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A B S T R A C T

Boron contamination of various water sources has been increasing in recent years and is receiving worldwide
attention for its negative effects on the environment, wildlife, and humans; therefore, its removal is of utmost
importance. Considering dwindling water sources and the possibility of the world population soon experiencing
water scarcity, effective and innovative technologies must be developed to remove boron ions from water
sources. The aim of the present study was to assess a sustainable separation process for the removal of boron ions
using an electrochemical flow cell with symmetric redox-active polyvinyl ferrocene (PVF) functionalized carbon
nanotube (CNT) electrodes using real-time measurements of the boron adsorption performance in continuous-
flow mode while varying the flow rate, cell voltage, and boron concentration. A Box–Behnken experimental
design (BBD) was used to improve boron adsorption. The adsorption isotherms, kinetics, and thermodynamics
were investigated to further describe the adsorption process. The high R2 value, calculated using a linear and
nonlinear procedure, demonstrated that the Langmuir isotherm and pseudo-first order models fit quite well. The
maximum adsorption of 60.61 mg/g was observed. The thermodynamic results illustrated that the adsorption of
boron ions onto the PVF/CNT electrodes was spontaneous and endothermic under continuous flow mode.

1. Introduction

Boron is an element found in minerals such as borax and kernite. Its
omnipresence in everyday products ranging from ceramics to semi-
conductors underscores strategic importance [1–3]. Boron is used as a
micronutrient as well as, is commercially utilized within a wide range of
areas, such as in the chemical, glass, ceramics, electronics, fertilizer,
metallurgy, and textile industries [4,5]. Unfortunately, the widespread
use of boron in aforementioned industries has led to elevated concen-
trations in both surface and groundwater resources [6,7]. Boron is
generally found in nature as both boric acid and borate ion [8]. Owing to
the high solubility of boric acid and borate salts easily dissolve in water,
boron ions from waste streams can be found in water sources at high
concentrations and they can accumulate in water resources posing
environmental and health risks, especially when present in drinking
water [9,10]. For example, theWorld Health Organization has identified
2.4 mg/L as the maximum acceptable boron concentration for drinking
water; whereas, the European Union proposed an even lower of 1.0 mg/
L [11–13]. At higher boron concentrations, adverse effects on the car-
diovascular, coronary, nervous, and reproductive systems in humans

have been reported [14,15]. In addition, boron concentrations are at
different levels depending on the area of use [16,17]. For example, in the
semiconductor industry, especially for chip production, high volumes of
pure water are used, and the amount of boron contained in this water
should be at a specific ppb level to prevent contamination on the sur-
faces of the chips [11]. In another area of use, high concentrations of
boron are detrimental. For example, excess boron can not only reduce
fruit yield but also result in premature ripening and massive leaf dam-
age, which is why the boron concentrations in plant irrigation water
should not exceed 1 ppm [18]. Thus, although the presence of boron in
aqueous solution at low concentrations has positive effects on humans
and the environment, high concentrations can cause serious problems.
In addition, because of the increasing water demand and the continuing
pollution of usable water resources, the decreasing worldwide water
resources has become an important problem that must be addressed.
When considered within this context, boron pollution in water becomes
a very important environmental problem.

In response to the escalating concentrations of boron in surface
waters and the need to address potential adverse consequences, effective
and sustainable methods by which to remove boron from water must be
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developed. Several studies in the literature provide information on
boron removal using different treatment methods, such as coagulation
and sedimentation [19], adsorption [20–22], crystallization [23], ion
exchange [24], membrane processes [25–27], electrodialysis [28] and
electrocoagulation [29,30]. Among these separation processes, studies
have shown that successful results for boron removal have especially
been achieved by adsorption, electrocoagulation, and electrodialysis.
Although still frequently used, these techniques also pose disadvantages
because of the difficulty and cost in the regeneration processes of the
adsorbents, the need for ion exchange resins, expensive membranes, and
constant maintenance requirements. The drawbacks at the commercial
levels include high energy requirements, low ion removal at low boron
concentrations, and high operating costs; however, research has shown
that some advanced separation technologies have been developed,
tested, and applied that mitigate these drawbacks, one of which is
electrochemistry. Pseudocapacitive deionization (PCDI) an electro-
chemical separation technique, uses redox-active compounds that are
deposited on the surface of a carbon electrode to selectively capture
ions. These organometallic compounds offer a feasible solution to the
drawbacks facing the industry because the processes are fast, the elec-
trical potential is controlled, and the process leaves a lower footprint
and has positive modularity, scalability, and reversibility. In addition,
with PCDI, no additional chemicals or solvents are needed for the
regeneration process, which makes PCDI extremely useful for water
economy and sustaining downstream waste [31–36].

In the present study, the polyvinyl ferrocene/carbon nanotube (PVF/
CNT) electrodes were created and characterized electrochemically,
structurally and morphologically. A large-scale electrosorption cell was
designed for a system to operate in continuous flow mode to remove the
boron ions from the aqueous solution. The system’s performance was
significantly improved using an experimental design as the adsorption
characteristics of the boron ions on the PVF/CNT electrodes were
investigated in detail. The present study provides information on elec-
trochemically mediated separations that address resource recovery from
the removal of boron ions from an aqueous solution.

2. Materials and methods

2.1. Materials

Polyvinyl ferrocene (PVF) was supplied from Polysciences. Multi-
walled carbon nanotubes (CNTs) and anhydrous chloroform were
analytically pure and purchased from Sigma Aldrich (Gillingham, UK).
Potassium sulfate (K2SO4) and boric acid (H3BO3) were obtained from
Merck (Darmstadt, Germany) and used without further post-treatment.
Toray carbon paper (CP, TGP-H-60) was purchased from Alfa Aesar.
Ultrapure water was used to prepare the solutions.

2.2. Experimental methods

The experiment comprised the following five stages: fabricating and
characterizing of the PVF/CNT electrodes, designing an electrochemical
flow cell, constructing a continuous-flow electrosorption system, opti-
mizing the conditions for obtaining the highest efficiency of boron
removal, and investigating the adsorption characteristics (i.e., iso-
therms, kinetics, and thermodynamics of the boron ions under
continuous-flow conditions).

2.2.1. Fabrication and characterization of PVF/CNT electrodes
Toray carbon paper was used as the surface for the working elec-

trode. The electrodes were fabricated by preparing a mixture of PVF and
CNT electrodes in a mass ratio of 1:1 with 20 mL anhydrous chloroform
used as the solvent. The mixture was thoroughly sonicated using the
Bandelin ultrasound homogenizer HD 2200 for 1 h at 40 % amplitude to
obtain a uniform homogenous slurry. The sonicated PVF/CNT solution
was then ready for use, and the solution was drop-cast onto one side of

the electrode surface, after which the electrodes were left to dry in an
oven at 30 ◦C for 2 h. Two sizes of electrodes were constructed. First, 50
μL of the solution was drop-cast on a 1- by 1-cm electrode surface for
electrochemical characterization. Second, 250 μL of the solution was
drop-cast on a 5- by 5-cm electrode surface for flow-cell experiments.

For the electrochemical tests, three electrodes—a PVF/CNT, a plat-
inum, and an Ag/AgCl as a reference—were used. Cyclic voltammetry
(CV) measurements were conducted in a 0.1 M K2SO4 solution using a
Biologic SP-200 potentiostat (5.0 mV/s) under an argon atmosphere at
room temperature. The surface sites were activated when the total
charge passed through ferrocene; therefore, the charge could be calcu-
lated by integrating the area under the anodic peak as determined using
the Biologic EC-lab peak-analysis tool. Eq. (1) shows the relation be-
tween the charge and the measured current:

Q =

∫ t2

t1
Idt =

1
ν

∫ E2

E1
IdE (1)

where Q is the charge (C), v is the sweep rate (V/s) and E1 and E2 are the
potentials where the anodic peak starts and ends (V).

In addition to the electrochemical analyses, the structural and
morphological properties of the prepared PVF/CNT electrodes were
identified via an X-ray diffraction instrument (XRD, Bruker D2 Phaser
Tabletop Diffractometer), a JY Horiba LabRAM HR Raman spectrom-
eter, and a scanning electron microscopy (FESEM, Thermo Scientific
Apreo 2S).

2.2.2. Cell design and construction of continuous electrosorption system
The present study used the Rhinoceros 3D modelling software. As

depicted in Figs. 1a and b, the cell comprised two resin plates placed
parallel to each other, sandwiching two electrodes together as with a
wall of the cell. The inside of the cell had one middle plate with an inner
flow channel, a pair of carbon paper electrodes, and titanium current
collectors. The electrodes were spaced by the middle plate, allowing for
flow between them. In the present study, unlike classical flow cells,
seven flow channels were designed within the middle plate to ensure
that the feed solution passed through the electrode surface homoge-
neously while feeding the cell, thereby increasing boron removal effi-
ciency. In addition, the flow channels increased the mass transfer
through the channel by mixing the flowing feed solution while sup-
porting the electrodes and ensuring there was no accidental connection
between them, which would have led to a short circuit during operation.
Because of the design of the flow channels, spacers were not necessary.
Two titanium strips were applied to each electrode to function as current
collectors. The cell was secured with bolts and the nuts were dispersed
around the plates. The modular design of the electrochemical cell
allowed for a wide variety of experiments, which enabled more studies
on the effect of cell voltage and volume flow.

The boron adsorption and desorption values were measured using a
constructed electrosorption system (Fig. 1c). The experimental setup
comprised a programmable source meter, fully equipped (e.g., with
electrodes and current collectors) electrochemical flow cell, peristaltic
pump, conductivity sensor, pH probe, and data logging software. First, a
channel was flushed with pure water, after which the boron solution was
sent through the cell. The solution was continuously pumped from the
influent container into the electrochemical flow cell using a peristaltic
pump at a constant flow rate of 1.0 mL/min. After the solution emerged
from the cell, both the conductivity and pH were measured using a
sensor and pH electrode that were placed at the outlet port. The power
supply ensured themode of operation for the experiments using constant
voltages (0.7, 1.0, and 1.3 V). A source meter was used to measure both
the potential and electric current used. A 1.0-V charge was applied to the
cell for 5 min followed by a discharge of − 1.0 V for 5 min and repeated
several times. Any changes to the current values were recorded. The
samples were taken from the outlet flow at 5-s intervals, and boron
concentration was determined using inductively coupled plasma atomic
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emission spectroscopy. Each experiment was cycled at least five times
and repeated at least three times. The total cycle charge efficiency of the
process, defined as the amount of boron removed per charge passed, was
calculated as:

Λ =
qboron
qcharge

=
Q
∫
(Cin − C)dt
∫
Idt

/
F

(2)

where Cin and C are the initial and final boron concentrations, Q is the
volumetric flow rate, F is the Faraday constant.

In addition, to investigating the adsorption of the boron ions on the
PVF/CNT electrodes, the experiments were conducted at a boron con-
centration of 10–100mg/L, a contact time of 0–300 s, and a temperature
of 20–40 ◦C. The amounts of boron ions per unit mass of adsorbent at
equilibrium (qe), and at each time interval (qt), were calculated using
the following equations:

qe =
(Ci − Ce) × V

W
(3)

qt =
(Ci-Ct) × V

W
(4)

Where Ci is the initial concentration and Ce is the equilibrium concen-
tration of boron ion (mg/L). Ct is the concentration of the boron ions at
any time (mg/L), W is the mass of adsorbent (g) and V is the solution
volume (L).

2.2.3. Design-of-experiments approach
To investigate the effect of the various operating conditions on the

efficiency of the cycle charge, the design-of-experiments approach was
used. The flow rate (A), cell voltage (B), and boron concentration (C)
were chosen as the input variables. A Box–Behnken design (BBD) [37]
combined with the response surface method (RSM) was used to generate
the experimental plan. As shown in Table S1, each condition was varied
over three levels representing the upper, medium, and lower boundary
of each parameter. The data representing the upper and lower limits of
each factor were selected based on preliminary experiments. Based on
RSM, 15 experiments with varying conditions were designed. A three-
factor, three-level BBD was used as the basis of the experiments. Using
Design Expert (https://www.statease.com/software/design-expert/), a
multidimensional cube was created that comprised midpoints and cen-
tral points (Eq. 5).

N = 2k(k − 1)+C0 = 2×3(3 − 1)+3 = 15 (5)

where N is the number of the experiments, k is the number of inde-
pendent variables and C0 is the replicate number of central point. The
levels and ranges of the variables used in the present study are listed in
Table S1. Following the experiments, we used a second-order poly-
nomial regression model equation to determine the mathematical rela-
tionship between the response function and the process variable. The
general form of this equation is as follows:

Y = β0 +
∑k

i=1
βiXi +

∑k

i=1
βiiXi

2 +
∑k

ii=1

∑k

j>1
βijXiXj (6)

where Y shows the predicted response, β0 is the constant term, βi is the
linear coefficient, βii is the quadratic coefficient, and βij is the interaction

Fig. 1. (a) Exploded view three-dimensional (3D) drawing, and (b) photograph of the electrochemical cell. The cell comprised two resin plates, two electrodes, a
separator, and current collectors. (c) Schematic of the boron electrochemical separation system with influent and effluent containers, the peristaltic pump, the
electrochemical cell, a power source, and inline sensors including an electroconductivity sensor and a pH probe.
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coefficient.
The software analyzed the experimental designs and generated the

surface plots. Analysis of variance (ANOVA) was used to evaluate sig-
nificance of the operation parameters and/or the combined effect by
their interactions of those parameters. R2 and the F-test were used to
validate the model by comparing the calculated values with those
predicted.

3. Results and discussion

3.1. PVF/CNT electrode characterization

Because the electrochemical characterization of a synthesized elec-
trode determines how it functions, its cyclic voltammetry (CV) was used
to conduct the electrochemical characterization of the PVF/CNT elec-
trode that was created (Fig. 2a and b).

At first, the basic forms of the CV curves for the electrodes containing
PVF and those containing PVF/CNT appeared similar; however, two key
distinctions were noted. First, by adding CNT to the PVF film, the peak
potentials for ferrocene oxidation were altered, which caused a shift in
the peak potentials of both the anode and cathode. In addition, the peak
current for both the oxidation and reduction was much higher with the
PVF/CNT electrodes than with the electrodes containing only PVF or
CNT. In the PVF/CNT electrode voltammogram, the anodic peak current
was 2.3 mA at 0.52 V and the cathodic peak current was − 2.1 mA at
0.18 V. In contrast, in the PVF electrode voltammogram, the anodic peak
current was 0.29 mA at 0.41 V and cathodic peak was − 0.16 mA at 0.29
V. The increase in the current response in the PVF/CNT electrode
resulted from incorporation of highly conductive carbon nanotubes into
the PVF film. These nanotubes reduced resistance of the polymer matrix
to the charge transfer, which enabled the ferrocene oxidation and
reduction to be more effective. Second, the higher peaks using the PVF/
CNT electrode indicated that its performance was highly dependent on
ferrocene deposition onto the electrode surface [38]. These deposits
adsorbed boron ions from the solution. The number of active sites was
directly related to the area under the anodic peak curve, which indicated
that its charge was proportional to the amount of PVF deposited. The
PVF/CNT co-deposited electrode had the highest charge at 81.3 ± 5.2
mC. Fig. 2b shows the electrochemical performance of the PVF/CNT
electrode. The results show that the voltammograms of five cycles are

very similar, indicating that the fabricated electrodes were reversible
and stable in the electrolyte.

In addition to electrochemical characterization, XRD and Raman
analyses were performed to structurally characterize PVF/CNT elec-
trodes, and the results are shown in Fig. 2c and d. The main diffraction
peak was observed at 2θ = ~26◦, which was the result of the (002)
graphite facet of the carbon paper [39,40]. All diffraction peaks corre-
sponded to those of carbon paper and the intensity and sharpness of the
peaks were similar to each other, indicating that the structure was not
changed. Typical peaks of PVF were not found, which could be the result
of the production of thin film layers on the electrode surface and the
dominant effect of carbon paper peaks. XRD analysis results were sup-
ported with Raman results. In the Raman spectra shown in Fig. 2d, there
were two prominent peaks at ~1350 cm− 1 and 1580 cm− 1 corre-
sponding to D and G peaks respectively. The results were consistent with
those reported from earlier studies [41–44]. In addition to electro-
chemical and structural tests, the morphological characterization of the
produced electrodes was examined. The scanning electron microscope
(SEM) images are shown in Fig. 2e. Similar to that in earlier research
[45,46], the surface of the untreated carbon paper electrode was
composed of smooth carbon fibers. Upon examination, the electro-
deposited carbon paper/CNT electrode showed nearly the same
morphology as the untreated carbon paper electrode; consequently, the
coating of the carbon surface was essentially unaffected by the appli-
cation of CNT alone. Nonetheless, the electrodeposited carbon paper/
PVF electrode differed from the untreated carbon paper electrode. There
was an uneven layer of polymer composed of hollow structures that
covered the surface, which was anticipated as a polymer’s nature
changed to one of oxidation and solvophobicity on the electrode surface.
After examining SEM of the electrodeposited PVF/CNT electrodes, it was
observed that the electrode surface exhibited homogeneous dispersion,
smoothness, and nearly uniform porosity together with micropores of
consistent size that were connected by a three-dimensional framework
and encircled by a conformal polymer covering. The CNTs and ferrocene
moieties interacted to form and distribute a stable film onto the sub-
strate, after which the electrons moved swiftly from the carbon fiber
substrate to the polymer’s redox-active core [41,47].

Fig. 2. (a) Cyclic voltammograms of individual CNT (black line), PVF (blue line), and PVF/CNT (green line) electrodes at the scan rate of 5 mV/s. (b) Electrochemical
stability of the prepared PVF/CNT electrode. (c) XRD patterns and (d) Raman spectra of the fabricated electrodes. (e) Scanning electron microscopy (SEM) images of
untreated carbon paper electrode, carbon paper electrode treated by electrochemical oxidation in the CNT/chloroform dispersion, PVF/chloroform dispersion, and
PVF/CNT chloroform dispersion. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.2. Flow system results

After fabrication and characterization of the PVF/CNT electrodes at
the small scale (2 by 1 cm), the performance of our electrochemical cell
(8 by 8 cm) was tested under realistic conditions at constant voltage and
continuous flow of 10 ppm boron concentration. A schematic illustration
of the flow cell with redox-active PVF/CNT electrodes is shown in Fig. 3.

The basic operation principle of this cell can be separated into three
steps as follows: (1) uncharged, (2) adsorption/charging, and (3)
desorption/discharging. First, the cell was fed with at a constant flow
rate of 1.0 mL/min. During the uncharged step, redox-active moieties
were present on both the anode and cathode, after which the electrodes
were connected to the power source and charged at 1.0 V for 5 min for
adsorption and discharged at − 1.0 V for 5 min for desorption. This cycle
was repeated throughout the experiment for five consecutive cycles to
ensure a dynamic steady state. During the electrochemical measure-
ment, the voltage between the electrodes was stepped to 1.0 V for 5 min,
and the redox moieties on the anode were oxidized to ferrocenium with
a net positive charge. The applied charge caused anions to be adsorbed
from the influent through hydrogen bonding and electrostatic attraction
to control the adsorption strength [48]. 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. 4a, and the profiles of the effluent concentration and pH of boron
ions are shown in Fig. 4b. The curves show typical adsorption/desorp-
tion behavior. From Fig. 4b, it is observed that applying the potential
across the electrodes resulted in a drop in boron concentration as the
electrodes became saturated over time. After saturation, the concen-
tration of boron gradually increased back to its initial value. The boron

concentration in the effluent stream stabilized and reached equilibrium
in <300 s. The experiments were repeated no less than five times,
reaching the same equilibrium time with each experiment; therefore,
this time interval was considered in the experiments when applying the
potential cycles. Moreover, Fig. 4b shows a sharp increase in boron
concentration when applying a potential − 1.0 V for 5 min. In this case,
the adsorbed ions from the earlier step were desorbed back into the
outlet flow, which was why the high concentration was observed. As the
electrodes were fully regenerated, boron concentration returned to its
initial value. The behavior of the five adsorption/desorption cycles was
similar, which indicated that a dynamic steady state had been reached.
The effluent’s conductivity and pH were continuously recorded during
the experiments to determine the cell’s performance. The variation in
pH was also recorded during the electrosorption process, with a change
between 8.5 and 10.8. An increase in pH was observed during the
adsorption stage; whereas, the pH decreased during the desorption
stage. In addition to the experiments with an adsorption potential at 1 V,
experiments were conducted at varying potentials ranging from 0.7 to
1.30 V at a constant flow rate of 1 mL/min. Fig. 4c, d and e compare the
voltage/current profiles, and their corresponding concentration change,
and the charge efficiencies with respect to the applied potential. Fig. 4c
indicates that a higher applied voltage increased the current and pro-
vided a larger charge efficiency of the flow cell. At 1.6 V, the charge
efficiency reached the highest value of 84.7 %. Fig. 4f illustrates the
prolonged cycling performance of the PVF/CNT electrodes and the
profile kept stable after 10 h of cycling, showing the high reversibility of
the electrodes.

Fig. 3. Schematic representation of the flow cell with redox-active PVF/CNT electrodes for (a) uncharged step, (b) adsorption step, and (c) desorption step during the
electrosorption process. Scanning electron microscopy (SEM) images of the PVF/CNT electrodes obtained treated by electrochemical oxidation for (a) uncharged
step, (b) adsorption step, and (c) desorption step.
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3.3. Experimental design results

A BBD experimental design was used to investigate the effects of
three independent variables—flow rate (A), cell voltage (B), and boron
concentration (C)—on the response function to determine the conditions
that maximized the process efficiency and, thus, boron adsorption per-

formance. The designed experiments and their corresponding measured
responses are presented in Table S2. Based on these results, the rela-
tionship between the independent variables and the predicted response
(i.e., total cycle charge efficiency [CE]) was formulated as follows:

Fig. 4. (a) Current and voltage profiles and (b) the effluent concentration and pH of boron ions under constant charging at 1.0 V and discharging at − 1.0 V cell
voltage in 10 ppm boron solution. (c) Current and voltage profiles, (d) the effluent concentration, and (e) the charge efficiencies with respect to the applied potential
under different charging and discharging cell voltage in 10 ppm boron solution. (f) Cycling performance of PVF/CNT electrode pair under constant charging and
discharging cell voltage.
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YCE=72.67-9.54A+7.17B-3.34C-0.97AB+1.50AC-0.43BC-2.01A2

-2.93B2-3.61C2 (7)

The coded coefficients were calculated using Design Expert (https
://www.statease.com/software/design-expert/), and their values and
signs showed the significance level of the operation conditions. The
positive sign in this equation indicated the synergistic effect of the fac-
tors on the output response. It can be concluded from the developed
second-order polynomial equation that the flow rate imposed a more
significant effect on the charge efficiency when compared to other
operating conditions in which a lower flow rate increased the charge
efficiency. The cell voltage was the second significant factor affecting
the charge efficiency of the electrosorption process, while the boron
concentration had the least significant impact.

ANOVA was used to evaluate the significance of the quadratic model
and identify the terms that had the most impact on the response
(Table 1). Accordingly, there is an inverse relationship between the F
value and p-value, and the analysis showed that the model was statis-
tically significant (i.e., p < 0.05). The obtained p-values indicated that
the flow rate (A) and cell voltage (B) were significant factors that
affected the total cycle charge efficiency with the least p-value (i.e., <
0.001) compared to concentration (C). The effect of combined interac-
tion with the two factors, i.e., factor AB, factor AC, and factor BC showed
insignificant effects with p-value >0.1. The quadratic terms affected the
cycle efficiency in the following order: C2 > B2 > A2.

When using the F test for significance, a high F value showed that the
regression equation adequately accounted for much of the output vari-
ation. In the present study, the F-value, which shows that the model was
statistically significant, was calculated as 64.59 and the p-value was
0.0001, indicating that there was only a 0.01 % chance that noise
influenced the F-value. Moreover, the model determination coefficient,
R2, of 0.9761 for the total cycle charge efficiency further showed a good
correlation between the measured and predicted responses. Because the
predicted values were similar to the experimental values (Fig. 5a), BBD
was suitable for both. Fig. 5b provides the perturbation plot that was
used to examine the simultaneous effect on total cycle charge efficiency
based on the three factors. As a variable moved from a reference point,
the efficiency was determined; no other factors were involved. The sharp
curvature observed for each variable indicated a significant effect on the
maximum cycle charge efficiency.

Using RSM, the effects of the independent variables on the total cycle
efficiency were plotted in three-dimensional (3D) response surface plots
and two-D (2D) contour plots and the results are given in Fig. 6. 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 flow rate and boron
concentration resulted in a decreased charge efficiency. As the applied
cell voltage increased, a comparable increase in the total cycle charge
efficiency was observed. It was also observed that as the flow rate of the
feed solution decreased from 10 to 1 mL/min, the cycle efficiency
increased from 64.3 to 87.0 % at constant boron concentration.

3.4. Adsorption characteristics

3.4.1. Effect of boron concentration, contact time, and temperature on the
adsorption process

Under optimized conditions (i.e., highest efficiency), the adsorption

Table 1
Analysis of variance results of the response surface quadratic model for total
cycle charge efficiency (%).

Source Sum of
Squares

df Mean
Square

F-
Value

p-value
Prob > F

Model 1325.33 9 147.26 64.59 0.0001
A-Flow rate 727.71 1 727.71 319.19 < 0.0001
B- Cell voltage 411.84 1 411.84 180.65 < 0.0001
C-Electrolyte
concentration

89.11 1 89.11 39.09 0.0015

AB 3.80 1 3.80 1.67 0.2530
AC 9.00 1 9.00 3.95 0.1037
BC 0.72 1 0.72 0.32 0.5978
A2 14.89 1 14.89 6.53 0.0509
B2 31.77 1 31.77 13.94 0.0135
C2 48.07 1 48.07 21.09 0.0059
Residual 11.40 5 2.28 – –
Lack of fit 10.39 3 3.46 6.88 0.1295
R2 0.9915

Notes: Adj R2 = 0.9761, pred R2 = 0.8739, adequate precision = 27.112, stan-
dard deviation = 1.51; significance parameter, affecting total cycle charge ef-
ficiency response.

Fig. 5. (a) The plot of predicted versus actual values and (b) the perturbation
plot of each factor (A: Flow rate, B: Cell voltage, and C: Boron concentration)
for total cycle charge efficiency (%).
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characteristics of boron on the electrode surface were investigated in
detail. In addition, the characterization of the electrodes used under
continuous flow conditions was investigated using SEM and Bru-
nauer–Emmett–Teller (BET) analysis. When the SEM images were
examined in Fig. 3, it was observed that the surface of the PVF/CNT
electrodes comprised homogeneously distributed porous structures. The
BET surface area was found to be 546.2 m2/g which indicates the porous
characteristics of the fabricated PVF/CNT electrodes. As a result of the
adsorption process, boron ions completely filled these holes. When the
surfaces of the electrodes obtained as a result of the desorption process
were examined, it was observed that homogeneously distributed porous
structures were reformed. The energy-dispersive X-ray spectroscopy
analysis results also proved that boron ions were adsorbed onto the

electrode surfaces. (Fig. S1).
In this section, where the adsorption characteristics of boron ions

onto PVF/CNT electrodes was studied using the electrochemical sepa-
ration method, the effect of boron concentration and contact time on the
adsorption process was also determined as a function of temperatures
ranging from 20 ◦C to 40 ◦C. The results are shown in Fig. S2. As shown
in S2, temperature changes affected the equilibrium capacity of the
adsorbent for boron ions. Regardless of boron concentrations, the
adsorption efficiency increased when the temperature increased. These
results can be explained by the increase in the molecular diffusion rate
and in the active sites on the surface at higher temperatures. This situ-
ation also revealed that the adsorption process was endothermic. The
maximum adsorption capacities were determined as 25.97, 36.88 and

Fig. 6. Three-dimensional (3D) response surface plots and two-D (2D) contour plots showing the effects of (a) flow rate and cell voltage, (b) flow rate and boron
concentration, and (c) cell voltage and boron concentration on the total cycle charge efficiency (%).
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47.65 mg/g for 100 ppm boron concentrations at 20, 30, and 40 ◦C
temperature, respectively. The time was also another important
parameter affecting boron adsorption onto the PVF/CNT electrodes. It
was determined that at the initial stage, the adsorption process was fast,
and a large amount of boron ions adsorbed onto the electrode surfaces in
the first 90 s. Then, it reached equilibrium within 120 s and after this
time, no distinctive increase or decrease was observed in the amount of
adsorbed boron ions per unit mass of adsorbent. The initial rapid
adsorption rate may have occurred to due to availability of a large
number of vacant sites and the absence of internal diffusion resistance.
After this time, the very low increase in additive uptake that was
observed can be attributed to the low number of surface-active sites on
adsorbent.

3.4.2. Adsorption isotherms
Adsorption isotherms are used to describe interactions between

adsorbate and adsorbent when in equilibrium and provide fundamental
information on the adsorption process. Various isotherm models have
been proposed in the published literature. In the present study, the most
frequently used isotherm models were Langmuir, Freundlich, and
Temkin. The Langmuir isotherms assume monolayer adsorption with
homogeneous interactions with a solute. The Freundlich isotherm is
associated with multilayer adsorption onto the heterogeneous adsorbate
surface [49–51]. The Temkin model was also used to investigate the
adsorption isotherm in the present study. This isotherm predicts that
adsorption energy decreases linearly with surface coverage because of
the interaction between adsorbent particles and the adsorbate [52].
Table S3 summarizes linear expressions for these models and their pa-
rameters. The isotherm parameters obtained from the Langmuir,
Freundlich and Temkin models at different temperatures were calcu-
lated with the help of the linear expressions, and their respective results
are given in Table 2. The maximum adsorption capacity obtained from
the Langmuir isotherm was 35.21, 57.14, and 60.61 mg/g at 20, 30, and
40 ◦C, respectively. In other words, in agreement with the results shown
in Fig. S2, the amount of boron ions adsorbed increased with the in-
crease in the temperature. The RL values in the Langmuir model at
different temperatures were between 0.2065 and 0.1259, which indi-
cated that the adsorption of the boron ions onto the PVF/CNT electrodes
was favorable. The Freundlich model also supported these results. Ac-
cording to the Freundlich isotherm models, the value of n indicates
adsorption favorability. If n > 1, the adsorption isotherm is favorable. In
the present study, n was 1.680, 1.429, and 1.720 at 20, 30, and 40 ◦C,
respectively, which indicated favorable adsorption of the boron ions
onto the PVF/CNT electrodes. In addition, a nonlinear regression anal-
ysis was conducted for all models of adsorption isotherms, and the
isotherm fitting was plotted using nonlinear equations (Fig. 7). Data
obtained through the linear and non-linear methods were similar, and

they supported each other. The Langmuir model should be selected as
the most appropriate isotherm model for describing the adsorption
equilibrium behavior of boron ions on PVF/CNT electrodes. According
to this result, there was a homogenous distribution of boron ion
adsorption onto the electrode surface on the active sites plus a mono-
layer sorption of adsorbate onto the outer surface.

3.4.3. Adsorption kinetics
An adsorption kinetic study provides important details on the

adsorption rate, performance of the adsorbent used, and mass transfer
mechanisms. Determining the adsorption kinetics of a material is
essential when designing an effective adsorption system and selecting
optimum operating conditions. To precisely determine the adsorption
kinetics of boron ions onto PVF/CNT electrodes, several kinetic frame-
works, such as the pseudo-first-order (PFO), pseudo-second-order (PSO),
and intraparticle diffusion kinetic models, were developed to provide
comprehensive information on the mass transfer of boron ions. The
pseudo-first-order model or Lagergren’s kinetic model assumes a
reversible interaction with an established equilibrium between adsor-
bate and the surface of the adsorbent. PSO model is designated for
evaluating the chemisorption kinetics. It is also assumed that adsorption
is influenced by the chemical potentials of both the adsorbent surface
and the adsorbates [53,54]. Apart from these models, the intraparticle
diffusion, or Morris–Weber kinetic, model takes into account the diffu-
sion effects of the adsorption kinetics. The model provides information
on the adsorption processes that comprise instantaneous adsorption
onto the external service; gradual adsorption diffused inside the pores;
and equilibration of the process, during which the adsorbates slowly
move from inside the larger pores into micropores [55]. Table S4 shows
the linearized equations and the parameters of these adsorption models.

The parameters for the PFO, PSO, and intraparticle diffusion models
at different temperatures and their respective correlation coefficients
are provided in Table S5. Given that R2 indicates a relationship between
calculated and experimental values, this coefficient was used to deter-
mine the best-fit model. The results indicated that the PFO model was
more compatible with the experimental data (Table S5), which suggests
that pore diffusion on the PVF/CNT electrodes, not chemisorption
domination, was the decisive step in the boron adsorption process.
Table S5 also provides the intraparticle diffusion rate constants, kp, at
different temperatures. The data showed that kp values were directly
related to temperatures and that temperature influenced the mobility of
the adsorbate (i.e., increased temperatures increased mobility) based on
the endothermic properties of the adsorbate. Adsorption kinetics was
also studied using nonlinear kinetic models. The kinetic data that were
observed to be the best fit were calculated using the PFO model (Fig. 7).
Data gathered using the linear method were compatible with those using
the nonlinear method.

3.4.4. Adsorption thermodynamics
In addition to the analysis of adsorption kinetics, proper assessment

of thermodynamic parameters, such as standard Gibbs free-energy
change (ΔG◦), the enthalpy change (ΔH◦), and the entropy change
(ΔS◦), could provide in-depth information about the nature of adsorp-
tion (i.e., the nature of adsorbent–adsorbate interactions) and adsorp-
tion types and mechanisms (i.e., either chemical or physical). The
thermodynamic parameters can be calculated according to the ther-
modynamic laws using the following equations:

ΔG◦

= − RTlnKL (8)

ΔG◦

= ΔH◦

− TΔS◦ (9)

lnKL =
ΔS◦

R
−

ΔH◦

RT
(10)

where R is a universal gas constant (8.3144 J/mol.K), and T is absolute

Table 2
Isotherm constants for boron adsorption at different temperatures.

Isotherms 20 ◦C 30 ◦C 40 ◦C

Langmuir
qm (mg/g) 35.21 57.14 60.61
KL (L/mg) 0.0384 0.0320 0.0694
RL 0.2065 0.2378 0.1259
R2 0.9997 0.9919 0.9999

Freundlich
KF ((mg/g)(L/mg)1/n) 2.187 2.368 5.287
n 1.680 1.429 1.720
R2 0.9443 0.9556 0.9601

Temkin
KT (L/mg) 0.4332 0.4257 0.8759
B 7.5037 11.498 12.367
R2 0.9799 0.9817 0.9733
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temperature in Kelvin (K). Each energy function has its physical sense as
follows: ΔH◦ indicates the heat effect of adsorption process and ΔG◦ is
the minimum isothermal work necessary to load the adsorbent to a given
level. An understanding of the behavior of adsorption entropies helps to
determine how the adsorbed molecules are packed together. Table 3
shows the calculated thermodynamic parameters (ΔG◦, ΔH◦, and ΔS◦)
for boron adsorption. The values of the Gibbs free energy change, a
critical factor in determining the degree of adsorption spontaneity, were
between − 14.29 and − 21.03 kJ/mol at 20–40 ◦C. As observed from
Table 3, the ΔH◦ was positive within the range of 36.12–44.52 kJ/mol,
which indicates not only an endothermic process but an increase in the
adsorption capacity of the adsorbent with increased temperatures (see
also Fig. S2). Concurrently, ΔS◦ provided information on system disor-
ders during the adsorption process. The magnitude and sign of ΔS◦

during the adsorption process indicated whether the organization of the
adsorbate at the solid interface becamemore random. The positive value
of ΔS◦ at 172.0–209.4 kJ/mol indicated an increased disorderliness at
the solid/solution interface during the adsorption of boron ions.

4. Conclusions

This work successfully demonstrates how boron ions can be removed
from aqueous solution using PVF/CNT redox electrodes. The fabricated
electrodes were characterized based on their morphology, structural
properties, and electrochemical and electrosorption performance. SEM
image showed that PVF/CNT electrodes had a porous structure with a
high BET surface area. The performance of the constructed flow plat-
form was improved by optimizing the conditions using an experimental
design. The BBD results indicated that the higher boron adsorption ef-
ficiency can be achieved at a lower flow rate under continuous flow
conditions. The optimal operation conditions were 1.0 mL/min, 1.3 V,
and 55 ppm boron concentration. Moreover, the adsorption character-
istics of the boron ions on PVF/CNT electrodes were determined in terms
of isotherms, kinetics and thermodynamics. The Langmuir isotherm
model and pseudo-first-order kinetic model were the most suitable
models to describe the boron adsorption process under continuous flow
mode. The thermodynamic data revealed the endothermic and

spontaneous nature of the adsorption process. The present study may
pave the way for designing and operating an electrochemical system for
boron removal on a larger scale.
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Fig. 7. Fit of adsorption isotherm models by non-linear procedure for boron removal (a) 20 ◦C, (a) 30 ◦C, and (c) 40 ◦C. Fit of pseudo-first-order adsorption kinetics
model by non-linear procedure for boron removal (d) 20 ◦C, (e) 30 ◦C, and (f) 40 ◦C.

Table 3
Thermodynamic parameters for boron adsorption at different temperatures.

Parameters

Boron concentration T ◦C ΔG◦ kJ/mol ΔS◦

J/mol K
ΔH◦

kJ/mol R2

10 ppm 20 − 16.84 209.4 44.52
30 − 18.93 0.9964
40 − 21.03

55 ppm 20 − 15.60 196.4 41.95
30 ‑17.56 0.9797
40 − 19.53

100 ppm 20 − 14.29 172.0 36.12 0.9828
30 − 16.01
40 − 17.73

S. Polat and H.B. Eral Journal of Water Process Engineering 68 (2024) 106481 

10 



Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
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