arrays plates modified with 
NH4F and (NH4)2SO4 were used as anodic membrane for carbamazepine 
[19] and triclosan [20] electrochemical oxidation in flow-through in 
full-recirculation mode. In most if not all cases, flow through trans
formation was performed in ultra-low flow rate to enhance the reaction 
time. This, in addition to the mass of the electro-reactive membranes, 
seems imperative to allow sufficient reaction time for transformation 
during filtration [8]. 

In previous works, we thoroughly characterized the application of 
CNT laminates as support free-membranes owning very high electrical 
conductivity (≥40,000 S/m), and successfully demonstrated the effect of 
the electrical field for potential biofouling prevention [3,21]. Herein we 
present the application of these CNT laminates as a cathode in a cross
flow electrochemical setup mimicking a spiral wound membrane 
filtration system at a linear velocity of ~0.15 m/s, to reduce and remove 
water pollutants in continuous regime. For this purpose, three model 

contaminants were selected: diatrizoate (DTZ), a iodinated contrast 
media (ICM), resazurin (RZ), a redox indicator, and hexavalent chro
mium (Cr(VI)) ion, a ‘gold’ standard for characterization of reducing 
systems. Typically, Cr(VI) could be found in the industrial processes 
dealing with dyeing, electroplating, metal finishing, and tanning [15]. 
Resazurin, is widely used for cell viability and aerobic microbial activity 
assays as well as in a clinical research for the determination of anti
bacterial activity, including susceptibility of pathogens [22]. RZ is a 
phenoxazin-3-one dye with nitrone functional group that can be irre
versibly reduced to resorufin (RF) which can be further reversibly 
reduced to dihydro-resorufin, providing color changes from purple to 
pink and ultimately to colorless [23]. Because of its established reduc
tion pattern and simplicity of tracking, resazurin was added as an 
organic model compound for qualitative and quantitative character
ization of cathodic reduction. 

ICMs owning a characteristic substituted triiodobenzene ring are 
typical contaminants frequently detected in municipal wastewater 
treatment at relatively high concentrations at peak activity of medical 
centers, i.e., up to 0.2–10 µg/L median concentration [24,25]. Interest
ingly, DTZ which is among the most difficult to oxidize ICMs, has been 
reported among the most persistent ICMs with respect to reduction [26]. 
Thus, it is a good indicator for assessing the efficacy of reductive 
treatment. Electrochemical reduction of highly substituted halogenated 
compounds has received growing attention, due to its efficiency, easy 
automatization, versatility, and environmental compatibility [27]. 
However, detailed information on the mechanism of electrochemical 
dehalogenation of ICM is very limited. To evaluate and characterize the 
potential of simultaneous reduction and filtration of these model pol
lutants during water treatment, a three electrode-electrochemical 
membrane filtration setup comprising a palladium coated-titanium 
anode, a CNT-membrane cathode and a reference electrode, was 
applied. Orbitrap liquid chromatography-mass spectrometry (LC-MS) 
was employed to analyze DTZ transformation in depth. 

Fig. 1. Setup of the experimental flow-through electrochemical reduction system. Left: Photograph of the crossflow membrane cell, with pumps, gauges and 
electrodes. Right: Schematic diagram of the whole electrochemical flow-through system. WE-Working electrode/cathode (CNT membrane), CE-Counter electrode/ 
anode (Ti/Pd), RE-Reference electrode (Ag/AgCl). 
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2. Materials and methods 

2.1. Chemicals 

All chemical used for the experiments were at least of analytical 
grade. Diatrizoate and resazurin were purchased from Sigma-Aldrich. 
CNT membrane used in this work was obtained from Tortec Nano Fi
bers [21]. 

2.2. Experimental set-up 

The electrochemical reduction experiments were performed in a 
flow-through electrochemical system comprising a single channel 
crossflow membrane filtration cell holding three electrodes. The support 
free-CNT membrane was used as a cathode (working electrode), and a 
palladium coated-titanium anode was used as a counter electrode. A 3 M 
Ag/AgCl reference electrode was placed very close to the working 
electrode (about 3 mm distance), and the current was recorded every 60 
s. All currents/potentials were measured against the built-in reference 
electrode (+0.210 V vs. Ag/AgCl). Reduction experiments were con
ducted potentiostatically at cathode potentials ranging from − 1.6 to 
− 1.2 V vs. Ag/AgCl using an IVIUM potentiostat/galvanostat (Ver
tex10A). A view and schematic setup diagram of the flow-through 
electrochemical system is presented in Fig. 1. 

Experiments were performed in either non-filtration mode (no 
pressure applied throughout the membrane) or filtration mode (trans
membrane pressure applied), as indicated. Regarding filtration experi
ments, unless otherwise indicated, they were conducted in full batch 
mode (both retentate and permeate were recirculated back to the feed 
tank). 

A detailed description of the filtration cell setup was published 
elsewhere [3]. This cell was equipped with pressure gauges and pressure 
transducers (inlet and outlet pressure), and flow-valve controller and 
operated at a low linear flow velocity of ~0.15 m/s and 10 psi inlet 
pressure. The effective surface area of the membrane was 24 cm2. 
Regardless of the operation mode, prior to experiments, the membranes 
were soaked overnight in distilled water and assembled in the cleaned 
flow cells, washed with filter-sterilized distilled water for 1 h and then 
equilibrated with the feed solution. All solutions were flushed with ni
trogen gas for 30 min prior to use, while during the experiments, the 
system was deoxygenated by sparging nitrogen gas in the cathodic 
recirculation stream. 

All experiments were performed using a 100 mM sodium sulfate 
(NaSO4) solution in ultrapure water as background electrolyte. As 
indicated, the model compounds were spiked into the feed tank to a final 
concentration of 2 mg/L for Cr(VI) or 10 mg/L for DTZ and RZ. At the 
end of the experiments, the membrane was thoroughly flushed with 
ultrapure water and taken for microscopy observation. 

For experiments performed in filtration mode, the membrane pro
ductivity was expressed as relative permeability, as defined in Eq. (1): 

Relative permeability =
Lpt

Lpo
(1) 

whereas Lp is the permeability through the membrane in L/m2.h.bar 
units (LMH/bar), as defined in Eq. (2), at initial time before electrical 
current was applied (Lpo) and t-time (Lpt): 

Lp =
Vw

A × t × p
=

Jw

p
(2) 

In which Vw, A, t and p are the volume of permeate (L), area of the 
membrane (m2), permeate collection time (h) and inlet pressure (bar), 
respectively and Jw is the permeate flux (LMH). 

The removal of a model pollutant was defined as follows: 
I. The bulk removal, representing the relative overall change in 

concentration in the system measured in the feed tank, was calculated as 
defined in Eq. (3): 

Bulk removal (%) =

(

1−
Cbt

Cbo

)

× 100 (3) 

where Cbo and Cbt are the initial and t-time concentration of the 
model pollutant in the bulk solution, comprising the recycled retentate 
and permeate blended back in the feed tank in full batch mode or just the 
recycled retentate blended in the feed tank in permeate release mode. 

II. Membrane removal, indicating the relative change in concentra
tion throughout the membrane, was calculated as defined in Eq. (4): 

Membrane removal (%) =

(

1−
Cpt

Cbo

)

× 100 (4)  

where Cpt is t-time concentration of the model pollutant in the 
permeate. 

2.3. Electrochemical characterization 

The relative potential of the membrane vs. Ag/AgCl reference elec
trode was determined as a function of the applied cell potential by 
placing the CNT membrane (cathode), a pristine palladium-coated ti
tanium sheet (anode) and a reference electrode in a glass beaker con
taining electrolyte solution (Na2SO4). The cell potential was applied to 
the membrane and titanium counter electrode using a DC power source, 
and the relative potential on the membrane was determined by con
necting the membrane, counter electrode and reference electrode to a 
potentiostat, which measured the open-circuit potential on the mem
brane (working electrode) in 2 mg/L Cr(VI) solution. Though acidic pH 
favors Cr(VI) removal, the pH of the solution was kept at 7 to mimic real 
water treatment conditions and avoid pH control, which is an additional 
and costly operation in full-scale processes. 

The electrochemical behavior of cathodic Cr(VI), DTZ and RZ 
reduction were investigated by background subtracted-cyclic voltam
metry (CV). Experiments were performed using a 2 mg/L Cr(VI), 10 mg/ 
L RZ and 10 mg/L DTZ solution at pH 7 with 100 mM Na2SO4 as the 
supporting electrolyte. All solutions were purged with nitrogen for 
30 min prior to use. Background CV experiments were conducted under 
identical conditions, except that the model compounds (Cr(VI), RZ and 
DTZ) were omitted. Then, the background CV curves were subtracted 
from the CV curves generated in the presence of pollutants. In all CV 
experiments, the scan rate was held at 50 mV/s with the voltage ranging 
between 1 and − 1.5 V. 

2.4. Analytical techniques 

Thorough surface characterization of the membrane was performed 
by scanning electron microscope (SEM), energy dispersive X-ray spec
troscopy (EDS) and X-ray photoelectron spectroscopy (XPS). High res
olution (HR)-SEM was conducted in a Carl Zeiss Ultra-Plus FE-SEM and 
EDS (FEI E-SEM Quanta 200). Prior to imaging, samples were sputter 
coated with carbon. 

Surface analysis of the CNT membranes was performed on a Ver
saprobe III-PHI Instrument (Physical Electronics) with a Al Kα at 
1486.6 eV monochromatic source (X-ray beam size 200 µm, 25 W, 
15 kV) and a spherical electron energy analyzer [21]. To determine 
chemical functionalities at elements environment a High-Resolution 
X-ray Photoelectron Spectroscopy (HR-XPS) was measured for the 
samples (Pass Energy = 55 eV and a step size of 0.05 eV). The core level 
binding energies of the different peaks were normalized by setting the 
binding energy for the C1s at 284.5 eV. The crystallographic informa
tion of the CNT membrane was investigated by X-ray diffraction (XRD) 
(Shimadzu X-ray diffractometer 6000, Cu Kα radiation, Kyoto, Japan) 
with a scan rate of 1◦/min. 

DTZ was quantified by LC-MS on a Agilent 1200 HPLC (Hewellet 
Packard) coupled with ion spray interface to a triple quadrupole mass 
spectrometer (API 3200, Applied Biosystems), as detailed by Azerrad 
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et al. [28]. Electrospray ionization was used in a positive ion mode and 
quantification was performed in multiple-reaction monitoring (MRM) 
mode. Chromatography separation was performed on a C18 
reverse-phase column (Purospher, Merck) with 0.1% formic acid in 
DDW and methanol as eluent. 

DTZ transformation products were analyzed by LC-MS on a Dionex 
Ultimate 3000 RS HPLC coupled to a Q Extractive Plus hybrid FT mass 
spectrometer equipped with heated electrospray ionization source 
(Thermo Fisher Scientific Inc.). Chromatographic separation of com
pounds was carried out using Acclaim C18 column (150 ×2.1 mm, 
2.2 µm, Thermo Scientific) and data were analyzed using Xcalibur 
software (Thermo Fisher Scientific). Mass spectrometer was operated in 
positive and negative ESI modes, ion source parameters were as follows: 

spray voltage 3 kV, capillary temperature 300℃, sheath gas rate (arb) 
40, and auxiliary gas rate (arb) 10. Mass spectra were acquired in scan 
mode; resolving power was 70.000). 

Iodide release was quantified by ion conductivity chromatography 
on a 881 Compact IC Pro with chemical suppression (Metrohm), 
equipped with a 4 µm pore size IC-SI-52 4E column (Shodex) and sodium 
carbonate as eluent [29]. The limit of detection of iodide ion analysis is 
30 μg/L. 

Dissolved organic carbon (DOC) was measured on a total organic 
carbon (TOC) analyzer (TOC-VCPH, Shimadzu) following acidification; 
inorganic carbon (IC) was calculated from total carbon determined prior 
to acidification [29]. Cr(VI) concentrations were measured by a colori
metric method using diphenyl-carbazide as a complexing agent [30,31] 

Fig. 2. Relevant properties of the support free-CNT membrane used in this study. (a,b) HR-SEM surface morphology at magnification of 10 and 100 K, respectively; 
(c) XRD spectrum; (d) XPS spectrum; (e) cyclic voltammogram of the 2 mg/L Cr(VI) solution using CNT membrane as a working electrode at a scan rate of 50 mV/s 
vs. Ag/AgCl reference electrode (2 cycles); (f) cathodic potential on the membrane at different cell potentials. 
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followed by measuring light absorption at 540 nm using a UV–visible 
spectrophotometer (Agilent 8453 series). Total chromium was measured 
using inductively coupled plasma-atomic emission spectrometer 
(iCAP-6300, Thermo Sci). Cr(III) concentrations were calculated by 
subtracting Cr(VI) from the total chromium concentration. RZ and its 
transformation product RF were monitored by scanning UV/visible 
spectrophotometry (Agilent 8453 series). 

3. Results and discussion 

3.1. Characterization of the support free-CNT membrane 

The key properties of the support free-CNT membrane that are most 
relevant for this study are presented in Fig. 2. These membranes are 
characterized by dense fibers entangled multi-directionally which en
hances the membrane performance in multidirectional/multiple ways 
such as rejection, electrical conductivity, and flux, as depicted by the 
typical HR-SEM micrographs shown in Fig. 2. Full details on the 
morphology of CNT membrane are detailed in our previous work [21]. 
With respect to the XRD pattern, the presence of two peaks at 26.14◦ and 
44.22◦ in the CNT membrane (Fig. 2c), corresponding to an interplanar 
space of 3.41 Å and 2.05 Å, respectively, which can be correspondingly 
indexed as 002 and 100 reflections of graphite [32]. The XPS spectrum 
as presented in Fig. 2d meanwhile shows that besides carbon and oxy
gen, there were also trace amount of iron (~1%) detected on the 
membrane. The existence of such an element is due to the use of cata
lysts during CNT laminate synthesis. 

Fig. 2e shows a typical cyclic voltammogram obtained when a CNT 
membrane was placed as a cathodic electrode against a Ti/Pd counter 
electrode, vs. an Ag/AgCl reference electrode, within an electrochemical 
circuit in contact with 2 mg/L Cr(VI) solution in the presence of a 
Na2SO4 electrolyte solution. When chromium was present in the solu
tion, a typical cyclic voltammogram depicted a cathodic current with 
two reduction peaks at − 0.31 V and − 0.66 V (vs. Ag/AgCl). These peaks 
were not sharp enough compared to standard CV analysis, due to the 
overall intrinsic resistance of the system as a function of electrolyte 
concentration, large electrode size and cleanliness, and aqueous phase 
volume. These reduction potentials are in line with the characteristic of 
the reduction potential of CrO4

2- (− 0.6 V) when graphitic carbon elec
trodes were used [30] and the reduction potential of HCrO4

- (− 0.3 V) 
when glassy carbon was used as electrode [33]. 

The variation of the cell potential vs. the Ag/AgCl reference had an 
immediate impact on the relative potential of the membrane (Fig. 2f). 
Indeed, upon application of the cell potential, there was an initial 
decrease in the cathodic potential of the membrane, which reached a 

stable value after approximately 1 min. This behavior is in line with the 
corrosion of a titanium counter electrode when it was exposed to anodic- 
oxidizing currents [30]. Since the support free-CNT membrane used in 
this study owns extremely high conductivity (> 40,000 S/m) [14], the 
membrane potential remained very high; for instance, − 4.9 V of mem
brane potential was attained for 7 V cell potential. These values are 
significantly higher than the CNT composite conductive membranes 
reported in the literature [2]. The higher the membrane potential is 
likely to improve the efficiency of the electrochemical remov
al/reduction of pollutants. Furthermore, because the whole membrane 
applied in this research is conductive, an increase in the contact surface 
area is expected that in turn would enhance the kinetics of the reduction 
reaction, in line with previous reports, as summarized by Peng and Guo 
[34]. 

3.2. Hexavalent chromium reduction 

As the Cr(VI) model solution was prepared from K2Cr2O7, the three 
main expected anionic species in solution are Cr2O7

2-, CrO4
2- and 

HCrO4
-, at different proportions depending on the pH [34]. Convection, 

electromigration and diffusion forces induce the displacement of ions 
towards and at the electrode surfaces in electrochemical systems [35, 
36]. When operating the electrochemical system under an electricity 
field in the range of 0 to –1 V, transfer of electrons from a cathode to the 
Cr(VI) ions would reduce it to Cr(III) ions. The main possible cathodic 
reactions as a function of the pH [30,37,38] are as follows: 

2H+ + 2e− →H2(g); E◦ = 0 V (5)  

5H+
aq + CrO2−

4(aq) + 3e− →Cr(0H)3(s) + H2O; E◦ = − 0.13 V (6)  

Cr(OH)3(s) + e− →Cr(OH)2 + OH− ; E◦ = − 1.1 V (7) 

The impact of the concentration of the background electrolyte 
(Na2SO4) on Cr(VI) reduction was first evaluated in the range of 0 mM 
(DI water) to 200 mM at − 1 V applied potential. The Cr(VI) reduction 
rate increased proportionally up to 100 mM and then remained steady 
(Fig. S1). Because of this, 100 mM was used as the concentration of 
background electrolyte for all further experiments. Cr(VI) reduction was 
then studied under non-filtration and filtration conditions (Fig. 3). The 
effect of the variation of the relative potential applied on Cr(VI) 
reduction in non-filtration mode was characterized in the range of 
− 0.15 to − 1.0 V (Fig. 3a). Cr(VI) reduction efficiency increased with the 
increase of the relative voltage applied, most likely due to the 
augmentation of the electrostatic attraction, reaching a maximum 
(>95%) at voltage values of ≥ − 0.6 V, in line with the characteristic 

Fig. 3. Characterization of hexavalent chromium removal (2 mg/L) in the flow-through electrochemical system with a cathodic CNT membrane and a palladium 
coated-titanium anode against an Ag/AgCl reference electrode. (a): Effect of different electric potentials applied in non-filtration mode on Cr(VI) removal; (b): Cr(VI) 
removal profiles in filtration mode at applied potential of − 0.6 V and − 1.0 V. For this last potential, electricity was started after 180 min; (c): Mass balance profile of 
dissolved chromium species in filtration mode at − 1.0 V in the bulk solution, comprising the recycled retentate and permeate blended back into the feed. Bulk 
removal represents the overall change in Cr(VI) in the system (see Eq. (3)). Membrane (Mem) removal represents the change in Cr(VI) throughout the membrane (see 
Eq. (4)). 
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reduction peak at − 0.69 V found by CV (see Fig. 2e above). 
Then, Cr(VI) reduction and removal were tested in filtration mode, at 

both − 0.6 V and − 1.0 V (Fig. 3b) applied potential. As can be seen from 
the data presented, 85–95% of the Cr (VI) removal was achieved in the 
permeate regardless of the potential applied, whereas 10–30% and 
10–50% removal was attained in the bulk solution of − 0.6 and − 1.0 V, 
respectively. Because of the consumption of hydrogen ions in the 
reduction reactions, the pH of the permeate increased from ~6.2 to 
above neutrality during the 2.5 h operation, whereas the bulk pH 
remained practically steady. The mass balance of chromium ions in the 
electrochemical system at − 1 V, comprising reduction and filtration, 
depicts an overall transformation of approx. 68% (Fig. 3c). The time 
profiles of the bulk and permeate streams before electricity was applied, 
i.e., before reduction started, point out minimal Cr(VI) adsorption onto 
the membrane. Upon reduction, a low mass of Cr(III) ions in solution 
could be detected, indicating that 84% Cr(III) generated upon Cr(VI) 
reduction, in turn, deposited onto the surface of the cathodic membrane. 
Moreover, the kinetics of hexavalent chromium reduction studied at 
− 1 V for 2 h at different concentrations in the range of 1–8 mg/L fol
lowed a pseudo first-order kinetics, with a rate constant of 0.11 
± 0.02 mg/L.min). All together, these results indicate that Cr(VI) 
reduction rate was not substantially affected by Cr(III) adsorption due to 
the high surface area of the porous membrane/cathode, in line with 
Wang and Na [39]. 

The impact of the deposition of chromium on the cathodic membrane 

during electrochemical reduction was further characterized (Figs. 4 and 
5, Table 1). Although the normalized flux through the membrane 
decreased by 70% in 150 min when the cathodic current was applied 
(Fig. 4a), it could be regenerated up to almost 95% of the initial flux by 
reversal potential (anodic current). As a consequence of the detachment 
of the foulants from the membrane by inverting the electrical potential, 
which can be applied as a kind of clean-in-place procedure, an average 
relative flux of 0.75 could be maintained throughout the filtration pro
cess without the need for chemical cleaning. 

The effect of Cr(VI) reduction and separation, on the morphology of 
the membrane visualized by SEM, as well as that of the electrochemical 
desorption, are shown in Fig. 4b-d. When the reduction process occurs, it 
is likely to reduce and deposit as Cr(III) complex on the cathode as are 
comparatively shown in Fig. 4b,c. The adsorption of chromium ions on 
the membrane surface during filtration upon hexavalent chromium 
reduction, creating evident deposition spots as depicted by the SEM 
micrographs, were further confirmed by EDS analysis (Fig. 4e,f). 

Similarly, when the anodic potential was applied to the CNT mem
brane, substantial removal of the Cr(III) deposited could be attained, as 
can be seen from the SEM micrograph (Fig. 4d) and relative peak in
tensity in the EDS profile in Fig. 4g. The recovery of the performance of 
the CNT membranes upon regeneration was reconfirmed in new 
reduction experiments (data not shown). 

The surface of the CNT membranes was also examined by high- 
resolution XPS to further characterize chromium adsorption and 

Fig. 4. Characterization of the CNT membrane perfor
mance with cathodic current (reduction) and after mem
brane regeneration with anodic current (desorption). 
Relative permeability (a). SEM micrographs: (b) virgin; (c) 
cathodic potential; (d) anodic potential. EDS profiles: (e) 
virgin; (f) cathodic potential (Inset shows a profile of a 
thick deposition zone); (g) anodic potential. Applied cur
rent was at − 1 V potential. The relative permeability was 
normalized to the initial value before (215 ± 10 LMH/bar) 
electrical current was applied (see Eq. (1)).   
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desorption during the electrochemical-filtration cycle. The elemental 
composition of virgin, cathodic and anodic potential applied membranes 
is shown in Table 1. As can be seen, about 4.3% chromium accumulated 
on the surface, and around 0.5% remained in the membrane upon 
desorption with anodic current, whereas chromium was absent in the 
control. The XPS spectra are presented in Fig. 5. The broad spectrum- 
survey of the membranes with either cathodic or anodic potentials 
applied are shown in Fig. 5a and c, respectively, depicting the presence 
of a Cr2p peak. The high resolution-spectrum of Cr2p (Fig. 5b, d) in
cludes the Cr2p2/3 (578 eV) envelope. The deconvolution lines confirm 
two kinds of chromium species on the membrane surface, Cr(III) and Cr 
(VI). For the cathodic potential (reduction) (Fig. 5b), the primary peak 
suggests that the dominant species present on the membrane was in the 

form of Cr(III) as a complex of Cr2O3 and Cr(OH)3 subspecies, with 
corresponding peaks at 576.5 eV [31] and 577.8 [31]. Cr(VI) might also 
be slightly adsorbed on the membrane as depicted by the weak peak at 
579.6 eV, most probably in the form of (Cr2O7)2-. Thus, it can be 
concluded that the main species of chromium that was deposited on the 
membrane surface were Cr(III), most probably following the stoichi
ometry presented in Eq. (6) at the pH of the reaction, in agreement with 
the findings of Yao et al. [40]. For the regeneration step (anodic cur
rent), presenting a lower overall peak area, consistently lower accu
mulated chromium on its surface (see Table 1), presents to main 
deconvolution peaks at 576.7 and 578.5 corresponding to Cr(OH)3 and 
Cr(VI), respectively (Fig. 5d). 

Following the effect of the reversal current on the release of the 
deposited chromium and regeneration of the membrane and recovering 
of the water flux, the impact of alternate current (AC) was further 
evaluated. Based on our previous experience [3], a higher AC potential 
was applied to achieve similar efficiency of that observed with DC. Thus, 
Cr(VI) removal was studied at AC potentials of 0.6, 1.0 and 1.5 Vpp 
(peak-to-peak voltage) at frequencies of 10 Hz and 1 kHz (Fig. 6). The 
highest efficiency was observed at 1.5 Vpp at 10 Hz. Further increase in 
frequency from 10 Hz to 1 kHz did not improve the efficiency of the 

Fig. 5. XPS analysis of the CNT membranes studied for Cr removal. Cathodic potential: (a) XPS survey scan; (b) High-resolution XPS of chromium deconvolution. 
Anodic potential: (c) XPS survey scan; (d) High-resolution XPS of chromium deconvolution. Applied potential was − 1 V. Survey scan of the membranes was per
formed after 150 min of cathodic potential. For the survey scan of the virgin membrane, refer to Fig. 2d. 

Table 1 
Elemental XPS-surface composition (in %).  

Sample O1s C1s Fe2p3 Cr2p3 N1s S2p 

Virgin  2.9  95.9  0.8 – –  0 
Cathodic  41.4  48.0  1.4 4.3 1.0  2.8 
Anodic  40.2  47.8  0.6 0.5 1.8  0.2  
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electrochemical system (Fig. 6a). The permeability profile, as shown for 
the AC potential of 1.5 Vpp and 10 Hz remained relatively steady along 
the length of the experiment (Fig. 6b), compared to the more pro
nounced decline in permeability observed under DC cathodic potential 
(see Fig. 4a). Based on these findings, it can be drawn that AC potential 
with optimized frequencies would be a good approach for efficient 
chromium reduction/filtration along with minimization of membrane 
clogging. However, it needs to be evaluated in more detail in future 
studies. 

3.3. Reduction of resazurin 

Next, the proof of concept of the electrochemical system with a CNT 
cathodic membrane for reduction of organic pollutants was tested first 
with the reference redox compound, resazurin (7-hydroxy-3 H-phe
noxazin-3-one-10-oxide) (Fig. 7). Upon electrochemical reduction, 
resazurin is irreversibly deoxygenated into resorufin (7-hydroxy-3 H- 
phenoxazin-3-one), which in turn, and as function of the pH, may be 
further reversibly reduced to dihydroresorufin (3,7-dihydroxy-phenox
azine) (Fig. 7a). A typical cyclic voltammogram of resazurin reduction in 
100 mM Na2SO4 electrolyte exhibited a dominant reduction peak at 
− 0.52 V vs. Ag/AgCl (Fig. 7b), depicting a typical irreversible reaction 

Fig. 6. Hexavalent chromium (2 mg/L) removal in filtration mode in the flow-through electrochemical system with alternate current applied. (a) Removal profile as 
a function of AC conditions; (b) Relative permeability profile at 1.5 Vpp and 10 Hz. Bulk: solid lines/closed symbols; Membrane: dashed lines/open symbols. AC 
conditions as indicated. For further details see legend to Fig. 3. 

Fig. 7. Resazurin reduction (10 mg/L) in the flow-through electrochemical system with a cathodic CNT membrane and a palladium coated-titanium anode against an 
Ag/AgCl reference electrode. (a) Scheme of resazurin (blue) reduction to resorufin (pink) and dihydroresorufin (colorless). (b) Cyclic voltammogram of resazurin 
reduction (2 cycles) at a scan rate of 50 mV/s. (c) Time-profile spectrophotometric scans of resazurin reduction to resorufin at − 1 V in filtration mode. Dotted line, 
time zero (raw feed); solid lines, bulk, comprising the recycled retentate and permeate blended back into the feed; dashed lines, permeate (Per). Numbers in the 
legend indicate running time in min at which the scan was recorded. 
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[41]. This dominant reduction peak is related to the transformation of 
resazurin to resorufin. The reduction of resazurin in the electrochemical 
system in filtration mode with full recirculation applying − 1 V, was 
tracked by scanning spectrophotometry (Fig. 7c). The blue resazurin 
(above pH 6.5) turned pink (peak at 605 nm) upon reduction to resor
ufin (main peak at 570 nm and secondary at 530 nm). The time 
profile-scans suggest that further partial reduction of resorufin to the 
colorless dihydroresorufin took place at the pH of the runs, close to 
neutrality. Resazurin reduction started immediately upon applying an 
electric potential. Hence, its concentration in the permeate side was null, 
whereas, in the bulk, gradual transformation and eventually 100% 
conversion was achieved in 120 min 

Comparable results were attained in filtration mode with permeate 
release and recirculation of the retentate. TOC determination in the bulk 
and permeate allowed us to confirm that electrochemical reduction was 
the only pathway responsible for resazurin disappearance, whereas 
adsorption onto the membrane or mineralization could be neglected 
(Fig. S2). 

Fig. 8. Removal of diatrizoate in crossflow filtration mode in the electro
chemical system at − 1 V potential. Transformation indicates the percentage of 
effective DTZ removal by electrochemical activity measured in the feed tank. 
Free iodine indicates the total cumulative mass of free iodide ions in the system. 
Data represent average ± st. dev. The effective initial DTZ concentration was 
(7.5 ± 0.2 mg/L). 

Table 2 
Transformation products identified during the cathodic reduction of diatrizoic acid in Na2SO4 electrolyte.a  

Nominal molecular mass (Da) Ion mass in Da, Ion formula, (RT in min.) Proposed structure of the molecule 

Positive ESI Negative ESI 

[M+H]+ [M+NH4]+ [M-H]- [M-H-CO2]- 

TP362 362.98 
C11H12O4N2I 
(RT=2.55) 

380.01 
C11H15O4N3I 
(RT=2.55) 

360.97 
C11H10O4N2I 
(RT=2.40)  

NHNH

OHO

O O
I

TP236 237.08 
C11H13O4N2 

(RT=3.75)  

235.07 
C11H11O4N2 

(RT=3.49)  

TP234s 235.07 
C12H14O3N2 

(RT=1.52; 2.56; 4.83)    

TP252   251.06 
C11H11O5N2 

(RT=2.36)  

TP307   305.92 
C9H9O3NI 
(RT=4.39)  

Diatrizoic acid 614.78 
C11H10O4N2I3 

(RT=1.66) 

631.80 
C11H13O4N3I3 

(RT=1.66)  

568.77 
C10H8O2N2I3 

(RT=1.53) 

a TP: transformation product; RT: retention time. 
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3.4. Reduction of diatrizoate 

Next, the efficiency of the electrochemical reduction of the haloge
nated model compound DTZ, was studied. A typical cyclic voltammo
gram of DTZ reduction in 0.05 M Na2SO4 electrolyte exhibited one 
cathodic peak at − 0.35 V and one anodic peak at 0.73 V vs. Ag/AgCl 
(Fig. S3). To comparatively evaluate transformation and deiodination 
during simultaneous reduction and filtration at − 1 V, both changes in 
concentration of DTZ and iodide were tracked, and the results are pre
sented in Fig. 8. 

As shown in Fig. 8, approx. 90% DTZ was transformed after 2.5 h 
reaction at the conditions applied, following first-order kinetics with a 
rate constant of 0.014 min− 1. As can be seen from the mass balance 
profile at each sampling time, the transformation of DTZ paralleled the 
formation of iodide, indicating that deiodination was the main pathway 
of DTZ transformation under the reduction conditions applied. Exposing 
a 2 mg/L DTZ solution for 24 h to CNT-laminate slices of increasing 
surface area in the range of 2–10 cm2 evidenced that DTZ adsorption 
was negligible, at a slope of 7.5 pg/m2.h (see Fig. S3). Based on bond 
energy and redox potential, at the cathodic potential applied, deiodi
nation could be predicted as the most feasibly electrochemical reaction. 
In fact, the C-I bond displays the lowest bond energy (240 kJ/mol298 K) 
compared to other bonds within the DTZ molecule, either in the aro
matic ring or in the side chains [42]. This is further supported by the 
potential of polyhalogenated aromatic to undergo reductive dehaloge
nation under reducing conditions, regardless of the dehalogenation 
mechanism [43]. Indeed, reductive dehalogenation becomes more 
thermodynamically favored with the degree of halogenation and the 
weakness of the C-halogen bond ([44]). 

The structural elucidation and reaction pathways of DTZ trans
formation during electrochemical reduction with a CNT cathodic 
membrane was performed by LC-MS (Table 2). This analysis was carried 
out in a high-resolution mass spectra-orbitrap equipped with a heated 

ESI operated in negative and positive ionization modes. The samples for 
analysis were taken at the end of the reaction time (150 min). Overall, 5 
transformation products (TP) were identified (TP362, TP236, TP234, 
TP252, TP307) in positive ionization mode, as either or both [M+H]+

or/and [M+NH4]+, and/or in negative ionization mode ([M-H]-), as 
indicated in Table 2. The total and extracted ion chromatograms of in
termediates obtained by both positive and negative electron spray 
ionization mode are presented in Fig. S4. The TPs were named based on 
their molecular mass derived from the m/z value. TP234 was identified 
in three isomeric forms named TP234s. The error between the measured 
mass of the TPs and the assigned structures was less than 10 mg/L. Only 
two transformation products, TP362 (3,5-diacetamido-iodobenzoic 
acid) and TP236 (3,5-diacetamidobenzoic acid) have been reported in 
the literature as transformation products of DTZ. The proposed structure 
of the other TPs are new and were elucidated in this work. 

Following the analysis data, three degradation pathways for DTZ 
transformation under reductive conditions are proposed (Fig. 9). The 
main transformation pathway consists of a two-step reductive deiodi
nation sequence (I, II), as depicted by the m/z values of the molecular 
ions [M+H]+ and [M-H]-, exhibiting a mass difference of Δm/z = 126 
and its multiples (m/z 614.78 → m/z 362.98 → m/z 237.08/235.07). 
This indeed indicates a reductive-deiodination sequence of DTZ 
(614 Da) with substitution of iodine (127 Da) by hydrogen, comprising 
the formation of 3,5-diacetamido-iodobenzoic acid (TP362) by di- 
deiodination (pathway I), and then of 3,5-diacetamidobenzoic acid 
(TP236) by mono-deiodination (pathway II). TP236, corresponding to 
the most prominent peaks eluting at RT of 3.75 min in positive mode 
([M+H]+ ion mass of 237.08 Da) and 3.49 min in negative mode ([M- 
H]- ion mass of 235.07 Da) (see Table 2), was by far the major TP 
accumulated (Fig. S4). The exact position of the remaining iodine in the 
aromatic ring of TP362 could not be determined in this study. Indeed, 
3,5-diacetamidobenzoate has been largely reported as the primary 
transformation product of DTZ by electrochemical reduction [25,45]. 

Fig. 9. Proposed transformation pathways for DTZ, in the flow-through electrochemical system with a cathodic CNT membrane and sodium sulfate as electrolyte. I: 
di-deiodination/reduction; II: deiodination/reduction; IIIa: tautomerization/reduction; IIIb: deiodination/substitution; IIIc: deiodination/decarboxylation/acylation. 
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Alternatively, TP362 appears as a pivotal intermediate for three 
other bifurcating transformations (III). In pathway IIIa, TP362 was 
converted to TP307 (5[(1-hydroxyethyl)amino-iodobenzoic acid) by 
modification of the side chains, most probably by tautomerization and 
reduction processes with cleavage of the amide moiety on one chain, and 
hydride driven-reduction of the carbonyl to hydroxyl on the other chain. 
Because of the symmetry of the molecule, it was not possible to elucidate 
in this study in which side chain each transformation took place. In 
pathway IIIb, the transformation of TP362 most likely proceeded by 
deiodination, through nucleophilic substitution of iodine by hydroxyl, 
towards the formation of TP252 (3,5-diacetamido-hydroxybenzoic 
acid). The exact position of the hydroxyl in the aromatic ring of TP252 
could not be determined in this study. Finally, in pathway IIIc, TP362 
was probably transformed by combined deiodination and decarboxyl
ation followed by acylation, towards the generation of three isomeric 
forms of TP234s. The most stable p-isomer (N,N′-(5-acetyl-1,3-phenyl
ene)diacetamide), most likely corresponded to the major peak with a 
[M+H]+ ion mass of 235.05 Da, eluting at an RT of 2.56 min (see 
Table 2). Although TP362 is more prone to transformation, the possi
bility that TP324s may also be formed, at least partially, by successive 
decarboxylation and acylation of the main product of DTZ trans
formation, TP236, cannot be ruled out. 

4. Conclusions 

Highly conductive porous CNT membranes could be used as cathode 
for electrochemical removal of emerging contaminants from water. This 
approach, comprising concomitant transformation and separation of 
dissolved contaminants in crossflow filtration, has the capability to 
reduce the toxicity of organic and inorganic contaminants at low voltage 
currents. Indeed, voltages − 0.6 to − 1.0 V were enough to remove be
tween 90% and 95% of the three model contaminants tested. The 
removal of hexavalent chromium proceeded by reduction to Cr(III) 
followed by adsorption onto the cathode. By employing reversal 
(anodic) potential the membrane could be efficiently regenerated (up to 
95%). Preliminary findings applying AC current suggest that it could be 
a feasible approach for efficient chromium detoxification with minimi
zation of membrane clogging. Resazurin was immediately transformed 
into resorufin to near completion which was in turn partially reduced to 
dihydroresorufin. The reductive transformation of diatrizoate resulted 
in almost complete deiodination, most likely due to the relative lower C- 
I bond energy, leading to accumulation of 3,5-diacetamidobenzoic acid 
as the main end-product. Although other five transformation products 
were detected, four of them were fully deiodinated, indicating that 
electrochemical reduction/filtration might be an effective mean for 
detoxification of highly halogenated organic compounds. Concluding, 
the proposed electrochemical filtration cell equipped with a highly 
conductive CNT-cathodic membrane can be regarded as a potential 
technique for wastewater decontamination and effective dehalogena
tion of organic compounds. Whereas dehalogenation itself reduces 
toxicity dramatically, post-oxidation treatment might be required for 
further mineralization of the dehalogenated organic contaminants in 
some practical applications. 
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