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Flow-electrode Capacitive Deionization (FCDI) is an innovative method for practical salt removal and recycling
applications. Here, we report that FCDI facilitates the recovery of nitrate and fluoride salts from brines produced
during the wastewater treatment process in a stainless steel pickling line. Laboratory-scale experiments with
synthetic wastewaters were used to evaluate the influence of (a) the membrane thickness, (b) feed flow rates, and
(c) applied voltage on the outlet concentrations and the average salt transfer rate. In continuous single-pass

experiments, the flow rates of diluate and concentrate have the greatest influence on the resulting outlet con-
centrations in the FCDI process as they directly influence the residence time. The operating voltage of the FCDI
process can be varied to increase the ratio of fluoride over nitrate for recycling.

1. Introduction

Stainless steel is a large-scale commodity product with a wide variety
of applications. During production, stainless steel is handled at elevated
temperatures (e.g., during casting or annealing). This causes the for-
mation of an oxide scale layer and a chromium-depleted layer at the
surface. These layers not only impair the optical properties of the surface
but also reduce corrosion resistance. Steel pickling achieves the desired
qualities by removing the surface layers and exposing the metal beneath
(Covino et al., 1984; Li & Celis, 2003). An important part of the pickling
process is chemical pickling in acid baths. Hydrofluoric acid (HF) and
nitric acid (HNOs3) are often used in these pickling baths (Li et al., 2005).
During pickling, the dissolved metal concentrations in the acid solutions
increase, lowering the efficiency of the pickling process. Recovery of
dissolved metals and acid solutions from spent pickling solutions is
motivated by environmental regulations and economic benefits
(Regel-Rosocka, 2010). Different recovery methods discussed in the
literature include precipitation, evaporation, vacuum distillation, crys-
tallization, spray roasting, ion exchange, solvent extraction, and various
membrane processes (Regel-Rosocka, 2010; Agrawal & Sahu, 2009;

Leonzio, 2016; Devi et al., 2014; McCabe & Vivona, 1999; Hsu et al.,
2023). Notably, Negro et al. suggested a combination of Electrodialysis
(ED) and ED with bipolar membranes (EDBM) for the concentration and
splitting of salt solutions after the neutralization of the spent acids
(Negro et al., 2001). Their work used Diffusion Dialysis (DD) to recycle
the free acids. The remaining acids were neutralized with potassium
hydroxide (KOH) to obtain highly soluble potassium nitrate (KNO3) and
potassium fluoride (KF) in solution. Subsequently, EDBM was used to
produce the acids and KOH; ED was proposed to increase the concen-
tration of wash water with low acid concentrations before the EDBM
step (Negro et al.,, 2001). However, the concentration step was not
investigated in their work, the main focus was on the EDBM step.

Inspired by their work, we suggest a simplified treatment process in
which the ED concentration step is replaced by Flow-electrode Capaci-
tive Deionization (FCDI), enabling the recycling of both HNO3 and HF in
high concentrations. Fig. 1 (a) shows the proposed flow chart of the
process. In the present work, we focus in detail on the concentration step
with FCDI, which is critical to providing high concentrations to the
subsequent EDBM step. The ion transport in the FCDI process used in the
experiments is detailed in Fig. 1 (b).
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Investigations of the FCDI process in literature show an energy de-
mand comparable to ED while reaching a high water recovery and
avoiding the formation of by-product gases, which could pose safety
risks (e.g., hydrogen) (Rommerskirchen et al., 2020). FCDI uses the
principle of capacitive ion adsorption and desorption at a charged sur-
face. The required surface area is provided by conductive particles (often
activated carbon) in the flow electrode (Folaranmi et al., 2022). Ions
migrate in the electrical field and adsorb to the particles. The particles
are continuously pumped to a second channel in the FCDI module,
where desorption and regeneration of the particles occur
(Rommerskirchen et al., 2015). Due to the primarily electrosorptive
process, electrochemical faradaic reactions at the electrodes can be
avoided (Porada et al., 2013; Shin et al., 2021). The principle is illus-
trated in Fig. 1 (b). FCDI was investigated for treating groundwaters and
brackish waters containing nitrate and fluoride salts, showing the
technology’s applicability (Song et al., 2019; Sun et al., 2023; Jiang
et al., 2022).

In this work, the application of FCDI to a synthetic solution of KNO3
and KF is tested in laboratory experiments. The transfer of the results to
a pilot plant is planned for future investigation. The feed concentrations
are based on brine concentrations measured after acid neutralization
with KOH at the stainless steel pickling plant of Outokumpu Nirosta
GmbH in Dillenburg, Germany. The present study aims to highlight the
engineering process needed to tailor the FCDI process to this specific salt
recycling task.

2. Materials and methods

Experiments were conducted with an FCDI single module with a total
membrane area Apem, o= 300 cm? (Rommerskirchen et al., 2015) and
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the flow electrode in short-circuited closed cycle (SCC) operation.
Graphite current collectors (180 mm x 180 mm x 10 mm, Miiller &
Rossner GmbH & Co. KG) were used. Flow-electrode channels with 18
turns (3 mm x 2 mm and 2000 mm total length) were milled into the
current collectors. Membrane spacers (ED-100, thickness 500 pm,
Fumatech BWT GmbH) formed the concentrate and diluate channels
between ion-exchange membranes. One cation-exchange membrane
(Fumasep FKS, 75 ym PET-reinforced, Fumatech BWT GmbH) was
placed adjacent to each current collector. An AEM (Fumasep FAS, 75 ym
PET-reinforced, Fumatech BWT GmbH) separated the two flow chan-
nels. Conductivity probes were used to measure the conductivity of the
outgoing diluate (SE 615/1-MS, Knick Elektronische Messgerdte GmbH
Co. KG) and concentrate (LTC 0,35/23, Xylem Analytics Germany Sales
GmbH & Co. KG).

The experiments were carried out in continuous single-pass opera-
tion. The conductivities at the outlets developed to a steady state. When
a steady state was reached, samples were collected for evaluation with
ion chromatography (930 Compact IC Flex, Deutsche METROHM GmbH
& Co. KG. Anion column: Metrosep A Supp 7-250/4.0. Cation column:
Metrosep C 6-250/4.0).

The concentrations of synthetic wastewater were based on samples
from small-scale neutralization. The diluate feed solution consisted of
38.03g Lt KNO3 (Potassium Nitrate 99 %, Carl Roth GmbH + Co. KG)
and 33.38 g L ™! KF (Potassium Fluoride 99 %, Carl Roth GmbH + Co.
KG). These concentrations are lower than typical concentrations in spent
pickling solutions from literature due to the preceding acid recovery
step, shown in Fig. 1 (a). Thus, the concentrations are unique to the
specific use case. Higher concentrations were used for the concentrate
feed solution (83.67 g L~} KNO3 and 73.44 g L~} KF). These concen-
trations are expected in the loop between EDBM and FCDI in the
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Fig. 1. Proposed process for the recycling of HF and HNOj3 from pickling line wastewater. (a): Flow chart showing the process. The flow chart does not include
chromium detoxification and filter cake post-treatment. (b): Ion transport processes occurring in the FCDI process.
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proposed process. Flow electrodes were prepared by suspending 15 wt.
% activated carbon powder (Carbopal SC11PG, Donau Carbon GmbH) in
salt solutions with varying concentrations of KNO3 and KF.

The metrics used to evaluate the results are the changes in concen-
tration for diluate and concentrate (cp/cpp and c¢/crc), and the average
salt transfer rate (ASTR) given in Eq. (1) and Eq. (2). The energy demand
per treated diluate Ep given in Eq. (3) allows a first evaluation of the
electrical energy demand of the process.

Ami
ASTR; = —— @
' Amem.tot'Mi
ASTRy; = Y ASTR; )
i
Vi
Ep=— 3
VFD

3. Results and discussion
3.1. Electrolyte concentration in flow electrode

The flow electrode used in the FCDI process typically contains an
electrolyte to increase its conductivity (Zhang et al., 2021). Ideally, the
flow electrode should be in osmotic equilibrium with the neighboring
channels so that the water content in the flow electrode remains con-
stant over time. This is impossible to achieve prior to steady state, as the
flow electrode is in contact with both diluate and concentrate, which
establish different concentrations in steady state. In the long-term
operation of an FCDI process, water loss from the flow electrode is
easier to control. Lost water can be added to the flow electrode by a
dosing pump. Thus, the goal is a background electrolyte concentration
that causes a minimum amount of water loss. Results from an investi-
gation of different electrolyte concentrations in the flow electrode are
given in the Supplementary Information. To minimize the use of
toxic KF in the process, a flow electrode with only KNOs is selected. The
concentration is cpzxno, = 149.64 g LL

3.2. Membrane thickness

The transport of ions and water in electro-membrane processes are
strongly influenced by the properties of ion-exchange membranes
(Porada et al., 2018). Here, the influence of membrane thickness on the
FCDI process is of particular importance, as it can influence the water
crossover. The middle membrane that separates the diluate and
concentrate compartments was changed from a dagy = 75um thick
FAS-PET-75 membrane to a dapy = 130um thick FAS-PET-130

a
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membrane. The hypothesis of the central membrane affecting osmotic
water transport is based on the fact that the concentration gradient
between the diluate and concentrate is more significant than that be-
tween each channel and the adjacent flow electrode channel.

The experiments were carried out with a constant current of I = 1.6
A. In constant current operation, the ion transport is equal in both ex-
periments. Therefore, changes in the outlet concentrations can be
attributed to water transport. The diluate feed flow rate was set to Vg =
and the concentrate feed flow rate to Vi =
0.50 mL min~!. Fig. 2 (a) shows the ASTR with a membrane thickness of
dagy = 75pum and dagy = 130pum. ASTR,,; and the individual ASTRgwo,
and ASTRkr are not influenced by dapy. However, water transport dif-
fers. The right y-axis shows the quotient of salt transport and water
transport: this metric increases from 0.29 mgg, /Mgy, to 0.34 mgg,;/
mgy,o for the thicker membrane. Since the salt transport (given by the
ASTR) remains constant, this signifies reduced water transport across
the middle membrane. Fig. 2 (b) shows the effect on the concentrations
of diluate and concentrate at the module outlet. The concentration dif-
ference of KNO3 and KF increases slightly.

The electrical energy demand per cubic meter of treated diluate can
be calculated according to Eq. (3). This metric does not include any
additional energy (e.g., energy of the pumps in the experiment). The

1.18 mL min~!

energy demand rises from 48.0kWh/m] for dagy = 75um to
55 kWh/m3D for dagy = 130um. Thus, 13 % of electrical energy can be
saved by using thinner membranes. Because the effect of increased water
transport on outlet concentrations was low in comparison, experiments
were continued with FAS-75 membranes with dggy = 75um.

3.3. Feed flow rate

In continuous single-pass experiments, outlet concentrations are
influenced by diluate and concentrate feed flow rates (Vip and Vic).
Lower flow rates lead to longer residence times of the fluids in the
electric field, leading to higher concentration differences between the
inlet and outlet. The diluate and concentrate channels influence each
other due to the transfer of ions and water. First, Vg, was varied, while
Vic was kept constant. In a second step, Vic was varied while Vi, was
kept constant.

Fig. 3 (a) KNO3
(cp knos /CFD kNO,) throughout the investigated range of Vip. Even at the

shows constant diluate concentration

highest Vzp most KNO3 is removed from the diluate feed. Cp,KF/ CFD,KF
increases with an increase in the diluate flow rate due to lower residence
time. On the concentrate side ccwno, /Crcxno, and cckr/Crckr both in-
crease. Thus, the optimal diluate feed flow rate is as high as possible but
low enough to achieve the desired outlet concentrations. The required
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Fig. 2. Influence of the thickness of the middle AEM on the salt and water transport in the FCDI module. Data points are connected by lines to guide the reader’s eye.
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Fig. 3. (a): Effect of the variation of the diluate feed flow rate on the outlet concentrations. (b): Effect of the variation of the concentrate feed flow rate on the outlet

concentrations. Data points are connected by lines to guide the reader’s eye.

outlet concentration for the application is 0.1 - cgp. Thus, a viable diluate
feed flow rate can be found at Vs = 0.85 mL min’.

In the second step, Vgp = 0.85 mL min~! was kept constant, and V¢
was varied to increase the outlet concentrations as shown in Fig. 3 (b).
Generally, the influence of Vrc on the diluate concentrations is low. At
Vrc = 0.15 mL min™! the concentration degree of KNO; is highest at
cckno;, = 1.58-Crckno,- An increase in Vi leads to a decrease in con-
centration. The lowest concentration is ccgkno, = 1.21-Crcxno, at Vic =
1.01 mL min~!. The concentration of KF is not influenced by Vic as
much, since it only varies between 1.09 - cgc grand 1.11 - cgc gr. Overall,
Ve mainly influences the concentration degree of KNO3 while the
concentration degree of KF remains almost constant. This can be
explained with the preferential transport of nitrate over the AEM (Sata,
2000; Luo et al., 2018).

In summary, the target concentration of 0.1 - c¢gp on the diluate side
can be reached for both salts. On the concentrate side, a targeted degree
of concentration of 1.3 - c¢ can only be reached for KNOs. To improve
the concentration degree of KF, operation with increased voltages is
tested.

3.4. Operating voltage

Typically, FCDI processes are operated with a voltage of 1.2 V. This
ensures that no faradaic reactions can occur, since the standard potential
difference for water electrolysis is 1.23 V (Shin et al., 2021). However,
there is also literature on FCDI processes at higher voltages (Tang et al.,
2020; Xu et al., 2017). Higher voltages lead to a higher driving force for
ion transport. The hypothesis for this investigation was that higher
voltages can improve the concentration differences found in the inves-
tigation of flow rates in Section 3.3. Here, voltages up to 2.0 V were
investigated.

Since almost all KNOsg is already transported from the diluate when
operating with 1.2V, no increase in KNOs transport is expected. The
goal of the experiments is to increase the transport of KF to reach lower
concentrations in the diluate and higher concentrations in the concen-
trate. The feed flow rates are fixed at Vpp = 1.35 mL min~! and Vi =

0.53 mL min~'. The current efficiencies (calculated for the steady state
of experiments according to (Zhang et al., 2021)) in all experiments are

above 90 %, indicating that the extent of water splitting at the electrodes
is low.

Fig. 4 (a) shows the ASTRs for KF and KNOs3 and the total ASTR for
increased voltages. The ASTR for KNOg remains constant, the ASTR for
KF increases from 3.34 umolmin~'cm™2 at 1.2V to 4.92
umol min~! em~2 at 2.0 V. The increased ion transport at elevated
voltages also causes changes to the water transport between diluate and
concentrate: the additionally transported fluoride and potassium ions
lead to more water transport from the diluate to the concentrate. A more
detailed analysis of water transport is given in the Supplementary
Information.

This water transport also impacts both salts’ outlet concentrations cp
and c¢. Fig. 4 (b) shows that the diluate concentration of KNO3 remains
constant at very low values (between 4 % and 1 % of the feed concen-
tration). The KF concentration decreases from 0.48 - cpxr at 1.2V to
0.09 - cpgrat 2.0 V. Thus, lower KF outlet concentrations can be reached
with elevated voltages. However, the concentrate side also needs to be
taken into account. Here, the KF concentration increases from 1.07 - cp xr
to 1.17 - cpgr. However, as shown in Fig. 4 (b), the increased KF
transport also causes increased water transport from the diluate into the
concentrate. No more KNO;s could be transported to balance the
increased water transport, and the outlet concentration c¢ xno, decreases
at higher voltages. At 1.2V the outlet concentration is ccxno, =
1.51-cpkno,; at 2.0 Vitis only cckno, = 1.39-crkno,- Therefore, a trade-
off exists between a higher concentration of KF at high voltages and a
high concentration of KNO3 at low voltages. Additionally, elevated
voltages cause an increase in electrical energy demand from
27.1 kWh/m} at 1.2 V to 56.5 kWh/m3 at 2.0 V. Tailoring of KNO3 and
KF concentrations by variation of the voltage needs to be further studied
in the proposed salt recycling process together with the EDBM step.

4. Conclusion and outlook

FCDI is an emerging process for the simultaneous desalination and
the concentration of salt brines from industry processes. For the first
time FCDI was used to concentrate nitrate and fluoride-containing
wastewaters from stainless steel pickling. The target on the diluate
side was a reduction of the concentration to at least 10 % of the feed
concentration; on the concentrate side the concentrations should be
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Fig. 4. Effect of operating voltage on (a) ASTR and (b) water transport. Data points are connected by lines to guide the reader’s eye.

increased to 130 %, to enable salt recycling with EDBM in the next step.
In the lab-scale experiments synthetic wastewaters were used and the
influence of (a) the membrane thickness, (b) the feed flow rates, and (c)
the applied voltage was investigated. Operation with a well-adjusted
electrolyte concentration in the flow electrode is important to avoid
high water crossover between the flow electrode and the diluate/
concentrate. In continuous single-pass experiments, the flow rates of
diluate and concentrate have the greatest influence on the resulting
outlet concentrations and can be used to tune the FCDI process. While
the target concentrations on the diluate side were reached, it was not
possible to reach high potassium fluoride concentrations on the
concentrate side. Increased voltages offer no solution in the specific case
since the increased transport of potassium fluoride at higher voltages
causes more water transport, lowering the potassium nitrate
concentration.

In future research on the salt recycling process introduced here, the
recycle loop between FCDI and EDBM must be closed. Furthermore,
results from lab scale need to be transferred to pilot scale. To enable this,
onsite tests with wastewater at the stainless steel treatment plant are
necessary.
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