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Abstract 8 

Electrochemically mediated adsorption is an emerging technology that utilizes redox active (or 9 

Faradaic) materials and has exhibited high salt adsorption capacity and superb ion selectivity. Here, we 10 

use a redox polymer polyvinylferrocene (PVFc) as the anode and a conducting polymer polypyrrole 11 

doped with a large anionic surfactant (pPy-DBS) as the cathode for selective electrochemical removal 12 

of inorganic and organic components. We fabricated a flow system with alternating 13 

adsorption/desorption steps incorporating an electrosorption cell and inline probes (ultraviolet–visible 14 

spectroscopy, conductivity and pH sensors) to demonstrate on-the-fly quantification of the ion 15 

adsorption performance. The flow system provides a more realistic evaluation of dynamic selectivity 16 

for the active materials during cyclic operation than that based on a single equilibrium adsorption step 17 

in batch. Our results show a three-fold (cycle) selectivity toward the removal of benzoate, as a 18 

representative organic anion, against a 50-fold abundance of perchlorate supporting anion, indicating 19 

that electrochemically mediated adsorption is a promising technology for waste water remediation 20 

applications. 21 
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 26 

1. Introduction 27 

Electrochemical means for water treatment and remediation have attracted great attention in recent 28 

years (Grimm et al., 1998; Oren, 2008; Su and Hatton, 2017a; Suss et al., 2015). Compared with 29 

techniques such as thermal-, pressure-, and pH-swing, electrochemical methods tailored for water 30 

treatment can potentially be operated under ambient temperature and pressure and do not require 31 

chemical regeneration or other post-treatments. Moreover, electrochemical methods are modular, have 32 

lower footprint, and are highly scalable.  33 

Various electrode materials have been employed for electrosorptive ion separation. For 34 

example, highly porous activated carbons allow for electrostatic entrapment of ions within their 35 

electric double layer (EDL), ion-intercalating materials such as sodium manganese oxide can sequester 36 

ions within their host sites, and redox-active materials such as polyvinylferrocene (PVFc) are able to 37 

bind favorably with certain ions due to specific interactions between the electronic cloud of the active 38 

material and the target ions when in the oxidation state. Ion-intercalation materials, including several 39 

materials previously used in Li-ion batteries, have recently been investigated to leverage their high salt 40 

adsorption capacity and potential for ion selectivity (Lee et al., 2017; Singh et al., 2020, 2018; Suss 41 

and Presser, 2018; Tan et al., 2020). Due to a limited choice of anode materials, early studies have 42 

focused on either metallic counter electrodes (such as silver) or symmetric electrodes with anion 43 

exchange membranes. For example, silver electrodes have been used for electrochemical sequestration 44 

of chloride anions (Chen et al., 2017; S. Kim et al., 2017), although they are not favorable 45 

energetically and/or economically. Additionally, nickel hexacyanoferrate (Porada et al., 2017) and 46 

copper hexacyanoferrate (Kim et al., 2016; T. Kim et al., 2017) electrodes have been used in a number 47 

of deionization systems. The symmetric nature of these systems, however, required the use of ion 48 

exchange membranes, considerably increasing the capital cost. Tan et al. (2020) overcame these 49 
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restrictions through the use of an asymmetric electrode configuration with a hexacyanoferrate cathode 50 

and PVFc anode.  In contrast to electrostatic ion sorption by porous carbon electrodes and ion 51 

sequestration by ion-intercalating electrodes, electrochemically-mediated adsorption methods utilizing 52 

redox-active polymeric materials (Su et al., 2016; Su and Hatton, 2017a) can provide strong selectivity 53 

for organic anion separations. With their high ion adsorption capacity, fast kinetics, and reversibility, 54 

redox-active materials present a promising direction for water treatment and remediation (He et al., 55 

2018).  56 

 Beyond the high ion adsorption capacity, a crucial requirement for electrosorption materials in 57 

water remediation is the ionic selectivity. This is particularly important in chemical and pharmaceutical 58 

industries, where charged organic and/or inorganic species are often produced during chemical 59 

synthesis and catalytic processes and impose great environmental concern if discharged without proper 60 

treatment. Selective adsorptive removal of target ions in the micromolar range in the presence of 61 

excess supporting ions is therefore vital due to their toxicity, hardness, high-value, etc., and yet is still 62 

challenging for conventional adsorption methods. Attempts have been made with electrosorption 63 

methods to achieve higher selectivity towards inorganic salts. Early studies on capacitive deionization 64 

demonstrated weak time-dependent selectivity toward Ca2+ versus Na+, attributing the selectivity to the 65 

non-linear ion-specific adsorption capacity of the EDLs (Zhao et al., 2012). Using sodium intercalating 66 

hexacyanoferrate electrodes with nickel, Porada et al. (2017) demonstrated a three-fold enhancement 67 

of K+ adsorption versus Na+. More recently, Singh et al. (2020) demonstrated a 15~25 selectivity for 68 

Na+ over divalent cations such as Ca2+ and Mg2+ using the same intercalation electrodes. Similarly, by 69 

use of sodium manganese oxide as host material for the cathode, Kim et al. (2017) reported significant 70 

selectivity for Na+ over K+, Mg2+, and Ca2+. In a recent work, Oyarzun et al. (2018) showed a 6.5-fold 71 

selectivity for nitrate versus chloride ions by modifying activated carbon electrodes with quaternary 72 

amine surfactants.  73 
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Selectivity towards charged organic anions such as carboxylates, sulfonates and phosphonates, 74 

which are features of many micropollutants of emerging concern in the pharmaceutical industry, and of 75 

products and byproducts in catalytic chemical processes (Bäuerlein et al., 2012), however, has gained 76 

much less attention. The most relevant study is perhaps the work of Su et al. (2016), in which the use 77 

of a redox-active polymer such as polyvinylferrocene (PVFc) was investigated as another approach for 78 

water remediation, and especially for adsorption of organic anions in batch operation. The redox-active 79 

polymers could be designed at the molecular level to target specific micropollutants, and target anions 80 

were selectively adsorbed onto the redox active polymers due to species-specific directional hydrogen 81 

bonding with the cyclopentadienyl ligand. A (batch) asymmetric cell with functionalization of both 82 

electrodes by redox active polymers was subsequently developed to allow for complementary charge 83 

storage capacity at the cathode and avoid parasitic reactions (Su et al., 2017); the cobalt-based polymer 84 

([η5-(1-carboxy-propylmethacrylate)-cyclopenta-dienyl]cobalt(η4-tetraphenylcyclobutadiene)) used in 85 

the cathode is challenging to synthesize, however.  86 

In this work, we utilize a more facile and accessible alternate cathode material and extend the 87 

batch adsorption studies of organics to a study of a continuous-flow system for selective adsorption of 88 

trace amounts of organic anions in the presence of a 50-fold excess background electrolyte, as depicted 89 

in Figure 1. Our system consists of an electrochemical ion-adsorption cell with multiple in-line 90 

sensors (UV-Vis spectroscopy, conductivity, and pH) to allow real-time measurement of the ion 91 

adsorption performance and selectivity. We use PVFc polymer complexed with multi-wall carbon 92 

nanotubes as the anode (PVFc-CNT) and polypyrrole (pPy) polymers doped with a large anion 93 

surfactant, dodecylbenzenesulfonate (DBS), as the cathode (pPy-DBS-CNT). The latter can be readily 94 

synthesized through electropolymerization of pyrrole monomers in the presence of DBS, as shown in 95 

previous reports (Han et al., 2005; Hepel and Dentrone, 1996; Ren et al., 2018). The large DBS anionic 96 

surfactant anions are entrapped within the polymer layer due to their size. This incorporates surface 97 
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charge within the electrode and renders the polymer an effective host for adsorption of small-sized 98 

cations such as Li+, Na+, Cd2+, Pb2+, Ni2+, etc. The composite is easy to scale up (Han et al., 2005), 99 

making this material an ideal cathode for this study.  100 

We tested our asymmetric system for the selective removal of an organic anion, benzoate, from 101 

an excess background of perchlorate. The selectivity of PVFc-CNT electrodes towards a range of 102 

organic anions incorporating carboxylate, sulfonate and phosphonate moieties has been shown in 103 

previous studies (Achilleos and Hatton, 2016; Su et al., 2016; Su and Hatton, 2017b), and we selected 104 

the benzoate anion as a simple representative of organic anions of interest, while perchlorate was used 105 

due to its non-interfering UV absorbance spectrum with that of benzoate. We note that perchlorate and 106 

benzoate are just examples of many different compounds that could fall under this umbrella and were 107 

selected for convenience of quantification with the in-line UV-Vis spectrophotometer. Importantly, 108 

using our asymmetric redox-active electrodes, we demonstrated a three-fold (cycle) selectivity for 109 

benzoate anion over a 50-fold abundance of the background anion. 110 

 111 

 112 

Figure 1. Schematic of a flow cell with redox-active PVFc-CNT anode and pPy-DBS-CNT electrodes. 113 

(a) The electrosorption cell in the rest mode, with the redox-active moieties in the uncharged state on 114 
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both the anode and the cathode (light green circles and light yellow triangles, respectively). (b) During 115 

the adsorption step, a voltage is applied across the cell, and the redox moieties on the anode are 116 

oxidized into ferrocenium (dark green circles). This results in sequestration of anions from the influent 117 

stream due to specific interactions. On the cathode, the conducting polymer is reduced to uncharged 118 

polypyrrole doped with large anions (DBS), which possesses net negative charge and thus removes the 119 

cations from the feed stream.  120 

 121 

2. Materials and Methods 122 

2.1. Chemicals 123 

All reagents were purchased from PolySciences and Sigma Aldrich without further purification. The 124 

electrode substrate was Toray carbon paper without PTFE treatment (TGP-H-60), obtained from VWR 125 

Scientific.  126 

 127 

2.2. Electrode Preparation 128 

Carbon paper substrates (11.9 mg cm-2) were first cut into swatches of the desired size and wrapped 129 

with copper tape and wire to serve as current collectors. Electrochemical characterization was 130 

performed on 1x3 cm electrodes with 1x1 cm surface area exposed to the electrolyte. The electrodes 131 

used in the flow cell were 2x3 cm in size with exposed surface area of 2x2 cm. The PVFc-CNT 132 

electrodes were prepared by the drop-casting of a dispersion of the active material complexes in an 133 

appropriate solvent onto the carbon paper substrates. A stock solution of 80 mg PVFc and 40 mg 134 

multiwalled-CNT were dispersed in 10 mL chloroform. A second dispersion of 40 mg of CNT in 10 135 

mL chloroform was also prepared. The two stock solutions were individually sonicated for 1.5 hour in 136 

an ice bath to dissolve the polymer and disperse the CNTs. The PVFc-CNT ink was then prepared by 137 

mixing the two stock solutions followed by another sonication step to ensure complete dispersion of 138 

the redox active polymer and CNTs. The ink was then drop-cast onto the carbon paper substrate in 139 

increments of 50 µL and left to dry at room temperature. Throughout this work, a total loading of 0.4 140 
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to 0.8 mg cm-2 of PVFc-CNT (equivalent to 50-100 µL cm-2 of PVFc-CNT ink or 1-2 µmole cm-2 of 141 

PVFc) was used.  142 

The pPy-DBS-CNT electrodes were prepared by electropolymerization of pyrrole in the presence of 143 

sodium dodecylbenzenesulfonate (SDBS) and multiwalled-CNTs (Han et al., 2005). The CNTs were 144 

dispersed in 0.1 M sodium DBS aqueous solution and sonicated for 1 h. The pyrrole monomer was 145 

added to the dispersion in a 7:1.5 (pyrrole:CNT) mass ratio and the emulsion was stirred under 146 

ultrasonication for another 15 min at room temperature. The composite film was electrochemically 147 

deposited onto the carbon paper substrate by electrolyzing the medium at 0.75 V (vs Ag/AgCl 148 

reference) using a platinum wire counter electrode. The total electronic charge transferred during the 149 

process was controlled to tune the amount of redox active polymer on the substrate. The polymer 150 

loading was measured gravimetrically (with 0.2 mg cm-2 mass equivalent to 0.39 C cm-2 charge) after a 151 

thorough wash with DI water and drying on a hot-plate. The loading of active material (pPy-DBS-152 

CNT) on the cathode ranged from 0.12 to 0.2 mg cm-2 in this work. 153 

 154 

2.3. Electrochemical characterization 155 

All electrochemical characterizations, including cyclic voltammetry and chronopotentiometry were 156 

performed on a VersaSTAT 4 potentiostat (Princeton Applied Research). Electrochemical synthesis 157 

and characterizations were performed in a 10 mL BASi cell in the three-electrode configuration. 158 

Platinum wire and Ag/AgCl (3 M NaCl) were used as the counter and reference electrodes, 159 

respectively. 0.1 M NaClO4 was chosen as the supporting electrolyte. During the cyclic voltammetry 160 

(CV) experiment, 2 and 5 mV s-1 scan rates with voltage windows of 0 to 0.8 V and -1 to 0 V, 161 

respectively, were applied to the anode (0.8 mg cm-2 loading), and cathode (0.2 mg cm-2 loading). In 162 

chronopotentiometry experiments, an anode with 0.8 mg cm-2 PVFc-CNT loading was tested under 163 
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current densities in the range of 0.062 to 0.62 A g-1. A pPy-DBS-CNT electrode (0.2 mg cm-2 loading) 164 

was used to pair with the anode for the full cell tests. 165 

In deionization experiments, 10 mM NaClO4 solution was used as the electrolyte, the cell voltage 166 

was 1.2 V during adsorption and -0.5 V during the desorption step under a constant flow rate of 167 

1 mL min-1, and the PVFc-CNT and pPy-DBS-CNT loadings at anode and cathode were 0.8 mg cm-2 168 

and 0.2 mg cm-2, respectively. In selective adsorption experiments, a mixture of 12.5 mM NaClO4 and 169 

0.25 mM benzoic acid was used. The applied voltage across the PVFc-CNT and pseudo-reference 170 

electrodes was 0.35 V and -0.1 V for adsorption and desorption steps, respectively, the flow rate was 1 171 

mL min-1, and the PVFc-CNT and pPy-DBS-CNT loadings were 0.4 mg cm-2 and 0.12 mg cm-2, 172 

respectively. 173 

2.4. Flow platform 174 

As shown in the schematic in Figure 2(a), the flow system was composed of a peristaltic pump, our 175 

electrochemical cell, influent and effluent containers (not shown), a potentiostat, and a number of 176 

flow-through sensors. In short, the peristaltic pump drew the contaminated water from the influent 177 

container and passed the solution through the electrochemical cell at a constant flowrate. Additionally, 178 

a potentiostat was used to control the voltage of the cell and measure the current, or vice versa. We 179 

used three inline sensors in the downstream of the cell for UV-Vis spectrophotometric quantification as 180 

well as conductivity and pH monitoring. The internal volume of the three inline sensors was minimized 181 

to alleviate mixing effects within the sensors as much as possible. Moreover, the sampling frequency 182 

of each sensor was at least 1 Hz, which provided adequate time resolution within the residence time of 183 

the cell.  184 

The cell was composed of a pair of 200 µm thick carbon paper electrodes and a 50 µm thick polymer 185 

spacer (McMaster-Carr) stacked between two titanium sheets acting as current collectors. Additionally, 186 

in order to monitor the potential of the individual electrodes, we prepared a pseudo-reference electrode 187 
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by electroplating a thin layer of AgCl onto a Ag wire in a HCl aqueous solution. This electrode was 188 

then inserted into the cell stack without direct contact with either electrode. The cell assembly had a 189 

radial flow structure similar to those discussed by Hemmatifar et al. (2016) and Zhao et al. (2010). As 190 

demonstrated in Figure 2(b), the aqueous solution entered the cell through the inlet (located in the 191 

middle of the anodic current collector) and flowed radially outward through the inlet manifold before 192 

reversing direction to flow radially inward toward the center of the stack in between the electrodes and 193 

collected at the outlet port. 194 

 195 

   196 

Figure 2. (a) Schematic diagram of the electrosorption system with an influent peristaltic pump, the 197 

electrochemical cell, a potentiostat, and the inline sensors including (1) a UV-Vis spectroscope 198 

equipped with a light source and a flow cell, (2) an electroconductivity sensor, and (3) a pH sensor. 199 

(b) An image of the electrochemical cell with flow pattern inside the radial flow structure, and of the 200 

cell stack composed of electrode pairs, a spacer, a gasket, current collectors and two end-plates.  201 

 202 
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2.5. Quantification via Inline sensors 203 

Three inline sensors were used to monitor the real-time ion adsorption performance of our asymmetric 204 

system, including a UV-Vis spectroscopy sensor equipped with a low-volume flow-through flow cell, 205 

an electroconductivity sensor, and a pH sensor. The UV-Vis light source (DH-2000-S-DUV-TTL, 206 

OceanOptics) had a Deuterium and Tungsten bulb with wavelength in the range of 180-870 nm. The 207 

UV-Vis spectrometer (Flame-S-UV-VIS-ES, OceanOptics) had a detection range of 190 to 850 nm. A 208 

z-shaped flow-through cell (FIA-Z-SMA-ULT, OceanOptics) was used for real-time measurement of 209 

the UV-Vis absorbance under flow conditions. This cell had a 1 cm light path and an internal volume 210 

of only 6 µL to minimize mixing in the sensor. Two optical fibers (QP450-0.25-XSR, OceanOptics) 211 

were used to connect the z-shaped cell to the light source and the spectrometer, respectively. Data were 212 

visualized and processed by the OceanView (OceanOptics) software. The UV-Vis spectra were 213 

sampled at 2 Hz frequency with 5 ms integration time. Absorbance at 237 nm (near-maximum 214 

adsorbance) was used for the purpose of benzoate anion quantification. The flow-through conductivity 215 

sensor (ET916, eDAQ) had a 17 µL internal volume. The micro pH probe (8220BNWP, Thermo-216 

Scientific) with 2.5 mm outer diameter was inserted into a custom-made T-junction with an estimated 217 

internal volume of 40 µL. The conductivity and pH probe were connected to conductivity (EPU357, 218 

eDAQ) and pH (EPU353, eDAQ) pods for data logging (Mutha et al., 2018). 219 

 220 

3. Results and discussion 221 

3.1. Electrode Characterization 222 

Electrode surface characteristics 223 

Scanning electron microscopy (SEM) images of the anode and cathode are presented in Figure 3. As 224 

shown in Figures 3(a) and 3(b), the PVFc-coated carbon nanotubes were wrapped around the carbon 225 

fiber substrates and formed a rough, porous coating. Previous studies have shown that the � − � 226 
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interaction between the ferrocene moieties and the carbon nanotubes allows a stable and dispersed film 227 

to be formed on the substrate (Mao et al., 2013), enabling fast electron transfer from the carbon fiber 228 

substrate to the redox active center of the polymer. Moreover, the porous structure of the polymer 229 

coating facilitates ionic transport within the electrode. The cathode, however, exhibited a different 230 

morphology, as shown in Figures 3(c) and 3(d). In the presence of large anionic surfactants, the 231 

electrochemically polymerized polypyrrole formed a densely grown film on the carbon fibers. The 232 

conformal coating around the carbon fibers was less porous than the PVFc-CNT complex film and had 233 

a thickness of about 2 µm. Polypyrrole chains served as molecular wires for electron conduction in the 234 

cathode (Tian et al., 2015) and enabled fast electron transfer as well. 235 

 236 

Cyclic voltammetry response 237 

The electrochemical properties of the redox active electrodes were studied by cyclic voltammetry (CV) 238 

in 0.1 M NaClO4 solution. As shown in Figure 3(e), the PVFc-CNT anode exhibited distinct redox 239 

peaks, resulting from the fast and reversible electron transfer of the redox active moieties of the 240 

polymer complex. The equilibrium potential of the anode, estimated to be around 0.3 V (vs. Ag/AgCl) 241 

from averaging of the redox peaks, is similar to the value reported in the literature (Mao et al., 2013; 242 

Tian et al., 2015). The reaction mechanism at the anode can be written as (He et al., 2018) 243 

�� − �� + �� ⇌ ��
�� 

where �� and ��
 denote the reduced and oxidized states of the redox active center, respectively, and 244 

�� denotes the anion in the aqueous solution. Upon oxidation of the anode, the uncharged reduced 245 

state ferrocene was oxidized to the ferrocenium and possessed a net positive charge which 246 

subsequently adsorbed anions from the solution, the strength of which was moderated by hydrogen 247 

bonding in addition to the electrostatic attraction (with a small portion due to capacitive charging) (Su 248 

et al., 2016). 249 
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In the cathode, in contrast to a pure pPy film, which usually shows a quasi-rectangular CV 250 

curve due to its capacitive nature (Tian et al., 2015), the pPy-DBS-CNT film exhibits pseudocapacitive 251 

behavior. This is evident from the two redox peaks in the CV curve with an equilibrium potential of 252 

around -0.5 V (vs. Ag/AgCl) in Figure 3(e). The redox active property is due to the large anions 253 

(DBS) trapped within the polymer layer during the electropolymerization of the pPy film (Hepel and 254 

Dentrone, 1996). As noted by (Ren et al., 2018), the hydrophobicity of the conducting polymer can 255 

change during the charging and discharging steps, which in turn, changes the orientation of the 256 

surfactant anions and allows sodium ions to intercalate into or deintercalate out of the polymeric film. 257 

The synthesized pPy film therefore exhibited cation exchange properties with the reaction mechanism  258 

���
������� + ��� + ���
 ⇌ ������������

��. 259 

Due to the successive surface redox reactions of pPy and change of orientation of the surfactants, the 260 

redox active peaks of pPy-DBS-CNT complex film were broader than those for the PVFc-CNT film. 261 

Furthermore, Figure 3(e) compares the CV responses of a pure CNT film drop-cast on the 262 

carbon fiber substrate with that of a PVFc-CNT composite film. The area within the CV sweep 263 

indicates the pseudo-capacitance of the electrode. Clearly, the capacitance contribution from pure 264 

capacitive charging (from CNT) was negligible compared with that of the PVFc-CNT composite. The 265 

capacitance of the latter mainly stemmed from the Faradaic charge transfer process of the redox active 266 

moieties. The same holds true for the cathode. Therefore, the ion adsorption performance of our 267 

asymmetric system was attributed primarily to the specific chemical interactions between the ions and 268 

the redox active electrodes, i.e. a Nernstian response. This behavior contrasts with that of purely 269 

capacitive process in which the adsorption of ions depends on incorporation within, and stabilization 270 

of, the electrical double layers. Moreover, the Faradaic activation of the redox-active moieties provides 271 

a high ion adsorption capacity at lower cell voltages, while much larger voltage operating windows and 272 
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therefore higher energy consumption are required to establish sufficient EDL capacity in purely 273 

capacitive systems (He et al., 2018). 274 

 275 

 276 

Figure 3. (a)-(d) Scanning electron micrographs of the anode (left column) and cathode (right column) 277 

at two different magnification levels. The drop-cast PVFc-CNTs in (a) and (b) cover the carbon paper 278 

substrate and form a highly porous morphology coating. The electropolymerized pPy-DBS-CNTs in 279 

(c) and (d), on the other hand, show a less porous coating of the surface of the carbon paper. (e) Cyclic 280 

voltammetry (CV) of carbon substrates functionalized with PVFc-CNT (0.8 mg cm-2), pPy-DBS-CNT 281 

(0.2 mg cm-2), and CNT (with 0.4 mg cm-2). CVs were conducted in 0.1 M NaClO4 with 2, 5, and 282 

10 mV s-1 scan rates for the PVFc-CNT, pPy-DBS-CNT, and CNT electrodes, respectively. Ag/AgCl 283 

electrode and platinum wire were used as the reference and counter electrodes.  284 

 285 

Constant current response of the redox active electrode pair 286 

We paired the PVFc-CNT anode with the pPy-DBS-CNT cathode and tested the cell under 287 

constant current charging and discharging at 100 µA in 0.1 M NaClO4 electrolyte. The cell voltage 288 

across the asymmetric electrode pair was monitored accordingly, and is shown in the inset of 289 

Figure 4(a). The electrode pair was initially discharged to prime the redox active centers (reduced 290 

state for the anode and oxidized state for the cathode), and two successive charging/discharging cycles 291 

were then conducted. During the charging step (positive current), the voltage initially rose rapidly due 292 

to capacitive charging followed by a much slower Faradaic charging phase. During this step, the redox 293 

active materials were activated, and ions adsorbed onto the electrode pair. During the discharging step 294 

(negative current), the voltage also fell rapidly initially and later transitioned to a slower decrease rate, 295 
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where the charged state was converted back to the original undoped state and the adsorbed ions were 296 

released to the bulk solution. 297 

Contrary to the behavior of purely capacitive materials under constant current charging—where 298 

the voltage increases linearly with time—the response of the redox active electrodes shown in 299 

Figure 4(a) is pseudo-capacitive with an evident voltage plateau region for both the anode and the 300 

cathode. The plateau indicates the Faradaic process, during which the electrons are transferred between 301 

the substrate and the redox active centers. Under fast kinetics, this transfer exhibits a Nernstian 302 

response, where the inflection point of the curves indicates the equilibrium potential (i.e. the redox 303 

active centers of the polymers are both half-oxidized).  304 

Constant current discharge of the anode was further tested under current densities up to around 305 

0.6 A g-1 (per mass of PVFc-CNT), with the results shown in Figure 4(b). The specific capacitance 306 

increased at lower current densities, mainly due to a reduced charge and ion transfer resistance. Within 307 

the range of current densities studied, the highest specific capacitance of 323 F g-1 occurred at 308 

0.062 A g-1, and decreased steadily to plateau at around 192 F g-1 at 0.62 A g-1. The measured specific 309 

capacitance values are in accordance with values reported in the literature (Mao et al., 2013).  310 

 311 

 312 

Figure 4. (a) Constant current charging of PVFc-CNT and pPy-DBS-CNT (both vs. Ag/AgCl) at 100 313 

µA current. The PVF-CNT loading was 0.8 mg cm-2, and electrodeposited pPy-DBS-CNT loadings 314 

was 0.2 mg cm-2. The inset shows a sample voltage response of the PVFc-CNT/pPy-DBS-CNT 315 

asymmetric cell at 100 µA charging and discharging current. Here, the voltage cutoff window was set 316 



15 

to -0.9 to 0.8 V. A solution of 0.1 M NaClO4 was used as electrolyte. (b) The specific capacitance of 317 

the PVFc-CNT anode measured at different current densities in the range of 0.062 to 0.62 A g-1 (per 318 

PVFc-CNT mass) within a voltage window of [0, 0.6] V.  319 

 320 

3.2. Flow system 321 

Deionization of supporting electrolyte 322 

To characterize the electrosorption performance of our asymmetric redox cell under realistic 323 

conditions, our cell assembly was tested under constant voltage operation and continuous flow of 324 

supporting electrolyte in the absence of benzoate anions. The anode and cathode had respective 325 

loadings of 0.8 mg cm-2 PVFc-CNT (8 µmol ferrocene moiety on the 2x2 cm electrode) and 0.2 mg cm-326 

2 pPy-DBS-CNT (16 µmol charge on the 2x2 cm electrode). A 10 mM sodium perchlorate electrolyte 327 

at a constant flow rate of 1 mL min-1 was used. At least three consecutive cycles were performed to 328 

ensure dynamic steady state. As shown in Figure 5, each cycle was composed of a 2 min charging at 329 

1.2 V and a 2 min discharging step at -0.5 V.  330 

The asymmetric charging and discharging voltages were due to the asymmetric nature of the 331 

redox electrodes. Specifically, as shown in Figure 3(e), the average redox potentials for PVFc and pPy 332 

were around 0.3 V and -0.6 V (vs. Ag/AgCl), respectively. We used a sufficiently high cell voltage of 333 

1.2 V in charging to ensure PVFc oxidation and pPy reduction and a cell voltage of -0.5 V in 334 

discharging for complete PVFc reduction and pPy oxidation. Our experiments with 0 V discharge 335 

voltage (not shown) resulted in insignificant ion desorption, suggesting incomplete reduction of the 336 

anode and oxidation of the cathode at 0 V.  337 

During the charging step, the anode was oxidized to form ferrocenium, adsorbing anions; the 338 

pPy-DBS-CNT cathode was concurrently reduced and adsorbed cations for charge balance. The net 339 

electrolyte concentration thus decreased during the adsorption step, as shown in Figure 5. The 340 

concentration eventually rose and plateaued at the feed concentration value. During the discharge step, 341 
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however, the anode was reduced to the uncharged state and released the adsorbed anions to the 342 

electrolyte. Meanwhile, the cathode was oxidized to form charged pPy and released the adsorbed 343 

cations to the spacer. The total concentration thus increased rapidly initially and later gradually 344 

approached the feed concentration. The local pH value also varied during the electrosorption process, 345 

partially due to multiple parasitic reactions occurring on the electrodes, such as carbon oxidation, 346 

hydrogen evolution, and oxygen reduction. A number of other reactions are also believed to be 347 

possibly responsible for pH variations during the operation, as reported by Holubowitch et al. (2017), 348 

Tang et al. (2017), and Choi (2014). Further, the pPy polymer can potentially participate in hydroxyl 349 

donation and acceptance, increasing (decreasing) the solution pH during adsorption (desorption) step. 350 

Additionally, our results showed that the total cycle charge efficiency of the process, defined as the 351 

amount of salt removed per charge passed (i.e. � =
�����

���� !"
=

# $�%&'�%�()

$ *()/,
, with - being the volumetric 352 

flow rate, � the concentration of anions/cations, and � the Faraday constant), is calculated to be 60%. 353 

We believe the loss of charge efficiency was due to co-ion repulsion as well as parasitic reactions in 354 

this case (Avraham et al., 2011; Biesheuvel, 2009; Hemmatifar et al., 2018). 355 

 356 
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 357 

Figure 5. Cyclic operation of the asymmetric redox active electrode pair under charging at 1.2 V and 358 

discharging at -0.5 V cell voltage and a constant flow rate of 1 mL min-1. The PVF-CNT and pPy-359 

DBS-CNT loadings were 0.8 mg cm-2 and 0.2 mg cm-2, respectively, and a 10 mM NaClO4 was used as 360 

the electrolyte. The results show (a) current and voltage profiles, (b) effluent concentration of 361 

perchlorate, and (c) effluent pH of the cell.  362 

 363 

Selective adsorption of benzoate in the presence of excess supporting electrolyte 364 

As stated earlier, redox active electrode adsorbents provide promising selectivity towards certain target 365 

ions in water treatment applications (Oyarzun et al., 2018b; Palko et al., 2018; Su et al., 2016; Su and 366 

Hatton, 2017b). Previous studies have shown high selectivity of the PVFc-CNT electrode towards 367 

organic anions with electron donating groups, such as carboxylic, sulfonic and phosphoric acids (Su et 368 

al., 2016). The mechanism of selectivity reportedly stems from the hydrogen bonding between the 369 

redox active moieties of the polymer in the charged state (i.e. ferrocenium) and the target anions, the 370 

strength of which is modulated by the electron withdrawing capabilities of the substituent groups; this 371 

hydrogen bonding is considerably stronger than the electrostatic interaction with the supporting anions 372 
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(purely due to the electric charge). We here extend the previous observation (performed in batch 373 

systems) to a new system with asymmetric redox active electrodes under flow conditions. Our flow 374 

system provides a more realistic assessment of dynamic selectivity of the material during cyclic 375 

charging and discharging rather than selectivity based on a single equilibrium adsorption step under 376 

batch conditions. For convenience in measurement, we selected benzoic acid as representative of 377 

carboxylic acids in our study and used sodium perchlorate as the supporting electrolyte (perchlorate as 378 

the competing anion).  379 

Figure 6 demonstrates the ion adsorption performance and the selectivity towards the target 380 

anions (i.e. benzoate) of the adsorption cell with the mixture stream. A three-electrode setup was used 381 

to monitor the overall cell voltage as well as the voltage drop between the anode and our custom-built 382 

pseudo-reference electrode (a Ag/AgCl wire positioned in between the cell electrodes; see Section 2.4 383 

for more information). A constant voltage was applied between the anode and the pseudo-reference 384 

electrode, and the total cell voltage was monitored simultaneously. The voltage and current results are 385 

shown in Figures 6(a) and 6(b), respectively. At the end of the adsorption and desorption steps, the 386 

cell voltages reached 0.72 V and 0.05 V, respectively. The voltage difference between the cathode and 387 

the pseudo-reference was therefore -0.37 V during adsorption and -0.15 V during desorption. As 388 

discussed earlier, the anode was oxidized to ferrocenium during the adsorption step, during which 389 

process the ferrocenium favorably bound the benzoate over perchlorate as a result of more polarized 390 

electronic cloud. This was despite the fact that the concentration of benzoate was considerably lower 391 

(50-fold) than that of the competing anions. At the cathode, on the other hand, the sodium and 392 

hydronium ions were adsorbed to the electrode surface to balance the charge transferred to this 393 

electrode (without the redox active materials on the cathode, significant parasitic water splitting and 394 

other reactions could occur), reducing total salt concentration during the adsorption step. In order to 395 

quantify the anode selectivity between the two anions, the effluent pH and the concentration of both 396 
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the perchlorate and the benzoate were measured in-situ via a pH probe, a flow-through conductivity 397 

probe and a UV-Vis spectrophotometer. Figure 6(c) and 6(d) show respectively the effluent pH and 398 

the normalized concentration profiles for the target and supporting anions, which can be used to 399 

quantify the ion selectivity.  400 

The theoretical upper-limit for the adsorption selectivity can be estimated from the relative 401 

chemical binding energies for the different anions, i.e., from ./( = ��012&'3/45. However, the 402 

observable (in effluent) selectivity during operation of the flow cell is affected by the dynamics of the 403 

ion transport in addition to this chemical binding (Oyarzun et al., 2018a). To this end, we calculated 404 

the cycle (or observable) selectivity from experiments as �6/7 = �86,:�/�6,:��/�87,:�/�7,:��, where 405 

86,:�/�6,:� represents the adsorbed amount of target anion under dynamic steady state normalized by 406 

its equilibrium bulk concentration (under flow condition, this is equivalent to the influent 407 

concentration), and 87,:�/�7,:� represents the same ratio for the supporting anion. The equilibrium ion 408 

adsorption amount was determined by integrating the concentration profile below the feed 409 

concentration, 8:� = -$ ��;� − ��<= for individual anions. Under flow conditions with a 50-fold 410 

abundance of the supporting anions, our results show a cycle selectivity of 3. We note that the reduced 411 

cycle selectivity compared to a single-adsorption step in batch system is expected (Oyarzun et al., 412 

2018a). Firstly, the cycle selectivity was obtained under flow conditions, which poses mass transfer 413 

limitations and charge transfer resistance in the system. Secondly, unlike batch adsorption studies, our 414 

flow cell reached a dynamic steady state; therefore, the cycle selectivity is truly reversible without 415 

contributions from initial physisorption. 416 

The adsorption of the perchlorate ions and stabilization of the ferrocenium moieties on the 417 

electrode surface was rapid because of the significant excess of this anion relative to the benzoate. 418 

With time, however, the more dilute benzoate began to adsorb on the electrode. And because it has a 419 

higher binding strength with ferrocenium than perchlorate does (Su et al., 2016), it displaced the 420 
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perchlorate anion, resulting in that the ratio of adsorbed benzoate relative to perchlorate was 3 times 421 

higher than their ratio in the feed stream.  422 

In addition to concentration measurements, we also quantified the charge efficiency associated 423 

with the selective adsorption experiments. The charge efficiency of the deionization experiment with 424 

10 mM NaClO4 binary electrolyte (Refer to Section 3.2 for more details) was 60%. In the presence of 425 

benzoic acid, on the other hand, the charge efficiency increased significantly (by almost 50%) to 426 

values as high as 87%. We hypothesize this is due to the buffer effect of benzoic acid (weak acid with 427 

pKa = 4.2) that tends to stabilize the pH in the mixture solution. Lower pH variations in this case are 428 

evident in Figure 6(c) compared to that in binary electrolyte experiment of Figure 5.  429 

Lastly, the key independent metrics for water treatment and remediation recently proposed by 430 

Hawks et al., (2018) to facilitate benchmarking with other water treatment techniques are generally 431 

based on the total electrode mass, as usually the entire electrode constitutes the ‘active’ material. These 432 

metrics may not be the most appropriate for the redox-active polymeric systems discussed here, 433 

however, for which the amount of active material is the important determinant of capacity, and not the 434 

supporting substrate or current collectors (which can constitute more than 90% of the total electrode 435 

mass). Moreover, for selective separations with the classes of compounds considered in this work, the 436 

amount adsorbed is more conveniently expressed in moles per gram of material, since adsorption is 437 

generally determined by specific interactions between the sorbate and the redox active moieties on the 438 

sorbent often close to stoichiometric (Su et al. 2016; Su et al. 2017; Su et al. 2018),  and this metric 439 

would provide a more direct evaluation of selectivity between different compounds than would one 440 

based on solute mass, or equivalent solute mass.   441 

From a process design perspective, a convenient metric would be the molar adsorption capacity 442 

of the solute per geometric electrode area (SmolACa, in mol m-2). For the current system, the value of 443 

SmolACa is 2 mmol m-2 while the capacity normalized by the active electrode mass (SmolACm) is 0.38 444 
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mmol g-1. In general, SmACmol should be independent of active material loading on the electrode 445 

substrate, while SmolACa will depend on the loading percentage. 446 

The mass-based performance metrics, while not totally appropriate for our system, can 447 

nevertheless be calculated, and are: salt adsorption capacity (SAC) of 22.5 mg g-1 (NaCl equiv. salt 448 

adsorption per active material mass; equivalent to 0.48 mg salt per g of total electrode mass with both 449 

active material and substrate mass included); average salt adsorption rate (ASAR) of 5.6 mg g-1 min-1 450 

(per active material mass; equivalent to 0.12 mg min-1 per g of total electrode mass); productivity of 451 

75 L h-1 m-2 and volumetric energy consumption (Ev) of 47 Wh m-3. Importantly, we note that the SAC 452 

and ASAR performance metrics (per total electrode mass basis) can be readily improved by simply 453 

increasing the active material loading in future designs. 454 

 455 

 456 

Figure 6. Cycling performance of the asymmetric redox active electrodes under constant voltage 457 

charging and discharging in 0.25 mM benzoic acid and 12.5 mM NaClO4 electrolyte (in 50-fold 458 

abundance). The applied voltage window across the PVFc-CNT and pseudo-reference electrodes was 459 

0.35 V and -0.1 V during adsorption and desorption steps, and the pump flow rate was 1 mL min-1. 460 

PVFc-CNT and pPy-DBS-CNT loading were 0.4 mg cm-2 and 0.12 mg cm-2 respectively. The results 461 

show (a) applied voltage (red dashed lines), total cell voltage (black curves), (b) current response, (c) 462 

measured effluent pH, and (d) overlay of concentration profiles of benzoate and perchlorate (both 463 

normalized by their respective feed concentrations) as a function of time. 464 

 465 
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4. Conclusions 466 

We investigated a flow system with asymmetric redox active electrodes for electrochemically-467 

mediated and highly selective adsorption and desorption of organic anions. We used a PVFc redox 468 

polymer with selective anion adsorption capability as the anode and a pPy conducting polymer with 469 

cation adsorption properties as the cathode. The system was tested for selective removal of benzoate 470 

anion as a model compound of toxic carboxylates (an important group of micropollutants). Under a 471 

highly abundant supporting anion with 50-fold initial excess concentration, the system demonstrated a 472 

selectivity of 3 towards the target anion. In this study, we demonstrated and validated the 473 

electrochemically-mediated adsorption technology for both deionization and water remediation 474 

applications. Our flow platform equipped with multiple inline sensors can facilitate the optimization of 475 

the experimental conditions, such as electrode loading, flow regimes, and applied voltage window, and 476 

can be easily extended to target other ionic species of environmental concern, such as organic anion, 477 

heavy metal oxyanions and cations. A number of challenges should be addressed in the future 478 

development and improvement of flow systems for selective separations applications, including 479 

(1) optimum mechanical design for reduction of dispersion effects in the cell, which tends to lower the 480 

flow efficiency and (2) fast, sensitive, non-destructive, and non-interfering (with one another) in-line 481 

quantification methods for multiple (more than two) competing ions. 482 
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Highlights for manuscript titled “Continuous flow system with asymmetric redox active 

electrodes for deionization and selective adsorption” 

• Redox-active electrodes for electrochemically-mediated selective adsorption  

• Design and fabrication of a flow platform with multiple inline detectors 

• Ultra-high salt adsorption rate of 7.8 mg g-1 min-1 

• Selective removal of benzoate as a model compound of toxic carboxylate pollutants 

• Selectivity of ~3 in presence of highly abundant supporting anions (50-fold) 
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