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ABSTRACT

Biochar is an abundant, yet highly heterogenous, green alternative to the commercial activated car-
bons. As received, biochar possesses labile, soluble compounds that might obscure its utilisation
in aqueous environments, for example, as porous electrodes for capacitive deionization. We inves-
tigated the effect of acid-base leaching on the physicochemical and electrochemical properties of
straw biochar and commercial activated carbon. The findings suggested that the most commonly
evaluated properties of the electrode materials (i.e., capacitance, resistance, functional groups, and
porosity) do not unequivocally determine the electrode performance. The results point towards
the importance of the more indefinite carbon properties, which differ between the pristine materi-
als, arising from their inherent structural features, and could be related to their proton donating/

accepting ability.
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1. Introduction

In the face of the energy transition and increasing rele-
vance of the renewable fuel synthesis, biochar, as an inex-
tricable side product of bio-oil and syngas production, has
been gaining much scientific interest [1-5]. In particular,
biochar might become a green alternative to the convention-
ally produced carbons in modern materials [3,6,7], that is, in
energy storage applications [8] or as porous electrodes [7,9].
Solid residues from biomass gasification are often highly
porous and conductive [3,10,11], which advocates their suit-
ability for ion electrosorption, for example, in capacitive
water deionization.

Flow-electrode capacitive deionization (FCDI), an elec-
trochemically driven process utilizing flowing carbon elec-
trode, is gaining interest as a possible alternative to the
traditional desalination processes, such as electrodialysis and
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reverse osmosis [12-14]. In the most typical variant, FCDI
is conducted in a three-chamber module. Each chamber is
separated by ion-exchange membrane (IEM), which role is
both to separate the process streams and to allow selective
transport of ions from the diluate to the adjacent electrode
chambers. As a result, the diluate stream gets deionised.
The flow-electrodes — the suspension of carbon particles in
an electrolyte — are charged by external electrical potential
applied. According to the polarization, the carbon electrode
became negatively (cathode) or positively (anode) charged
and ready to sorb cations and anions, respectively, in the
electric double layer (EDL). Besides process parameters,
such as operational mode, applied voltage, salt concentra-
tion, the efficiency of the FCDI process depends largely upon
the properties of the flow-electrode [13-18]. Desired charac-
teristics of the active material for flow-electrode are: large
specific surface area, high capacitance, good conductivity,
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low cost, good wettability, high ion selectivity, good sus-
pension flowability and stability [13,19,20].

Biochars properties makes them promising materials for
flow-electrodes in FCDI [9]. For example, biochar obtained
from the two-stage gasification of spruce not only pos-
sessed high surface area exceeding 1,200 cm?/g, it also has
almost 50/50 split between micro and mesopores, making
it good catalytic material that was resistant to deactivation
[21]. However, the heterogeneity of the gasification biochar,
including inherent inorganic compounds, might become an
obstacle in its direct use as the electrode material. Biochar
has an abundance of the labile species that are not part of
the carbon framework, and might dissolve in the electrolyte
solution, interfering with the deionisation process.

Numerous pre-treatment procedures aimed at increas-
ing electrode capacitance (by surface functionalisation and
porosity development) [22-24] and at improving the con-
ductivity of the electrode material [25] have been used on
the commercial carbons. Thus far, a limited number of stud-
ies on the biochar flow-electrodes has been performed [9],
and these did not include any modifications or pre-treat-
ments. Meanwhile, biochars are particularly heterogeneous
materials with high inorganic content, and a variety of sur-
face functionalities and lighter aromatics remaining after
the feedstock devolatilization [11,26]. Thus, biochar-based
electrodes might particularly benefit from the leaching
pre-treatment that would remove the labile compounds.
Typically, the acid wash is used for inorganic removal, while
organic acids, phenols, and humic-like substances can be
dissolved in basic solutions [27-29].

Examining the effect of the labile species on the biochar
electrochemical performance will contribute new insight
into the potential of using these types of carbon as the elec-
trode material. In this paper, we examined the properties
and the FCDI performance of the commercial carbon and
gasification biochar electrodes after the pre-treatment aimed
at labile compounds and acid-soluble inorganics removal,
and the saturation of the carbon surface charge. The proce-
dure involved consecutive acid and base leaching, followed
by the protonation with diluted acid, and the water rinsing.

2. Experimental
2.1. Materials and pre-treatment

All chemical reagents, with ACS reagent grade or higher,
used for carbon pre-treatment and analyses, and the desali-
nation tests (HCl, NaOH, NaCl, etc.) were purchased from
Merck KGaA, Darmstadt, Germany. High purity gases
(99.9999%) for the gas adsorption tests were delivered by
Air Liquide Polska, Krakéw, Poland.

Two types of carbon were examined as the electrode
material. For the reference, the wood-derived commer-
cial activated carbon, type CWZ-22 was used (denoted
as AC). The biochar (denoted as BC) was prepared from
the straw pellet in the two-stage gasifier operating at the
Technical University of Denmark (DTU) Risg, in Roskilde,
Denmark [30].

Both carbons were air-dried at 40°C. Each material was
used directly (BC and AC) or after the leaching pre-treatment

(denoted as BC-L and AC-L) proposed by Tsechansky and
Graber [27]. The procedure involved consecutive leach-
ing with the acidic and alkaline aqueous solution (at room
temperature) to remove any soluble constituents and com-
pounds that are not bound to the carbon matrix. The raw
material was shaken for 24 h in the 0.05 M HCI solution,
rinsed with distilled water, shaken for another 24 h in 0.05
NaOH, and rinsed again. Finally, the sample was proton-
ated by the 24 h wash in 0.025 M HC], rinsed with deionised
water and air-dried at 40°C.

2.2. Analyses of carbon properties

Sorption and desorption tests were conducted to esti-
mate the effect of electrode solution on carbon materials:
50 ml of 5% carbon material slurry in either: 3%wt. NaCl
or deionised water was shaken for 12 h. pH and concentra-
tions of Na, K, and Cl ions were measured in solutions in
equilibrium with carbon material sample.

Particle size analysis was done by laser diffraction
method on Shimadzu SALD-7500, measuring particles in
the range from 7 nm to 800 pum.

The porosity of the carbons was evaluated with the
gas adsorption method. Isotherms of N, adsorption at
77 K and CO, at 273 K were measured with Micromeritics
TriStar II 3020 analyser after degassing the samples in N,
flow at 200°C for 24 h. Two theoretical NLDFT models were
simultaneously fitted to the corresponding experimental
isotherms to calculate the pore size distribution (PSD) in
each carbon, using the numerical algorithm SAIEUS [31].
The dedicated models for the carbon slit-shaped pores with
surface energetical heterogeneity, developed by Jagiello
and Olivier [32], were used to avoid artifacts that are often
present in PSDs of turbostratic carbons when standard
models are used. The carbon samples’ total pore volume
and total surface area were calculated as integrals of the
dual 2D-NLDFT surface and volume distributions in the
3.6-500 A pore size range.

The surface functional groups on the carbons were inves-
tigated with FTIR spectroscopy using Perkin Elmer Spectrum
100 with an ATR module. In addition, surface elemental
composition was also assessed with SEM-EDS, using FEI
Quanta 250 FEG microscope with Octane SDD detector.

Electrochemical impedance spectroscopy (EIS) was
applied for resistance determination. The PTCITM Paint
Test Cell was used for testing. The sample was placed in
the titanium flat sample and covered by PortHoles™ to
expose 0.785 cm? of the active surface. The platinum wire
was used as a counter electrode, and the 3 M Ag/AgCl sys-
tem as a reference electrode. The testing solution was used
individually for 3 wt.% NaCl in DI water (20 mL). The EIS
was performed using potentiostat/galvanostat/ZRA Inter-
face 1010T from Gamry Instruments. Oscillation frequen-
cies were swept from 0.01 x 10" Hz to 2 x 10* Hz. The EIS
spectra were analysed using Gamry Echem Analyst soft-
ware. The cyclic voltammetry was performed using the
same setup as EIS measurements. The potential range was
about -0.2 to 0.2 V with a scan rate of 40, 20 and 10 mV/s.

The specific capacitance was calculated according to

Eq. (1):
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where C_ is the specific capacitance of the capacitor (F/g),
I is the instantaneous current (A), AV is a potential win-
dow width (V), m is the mass of active material (g), v is
the potential scan rate (V/s), and [IdV is the total volumet-
ric charge obtained by integration of positive and negative
sweep in cyclic voltammetry.

Zeta potential analyses were realized using a Zetasizer
Nano ZS analyser. All measurements were performed at
room temperature. The samples were dispersed in 3 wt.%
NaCl at the concentration of 1 mg/mL and sonicated for
3 min using an ultrasonic bath. The pH titration sequence
started from decrease of pH to 2.0 by HCl, and subse-
quently, pH increase by KOH in steps by pH 0.5, up to pH
11.0. For each pH point, three zeta potential measurements
were done. Because of high medium conductivity, all zeta
measurements were done using the monomodal mode of
analysis, which allowed to obtain average zeta potential
value without its full distribution.

2.3. FCDI experiments

3-chamber FCDI cell was used in this study. Neosepta
AMX and CMX ion-exchange membranes (ion transport
number > 0.98) separated electrode chambers and a desali-
nation chamber. Graphite current collectors with serpen-
tine channels as described by Tang et al. [19], of 84.5 cm? of
cross-section area and 43.2 cm? of active area, were used,
with the diluate compartment of 0.5 mm thick, equipped
with PP spacer.

Isolated current cycle (ICC) operation mode was used:
10 ml of diluate solution (model brackish water: 30 g NaCl/L)
and 50 ml of each (separated) electrode solution were recir-
culated via a supply tank through an FCDI module with
flow rate of 6.5 and 2.4 mL/min, respectively. Electrode
solutions were stirred to prevent settling of carbon parti-
cles. An electrical potential was provided to the FCDI sys-
tem by a DC power supply (GPP-2323, Gwinstek), and the
current response of the FCDI device was continuously mon-
itored with 1 s intervals. Each experiment duration was
2 h. Conductivity of diluate solution was monitored every
10 s with conductometer (CC-401, Hydromet) equipped
with flow-chamber electrode (CFT-21, Hydromet).

In this work we compared biochar and active carbon
performance in FCDI process operated either in constant
voltage or constant current mode. Moreover, electrodialy-
sis tests were conducted under the same conditions to com-
pare its desalination properties with FCDI process. In ED
experiments electrode solution was 3%wt. NaCl. In FCDI
experiments electrode was composed of 5%wt. of carbon
material in 3%wt. NaCl. In constant voltage experiments,
1.2 V was used and in constant current experiments, 65 mA
(corresponding to current density of 15 A/m?), instead
of constant voltage, was provided.

Current/voltage and diluate conductivity were continu-
ously measured during each test run. However, due to the
considerable changes in pH (SI), the final NaCl concentration
in diluate was measured post-run with ion chromatography,

and this value was used to determine desalination effi-
ciency parameters in Eqs. (2)—(4).

After each experiment spent carbon materials were fil-
tered from electrode solutions through 0.45 pm filter and
air-dried at 40°C for at least 48 h.

pH values of FCDI solutions were measured with
Mettler Toledo SevenCompact Duo equipped with InLab
ExpertPro-ISM electrode. Concentrations of ions (Na, Cl, K)
were determined by ion-chromatography system ICS-5000
(Thermo Dionex, USA) equipped with AS-19 anion-exchange
and CS-16 cation-exchange columns operated in a sup-
pressed conductivity mode.

The performance an of the FCDI processes was
assessed using the following parameters:

Effective current efficiency, calculated as:

Fz(COVO - ctvf)

CE,, =100—— 2
L I(t)dt
Average salt removal rate, calculated as:
asRr = 9V~ C €)
At
Energy consumption, calculated as:
t
[ urat
EC=—%— 4)
(COVU - Csz)

where I — electrical current (A), f — operation time (s),
A —effective contact area (cm?), F — Faraday constant, (C/mol),
C, and C, — the initial NaCl concentration and final NaCl
concentration in the diluate stream (mol/L), V — volume of
the salt solution (L), U — voltage (V).

3. Results and discussion
3.1. Physicochemical properties of the carbons

The leaching procedure applied herein consist of three
steps: acid treatment — to solubilize and remove basic min-
erals and species, base treatment — to solubilize and remove
organic and inorganic acids, and again with acid — to pro-
tonate acidic carbon sites [27]. Pre-treatment should remove
the interfering species but not oxidise carbon surface.

Median particle diameter (Table 1) was in the range typ-
ically used for flow-electrode suspensions, and it was sim-
ilar for both carbon materials. The pre-treatment had no
significant effect on particle diameter.

Surface area calculated with the BET model based on
the N, adsorption isotherm is presented in Table 1 to enable
literature comparison. However, the discussion on pore
development was based on the pore size distribution (PSD)
obtained with dual 2D-NLDFT models as it enables more
thorough investigation of ultramicropores using CO, as
the probe molecule.

Detailed PSDs are presented in Fig. 1, model based cumu-
lative (total) pore volume and surface area are provided in
Table 1. Compared with biochar, AC had significantly more
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Table 1
Physicochemical characteristics of carbon materials in study

Material Median particle size, BET surface area, Dual 2D-NLDEFT cumulative Dual 2D-NLDFT cumulative
pm m?/g surface area, m?/g pore volume, cm®/g
BC 18 570 700 0.28
BC-L 18 692 859 0.36
AC 16 945 1068 0.47
AC-L 15 960 1088 0.48
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Fig. 1. Pore size distribution in raw and leached carbons calculated with dual 2D-NLDFT models.

developed porosity in all pore size ranges, though the struc-
ture of both samples was highly microporous, with domi-
nating ultramicropores (< 7 A), and some supermicropores
(7-20 A). The leaching pre-treatment was likely to remove
part of the inorganic and labile organic compounds, increas-
ing pores accessibility and widening them. Biochar treat-
ment enhanced its surface area and generally increased
the porosity, without favouring any particular pore type.
Contrarily, the leaching of AC increased mainly supermi-
cropores, which have relatively small contribution to the
overall surface area, yet much better accessibility, compared
with ultramicropores that are often too narrow to facilitate
the hydrated ion with diameter of approx. 7 A, such as Na*
[7]. Thus, as the general trend of applied pre-treatment was
carbon porosity development, the subtle differences in how
the leaching affected different pore types in each sample
might change the significance of leaching to the sorption
enhancement.

The ATR-FTIR analysis revealed that leaching also
affected the surface chemistry of the studied carbons (Fig. 2).
Each raw sample had a distinct spectrum suggesting spe-
cific functional groups, which were altered during the treat-
ment. AC, beside the skeletal carbon, had some O-containing
functional groups, such as single bonded O, for example,
in ethers, giving rise to the broad band around 1,000 cm™.
The increased absorption in the region between 1,600 and

1,350 cm™! could be attributed to aromatic structures as well
as C-O bonds in the resonance-stabilised structures, for
example, semiquinones [33]. The BC spectrum was character-
ised by the more intense absorption at similar wavelengths.
Here, the band at fingerprint region could also be indicative
of the C-O and skeletal C—C bonds. However, Si—-O bonds
most likely have a significant contribution to the absorption
around 1,000 cm™ [34], as the SEM-EDS analysis confirmed
biochar surface was abundant in silica. For AC, the leach-
ing resulted in the decreased absorption around 1,400 cm™,
suggesting that that the acid/base treatment might have sat-
urate some aromatic and resonance-stabilised structures.
On the other hand, an increase in number of -OH groups
was observed in the BC-L spectrum (3,600-3,000 cm™) [35],
which, along with the enhanced absorption in the finger-
print region, suggested that the protonation of some oxy-
gen functional groups, resulting in alcohols and/or phenols
formation, occurred during the treatment.

Surface chemistry of the samples was further inves-
tigated with the SEM-EDS analysis (Fig. 3). The micro-
graphs for all carbons are provided in the Supplementary
Information (SI). The surface of the AC was typical for
wood-derived chars, with the remnants of the original
wood tissue structures, such as open pores and groves
from wood cells and channels decomposition [36]. No vis-
ible effects of leaching and no change in surface chemical
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Fig. 2. ATR-FTIR spectra of the raw and leached carbons.

Fig. 3. SEM micrographs of the raw (BC) and leached (BC-L) biochar with the indicated changes in the roughness of the surface

(red circles).

composition were observed in micrographs and EDS map-
ping (Fig. 4) of this material. On the other hand, the sur-
face of the straw biochar became much rougher after the
leaching, as indicated by the red circles in Fig. 3.

The composition of the carbon surface was also inves-
tigated. The mapping of the carbons is presented in Fig. 4
and the detailed composition is provided in the SI. Biochar
(BC), as received from the gasifier, was abundant in inor-
ganic compounds, particularly Si and Fe, which were largely
removed during the pre-treatment step. As the commercial
production of activated carbons involves chemical treat-
ment, the raw AC sample already had a limited diver-
sity of the inorganics, thus the leaching did not affect its
composition.

3.2. Electrochemical properties of the carbons

The EIS and CV measurements were aimed at deter-
mination of the electrochemical properties of the carbons,
such as capacitance and resistance. The CV profiles of all
samples (Fig. 5) differed from the rectangular shape char-
acteristic an ideal supercapacitor. All CV profiles had
blunted edges and were slanting, particularly the raw car-
bons. Using the equivalent circuit analysis, Boonpakdee
et al. [37] described these deviations using the equivalent
serial and parallel resistances. For both investigated mate-
rials, the leaching resulted in more rectangular CV pro-
files, suggesting lower equivalent resistance and thus more
capacitive-like behaviour.
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(a) (b)

(© (d)
Fig. 4. SEM-EDS mapping of the carbon surface of the (a) BC, (b) BC-L, (c) AC, and (d) AC-L carbon surface.
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Fig. 5. CV profiles for 10 mV/s scan rate.
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The capacitance calculated for the 10 mV/s scan rate is
provided in Table 2 along with the carbon resistance mod-
elled with the equivalent circuit. The leaching resulted in a
significant drop in the specific capacitances of both carbons,
despite the more rectangular shape of their CV plots. The
non-ideal capacitive properties of the carbons were further
investigated by the calculation of the contribution of elec-
trical double layer and diffusion-limited processes in the
charge storage mechanism (Fig. 6). To this end, the rela-
tionship between voltametric current and sweep rate was
investigated at the current peak of the CV plots, according
to the method described by Forghani et. al. [38]. The anal-
ysis of the current response to the change in the sweep
rate aligned with the characteristics of the CV profiles. For
the raw carbons, especially BC, the kinetics were almost
entirely governed by diffusion processes, while in the BC-L
and AC-L materials the electrical double-layer significantly
contributed to the charging mechanism. All capacitances
were also rapidly decreasing with the scan rate (SI), sup-
porting the notion of the diffusion-governed kinetics of the
charging process. These results suggest that in both carbons
the pseudocapacitive processes dominated the ion capturing.
The leaching pre-treatment is expected to decrease the num-
ber of reactive sites on the carbon surface, thus inhibiting the
pseudocapacitive mechanism, resulting in the lower specific
capacitance but increasing the role of the EDL in the BC-L
and AC-L carbons.

The leaching had also a visible effect on the electri-
cal resistance of the biochar. The resistance calculated for
the BC-L electrode was almost two times smaller than of
the BC. The most plausible explanation is the high content
of inorganics present in the raw biochar and their signifi-
cant removal during the pre-treatment, as observed from
SEM-EDS analysis.

Zeta potential of the carbon surface was measured in
the 3 wt.% solution of NaCl at different pH values (Fig. 7).
Interestingly, all the samples were characterised by the posi-
tive zeta potential in the pH range of 3-9 and negative poten-
tial otherwise. Unfortunately, the nature of the surface charge
cannot be unequivocally determined based on the zeta
potential [39]. One of the plausible causes for the zeta poten-
tial reversal is the overcharging that can occur at high ionic
strength conditions, when the counterion local density is so
high it compensates the particle charge [40]. At high elec-
trolyte concentration zeta potential values are rather low, as
was also observed in this case. Low absolute values of the
potential (< 30 mV and > -30 mV) indicate that the parti-
cles have a tendency to agglomerate [41]. With this in mind,
generally lower BC zeta potential, compared with AC, indi-
cates that the later formed more stable colloid suspension.

Table 2
Resistance and specific capacitance of raw and leached carbons

Resistance, Q Specific capacitance, F/g

BC 50.09 90.06
BC-L 25.56 14.33
AC 16.54 123.88
AC-L 15.45 27.75

The leaching slightly affected the behaviour of the samples at
alkaline environment. Zeta potential of BC-L was more pos-
itive at pH < 9 and less negative at pH > 9, compared with
the untreated sample (BC). Contrarily, activated carbon leach-
ing resulted in the decrease of its zeta potential, that is, the
less positive values below pH 9 and more negative at pH > 9.
Nevertheless, the changes were relatively small and the
results do not indicate any relevant differences in the electro-
phoretic mobility of the four examined carbon suspensions.

3.3. FCDI experiments

Desalination tests were performed using raw (BC, AC)
or pre-treated (BC-L, AC-L) carbons as flow electrodes. Salt
removal was investigated in the constant voltage (C.V.) and
constant current (C.C.) modes, as detailed in section 2.3.
Test runs without carbon suspension, that is, electrodialy-
sis (ED), for each mode were considered as the reference for
carbon electrodes performance.

In the C.V. mode the current is resulting from the total
resistances of system components. The changes of current
during the C.V. operational mode of FCDI (Fig. 8a) were
typical for the FCDI isolated closed-cycle (ICC) process.
The initially decreasing current reflects the charging of the
porous electrode. Then, current stabilizes and reaches qua-
si-steady state, in which process become similar to electro-
dialysis, where ions are transported through IEMs to the
electrode compartments and retained there [42]. The final
current value varied for different electrode materials due
to the total resistance of the system (mostly differing in car-
bon and diluate ohmic resistances), resulting in different
desalination efficiency [43] — in both examined cases leached
carbons performed better when used as electrode material.

In the C.C. operational mode, constant current is main-
tained throughout the process, providing constant desali-
nation rate, and the cell voltage is the resultant. Observed
voltage increase (Fig. 8b) was typical for the ICC setup of
FCDI - the steep initial increase leading to a quasi-steady
value (the final slight increase is resulting from increas-
ing resistance of the diluate as it desalinates). The smooth
increase in voltage was observed in the cases where leached
materials were used. The step-like change in voltage during
the FCDI with raw carbons suggests the occurrence of few

100%

80%

60%

40%

20%

0%
BC

BC-L AC
Fig. 6. Contribution of the electrical double layer (i_EDL) and
diffusion-limited (i_D) current at the current peak at maximum
potential for the 10 mV/s sweep rate CV profile.
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consecutive processes, taking place at different voltages.
These may be related to the different EDL storage channels
[37] and/or the faradaic redox reactions. The occurrence of
Faradaic reactions in all C.C. tests was expected because the
process voltage exceeded water’s decomposition voltage.
It was also confirmed by the changes in the FTIR spectra of
the electrode material used in this operational mode (SI).

In both operational modes the reference ED tests had
significantly lower process efficiency—compared to the runs
with carbon suspension in the electrodes, which confirms
the important role of carbon in facilitating charge trans-
fer in the FCDI system. It is generally believed that elec-
trons — the charge carriers — are transported by the direct
contact between the current collector and carbon particles, or
though the network of contacting carbon particles; the latter
depends largely on the carbon load in the electrode [14].

Electrical charge transferred though the FDCI mod-
ule corresponds with the desalination rate, observed as the
decrease in diluate conductivity. However, the effective cur-
rent efficiency (CE), that is, how much of the charge trans-
ferred through the system was used for the transport of
ions from the diluate compartment into the electrode, was
in the range of 60%-80%. Typically, CE > 80% is desired in
electrodialytic processes, to minimize energy consump-
tion, and thus, operating cost. The loss of current can be
result of shunt currents between the electrodes in stack or
back-diffusion of species, declining the effective flux of ions.
However, in FCDI the loss of current is usually attributed
to the presence of parasitic faradaic reactions. One of the
most plausible to occur is carbon oxidation [14] due to a
relatively low potential required (Table 3). Both raw car-
bon materials performed similarly in terms of current uti-
lization, and leaching in both cases improved CE in the
C.V. mode and showed little effect the C.C. mode.
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Average salt removal rate (ASRR), a measure of kinetic
desalination efficiency by FCDI module, is defined as the
amount of salt removed by a unit of membrane area in a unit
of time. In all cases (Fig. 9), ASRR was the lowest in the ref-
erence ED process, and lower in C.V. than in the C.C. mode
where, due to the constant current density applied to elec-
trodes, the ion transport rate does not decrease with time.
BC-based electrodes performed better than AC-based,
and for both materials leaching increased ASRR; this
effect was the largest in case of AC-L, which provided the
best kinetic desalination efficiency in the study.

Faradaic reactions are often overlooked in FCDI stud-
ies. Maintaining constant voltage below water’s decomposi-
tion voltage (1.23 V) is considered an effective way to avoid
Faradaic reactions, however, many studies report Faradaic
reactions occurrence nonetheless [44,45]. Faradaic half-
reactions that are plausible for the system in study (com-
prising water NaCl solution and carbon electrodes) are
shown in Table 3. Most of them will lead to the generation
of charged species (H*, OH") that affect pH and can explain
observed changes in pH of the electrode solutions. Redox
reactions can also alter the surface chemistry of the carbon

Table 3
Most common redox reactions to occur on carbon electrodes in
FCDI and their standard electrode potentials

Cathode (reduction): 2H,0 +2e — H, + 20H" E°=-0.83V

C+2H,0 — CO,+4H" +4e~ E°=+021V
2H,0 — O, +4H" +de-
2CF — Cl, + 2e-

Anode (oxidation) E°=+123V

E°=+136V

100 ~

CE, %

ED AC

AC-L BC

BC-L
ECV. nC.C.

500 -
450 1
400 1 o
350 1
300 1
250 -
200 -
150 -
100 -
50 -

EC, kJ/mol NaCl

ED AC

mC.V.

AC-L BC

electrode particles. Mass loss and pore structure deteriora-
tion of carbon electrodes due to carbon oxidation at anode
were reported earlier in CDI [46,47] and this reaction is
likely to occur preferentially at anode due to its relatively
low standard redox potential.

All carbons, and raw ones in particular, strongly alka-
lised the electrolyte solution (SI). Therefore, the pH changes
occurring during the FCDI tests should be considered in
respect to the initial pH values of electrolytes and diluate
(Fig. 10). In all variants of the FCDI process in study, pH
of anode decreased — became more acidic, and of cathode
increased — became more basic. This observation aligns with
the notion of Faradaic reactions occurring on both elec-
trodes, even under potential below 1.2 V. However, the pH
changes were much higher in case of the C.C. mode, where,
due to process voltage, Faradaic reactions were inevitable.

As the electrolyte solution with carbon suspension at
equilibrium was strongly basic, any H' ions that might
be generated during the cathodic water oxidation would
become neutralized. Nevertheless, generation of H* ions
in anode compartment is apparent from the observed pH
decrease and, as expected, it was more intense in C.C. mode
due to the generally larger charge generated during pro-
cess. Final anode pH in C.C. mode were all slightly above
12, which is apparently a limiting value for anion membrane
in study and all excess OH- ions are transported back to
diluate (as limiting value is linked with concentration, the
mechanism is probably NaOH back diffusion).

Since redox reactions occur only in the electrode com-
partments, either on carbon electrodes or at the current
collector interface, the pH changes measured in the diluate
are the result of the back-migration of H" and/or OH- ions
[42,45]. In all FCDI processes in study the diluate became

ED AC AC-L BC BC-L

mCV. mCC.

BC-L

C.C.

Fig. 9. Performance indicators of FCDI processes: current efficiency (CE), average salt removal rate (ASRR) and energy consump-

tion (EC).
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Fig. 10. Changes of pH of process solutions during FCDI (relative to an electrolyte solution in equilibrium).

acidic, due to the back-migration of mobile hydrogen ion
generated on the anode. The mobility of H"ion is nearly
twice that of the OH- ion [48].

Based on the measured zeta potentials (Fig. 7), investi-
gated carbons had positive potential in the pH range of 3-9.
Considering measured pH values, for BC the pH changes
during process were favourable for electrode potentials.
However, AC seems to be more suitable for anode than cath-
ode (having better affinity to anions), while the opposite
can be expected of AC-L. This can potentially lead to dif-
ferences in capacity for ions between cathodes and anodes,
as observed by Ma et al. [42].

3.4. Role of leaching

The presence of carbon in flow-electrodes generally
enhanced the efficiency of the desalination process under
the constant current (C.C.) mode, compared to ED. However,
no significant differences in the performance between the
raw and pre-treated materials were observed. As this oper-
ational mode was governed by the Faradaic reactions, it
was likely less sensitive to the properties of the carbons.
The only apparent differentiation between the samples was
in the energy consumption — C.C. tests with both activated
carbons (AC and AC-L) had lower EC compared with bio-
char materials (BC and BC-L), in accordance with lower
resistance of AC in study (Table 2), and thus, with the lower
voltage at which the process stabilised (Fig. 9). Different
conductivity of AC and BC likely results from differences in
the core structure of these materials that was not altered by
the leaching. The high resistance of BC can be attributed to
its high inorganic content. Leaching partially removed the

non-conducting elements, such as silica [24], thus reducing
the resistance of BC-L electrode.

As the resistance of flow electrodes, even for highly
conductive saline set-up, stands a large share of the over-
all cell resistance (c.a., 30% of potential drop [49]), it should
be an important aspect of the desalination performance.
Simultaneously, the capacitance of the porous electrode is
considered to be determining the FCDI process efficiency.
Although the lower resistance and higher capacitance of
AC, compared with BC, could be responsible for its higher
efficiency as the flow-electrode, another carbon properties
must have a crucial impact on the desalination process.
Almost twofold drop in the biochar resistance after the leach-
ing pre-treatment aligns with the improved performance of
BC-L in the C.V. modes, yet it does not alter the results of
the C.C. tests. Moreover, even more pronounced improve-
ment in the C.V. tests was observed for the activated carbon,
despite a negligible reduce of the resistance of the leached
material. Finally, most surprisingly, the specific capacitance
of both carbons decreased dramatically after the leach-
ing, yet the electrodes made of AC-L and BC-L performed
much better than the raw carbon suspensions.

Some plausible explanations for the improved perfor-
mance of the leached carbons lies in the changes in their
surface chemistry and charging mechanisms. Pyrogenic car-
bons often have both electron donating and accepting active
sites, such as quinones, semiquinones, and even environ-
mentally persistent free radicals [6,50]. Moreover, the aro-
matic structures can facilitate further the electron transfer
through the graphite-like sheets [6]. The presence of both
donating and accepting sites on the investigated materials
can be expected, based on the observed FTIR spectra and
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the changes in zeta potential showing two isoelectric points.
Thus, consecutively exposing the carbon surface to acidic
and alkaline solutions might have saturated these active
sites, on a one hand decreasing the pseudocapacitive abili-
ties of the carbons, on the other enabling the diffusion into
the porous structure of the chars. This is in accordance with
the changes in the CV profiles and the increased share of
the capacitive current during the leached carbons charging.
Besides the observed changes in the surface chemistry
that might be responsible for the increased accessibility of
the carbon surface, the leaching also removed some labile
compounds, emptying and widening carbon pores. Due
to the fractal structure of the carbon pore network [51], it
is plausible that even a small expansion in the larger pores
might have greatly increase the accessibility of the smaller
ones.

4. Conclusions

Physicochemical properties of the activated carbon and
biochar before and after the pre-treatment involving leach-
ing in acidic and alkaline solutions were investigated to
assess the effect of this pre-treatment on the carbon perfor-
mance as flow-electrode in capacitive deionisation. The tests
were performed under two modes — constant voltage and
constant current. The tests under low, constant voltage of
1.2 V revealed a strong influence of the pre-treatment on the
electrode performance.

Both examined carbons had sufficient physicochemical
properties to show electrocapacitive behaviour. Interest-
ingly, despite better characteristic, raw activated carbon did
not perform better than raw biochar during the desalina-
tion tests performed under the constant voltage.

Furthermore, the leaching resulted in the decrease in
capacitance of both materials, yet their performance as
flow-electrodes was significantly improved by this pre-treat-
ment. The average salt removal rate of the biochar elec-
trode increased 1.6 times, and for the leached activated
carbon it was 5.5 times higher than for the raw material.

The CV and EIS analyses suggested that the leach-
ing decreased the diffusion-limited mechanisms of carbon
charging and their resistance. Simultaneously, increase
in the porosity, removal of inorganics, and changes in the
surface functional groups were observed in the leached
carbons. Thus, it is plausible that the applied pre-treat-
ment removed labile species from the carbon matrix and
altered its surface chemistry, thus increasing pore accessi-
bility and enhancing carbon’s surface affinity towards ion
adsorption.

The findings showed that despite well-developed poros-
ity and high capacitance of the examined carbon materi-
als, their performance during desalination tests was not
governed by these properties alone. It is likely, that some
more undetermined structural and chemical carbon fea-
tures (e.g., unpaired electrons, resonance stabilised aromatic
structures, graphitic-like sheets arrangement) might have an
important effect on their performance as desalination elec-
trodes. Thus, investigating carbon electrode structure on
the molecular level might become an interesting pathway
towards the further understanding of the processes such
as FCDL
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S2. Atomic composition (At.%) of the carbon surface based on SEM-EDS analysis

C O Na Mg Al Si P S Cl K Ca Fe
BC 43.90 32.08 0.34 0.51 0.12 11.05 0.36 0.03 0.09 3.11 1.63 6.68
BC-L 77.15 17.87 nd 0.33 0.01 4.16 0.06 0.10 0.01 0.05 0.21 nd
AC 95.67 3.98 nd 0.01 nd nd 0.02 0.01 nd 0.03 0.28 nd
AC-L 96.35 3.54 0.01 nd nd nd nd nd 0.05 nd 0.05 nd

S3. Specific capacitance change with scan rate
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S4. FTIR spectra of the carbons after working as cathode (-) and anode (+) during the C.C. mode
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S5. Final pH of process solutions in FCDI experiments

Operational ~ Carbon Cathode  Anode  Diluate
mode material
None (ED)  7.94 3.19 6.71
AC 10.79 8.12 6.07
C.V. AC-L 11.98 2.03 7.36
BC 11.25 9.4 7.81
BC-L 10.65 6.8 7.51
None (ED)  12.51 1.73 3.42
AC 12.35 1.89 3.84
C.C AC-L 12.29 1.56 341
BC 12.36 6.48 4.04
BC-L 12.23 1.72 3.57

S6. pH of carbon materials in study after 24 h of shaking
in deionized water or 3%wt NaCl solution
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