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Abstract

Carbon based flow-electrodes are an increasing research field and find potential application in water treat-
ment processes as well as energy conversion and storage. Flow-electrodes usually consist of a pumpable
carbon slurry made of carbon particles suspended in a liquid electrolyte solution. One application for flow-
electrodes is flow-electrode capacitive deionization (FCDI), which is a membrane-based, electrically-driven
desalination method using mostly activated carbon as active material. In contrast to capacitive deionization
(CDI) systems based on static electrodes, the use of flow-electrodes enables a continuous operation and the
treatment of high salinity solutions. However, it was observed that the performance of FCDI processes
heavily relies on the activated carbon quality. The process performance results from a wide range of param-
eters, including the activated carbon sample characteristics, which are usually not sufficiently covered and
predicted by standard carbon analyses. With this article, we establish a foundation for applying electro-
chemical impedance spectroscopy (EIS) as predictive characterization method for flow-electrode materials.
This includes the investigation of influencing system parameters and carbon characteristics, and the devel-
opment of an equivalent circuit model. Finally, we demonstrate the possibility to predict and match the
desalination performance of flow-electrodes based on different activated carbon types using EIS.

1. Introduction, Motivation and Objectives

The sustainable and reliant supply of sufficient water and energy to a growing
population with increasing demand are major challenges humanity is facing, which
calls for improved and new technologies. [1-4] A growing research field profiting from

these challenges are flow-electrodes, which find potential application in the fields of
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water treatment and energy conversion and storage. [5] Flow-electrodes, also termed
slurry electrodes [6], suspension electrodes [5] or fluidized bed electrodes [7], consist
of conductive particles suspended in an electrolyte solution. The conductive parti-
cles can form percolating networks, which conduct electrons upon contact with the
electrode or current collector and, thus, function as an electrode extension. Such
flow-electrodes may be applied to support faradaic reactions, as required for elec-
trosynthesis [8], batteries (e.g. zinc-air described in 1976 [9], lithium described in
2011 [10]), or for capacitive energy storage (flow capacitors, described in 2012 [11])

or capacitive salt adsorption for desalination (described in 2013 [12]).

Flow-electrode Capacitive Deionization. The latter, usually termed flow-electrode ca-
pacitive deionization (FCDI), is a promising application for flow-electrodes, which
enables the removal of ionic species from solutions. [12, 13] It is based on the concept
of capacitive deionization (CDI), which attracted increasing interest in the recent
years due to its energy efficiency, the possibility of energy recovery and the potential
application in selective ion removal and recovery of various ionic species. [4, 14-18]
CDI uses an electrical field, which leads to the migration of ions towards the oppo-
sitely charged electrodes and finally the adsorption of ions in the electrical double
layer (EDL) at the electrode surface. The desalination step can be compared to
the charging of a capacitor, which enables an energy recovery during the regenera-
tion. [19-21] However, due to the static electrodes applied in classical CDI systems,
charge-discharge cycles are required, which limits the feasible salinity range to low
salt concentrations. This limitation does not apply to FCDI, which enables a fully
continuous operation due to the use of flowable electrodes recirculated through the
module. [7, 22, 23] In case of a fully continuous operation, a diluate and concentrate

stream of roughly constant concentrations are produced and the slurry electrode is
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recirculated and regenerated continuously. Due to the combination of continuous
operation and improved mass transport within the electrode, FCDI can treat even
high-salinity water streams. [21] Additionally, the pumpability of the electrodes

enables a range of new process layouts and applications. [24-26]

Flowable electrodes. All technologies based on such flowable (slurry-)electrodes rely
heavily on the quality of the conductive material used to prepare the slurries. In
most cases, these are carbon materials in various shapes and sizes. [5, 27] In case of
applications with redox-active electrodes, materials with a comparably low surface
area may be of advantage. Adsorption is not desired in this case, but rather a swift
transport of the reacting components to the (flow-)electrode particle surface and a
rapid transport of the products away from the surface. [28, 29] In case of technologies
based on adsorption of components in the EDL, a high surface area is desirable. [14]
Many different physical and chemical processes influence the performance of flow-
electrodes in these processes, whose interactions are not fully understood yet. An
increasing number of studies are investigating these interactions by means of mod-
elling, [30, 31] imaging methods [32] and electrochemical characterization methods.
6, 11, 31, 33-36]

However, the influencing parameters and material characteristics on the perfor-
mance as flow-electrode for specific applications still need further investigation. In
most studies which focus on the investigation of slurry electrodes by electrochemi-
cal methods, such as cyclic voltammetry (CV) or electrochemical impedance spec-
troscopy (EIS), the flow-electrodes were investigated in a static manner. The slurries
were filled into cells with various designs and analyzed. [5, 37-39] In some studies
electrochemical methods were combined with rheological measurements performed

in rheometers (”electro-rheology”), [5, 40, 41] and were, thus, investigated dynam-
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ically. Only very few measurements were actually performed in a flow cell at dy-
namic conditions ("pumped flow-electrodes”). [31, 42] However, these measurements
were mostly applied for qualitative comparisons and not analyzed and interpreted in
depth. Hoyt et al. recently developed a first electrochemical impedance spectroscopy
model, which matches experimental data of capacitive flow-electrodes. [31] In this
study, Hoyt et al. developed a new circuit element, ” Zgpc”, which simulates the

suggested quasistatic behaviour of slurries at high frequencies.

Motiwvation and Objectives. The impact of specific material characteristics on the
performance of a FCDI process is not fully understood yet. During the work with
FCDI systems we observed significant differences in the performance of activated car-
bon (AC) provided by the manufacturers in different vessels in some cases, although
supposedly of the same type. The actual rheology and desalination performance of a
flowable electrode depends on a sum of parameters, such as particle size distribution,
particle shape [43], particle conductivity [42], pore size distribution [44], carbon sur-
face chemistry [45] and redox-activity [46]. These parameters can change drastically
from batch to batch, depending on the carbon material. Most commercial carbons are
not intended for the use as flowable electrodes and, thus, the standard specifications
are usually not sufficient. Due to the focus on specific characteristics, most clas-
sical physical and chemical characterization methods have only limited significance
for the evaluation of a carbon material for application in FCDI. Additionally, many
of these methods, such as gas adsorption measurements, are very time-consuming.
Hence, for an actual application, a reliable method for the evaluation of the overall
performance of a carbon material as flowable electrode is required, which is able to

produce results swiftly.
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Electrochemical impedance spectroscopy (EIS) is an electrochemical characteriza-
tion method, which applies an alternating potential (or current) of different frequen-
cies to any electrochemical or material system, while the current (or voltage) response
is recorded. The change of amplitude and the phase shift of the measured response
allows to draw conclusions regarding chemical and physical processes dominating the
system. The hypothesis behind this work is that EIS measurements can predict the
desalination performance of slurries accurately when performed at dynamic condi-
tions. EIS measurements allow conclusions regarding the most important material
characteristics required for FCDI, when combined with classical physical and chemi-
cal characterization methods. While Hoyt et al. [31] took a first step and developed
a model providing detailed physical understanding using a new circuit element, we
use a more application oriented approach based on standard elements used in EIS
models.

The aim of this study is to establish a foundation for an application of EIS as pre-
dictive characterization method for flow-electrode materials, e.g. for use as method
for incoming goods inspection. This study includes the investigation of (1) the influ-
ence of different system parameters on the EIS response and (2) the development of
a simple equivalent circuit model, which matches all obtained experimental results.
We then go a step further by (3) examining the main influencing carbon charac-
teristics on the FCDI performance, and (4) demonstrating the possibility to predict
and match the desalination performance of flow-electrodes based on two completely

different activated carbon types using EIS.

2. Materials and Methods

All experiments were performed with the same FCDI cell design as described

in previous work. [21] The FCDI cells consist of polyethylene end plates, flat gas-

5
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kets, epoxy-impregnated graphite electrodes (Miiller & Roéssner GmbH & Co. KG,
180x180x10 mm) with flow channels for the flow-electrodes (3 mm width, 2 mm
depth, 200 cm overall length), a pair of cation and anion exchange membranes (Fu-
masep FKB-PK-130/ED-100 and Fumasep FAB-PK-130/ED-100, Fumatech BWT

2 and a 0.5 mm mesh spacer (Fu-

GmbH) with an effective surface area of 121 cm
matech BWT GmbH, ED-100). A section of the cell is depicted in a cross-sectional

view in Figure 1.
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Figure 1. Section of the FCDI cell applied for EIS measurements and desalination measurements

in cross-sectional view.

The feed water was supplied to the FCDI cells by a peristaltic pump (Ismatec
Reglo ICC peristaltic pump with two independent channels). The salt solutions used
as feed water and for the slurry preparation were prepared with purified water and
60 g/L sodium chloride (VWR Chemicals, >99.8%). The flow-electrodes were recir-
culated through the FCDI systems using a second peristaltic pump (Ismatec MCP
process drive, Masterflex two-channel pump head Easy-Load II, Norprene tubing).

All in all, four different activated carbon powder samples were applied in this work:
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(1) Carbopal SC11PG, (2) Carbopal CCP1400 spezial (both provided by Donau Car-
bon GmbH, Germany) and (3)/(4) Norit D10 (Alfa Aesar), of which two different
samples (hereafter termed ” Batch 17 and ” Batch 2”) were analyzed, which were
purchased in two different vessels, but had the same LOT number. Table 1 gives
an overview of the activated carbon sample properties according to conventional

characterization techniques, as provided by the manufacturers.

Table 1. Overview of activated carbons applied in this study. Information provided by the suppliers.

Carbopal Carbopal NoritD10 NoritD10
SC11PG CCP1400 spezial -Batchl  -Batch2

abbreviations SC CCP N-B1 N-B2
BET surface m?/g 950 1400 600 600
particle size  d90 64 pm 80 pm 140 pm 140 pm
d50 16 pm - 30 pm 30 pm
pH value - 4.5-6.5 6-8 alkaline  alkaline
type - charcoal coconut shell - -

2.1. Sieving experiments

The activated carbon was sieved at low amplitude in a sieving tower assembled of
stackable sieves (Retsch GmbH, Germany) with mesh widths (in pm) of 20, 32, 40,
63, 80, 112, 125, 160, 230 and 350. The vibrating unit (Retsch AS200 digit) was set
to 1.5 for the duration of each sieving interval. The mass of the particle fractions was
measured at regular time intervals, sieving was stopped when no significant changes

were observed in the mass of the particle fractions.
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2.2. BET/qas sorption

The activated carbon samples (about 0.1 g each) were analyzed regarding their
surface and porosity characteristics via Ny gas adsorption/desorption measurements
(ASAP 2020, Micromeritics). The samples were pretreated at 90 °C and 10 mbar for
24 h and degassed for 6 to 8 hours before the adsorption/desorption analysis.

2.3. Rheological Measurements

The rheological measurements were performed with a modular compact rheometer
(MCR) from Anton Paar with the PP50 plate-plate measuring system at 25 °C. Shear
rates between 10 1/s and 1000 1/s were applied.

2.4. Electrochemical impedance spectroscopy measurements

The electrochemical impedance spectroscopy (EIS) measurements were perfor-
mend in two-electrode configuration with one FCDI cell through which two flow-
electrodes were continuously recirculated from small glass beakers, which were con-
tinuously stirred. The experimental settings are summarized in Table 2. In case of
the EIS measurements for the prediction of the desalination performance of a spe-
cific flow-electrode, the slurry was recirculated through both the desalination and
concentration cells, as illustrated in Figure 2. The impedance measurements were
performed with the desalination cell only. The EIS measurements were performed
with a potentiostat with inbuilt frequency response analysis (FRA)-module (Refer-
ence 3000, Gamry). Frequencies between 0.009 and 10000 Hz were applied with an
amplitude of 10 mV, experiments were performed without potential bias. In most
measurements, the imaginary part was negative at high frequencies (above 1000),
likely due to inductive effects of the cables. These effects were not considered in this

work.
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Table 2. Overview of parameter settings for EIS experiments.

Slurry Feed water
AC conc. NaCl conc. Flow rate NaCl conc. Flow rate
Figure no. wt.% g/L mL/min g/L mL/min

Influence of activated carbon concentration and slurry flow rate
3 (a) 0-10 60 150 60 13
3 (b) 10 60 0-150 60 13

Comparison of four activated carbons

10 (a) 16 60 150 60 13

Prediction of desalination performance
12 (a) 10, 15, 30, 35 60 175 60 2
12 (c) 17 60 175 60 2

2.5. Desalination experiments

A three-channel power supply (HM8143, HAMEG Instruments GmbH) was ap-
plied for the desalination measurements. The electrical conductivity (EC) of the
aqueous solutions was measured using conductivity sensors (LTC0,35/23; Sensortech-
nik Meinsberg). Additionally, product water samples were taken during steady state
operation. The density of each sample was analyzed to verify the salt concentration
of the samples. The diluate stream and the concentrate stream were each treated in
single-pass mode, while the flow-electrodes were recirculated at a constant flow-rate.
The experimental settings for the desalination experiments (Figures 12 (b) and (d))

equal the settings given in Table 2 for Figures 12 (a) and (c).
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Electrochemical impedance

Desalination experiment
spectroscopy measurement

Figure 2. Hlustration of the FCDI system layout applied for (left) the electrochemical impedance
spectroscopy measurements and (right) the desalination experiments. The EIS measurements were
performed with the desalination cell only. The desalination experiments were performed with the

continuous two module FCDI layout described in previous publications. [21]

3. Results: EIS with Parameter Variations

As mentioned before, there are not many studies published in which the results
of dynamic EIS measurements in an actual flow cell are described. For an initial
understanding of the behaviour of such systems, parameter studies were performed,
some results of which are plotted in Figure 3 (a) and (b). The experiments described

in this section were performed with the activated carbon Carbopal SC11PG.

3.1. Influence of the activated carbon content

The activated carbon content was varied between 0-16 wt.%, while all other pa-
rameters were kept constant (Table 2). When considering the results plotted in
Figure 3 (a), significant changes can be observed due to the addition of increasing

amounts of activated carbon to the flow-electrode. At 0 wt.% activated carbon only

10
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(a) Variation of the AC content. (b) Flow-electrode flow rate variation.

Figure 3. Results of EIS measurements; (a) Variation of the activated carbon (AC) content with
a constant NaCl concentration of 60 g/L in both water channel and flow-electrode and a flow-
electrode flow rate of 150 mL/min, and (b) Variation of the flow-electrode flow rate at a carbon
loading of 16 wt.% (Carbopal SC11PG) and a 60 g/L NaCl concentration in both, water channel

and flow-electrode.

a small shoulder is seen in the plot at high frequencies and a more or less straight
line at an angle of around 80° towards the low frequencies, which is in agreement
with the behaviour of rough electrode surfaces (non-ideal capacitance). A slightly
depressed semicircle develops in the lower frequency range with the addition of ac-
tivated carbon. With increasing activated carbon content, this semicircle becomes
smaller, which correlates with an increasing capacitance and a decreasing interfacial

resistance within the flow electrode.

3.2. Influence of the flow-electrode flow rate

Next, we investigated the transition in the impedance of static flow-electrodes to
pumped flow-electrodes by varying the flow-electrode flow rate between 0-100 mL /min.

All other parameters were kept constant (Table 2). The results are plotted in Fig-

11
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ure 3 (b). At first sight, the changes to the Nyquist plot when increasing the flow-
electrode flow rate look similar to the changes when increasing the activated carbon
concentration. Without pumping, only a small shoulder is seen in the plot at high
frequencies and a more or less straight line at an angle of around 55° towards the low
frequencies, similar to the plot without activated carbon in the flow-electrode. In
both cases, 0% activated carbon and 0 mL/min, the system acts like a static capaci-
tor. The added activated carbon in the 0 mL/min case leads to a decrease of the line
angle at low frequencies, which we explain by the influence of the activated carbon
porosity. With increasing flow rate a slightly depressed semicircle forms at the lower
frequency range, which correlates with an improved charge percolation. Our theories

regarding these phenomena are discussed further in the following section.

4. Development of an equivalent electric circuit model

An equivalent circuit was developed, which can be used to fit and improve the
understanding of the EIS data. The term equivalent circuit refers to a system of
electric circuit elements, in this case, which imitates the impedance behaviour of
an electrochemical system (an FCDI cell in this case) over a wide range of frequen-
cies. According to Fletcher et al. [47], this represents the ”electrochemist’s way” of
speaking.

In most EIS measurements with FCDI systems, mainly two semicircles were vis-
ible in the resulting Nyquist plots, which corresponds with two dominant time con-
stants in the system (e.g. each one R-C element). In an FCDI system, we expect
the EIS spectra to be influenced by both, diffusion limitation as well as the porous
electrode material. In fact, the observed semicircles do not appear as perfect circles,

but are rather depressed, which indicates an overlapping of the above mentioned

12
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physical effects. In the following, the thoughts which led to the development of the

equivalent circuit model presented in this article are illustrated in more detail.

4.1. Convectional current- formation of the low frequency semicircle

When transfering the understanding of faradaic systems and the understanding
of the behaviour of classical capacitive systems (e.g. electrical double-layer superca-
pacitors) to capacitive flow-electrodes, the formation of the "larger”, low frequency,
semicircle can be explained. One might assume at a first thought that capacitive
flow-electrodes in a FCDI cell, as applied in this study, would behave similar to a
regular electrochemical double-layer capacitor (EDLC). This is the case for stagnant
flow-electrodes or a FCDI cell with water or salt solution pumped through the flow-
electrode channels. In these cases, as sketched in Figure 6, a semicircle is visible at
the higher frequency range, which changes into a more or less linear dependence at
the lower frequencies, with a slope of different angles, depending on the experimental
conditions. However, in case the flow-electrode channel contains an activated carbon
suspension and is pumped, a second semicircle appears in the low frequency region
(Figure 4, Figure 3 (a) and (b)).

Such low-frequency semicircles are also visible in previously published work [42]
and was also adressed by Hatzell et al. [5]. In the latter work, it was suggested
that this behaviour observed for flow-electrodes results from increased electronical
conductivity. Hoyt et al. [31] mentioned this as ”current induced by convection”.
We agree that this behaviour is induced by electron transfer, which also leads to a
"loss” of electrons in case of convective transport due to pumped flow-electrodes, as
illustrated in Figure 4. The formation of similar semicircles in impedance spectra
can be observed in case of faradaic reactions, which involve a transfer of electrons

and are usually modelled by a R-C element, where the resistor is usually termed

13
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233 charge transfer resistance.
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(a) Capacitive flow-electrode
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no AC
= =) ¢
N
} pump rate/
$ AC content
Charge percolation - Resistance "R," Z'[Q)

(b) Faradaic reaction

-Z"[Q]

ct

Charge transfer - Resistance "R" Z'[Q]

Figure 4. Illustration of (a) the effect of an electric current induced by convection on EIS spectra
of a system based on capacitive flow-electrodes, and comparison to (b) an electrochemical system

with faradaic reactions.

In case of capacitive flow-electrodes, when no potential bias is applied and when
assuming ideal circumstances, no faradaic reactions should take place. The particles
suspended in the salt solution are expected to be charged upon contact with the cur-
rent collector or other charged particles (formation of charge percolation networks),
which results in the adsorption of ions at the particle surface. This would usually

result in the exhibition of a capacitive behaviour in the impedance spectra. In case

14
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of an activated carbon concentration of 0 % (Figure 3 (a)) this is the case, as only
the current collector is charged and no electrons are removed by pumping. This is
also the case for stagnant carbon flow-electrodes. However, once the flow-electrodes
are pumped, the particles are charged and some of them will leave the cell in a
charged state, without the ability to be discharged again directly, as illustrated in
Figure 4. Although the charge is stored capacitively, the measuring system, thus,
records an apparent electric current caused by the convective charge removal. Due
to the apparent electron flow, this phenomenon can be modelled using a resistor.
The value of this resistor, which we will term as ”charge percolation resistance R.,”
from here onwards, decreases with increasing conductivity of the flow-electrode. An
increasing activated carbon content, for example, leads to an increased size of charge
percolation networks [32] and an overall improved conductivity, which agrees with

the discussion by Hatzell et al. [5].

4.2. Charge transfer at current collector- formation of the high frequency semicircle

Charge transfer phenomena at the current collector and insufficient contacting
often lead to the observation of semicircles in the higher frequency range in Nyquist
plots, for example in case of EDLCs [48, 49]. In case of FCDI, charge transfer at the
current collector may include the graphite plate itself, as well as activated carbon
particles resting at the surface, which are in direct contact with the graphite plate,
as illustrated in Figure 5.

The results of fitting the equivalent circuit model to the experimental results
shown in Figure 3, given in Tables S1 and S2, support this hypothesis. Due to the
direct contact of the particles with the current collector, short ways and comparably
small electrically active surface area lead to a comparably low resistance and capaci-

tance. The magnitude of the capacitance and resistance influences the time constant

15
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i

o5
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i\l
&K
no carbon with carbon with carbon
salt solution pumping no pumping

Figure 5. Illustration of carbon particles in direct contact with the current collector in case of three
different experimental conditions. Charged surfaces due to direct contact with the current collector
are highlighted in blue. This leads to a change in the capacitance C¢o¢, as can be seen in the values

fitted to experimental results (Tables S1 and S2).

of a circuit element, which is in direct relation with the characteristic frequency of
the related phenomenon. For simple R-C-circuits the time constant 7 is defined as
given in Equation 1, with R being the ohmic resistance and C being the capacitance

of the correlating circuit elements. [50]

T=R-C (1)

In case of a small resistance and a small capacitance, the time constant is small,

which leads to a high characteristic frequency.

4.3. Diffusion and electrode porosity- curve depression

We assume that the combined effect of diffusion and electrode porosity in the

system lead to the non-ideal, depressed shape of the semicircles in the Nyquist plots

16
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of experimental results regarding FCDI systems obtained in this work. Distinction
between diffusion and porosity is not feasible with EIS, both cause a 45° line in
impedance spectra in ideal cases. Due to the above discussed effect of the charge
percolation resistance, this 45° line results in depressed semicircles in case of FCDI, as
illustrated in Figure 6. While diffusion is usually modelled using Warburg elements,
[51] electrode porosity is often modelled using different types of ladder networks, or
so-called transmission lines. [47, 52] Robert de Levie [53, 54] provided the basis for
modelling the behaviour of rough and porous electrodes by introducing the concept
of the so-called "RC transmission lines” in the 1960s. [53, 54] Such transmission
lines can be degenerated to models with ladder structures of different kinds, which
can also model non-uniform porosity, as it occurs in materials based on natural raw
materials, such as activated carbon. [47] Degenerate equivalent circuits are networks
of electrical circuit elements with different structures, but the same total impedance
behaviour over the investigated range of frequencies. [47] The disadvantage of such
ladder structures is the high number of parameters, which need to be fitted. If the
system is not well-known, the parameters need to be guessed, which hardly conveys
an actual physical meaning. This, in combination with the fact that the observed
flow-electrodes not only exhibit porous behaviour, but also diffusive behaviour, led
us to choose a constant phase element as simplified (and artificial) circuit element
representing the systems porosity as well as diffusion behaviour. A constant phase
element can, in fact, be seen as an infinite ladder network ranging over an infinite
range of time constants. However, in our measurements we often observed that an
"unrestrained” constant phase element does not model the system very well, which
leads to the conclusion that the system is not limited by porosity or diffusion at low
frequency. To constrain this behaviour to a smaller frequency range we, thus, used a

charge percolation resistance in parallel to the constant phase element, which leads
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to the behaviour illustrated in Figure 6.
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Figure 6. Typical Nyquist plots of supercapacitors and capacitive flow electrodes and indicated

physical behavioural regimes.

4.4. The equivalent circuit model: Putting it together

By combining the above discussed observations, we developed the equivalent cir-
cuit illustrated in Figure 7. We found that this equivalent circuit can be fitted to
represent measurements with FCDI systems in a wide range of settings regarding
different parameters such as activated carbon content and flow-electrode flow rate
with a minimum of fitting parameters.

The circuit elements depicted in Figure 7 represent (1) the electron transfer at
the current collector (Roe and Cee), (2) the influence of diffusion and electrode
porosity (R, and CPE4¢), (3) the capacitance and current induced by convection

(Repe and Cy) and (4) the combined, serial resistance of solutions, membranes etc.

(Rs).
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Figure 7. Equivalent circuit model applied to fit experimental data.

5. Further results and discussion

5.1. Fit results and observations based on the equivalent circuit model

19

The equivalent circuit model shown in Figure 7 was fitted to experimental results

by using the software ZView 2 (Version 3.5b, Scribner Associates, Inc.). The square

of the standard deviation of the resulting fits from experimental results was in the

range of 10~* in most cases. Tables S1 and S2 of the supplementary materials show

results for the fit values of the different elements of the equivalent circuit model,

fitted to the results shown in Figure 3 (a) and (b).

Variation of the activated carbon content and flow-electrode flow rate. The circuit

elements with the most significant changes due to a change in the activated carbon

content are Coc, Rep1, Repe and Cgi. The changes in Coe were discussed in Section 4.2
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and illustrated in Figure 5. The values of R.,; are mostly similar to Ry, which means
the electrode porosity/diffusion has an influence over the whole frequency spectrum.
In case of low activated carbon concentrations as well as low flow-electrode flow
rate, the fitted values of R, increase disproportionally. In this case, the constant
phase element dominates also at lower frequencies. To model this behaviour, R,y
was excluded from the model in case of low activated carbon contents and low flow-
electrode flow rates. With an increasing activated carbon content the size of the
charge percolation networks increases [32], which leads to an improved exploitation
of the activated carbons maximum salt adsorption capacity as well as an improved
conductivity. This leads to an increase of the double layer capacitance Cy and a
significant decrease of the charge percolation resistance Ry, which matches the fit
results well. In case of an increasing flow-electrode flow rate, however, there is a
sudden increase in Cg from 0 mL/min to 12 mL/min, while at further increasing
flow rate Cy decreases again. In case of the stagnant flow-electrode (0 mL/min), not
all particles get in contact with the current collector. Some of the particles "rest” in
the bulk of the flow-electrode, not in contact with the current collector. When the
flow-electrodes are pumped, the particles are moved and, thus, brought into contact
with the current collector. A larger fraction of the maximum salt adsorption capacity
is used. At even higher flow rates the capacitance apparently decreases, due to the
removal of charged particles by pumping. In this case, the increased capacitance has
an influence on the current induced by convection and, thus, a decrease of Rgy2. On
the other hand, an increased flow-electrode flow rate, and thus a reduced residence
time, may also lead to an incomplete charging of the pores, which may also reduce
the value of Cg. The overlap of these two effects may explain the maximum of Ry,

at a flow rate of 50 mL/min.
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Variation of the salt concentration. Additional experiments were performed to in-
vestigate the influence of the electrode porosity/diffusion in capacitive flow-electrode
systems. For this, EIS measurements were performed with varied NaCl concentra-

tions at constant activated carbon concentration.

1.2 —————

10F e

16 wt.% Carbopal SC11PG
08 -

— 06| B

7 g/L NaCl
I 317 g/L NaCl 16 g/L NaCl E
125 g/L NaCl

0.2} U v i

«
0.0 1 1 1 1
0.4 0.6

0.2 0.8 1.0 1.2

0.

»

Z'[Q]

Figure 8. Results of EIS measurements; Variation of the NaCl concentration at a constant activated

carbon content of 16 wt.% (Carbopal SC11PG) and a flow-electrode flow rate of 150 mL/min.

At a low NaCl concentration a strong semicircle depression at low frequencies as
well as a quasi-linear region at the higher frequencies is visible, described as ”quasi-
steady porous electrode behaviour” by Hoyt et al. [31]. We agree that this behaviour
is caused by electrode porosity/diffusion, which we chose to model with a constant
phase element and a parallel resistor (”charge percolation resistance”). This way
of modelling enables an influence of the porosity/diffusion limitation of the whole
spectrum of frequencies, which leads to a better fit in the lower frequency range at
relatively low flow-electrode flow rates compared to the nice newly-developed model
by Hoyt et al. [31]. With increasing salt concentration, the low frequency semicircles
become rounder and shift to higher frequencies. This effect may be explained by a

reduced diffusion way at high salt concentrations and, thus, a faster charging, which
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shifts the characteristic frequency of the low-frequency semicircle to higher frequen-
cies. This correlates well with the fit results given in Table S4 of the supplementary
material, which show a decreasing trend of the fit values of R.j; and additionally a
reduction of Cy. The latter may be explained by an increase in the charge loss due

to the convection-induced current at increasing salt concentrations.

5.2. The influence of the particle size

In the following, we investigate the origin of the observed performance differences
between the four activated carbon samples. A set of experiments was performed
comparing the results of impedance measurements to results from desalination ex-
periments, which were all performed with the same set of parameters. Figure 9 (a)
shows results of impedance measurements performed with the activated carbon Car-
bopal SC11PG and sieved particle size fractions of the same activated carbon. Fig-
ure 9 (b) shows results of the corresponding desalination experiments. While signifi-
cantly different particle size fractions were chosen for the comparison, the difference
in impedance as well as desalination performance is minute. The experiments per-
formed with the size fraction of 40-50 pm show the most significant differences to the
other measurements. The real as well as imaginary impedance are slightly increased,
which matches the result of the desalination experiments, in which this fraction
showed the lowest desalination rate. The microscopic images depicted in Figure S2
show significant differences between the different particle size fractions. However, in
particle size fraction of 40-50 pm, for example, is still a significant number of small
particles present, which may diminish the effect of sieving to a certain extent. All
in all, the differences between the samples are unexpectedly low, and cannot explain

the significant differences observed in the performance of different carbon batches.
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Figure 9. Results of EIS measurements and desalination experiments; A sample of the activated
carbon Carbopal SC11PG was sieved into different particle size fractions. The standard sample was
compared to the size fractions <20 pm and 40-50 pm of the same activated carbon and a mixture
of the two sieved fractions. The EIS response at the same weight percentage was measured and

compared to the desalination performance.

5.3. Comparison of four AC samples: the origin of the performance differences

To identify the activated carbon characteristics with the main influence on the
desalination performance, we compared four different activated carbons, as listed
in the "Materials and Methods” section. The four samples exhibited significantly
different results regarding desalination performance and impedance behaviour, as
plotted in Figure 10 (a).

At the same mass percentage, the activated carbon slurry prepared with ”Car-
bopal SC11PG” showed a lower impedance and resistance by more than a factor
of six, compared to the carbon sample with the highest impedance. The fit results
for Cpr and Repe, plotted in Figure 10 (b), show an inversed correlation between
increasing capacitance and decreasing ohmic resistance. With decreasing resistance

the capacitance increases, which may partially be due to an improved use of the avail-
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Figure 10. Comparison of four different activated carbon samples, results of (a) EIS measurements
with 16 wt.% activated carbon sample, (b) fitted values using the equivalent circuit model, and

(¢)/(d) results of gas adsorption measurements to determine the pore size distribution.

able electrically active surface area. The results from gas adsorption measurements,
plotted in Figures 10 (c) and (d), revealed the pore size distribution as cause of the
differences. The pore size distribution also appears to be the main difference between
the two different batches of the same activated carbon type. The two best perform-

ing carbons have a significant amount of mesopores. Especially the cumulative pore
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volume, plotted in Figure 10 (d), correlates well with the desalination/impedance
performance of the carbons, while the cumulative pore area does not. Two effects
(Figure 11) can explain the improved desalination performance with the presence of
mesopores: (1) an improved ion accessibility and transport and reduced transport
resistance within mesopores and (2) a significantly increased outer particle volume,
which leads to a significantly increased carbon volume fraction in the suspension
at the same mass fraction. The increased ”outer particle” volume fraction leads to
a significant improvement in the charge percolation between particles, and a thus
improved desalination performance. The increased viscosities observed in carbon
slurries prepared with mesoporous carbons supports this hypothesis, as an increased
volume fraction will also increase inner friction in the suspension. However, both
effects may play an important role in the performance boost due to the presence of

a significant amount of mesopores.

Microporous

) Outer Particle Dimension
® Small outer
particle dimension
® \’
Small
volume fraction
©®
® @ Increased outer
® © e @ particle dimension

lon
Transport
® Increased
volume fraction

@ ¢
Electric Improved
Conductivity ~ charge percolation

percolation ¥, /I\
v

Figure 11. Charge and ion transport in carbon suspensions of microporous carbons and carbons

with additional mesopores at equal carbon mass percentages.
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In further works, the influence of internal and external diffusion should be in-
vestigated in more depth. A more detailed equivalent circuit model could help to
differentiate between the mass transport limitations caused by the diffusion within
the particle (internal diffusion) and the diffusion to the particle (outer diffusion).
This would provide further scientific insight into the transport mechanisms in porous
slurry electrodes and could help to further simplify the search for an optimized carbon

material.

5.4. Prediction of the desalination performance with EIS

A final set of experiments aimed at demonstrating the possibility to predict the
desalination performance of a carbon slurry by using EIS. We prepared flow-electrode
suspensions using two activated carbons with significantly different characteristics,
one being mainly microporous (Norit D10, Batchl, ”Carbon A”), while the other also
contains a significant amount of mesopores (Carbopal SC11PG, ”Carbon B”). We
adjusted the carbon content of the flow-electrodes to achieve a similar impedance
behaviour with the two different carbon types at two concentration ranges. The
results of this set of experiments are shown in Figure 12 (a). Finally, we demon-
strated the relevance of the impedance results for the desalination performance by
performing continuous desalination experiments with the two-module setup illus-
trated in Figure 2 (right side). Results of the desalination experiments are plotted
in Figure 12 (b).

We achieved a good match in the impedance behaviour of Carbon A and Carbon
B for the mass fractions of the sets 10 wt% A / 30 wt% B and 15 wt% A / 35 wt% B
(Figure 12 (a)). The carbon slurries also showed matching results in the correspond-
ing desalination experiments (Figure 12 (b)). In case of the higher percentage set

of carbon slurries, 15 wt% A / 35 wt% B, a slightly more pronounced deviation
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Figure 12. Results of EIS measurements, desalination and viscosity experiments; Suspensions based

on two different activated carbons were matched regarding their EIS response at two different mass

fraction values and the corresponding desalination performance tested.

was observed between the desalination performances of the matched flow-electrodes.

The 15 wt% slurry of Carbon B reached a somewhat better desalination compared

to the 35 wt% slurry prepared with Carbon A. The curve representing the 15 wt%

slurry of Carbon B intersects the x-axis at a higher ohmic resistance than the curve

representing the 35 wt% slurry prepared with Carbon A, while the resistances at low
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frequencies are nearly the same. This results in a small difference in the overall real
impedance of around 0.034 €2, which may explain the small difference in desalination
performance between the two carbon slurries. However, all in all the results for the
matched slurries matched well.

Figure 12 (c) shows results of a viscosity investigation performed with the above
described carbon slurries, which were adapted in weight percentage in a way to
exhibit a similar electrochemical performance. While the desalination performance
of the two pairs of slurries match very well, the rheological behaviour appears to
be significantly different. The slurries made of the Carbopal SC11PG carbon have
a significantly lower viscosity, while reaching the same desalination performance.
Hence, a combination of electrochemical impedance spectroscopy with rheological
measurements is well suited for a screening study for activated carbons with optimum

performance in FCDI processes.

6. Conclusions

In this article, we establish the foundation for EIS as a predicitve characterization
method for flow-electrode materials, especially in the context of water treatment. We
investigated the influence of different system parameters on the EIS response and
developed an equivalent circuit model, which can be fitted to match all results we
obtained experimentally. We investigated the influence of different carbon charac-
teristics on the desalination performance and observed a significant influence of the
pore size distribution. The carbon samples with a significant amount of mesopores,
additional to micropores, showed an overall improved performance. The activated
carbons with the highest cumulative pore volume showed the best desalination per-
formance, which we conclude is mainly due to an increased volume fraction of the

activated carbon. An increased carbon outer volume fraction leads to an improved
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charge percolation and thus an improved desalination. On the other hand, the par-
ticle size distribution did not have a significant influence on the desalination perfor-
mance. Finally, we demonstrated the possibility to use electrochemical impedance
spectroscopy measurements to adjust the performance of flow-electrode suspensions
made of different activated carbons. The desalination performance of the matched
flow-electrodes showed a very good congruence. The results of this study are valuable
for application as carbon characterization method for application in technologies us-
ing flow-electrodes. EIS may be applied for on-line process monitoring and control of
the flow-electrode performance in various processes. It can also serve as direct, easy
in-line method for the characterization of carbon suspensions in general, considering

the actual wetting and agglomeration conditions in-situ.
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