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Electrochemical carbon dioxide (CO5) reduction is a promising route to convert intermittent renewable energy
into fuels and valuable chemical products. Separation of CO5 reduction products by ion-selective electrochemical
technology may play a decisive role in the pursuit of commercially viable CO, reduction processes. Selective
separation of formate, one of the main CO5 reduction products, is assessed in the present study in an electro-
chemical flow cell with symmetric redox-active polyvinyl ferrocene (PVF) functionalized graphene oxide (GO)
electrodes. First, experimental parameters such as the PVF/GO ratio, sonication time, and ultrasonic amplitude,
were optimized in the electrode preparation process to improve the formate adsorption efficiency on a lab scale
(1 x 2 cm electrodes) under static conditions. The electrochemical and morphological characteristics of the
electrodes were investigated by cyclic voltammetry and scanning electron microscopy. To demonstrate
continuous-flow operation, an electrosorption flow cell (8 x 8 cm) providing inline measurements was con-
structed. The flow cell results showed selectivity at > 5.5 toward the removal of formate from an electrolyte
containing perchlorate at an excess of 30 times the normal value. The performance of the electrosorption cell was
also tested using a mixture of methanol, ethanol, formate, and acetaldehyde produced in a COy reduction
electrolyzer. In this demonstration, formate separation was achieved with a selectivity of > 4.0. The results
suggest that the optimized design of the electrochemical cell and operation conditions of the flow platform pave
the way for scaling up selective formate separation with PVF/GO electrodes.

contributor to climate change. Over the past decade, global CO5 emis-
sions in the atmosphere have increased more than ever with values of

1. Introduction

Climate change has been one of the major societal challenges in
recent history and will continue to be for the coming decades. The global
surface temperature has increased by 0.2 °C per decade for the past 30
years, and this trend is predicted to continue at an increasing rate in
years to follow [1-3]. A limit of a 2 °C global temperature increase was
proposed to prevent dramatic and irreversible effects of climate change,
such as an overwhelming rise in sea level, record-breaking droughts, and
an overwhelming loss of biodiversity. Recent studies have estimated that
the actual rise is going to overshoot the aforementioned 2 °C limit
enormously if no action is taken [4-6]. Carbon dioxide (CO3) is a major

421 ppm in 2022, and this trend is expected to continue [7-9]. Roughly,
90% of human-made CO; emissions are the result of burning fossil fuels
for industry [6], making fossil fuels by far the largest contributor to CO,
related climate change [10]. As the effects of climate change become
more visible, the necessity to reduce the use of fossil fuels increases.
However, humans worldwide depend on fossil fuels for energy, fuel,
transport, and carbon-based commodity chemical production, which
makes fossil fuel reduction an enormous challenge. Nevertheless,
worldwide support to fight climate change has increased significantly,
which has made agreements more acceptable on reducing CO; emissions
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by using alternatives to fossil fuels. A circular economy without any CO,
being released into the atmosphere would be ideal [8,11]. Although the
switch to renewable energy sources appears to be promising, there are
still some major challenges to address [12]. New methods for producing
carbon-based products must be identified, the production of renewable
energy must become more effective, energy storage possibilities must be
improved, and the back conversion and utilization of CO; must be
improved. All of these aforementioned points will play an important role
in creating a circular economy in a CO; neutral future [13]. These
changes could be accomplished by reducing energy consumption by
increasing efficiency through electrochemical CO, reduction, offering a
viable route to produce circular fuel and carbon-based commodity
chemicals [14-16]. By capturing the CO5 that is produced by fuel
combustion and industrial processes and using this to make new prod-
ucts and fuels, no new CO, would be released into the atmosphere,
stopping any increase in COy concentration, and helping to resolve the
supply and demand issues. When fuels or chemical intermediates are
produced using renewable energy sources, the potential energy is stored
in the chemical bonds. These chemicals can then be stored when the
demand is lower than the supply and can be converted back into energy
when the supply is lower than the demand [17,18].

Even with these benefits, there are several issues that must be
resolved in the process of electrocatalytic COy reduction [19,20]. In
principle, CO, reduction processes demand a significantly high over-
potential. In addition to a high overpotential, the process suffers from
low faradaic efficiency and poor selectivity of ions [21,22]. The poor
solubility of CO; in the catholyte severely restricts the reaction rate,
making CO» reduction unsuitable for large-scale use. Some efforts have
been reported to overcome the low CO; solubility of aqueous electro-
lytes and eliminate mass-transfer limitation including the use of a hu-
midified CO; input stream at the cathode compartment of the
electrochemical reactor [19,23]. Nevertheless, operation with humidi-
fied CO, gaseous feed for continuous electroreduction to formate has
resulted in general higher reactor voltages, which prevents efficient
operation at high current densities [23]. Furthermore, liquid electro-
lytes dilute reduction products, which elevates the separation costs for
product recovery. Moreover, if the obtained product from electro-
catalytic CO9 reduction is formate these ions will be mixed with other
impurity ions from solutes [24-26]. Hence, improving product selec-
tivity and efficiency is important for making electrochemical CO2
reduction economically feasible; however, product separation is the
most capital and energy intensive step and is often overlooked. In the
separation of products from the electrochemical conversion of COy,
product concentrations are in lower quantities compared to a large
excess of ions (i.e. electrolytes [26-28]; therefore, selectively separating
products from a homogeneous mixture is challenging [26,29].

Formate is a key product formed in CO, reduction; therefore, its
separation from homogeneous reaction mixtures containing salts is
extremely important in the pursuit for economically viable electro-
chemical CO; reduction. In addition, formate can be produced with a
high selectivity at relatively low overpotentials [30]. Since the COy
reduction reaction is early in the development phase and it is necessary
to continue research efforts to produce formate with high purity and
high concentration an ion-selective separation method with high
throughput and separation factors would be extremely beneficial.
Commercially available separation methods, such as distillation,
extraction, precipitation, and pervaporation have drawbacks, including,
high energy requirements, poor removal of ions at low concentrations,
and high operating costs [31,32]. Extensive research has been con-
ducted to develop more affordable and effective processes, and some
advanced separation technologies have been developed, investigated,
and applied to address these issues. Among recently proposed technol-
ogies, pseudocapacitive deionization (PCDI) is an electrochemical sep-
aration technique that uses redox-active compounds to selectively
capture ions. These organometallic compounds are deposited on the
surface of a carbon electrode and PCDI would offer a feasible solution to
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the issues faced because of the fast kinetics of the processes, control by
electrical potential, lower footprint, modularity, scalability, and
reversibility [33-36].

In addition, PCDI does not require additional chemicals or additional
solvents for the regeneration step, which makes it extremely useful in
terms of water economy and downstream waste sustainability. Su et al.
[29] have reported a pseudocapacitive electrode based on metallocene
ferrocene being able to selectively separate carboxylates, sulfonates, and
phosphonates from an aqueous solution. They were able to selectively
separate formate from a solution containing a ratio of 1:30 formate to
competing anions and to demonstrate that this technique has great po-
tential. These advantages have brought to the forefront a process by
which to selectively separate formate ions from competing ions [35];
however, the process remains limited to within a small scale under static
conditions. Ideally, these batch process should be converted continuous
to increase throughput.

In the present study, the PVF/GO electrode preparation process was
first optimized to achieve the highest number of active surface sites and
the greatest adsorption efficiency to facilitate scale up the selective
separation process. The electrodes were characterized electrochemically
and morphologically. Moreover, a continuous-flow separation setup
using the electrodes with optimized adsorption efficiency yet larger (5
x 5 cm) projected surface area was developed for ion-specific selection.
Ion-specific separation of formate ions using this electrosorption system
with PVF/GO electrodes was demonstrated. In the presence of excess
perchlorate electrolyte, selectivity of formate separation was quantified.
In addition, the operation of the designed system was demonstrated with
a characteristic solution from CO reduction process. The results of the
present study address resource separation from electrochemically
reducing CO».

2. Experimental section
2.1. Materials

Polyvinyl ferrocene (PVF, CAS number 34801-99-5) and graphene
oxide (GO) were obtained from Polysciences and Graphenea, respec-
tively. Dimethylformamide (DMF, CAS number 68-12-2), potassium
formate (CAS number 590-29-4), and lithium perchlorate (CAS number
7791-03-9) were purchased from Sigma Aldrich. All chemicals were
used as received without any further purification. Toray carbon paper
(CP, TGP-H-60) was supplied from Alfa Aesar. Ultrapure water (Milli-
pore MilliQ IQ 7000) was used to prepare the solutions.

2.2. Experimental methods

Fig. S1 provides a flow diagram that shows the experimental stages
of the process. The experiments were conducted using two different
scales under static (1 x 2 cm) and continuous-flow (8 x 8 cm)
conditions.

2.2.1. Electrode manufacturing

A series of electrodes was prepared in which the compositions of PVF
and GO were varied. At first, based on the wt% desired for the electrode,
specific mass of PVF and GO were loaded into a 20-mL glass vial. An
appropriate amount of DMF (10 mL) used as the solvent was then added
to the vial. A Cole-Parmer ultrasonic homogenizer with a 0.5-in-diam-
eter immersion ultrasonic probe was used on the solution to provide
homogenous and high-quality dispersion. The tip of the ultrasonic probe
was lowered into the vial and the vial was closed with the parafilm to
avoid any interactions from the surroundings. The sonication was done
in an ice bath to prevent the evaporation of the solvent and avoid extra
heat generation. Application of the ultrasound for homogenization,
mixing, dispersion, and coating is well-known and has been explored in
lots of papers in recent years [37-40]. Our previous study has also
highlighted the ultrasound-intensified fabrication process for the



S. Polat et al.

polyvinyl ferrocene/carbon nanotube electrodes [41,42]. The different
amplitude percentages, ranging from 20 to 60%, and sonication times,
ranging from 30 to 90 min, were applied to determine an optimal son-
ication program with the highest dispersion level. All of the prepared
mixtures using different PVF/GO ratios were then sonicated at a con-
stant frequency but at different amplitudes and durations. After pre-
paring the solutions, the working electrodes were manufactured using
Toray carbon paper. Several 1- x 2-cm carbon paper electrodes were
prepared to be used as the surface of the working electrode, where the
surface area used for drop casting was 1 x 1 cm for lab-scale experi-
ments. The solution (50 pL) was drop casted onto the one side of the
electrode surface. The wet electrodes were then dried in the oven for 60
min at 30 °C. Electrochemical measurements were then taken and
morphological characterization conducted on the dried electrodes. The
electrodes were 8 x 8 cm with an exposed surface of 5 x 5 cm. They
were functionalized in 250 pL PVF/GO solution.

2.2.2. Electrochemical measurements and characterization

A three-electrode setup was used for the cyclic voltammetry (CV)
measurements that comprised Ag/AgCl that acted as a reference elec-
trode, a platinum-based electrode that acted as a counter electrode, and
the PVF/GO electrode that acted as a working electrode. A Biologic SP-
200 potentiostat was used to perform the CV measurements and Biologic
EC-lab peak-analysis tool was used to analyze the results obtained from
the potentiostat. The electrode characterization was performed in 0.1 M
LiClO4 solution prepared with argon purging to remove the extra oxygen
in the solution at a scan rate of 5 mV/s at room temperature. (1) shows
the relation between the charge and the measured current:

) 1 En
0= / Idt = 7/ IdE (€8]
7 VJE

where Q is the charge (C), v is the sweep rate (V/s) and Ej and E; are the
potentials where the anodic peak starts and ends (V). The number of
active surface sites can be determined from the charge as shown in the
following (2):
Y

N:[ze: - ﬁ (2)
where Nj;s is the number of activated surface sites in moles, Q is the
calculated charge (C), F is the Faraday constant (C/mol), and n is the
number of electrons transferred per reaction. For every ferrocene unit
that is oxidized, one electron is produced meaning that n = 1 for this
reaction. The performance of the working electrodes with respect to
formate adsorption and desorption was tested using chro-
noamperometry. A potential of 0.6 V and 0.2 V vs. Ag/AgCl was applied
for 15 min for adsorption and desorption experiments, respectively. The
amount of adsorbed formate was estimated by applying the following
formula:

]Vazl.x = (CO - Cl) X Ve (3)

The difference between the initial concentration (Cp), and the concen-
tration after adsorption (C;), multiplied by the electrolyte volume (V,)
resulted in the amount of adsorbed formate (Ny4s) by the redox-active
material on the electrode surface. High-performance liquid chroma-
tography (HPLC, Agilent 1260 Infinity) was used to determine the
concentration of formate ions before and after electrosorption. The
liquid samples were filtered before HPLC analysis using a 0.22 pm
membrane filter. Aminex HPX 87-H columns (Biorad) were used with a
0.600 mL/min flow rate of an aqueous 1 mM H3SO4 eluent. The column
was maintained at 60 °C, and the injection volume was 10 pL.

In addition to the electrochemical characterization, the morpholog-
ical characteristics of the PVF/GO electrodes were investigated by
scanning electron microscopy (SEM, Jeol JSM 6500F) with an acceler-
ating voltage of 15 kV to better characterize the PVF/GO electrodes.
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2.2.3. Design of experiments

To fabricate the PVF/GO electrodes with the desired properties (i.e.,
the highest number of active surface sites and highest formate adsorp-
tion efficiency), the experimental design approach was used. The vari-
ables that would affect PVF/GO dispersion quality and interactions
needed to be investigated. The PVF/GO ratio (A), sonication time (B),
and ultrasonic amplitude (C) were chosen as the input variables. The
number of active surface sites and adsorption efficiency were the re-
sponses. A Box-Behnken design combined with the response surface
method was used to generate the study plan. Each parameter was varied
over three levels that represented the upper (+1), medium (0), and
lower (-1) limits of each. The data representing the upper and lower
limits of each were then selected based on preliminary experimental
results (ultrasonic amplitude 10-80% and sonication time 15-180 min).
The electrodes used in design experiments were 1x2 cm, where the
surface area exposed to the electrolyte was 1x1 cm. Each experiment in
the study was conducted at least twice. The levels and ranges of vari-
ables used in this study are shown in Table 1.

Based on a three-factor, three-level Box-Behnken design, a total of
15 experiments with varying conditions have been designed using by
Design Expert (https://www.statease.com/software/design-expert/) to
investigate the correlation between the combined effects of the indi-
vidual parameters and both responses. The designed experiments and
their corresponding measured responses are presented in Table SI.
After, the analysis of variance (ANOVA) technique was used to evaluate
the significance of the parameters and the combined effect on both re-
sponses through their interaction. A second-order polynomial equation
also known as second-order response surface model was used to inves-
tigate the predicted response and the process variable. The general form
of this equation is as follows:

k k k k
Y =B+ D BXit D BX DD XX “
i=1 i=1

i1 j>1

where Y shows the predicted response, f is the constant coefficient, f; is
the linear coefficient, §; is the quadratic coefficient, and g is the
interaction coefficient. The coefficients are calculated by analyzing the
experimentally obtained data using multiple regression analysis into a
second-order polynomial equation. Eventually, the genetic algorithm
embedded with the design expert software was employed to calculate
the optimum synthesis parameters and solve for the relevant predicted
responses.

2.2.4. Architecture of electrochemical cell design and electrosorption setup

An electrosorption cell basically consists of two electrodes sand-
wiching a flow channel. As shown in Fig. 1a, when a potential is imposed
across the electrodes, ions in water will be electrostatically attracted to
the electrodes and the resulting effluent removed from the ions. Once
the electrodes are saturated with ions, a short-circuit is applied to
discharge the electrodes. Ions desorb from the electrode surface and the
electrodes are regenerated. In the present study, the electrosorption cell
designed using Rhinoceros 3D modelling software to provide
continuous-flow and larger scale selective formate separation was a
single-channel rectangular cell with water flowing between two rect-
angular acrylic plates. The cell was designed properly and was air and
watertight, ensuring that all solution flowed through the cell and none
was lost as a result of leakage. As depicted in Fig. 1b, the cell consisted of

Table 1
Range and levels of variables in Box—Behnken experimental design.

Design variable Symbol Range and levels

-1 0 1
PVF/GO Ratio A 0.5 1 1.5
Sonication Time (min) B 30 60 90

Ultrasonic Amplitude (%) C 20 40 60
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Fig. 1. (a) Schematic diagram showing preferred adsorption of formate ions across PVF/GO electrodes. (b) Exploded view of the electrochemical cell with PVF/GO
electrodes, acrylic separator, and a spacer. (c) Schematic representation of electrosorption experimental setup.

two acrylic plates (80 x 80 x 4 mm) made using a laser cutter and
placed parallel to each other. The internals of the electrosorption cell
consisted of a separator, a pair of carbon paper electrodes, a polymer
spacer, and titanium current collectors. The separator was made from
acrylic and the rectangular cutout in the middle formed the channel. The
separator thickness set the width of the channel (the thicker the sepa-
rator, the wider the channel) and prevented short circuits between the
electrodes; however, a larger width meant a lower electric field strength
across the electrodes. To balance these two essential aspects, a separator
width of 2 mm was considered in the study design. The spacer increased
mass transfer through the channel by mixing the flowing feed solution
and allowing for flow between the electrodes. A 0.205- and 0.05-mm-
thick carbon paper and polymer spacer were used. Two titanium strips
were stuck to inside of the endplates to function as current collectors.
The holes within the separators, electrodes, and endplates allowed for
in- and outflow. The inlet and outlet of the cell were positioned at the
bottom and top of the cell, respectively. The cell was secured with bolts
and nuts dispersed around the lid. The PVF/GO electrodes measured 5 x
5 cm. An electrosorption system for continuous-flow was then assem-
bled, which comprised an electrochemical cell, peristaltic pump,
influent and effluent containers (for adsorption and desorption process),
a power supply, and probes for conductivity and pH. Fig. 1c provides a
schematic of this system.

The feed solution from the feed tank entered the cell through tubes
connected to the feed point bolts and directed into the space between the
acrylic plates. The experiments began with a channel that was flushed
with ultrapure water for at least 60 min. Next, the feed solution from the
feed tank was drawn into the fully equipped electrosorption cell at a
constant flow rate of 0.5 mL/min. Immediately after exiting the cell,
conductivity and pH inline sensors were put in place to continuously
measure effluent conductivity and pH and evaluate the formate ion
adsorption/desorption performance of the PVF/GO electrodes under
flow conditions. Power was supplied using a source meter (Keithley,
SMU 2450) and ensured the mode of operation for the experiments (e.g.,
using constant voltage or constant current). The applied potential and

the used electric current were measured, and the power outlet connected
to a data logger to record the data. During the experiments the power
supply was set to maintain a constant electrostatic potential difference
of 1.0 V. While the solution was pumped through the cell, a potential
was applied for a set time after which it was removed. The cell was
charged by applying 1.0 V for 5 min followed by a discharging step at
—1.0 V for 5 min. This cycle of applying and discharging voltage was
repeated several times. The experiments were conducted five times, and
each was repeated three times. High-performance liquid chromatog-
raphy (HPLC) was used to measure samples from the effluent to deter-
mine the amount of formate adsorbed. The amount of formate removed
per charge passed was determined. This represented the total charge
efficiency for the process and calculated as:

A= q/orma/e _ Q f(cin - C)dt
q(:harge f]dt/F

(5)

where Cj, and C are the initial and final anions/cations concentrations, Q
is the volumetric flow rate, F is Faraday constant.

3. Results and discussion
3.1. Electrochemical and morphological characterization

The electrochemical characterization of the PVF/GO fabricated
electrodes at different PVF/GO ratios, sonication times, and ultrasonic
amplitude conditions was conducted using cyclic voltammetry (CV) to
determine the functionality and relative performance of the electrodes.
The CV measurements were conducted using a three-electrode setup in a
0.1 M LiClO4 aqueous electrolyte solution; the representative CV curves
are shown in Fig. 2.

When first observed, the general shapes of the CV curves for the PVE/
GO electrodes were identical; however, after comparing the CVs of the
electrodes, two main differences were observed. First, both the anodic
and cathodic peak potentials shift with different preparation methods
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Fig. 2. Cyclic voltammograms comparison of the PVF/GO electrodes prepared at different (a) PVF/GO ratio, (b) sonication time, and (c) ultrasonic amplitude under
Ar in 0.1 M LiClO4 at the scan rate of 5 mV/s. Electrochemical charge comparison of the PVF/GO electrodes prepared at different (d) PVF/GO ratio (0.5:1, 1:1, 1.5:1),

(e) sonication time (30, 60, 90 min), and (f) ultrasonic amplitude (20, 40, 60%).

and the ink compositions. Thereby, the peak potentials of each electrode
also change, having an effect on the electrochemical reversibility of the
redox reaction. As peak differences increase, the rate of electron transfer
decreases. Given this information, it is clear that the rate of electron
transfer can vary between the electrodes used. Second, variations in the
peak areas for both the anodic and the cathodic peaks were identified,
which indicates that the ink composition and preparation method has a
significant impact on the performance of electrode.

As stated in the literature [43,44], the reaction mechanism at the
anode can be written as below.

Fc—e +A 2FcTA™

where Fc and Fc' show the reduced and oxidized states of the redox
active center, respectively, and A indicates the anion in the aqueous
solution. Following the oxidation of the anode, the uncharged reduced
state ferrocene is oxidized to the ferrocenium and has a net positive
charge which subsequently leads to adsorption of anions from the so-
lution. In addition to electrostatic attraction, hydrogen bonding also
plays a role in regulating the strength of the adsorption force.

Formate is selectively adsorbable from the solution when ferrocene
units on the electrode surface are oxidized. As previously mentioned, the
number of active surface sites on the electrode can be determined from
the area under the anodic peak, and the highest performing electrode
can be identified by comparing the area under the anodic peaks of each.
In other words, there is a direct correlation between the number of
oxidized ferrocene units and the area under the anodic peak and the
number of active surface sites that adsorb formate. Oxidation of ferro-
cene units creates a pass-through charge, and the measured charge from
CV peaks is proportional to the amount of PVF deposited. As can be seen
in Fig. 2, the co-deposited electrode prepared using a 1.5:1 PVF/GO ratio
had the highest charge of 90.3 + 6.8 mC, which indicates that it had a
larger adsorption capacity than the electrodes prepared with a lower
PVF/GO ratio. In addition, the quantity of oxidized ferrocene units on
the electrode surface varied significantly with how the PVF/GO
dispersion had been prepared. The electrode prepared with an ultrasonic
amplitude of 40% had a clearly higher charge value than those of 20 and

60%. An initial increase in the charge was observed for the ultrasonic
amplitude at 40%, but dropped when this charge was increased to 60%.
Finally, the electrode prepared with a sonication time of 30 min had a
lower charge value (35.0 & 3.7 mC) than those prepared with sonication
times of 60 min (73.3 £+ 7.0 mC) and 90 min (88.6 + 8.1 mC).

To better characterize the constructed electrodes, the morphological
properties of the prepared PVF/GO electrodes were investigated using
scanning electron microscopy (SEM). The SEM image in Fig. 3a shows
that the surface of CP consists of uniform fibers with long and compact
structures and a smooth surface, which is in good agreement with the
literature [45-47]. The average diameter of the fibers estimated from
the images is ~ 10 pm. The CP electrode treated by electrochemical
oxidation in the PVF/DMF dispersion indicates non-homogenous and
irregular polymer layers formed on the electrode surface and partially
covering the empty spaces between carbon fibers (Fig. 3b). This was
anticipated because the polymer turned solvophobic once it was
oxidized and transferred to the electrode’s surface. CV measurements
further supported the identification of PVF on the electrode surface.
When the electrode surface (Fig. 3c¢) was coated with only a dispersion
with GO/DMF was examined, it was observed that the surface had a
morphology similar to that of the untreated CP. That is, use of only GO/
DMF had nearly no effect on the coating of the CP surface.

The SEM images in Fig. 3d—f show the effect of different PVF/GO
ratios on electrode morphology. With the increase in the PVF/GO ratio
from 0.5 to 1.5, coating amounts on the electrode surface increased.
Under conditions in which the PVF/GO ratio was 0.5, the coating effi-
ciency and quality were somewhat low. Agglomeration tendency was
observed on the electrode surface at all three PVF/GO ratios, albeit at a
low level. The SEM images (Fig. 3g—i) show the effect of ultrasonic time
on the CP electrode morphology at a PVF/GO ratio of 1.0 and 20% ul-
trasonic amplitude. Increasing the ultrasonic time from 30 to 60 min
caused agglomeration tendency to considerably increase and decreased
the coating quality of the surface. A significant agglomeration tendency
was not observed at 90 min. The SEM images in Fig. 3j-1 show the effect
of ultrasonic amplitude on electrode morphology at a PVF/GO ratio of
0.5 and 30 min ultrasonic time. As can be seen, ultrasonic amplitude had
a remarkable effect on electrode morphology. Particularly under high
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amplitude conditions (e.g., 60%), intense agglomeration tendencies as
well as major deformations on the electrode surfaces were observed.
Further evaluation shows that the electrode morphology was more
homogenously coated at 40% ultrasonic amplitude. In this case, a more
stable film was created and dispersed on the substrate by the n—x
interaction between ferrocene moieties and GOs.

When the results of electrochemical and morphological analyses
were evaluated together, each of the three parameters had a different
effect on electrode performance. For example, although increasing the
PVF/GO ratio positively affected electrode performance, increasing the
ultrasonic amplitude had the inverse effect and decreased the perfor-
mance. In addition, the electrochemical performance of the electrode
and the subsequent efficiency of formate adsorption were greatly
influenced by the proper coating of the electrode surfaces. This specific
experimental design technique was used to gain a deeper understanding
of the PVF/GO ratio, ultrasonic amplitude, and time effects over the
prepared electrodes.

10 pm
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Fig. 3. Scanning electron microscopy (SEM)
images of (a) untreated carbon paper elec-
trode, (b) carbon paper electrode treated by
electrochemical oxidation in the PVF/DMF
dispersion, and (c) GO/DMF dispersion. Ef-
fect of PVF/GO ratio on the surface
morphology of the electrodes obtained
treated by electrochemical oxidation. SEM
images of the electrodes fabricated at
different PVF/GO values (d) 0.5:1, (e) 1:1,
and (f) 1.5:1. Effects of different ultrasonic
treatments on the surface morphology of the
PVF/GO electrodes obtained treated by
electrochemical oxidation. SEM images of
the electrodes exposed for (g) 30 min, (h) 60
min, and (i) 90 min ultrasonic time at PVF/
GO 1 and 20% ultrasonic amplitude; (j) 20%,
(k) 40%, (1) 60% ultrasonic amplitude at
PVF/GO 1 and 30 min ultrasonic time.

3.2. Experimental design results

In the present study, the effect of the PVF/GO ratio, sonication time,
and ultrasonic amplitude on the number of active surface sites and the
efficiency of formate adsorption was investigated using the three-
variable Box-Behnken experimental design. Furthermore, it was used
to determine the significance of individual parameters and the combined
interaction effects of the parameters on both responses. Based on these
results, the relationship between the independent variables and the
predicted responses in terms of coded factors for both the number of
active sites (NAS) and the adsorption efficiency (AE) was formulated in
Egs. (6) and (7).

Yvas = 86.67 +23.04A +6.09B +4.15C +2.25AB — 2.83AC — 1.43BC

6
—15.034% — 6.98B% — 11.36C* ©)

Yap =79.70+21.92A 4+ 7.49B +4.96C 4 1.05AB — 4.50AC — 2.88BC

7
—15.594% —8.81B> — 12.61C> )
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The values and signs of coded coefficients indicate the significance
level on the number of active surface sites and the adsorption efficiency.
The positive sign in these second-order polynomial equations indicates
the synergistic and favorable effect of the output response. Looking at
Egs. (6) and (7), the PVF/GO ratio with the largest coded coefficient
imposed the most significant effect on both responses, while the
simultaneous effect of a combination of sonication time and ultrasonic
amplitude showed the least significance level in this model. Because the
coefficients of the PVF/GO ratio, sonication time, and ultrasonic
amplitude were positive, the adsorption efficiency increased with an
increase in these parameters.

Analysis of variance (ANOVA) was used to evaluate the significance
of the quadratic models and identify the terms that had the most impact
on both responses, and the detailed ANOVA results are shown in
Tables S2 and S3. According to ANOVA, a larger value of F and a smaller
value of p (i.e., p < 0.05) demonstrated that the model is statistically
significant. The F-test gave a low probability value, which also indicated
the high significance of the model for both responses. Moreover, the
model determination coefficient, R%, of 0.9713 and 0.9709 for the
number of active surface sites and formate adsorption efficiency further
showed a good correlation between the measured and predicted re-
sponses. Based on the obtained p-value, the PVF/GO ratio was observed
to be the most significant factor that affected the efficiency of formate
adsorption with the least p-value compared to the other two parameters,
with a P-value of < 0.0001. In addition, both sonication time and the
ultrasonic amplitude had a significant impact on adsorption efficiency;
however, the interaction between each of the three parameters showed
insignificant effects with p > 0.1. The quadratic terms affected the
number of active surface sites and formate adsorption efficiency in the
following order: A% > C2 > B2,

Predicted

30 40 S0 60 T0 80 9 100

Actual

Number of active sites (%)

T T

T
0000 0500 14

T
-1000 9

Deviation from Reference Point
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The predicted values were close to the observed experimental values
(Fig. 4a, b), which meant that Box-Behnken design was suitable for both
responses. The perturbation plots used to examine the simultaneous
effect on formate adsorption efficiency of the three factors are seen in
Fig. 4c—d. Formate adsorption efficiency was determined using this plot
as observed when each variable moved from a reference point; no other
factors were involved. Hence, this perturbation plot shows a deviation
from the adjusted reference point using variables, which ranged from —1
to + 1 on the abscissa. This indicated the coded value and the ordinate
standard of formate adsorption efficiency using just one factor. The
sharp curvature observed for each variable shows a significant effect on
the maximum formate adsorption efficiency; however, there was a dif-
ference in positive and negative deviations and their effects on adsorp-
tion efficiency. When the effects of sonication time and ultrasonic
amplitude were examined and the deviations ranged from —1 to + 1,
there was an initial increase and then a decrease in formate adsorption
efficiency.

Using RSM, the effects of the independent variables on the number of
active surface site and formate adsorption efficiency were plotted in
three-dimensional (3D) response surface plots and two-D (2D) contour
plots and the results are given in Figs. S2 and S3. The main aim of the
response surface is to monitor variables efficiently for the optimum
values to maximize the response. The best response range can be
calculated by analyzing the plots. Based on these 3D and 2D plots
together, it can be concluded that increasing the PVF/GO ratio and ul-
trasonic time resulted in an increased both the active surface cite and
adsorption efficiency. As the applied ultrasonic amplitude increased, a
significant decrease in adsorption efficiency was observed.

Predicted

Adsorption efficiency (%)

T T
0000 0500 1000

Deviation from Reference Point

Fig. 4. Plot of the predicted response versus observed response for (a) the number of active surface sites (%), and (b) formate adsorption efficiency (%). The
perturbation plot of each factor (A: PVF/GO ratio, B: sonication time, and C: ultrasonic amplitude) for (c) the number of active surface sites (%), and (d) formate

adsorption efficiency (%).
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3.3. Flow system results

After fabrication and characterization of the PVF/GO electrodes at
the small scale (1 x 2 cm), the performance of the electrochemical cell
was tested under realistic conditions at constant voltage and continuous-
flow of a supporting lithium perchlorate electrolyte in the absence of
formate ions. This study was the first to implement PVF/GO-based
electrodes in a flow-cell system to achieve formate separation. During
this process, a voltage was imposed across two symmetric PVF/GO
electrodes that induced the adsorption of anions at the anode and cat-
ions at the cathode. The flow-cell performance was evaluated based on
batch-mode experiments conducted using symmetric electrodes in a
custom-made electrochemical cell. There were three steps used for this
basic operation as follows: (1) uncharged, (2) adsorption/charging, and
(3) desorption/discharging. Before beginning the experiments, the cell
was flushed with deionized water, after which 10 mM LiClO4 solution
was allowed to pass through the cell at a constant flow rate of 0.5 mL/
min to initiate the electrochemical separation. During the uncharged
step, redox-active moieties were found on the anode and cathode after
connecting the electrodes to the power source at a charging rate of 1 V
for 5 min for adsorption and a discharge rate of —1 V for 5 min for
desorption. During the experiment, this cycle was repeated for five

Chemical Engineering Journal 475 (2023) 146169

successive runs to ensure that a dynamic steady state was provided.
Electrochemical measurements involved stepping the voltage between
the electrodes 1.0 V for 5 min, and with a net positive charge, the redox
moieties on the anode were oxidized to ferrocenium. The charge that
was applied led to anion adsorption from the influent through hydrogen
bonding and electrostatic attraction to control the strength of the
adsorption process [44]. When the potential was applied and ions were
electrostatically adsorbed onto the electrodes, the electrodes became
saturated and needed to be regenerated. After this charging phase, the
applied potential was removed and the electrodes regenerated by setting
the voltage difference to —1.0 V, applying a reverse potential. The
applied voltage step and current response are illustrated in Fig. 5a.
During the charging step, the measured current initially peaked but then
quickly declined. Immediately after the voltage changed, the driving
force for electrosorption was maximized, and a substantial quantity of
anions from the electrolyte were adsorbed, which resulted in a peak
current. The current deteriorated rapidly over time as more and more
saturation with adsorbed species was observed on the surface. After
charging for 5 min, the electrostatic potential that was applied was
adjusted to —1.0 V, and an inverted current response was observed. The
ionic charge that was accumulated in the electrode was allowed to
escape the electrode, which then led to the release of the adsorbed ions

10 Fig. 5. Cycling performance of symmetric
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back into solution. The effluent’s conductivity and pH were continu-
ously recorded during the experiments to monitor the cell’s perfor-
mance. Fig. 5b shows the effluent concentration and pH of the
perchlorate ions, which exhibit typical adsorption/desorption behavior.
When the voltage was applied, there was a net drop in electrolyte con-
centration, which was concurrent with a sharp increase in the measured
current because of ion adsorption. The charged ions were then drawn to
the opposite electrodes and stored. After the deionized solution passed
through and exited the cell, its conductivity was measured. As the
electrodes became saturated over time, the concentration of the solution
gradually increased until it nearly reached its initial value. A sharp in-
crease in concentration was also observed during the discharge step as
the adsorbed ions were desorbed into the electrolyte. The high con-
centration that was initially recorded gradually decreased to near the
initial concentration (Fig. 5b). That is, as the electrodes regenerated, a
sharp increase in concentration was observed as all the adsorbed ions
were released from the electrodes. Over time, as the electrodes were
again fully regenerated, the concentration returned to its initial value. In
addition, the five adsorption/desorption cycles behaved similarly,
which indicated that a dynamic steady state had been reached. Fig. S4
shows the prolonged cycling performance of the PVF/GO electrodes and
the profile kept stable after 2 h of cycling, demonstrating the high
reversibility of the electrodes. The pH varied between 5.7 and 7.6 during
the experimental process. During the adsorption stage, pH increased;
during the desorption stage, it decreased.

Experiments were also conducted at potentials ranging from 0.75 to
1.50 V in 10 mM LiClO4 electrolyte solution at a constant flow rate of
0.5 mL/min. Fig. 5c and 5d show these profiles and their charge effi-
ciencies. As clearly seen in Fig. 5c, a larger applied voltage increased the
current and provided larger charge efficiency of the flow cell. The charge
efficiency at 1.5 V caused the electrochemical cell to reach the highest
value of 75.4 + 3.8%. Fig. 5e shows the conductivity transition at 0.75,
1.0, 1.25, and 1.5 mV, which indicated that higher voltages were
favorable for electrosorption because the resulting electric field was
stronger. In addition, the increased voltage enabled a more rapid rate of
electrosorption, with the highest capacity of 29.68 mg/g occurring at
1.5 V—a significant improvement from the result of the lower voltage.

In the present study, in addition to a low flow rate (0.5 mL/min), the
electrochemical cell was operated using higher flow rate values
considering the scale-up technology. The experiments were conducted
at 5.0 mL/min. The results are provided in Fig. S5. The total cycle charge
efficiency was calculated to indicate the performance of the flow pro-
cess. It can be concluded that the charge efficiency increased by
decreasing the flow rate and vice versa. The calculated charge efficiency
at 0.5 mL/s was 17% higher than that at 5.0 mL/s.

3.4. Selective formate recovery in flow-cell system

Thanks to the prepared PVF/GO redox-active electrodes, anions can
adsorb at the anode and cations at the cathode. The electrodes demon-
strated ion adsorption behavior during the charge step and released the
ions to solution during the discharge step when paired and tested for
applications of selective separation of ions. The process exhibited strong
electrosorption behavior when cell operations alternated between
adsorption and desorption modes. In addition, the results indicated that
the total cycle charge efficiency of the process was > 75% under studied
operating conditions. After the flow-cell system was tested and opti-
mized, the formate ions were selectively separated under specific flow
conditions. The flow system provided a more realistic assessment of
dynamic selectivity using charging and discharging instead of a single
equilibrium adsorption step (Fig. 6).

As stated in one study [44], hydrogen bonds form between a charged
conduction polymer (i.e., ferrocenium) and anions, which is the result of
groups from which electrons are withdrawn. This bond is much stronger
than those from electrostatic interactions with anions. Formate removal
was quantified using a background electrolyte. A feed solution
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Fig. 6. Selective removal of formate from aqueous solution in the presence of
perchlorate ions using PVF/GO redox-active electrodes. (a) Current and voltage
profiles and (b) the effluent concentration under charging at 1.0 V and dis-
charging at —1.0 V cell voltage in 0.5 mM formate and 15 mM LiClO, elec-
trolyte. (c) Calculated selectivity of formate ions with respect to perchlorate
ions (in 30-fold abundance) for each cycle.

containing 0.5 mM formate and 15 mM LiClO4 (30:1) was used to
evaluate formate selectivity as it related to the background anion, which
was 0.5 mM formate as the target anion and at 15 mM perchlorate as the
competing anion. HPLC was used to measure formate concentration
with aliquots of 100 pL from the effluent after every cycle. We calculated
the selectivity of formate ions against the perchlorate ions as follows:

(AC/Co) e
(aC/Cy) ®

perchlorate

N ) formate —

where Cy is the initial concentration (0.5 mM here) and AC is the change
in concentration after a given time. Under flow conditions at 30-fold
supporting anions, cycle selectivity was 5.7 + 0.8 for first cycle. The
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selectivity of each cycle was very similar to each other. The rapid
adsorption of the perchlorate ions and stabilization of the ferrocenium
moieties on the electrode surface were observed because of the signifi-
cant excess of this anion in comparison to the formate. On the other
hand, over time, the formate, which was more dilute, started to be
adsorbed onto the electrode surface. As it also had a higher binding
strength with ferrocenium than perchlorate did, it replaced the
perchlorate anion, and as a result, the ratio of adsorbed formate relative
to perchlorate became 5.7 times higher than their ratio inside the feed
stream. In addition to selectivity, one of the interesting qualities of redox
electrodes is the reversibility of adsorption and the recovery of adsorbed
compounds. This reversibility was tested with desorption experiments
and the efficiency of formate ion recovery was determined as 80.7 +
3.1%. In addition, we calculated the volumetric energy consumption
(E,) for evaluating the economic separation performance of the system,
and this value was 0.088 kWh/m®.

The SEM images of the PVF/GO electrodes obtained at uncharged,
charging, and discharging steps within the flow-cell system are shown in
Fig. S6. When the SEM image of the PVF/GO electrodes after formate
adsorption process is examined, the formate ions were homogenously
adsorbed onto the surface and the voids are nearly filled; however, as a
result of the desorption process, irregular holes were occurred on the
PVF/GO electrode surface.

3.5. Application results

In the present study, after ensuring that the electrochemical cell
worked well under flow conditions, the selective separation of formate
ions was investigated using the solution obtained in the CO; electrolysis
processes to simulate more realistic conditions. In an electrolyzer, CO3 is
reduced on the cathode while the oxygen evolution reaction occurs on
the anode. Here, the CO5 reduction reaction was conducted at different
potentials in a CO saturated 0.1 M KHCOs electrolyte using a glass H-
type cell. A Nafion 117 cation exchange membrane was used as a
separator to avoid oxidation of COy reduction products. After 1 h of
electrolysis, a liquid sample was collected. This liquid samples contained
the products formed as a result of the electrochemical reduction of COy
in 0.1 M saturated KHCOj5 electrolyte at different potentials. First, the
initial content of the solution was determined using HPLC (Fig. S7).
When the results were examined, the concentration of the formate ion
was 1% of the electrolyte solution used. In addition, methanol, ethanol,
and small amount of acetaldehyde were detected in the solution, which
was expected. The same voltage values were applied to the cell for the
adsorption (1.0 V for 5 min) and desorption (-1.0 V for 5 min) steps
under a single pass flow of 0.5 mL/min for five consecutive cycles. At the
end of each adsorption and desorption step, the effluent was stored in
two separate containers. First, the cell was fed with 10 mM LiClO4
electrolyte at a constant flow rate of 0.5 mL/min. During the adsorption
process, the formate ions were adsorbed on the electrode surface, the
output stream contained less ions, and collected in the first container.
The recovery of the adsorbed formate ions was achieved by applying a
more negative potential to the working electrode to reduce the ferro-
cenium and thus release the adsorbed formate ions to the electrolyte.
When a negative voltage was applied to the system, the formate ion
accumulated on the PVF/GO electrode surface was desorbed and this
output stream, which was more concentrated in formate ion, was
collected in the second container. After six consecutive cycles, i.e., 1 h
later, we were able to obtain a 5.8 times more concentrated formate
solution compared to feed solution. Our experimental results also show
that when the concentrated formate solution was fed back to the elec-
trochemical cell as a feed stream, a 16.8 times more concentrated
formate solution was obtained at 72 h compared to a 1% starting solu-
tion. In addition, the results showed selectivity of > 4.0 toward formate
compared to a liquid product, including the bicarbonate electrolyte in
100-fold abundance. This technology as demonstrated would require
that the electrodes remain stable over several adsorption/desorption
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cycles and the use of high active material loading and large electrode
areas to achieve capacity high enough for industrial applications.

4. Conclusion

In the present study, the selective separation process of formate ions
was demonstrated in a continuous-flow process. First, PVF/GO elec-
trodes were fabricated using the drop-casted method and characterized
electrochemically and morphologically. The effect of the PVF/GO ratio,
sonication time, and ultrasonic amplitude on the number of active sur-
face sites on the electrode and the formate adsorption efficiency were
investigated using the Box-Behnken experimental design technique. The
results revealed that, among the three examined, the PVF/GO ratio was
the most significant factor that affected the responses. It was observed
that the second-order polynomial model was sufficient to accurately
predict the effect of the parameters on adsorption efficiency. The opti-
mum conditions were identified as 1.5 PVF/GO ratio, 90 min sonication
time, and 40% ultrasonic amplitude within the tested range, and the
adsorption efficiency reached > 85%. The flow-platform was then
established for large-scale formate separation and that used the PVF/GO
electrodes fabricated under optimization conditions. Our results indi-
cated that formate, the organic ion, was selectively removed at a 5.7-fold
rate against a 30-fold abundance of perchlorate-supporting anion. The
performance of the flow cell was also tested using a solution that con-
tained different liquid CO5 reduction products. Here a product stream
containing more concentrated formate could be obtained due to selec-
tive formate separation in the flow cell. This clearly indicates that
electrochemically mediated adsorption in a continuous-flow process has
a potential use for selective formate separation on a larger scale.
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