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Abstract: Coordination polymer (CP)-type adsorbents impregnated with ionic liquids that are used
to remove phenol from wastewater must be regenerated. A simple washing of the adsorbent releases
about 70% from the spent adsorbent. In order to increase and study the phenol release, an electro-
chemical method was used. For this purpose, an electrochemical commercial graphite electrode
was used as the working electrode, and the electrolyte support was a 3% NaCl solution. During the
electrochemical investigation, the spent CP was immersed in a saline solution. The PH content in the
electrolyte affected the direct electrooxidation (EO); the formation of BQ appeared to be accelerated by
a lower concentration and a slower release of PH. After 90 min, an efficiency of PH electrooxidation
(EOPH) of 36.22% from Cu-PA and EOPH of 42.14% from Cu-PA-IL, respectively, was achieved. These
results were significantly higher than the EOPH of the solution resulting from washing the wasted
adsorbent with a saline solution (22.58%). This work highlights the potential for the simultaneous
electrooxidation of desorbed PH and the recovery of spent adsorbent in this situation. The number of
cycles in which the adsorbent can be used without losing its absorbance ability is three.

Keywords: electrochemical regeneration; pollutants; phenol; coordination polymers; electrochemical
impedance spectroscopy (EIS)

1. Introduction

The effectiveness and cost-effectiveness of employing adsorbents to remove dangerous
organic compounds from water have significantly been improved during the past few
decades. The recovery of dangerous organic compounds from the desorbing agents and
the recycling of spent adsorbents, however, has received little attention. From pollutants,
phenol is very toxic, yet it is widely used in industries [1]. Suitable adsorbents for dangerous
organic compounds from water are coordination polymers (CPs), which are a class of
compounds consisting of metal ions or clusters coordinated to organic ligands to form one-,
two-, or three-dimensional structures. A method for cleanup that shows promise is the
electrochemical oxidation (EO) of potentially dangerous organic compounds. Phenols (PHs)
that are present in industrial effluents are hazardous and have issues with bioaccumulation
even at low concentrations. Chemical companies and the food industry produce effluents
that contain phenolic chemicals. Electrochemical processes used to treat pollutants from
wastewater have many advantages, such as versatility, high energy efficiency, and safety.
The EO of pollutants (for example, phenol) is commonly performed directly or indirectly
as a result of the electrogeneration of some active species on the surface of the anode, such
as “active oxygen”, i.e., the hydroxyl radical «OH or hypochlorite [2,3]. Depending on
the conditions, this radical can be oxidized either by producing polymers or quinones.
While the creation of quinones is preferred for low phenol concentrations and basic media,
polymerization is preferred for high phenol concentrations and basic media [4].
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Electrochemical oxidation technology has become a promising method for removing
toxic substances and treating wastewater with organic content due to its simplicity and
ease of control. In the electrochemical oxidation process, pollutants can be mineralized
by hydroxyl radicals that form on the anode surface or can be oxidized directly on the
anode surface. The main disadvantages of this electrochemical process are the blocking
of the electrode surface, its short lifetime, its low efficiency, and the high cost of the
anodes [5]. Thus, a wide variety of materials have been tested, e.g., graphite, platinum,
and mixed-metal oxide (MMO anodes, such as titanium, with several types of metal oxides
(RuOy, IrO; or PtO;) and boron-doped diamond (BDD)), which have been described in
the literature [6-10]. Among all materials, PbO, and BDD, which have a high oxygen
overpotential [11], have become very attractive electrodes. There are also some limitations,
as the expensiveness of the BDD anode restricts its extensive usability. Therefore, PbO,
electrodes have become favored due to their low cost, high electrical conductivity, good
overpotential, and chemical inertness [12,13].

The practical application of EO is restricted by the deposition of intermediates on the
electrodes, which reduces the reaction yield. For instance, the electrooxidation of organic
compounds on a BDD electrode provides improved yields [14].

In particular, in addition to the organic pollutants themselves, anions (e.g., C1~, SO4%7)
in the wastewater are another factor that affects the electrode and can increase or decrease
its corrosion. In the advanced EO process, oxidation is principally mediated by active
intermediates such as hydroxyl radicals (OH™) and active chlorine (e.g., C1~, Cl, HCIO).
This has been reported for most electrolyte-supported electrode systems tested for phenol
electrooxidation [14-17].

The mechanism of EO is also influenced by anode potential and current density. The
concentration of eOH radicals rise with increasing pH. Nevertheless, high pH values
promote the formation of free radicals that will react with phenols [18].

EO efficiency and by-product generation rates strongly depend on electrode properties.
Electrodes can be classified as active and inactive electrodes [19]. The behavior of electrodes
can be judged from the analysis of cyclic voltammetry (CV). If the recorded oxidation
current is high, the reaction is fast. In a CV analysis of active electrodes, the sharp increase
in current usually occurs at 1.5 V vs. reversible hydrogen electrode (RHE). These water
oxidation onset potentials are a little higher than theoretical (1.23 V vs. RHE). Active
electrodes have low overpotentials for oxygen evolution. The generation of oxidants
requires high anodic potential. Unfortunately, at such high anodic potential, chloride ions,
which are ubiquitous in natural water systems, will be readily oxidized to free chlorine
(HCIO/OCI~; pKa 7.5) and then further oxidized to perchlorate (CIO*"). Perchlorate is an
endocrine disruptor posing an adverse impact on the thyroid gland function [20]. Many
types of adsorbent materials have been used in the literature for the removal of various
organic pollutants [21-23].

Adsorbents such as CP impregnated with ionic liquid (IL) are used for PH removal
from wastewater. As an IL, a quaternary ammonium salt known as Aliquat 336 (Starks’
catalyst) was utilized. It is mostly composed of C8 (octyl) chains with a mixing of C10
(decyl) chains. On the solid support surface, the ionic liquids were used in small quantities,
but their notable and practical physicochemical properties—such as great thermal stability,
negligible vapor pressure, and high polarities—as well as their cost-effectiveness were
enhanced when applied. Furthermore, by modifying their surface, ILs could mix with
various functional materials to produce better characteristics, expanding their range of
applications across numerous chemical domains. The presence of the IL on the solid
adsorbent Cu-PA improved the adsorption capacity of the PH from the wastewater. The
presence of IL increased the adsorption capacity of Cu-PA-IL by establishing hydrogen
bonds between the hydroxyl group of phenol and Cl— (the anionic moiety of the ionic
liquid) and also by facilitating a hydrophobic interaction between the tri-n-octyl methyl
ammonium cation of IL and phenol [24]. However, the spent adsorbent must be recovered.
By simple washing of the adsorbent, the phenol release is less than 70%. In order to increase
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and study the phenol release, an electrochemical method was used. For this purpose,
non-expensive commercial graphite electrodes were used as working electrodes and NaCl
3% solution was used as electrolyte support. During the electrochemical investigation,
the spent CP is immersed in a saline solution. The duration and value of the potential
were chosen to avoid the formation of free chlorine [25]. Electrochemical impedance
spectroscopy was used to evaluate the phenol released from the spent adsorbent during
the EO. The results indicated that the release of PH from the spent Cu-PA-IL adsorbent is
slower during electrooxidation at 1.5 V, and the release mode avoids early fouling of the
anode and increases the release yield and oxidation degree of phenol. To the best of our
knowledge, in the literature, EO in the presence of spent adsorbent has not been described.
This study aims to investigate if EO of PH is possible as well as if EO affects integrity and
which factors affect the process.

2. Experimental
2.1. Reagents

All chemicals were analytical grade and used without further purification. All reagents
provided by Sigma-Aldrich were used without further purification except the bi-distilled
water.

2.2. Preparation of Adsorbent—Spent Adsorbent

The phosphonate CP-type adsorbent was synthesized in our laboratory, according
to the literature and our previous work [26-30], starting from CuSOy4-5H,0 (50.0 mmol),
phosphonoacetic acid (50.0 mmol), urea (50.0 mmol), and bi-distilled water (100 mL) to
form Cu-PA. The pH was adjusted to 2.8 with an aqueous solution of NaOH (0.1 M). The
Cu-PA was synthesized using the hydrothermal method at 80 °C for 72 h. The resulting blue
crystals were filtered, washed with bi-distilled water and dried in air (yield: 71%). Figure 1a
exposes the Cu-PA structure and uses material microscope images. The ionic liquid (IL,
in our case Aliquat 336) was impregnated on Cu-PA adsorbent according to the scheme
illustrated in Figure 1b, forming Cu-PA-IL. The CuPA adsorbent is similar to previously syn-
thesized diaqua-bis(phosphonoacetato-O,0’)-copper(Il), Cu[,-OOC(CH,)PO3;H]-2H,0O
M =377.62 g/mol [31].

The adsorbents Cu-PA and Cu-PA-IL were used to extract phenol from artificial
wastewater. As shown in Table 1, the spent adsorbent has phenol concentrations of
9.57 mg/g on Cu-PA and 18.4 mg/g on Cu-PA-IL, respectively.

Table 1. The kinetic parameters for PH desorption in saline solution.

Pseudo-First Order Second Order Intraparticle Diffusion

Model
Adsorbent de Exp. Ko, Ki,
mg/g K, R2 1 2 -1 2
in-1 gmg R mgg R
min s 1 ta—1/2
min min

Cu-PA 9.57 0.0147 0.9818 1.202 x 1074 0.9571 8.523 x 1075 0.9597
Cu-PA-IL 18.4 0.086 0.9628 0.93 x 1074 0.9659 2.04 x 1074 0.9797
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Figure 1. (a) Cu-PA structure and used materials and (b) impregnation sequence of Cu-PA with ionic
liquid and retaining of PH.

2.3. Desorption of Phenol from Spent Adsorbent

For 400 min, samples weighing 0.015-0.020 g of wasted CP used in phenol desorption
were stirred in a 3% NaCl solution. The release of PH in saline solution following immersion
of the spent Cu-PA absorbent and the spent Cu-PA-IL adsorbent was examined using
UV-VIS spectroscopy. According to the literature [1], the retention performance strongly
depends on the pH value of the PH solution. At low pH (0 to 9), the pH value has a small
effect on the retention performance, and at higher pH, the retention performance decreases
as phenol ionization takes place. The pH of the saline system used in our research study
is 6.65. The ammonium structure of IL has a permanent positive charge; it can form salts
with anions over a wider pH range. Successful strategies for PH release from Cu-PA-IL
involve the use of high chloride concentrations in the aqueous solution. In this respect, the
3% saline solution increases the amount of released PH and ensures good conductivity of
the electrolyte.

2.4. Electrochemical Characterization by Cyclic Voltammetry

The spent adsorbent was submerged in a 3% saline solution for electrochemical evalu-
ation. A working electrode, a reference electrode (Ag/AgCl 3M), and two rods of graphite
serving as an auxiliary electrode made up the four-electrode system. A commercial graphite
electrode with an exposed area of 0.75 cm? was selected as the working electrode (Graphite
Brushes for Electric Motors Tools, 80-226442 Carbon Brush, 0.223” x 0.649” x 1”, Grade:
K254). A Voltalab potentiostat (model PGSTAT 305, Eco Chemie B.V., Utrecht, The Nether-
lands) was used for voltammetric studies. The reactivity of the graphite anode in saline
solution, which served as a supporting electrolyte, was examined using cyclic voltammetry
(CV) within the potential window of 0.0 and 1.5 V versus Ag/AgCl. The system saline
electrolyte/Cu-PA and Cu-PA-IL represents the saline solution which is in permanent
contact with the used adsorbent. The electrodes were immersed in this system but not
under stirring.
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2.5. Electrochemical Impedance Spectroscopy

On a commercial graphite electrode, measurements using electrochemical impedance
spectroscopy (EIS) were also utilized to examine the EO process. The FRA2 impedance mod-
ule and an Autolab 302N potentiostat/galvanostat were used for the EIS. The sinusoidal
potential amplitude was 10 mV, and the tested frequency range was 0.01 Hz to 100 kHz. All
measurements were carried out at room temperature (rt) in a standard one-compartment,
four-electrode cell that included an Ag/AgCl (3 M KClI) reference electrode, two graphite
counter electrodes, and a graphite working electrode. The EIS spectra were recorded at the
same potential (1.5 V) every 15 min during the electrochemical phenol oxidation process.
The non-linear least squares approach in ZView-Scribner Associated Inc. software was
utilized to fit the experimental data to an appropriate electrical equivalent circuit (EEC). In
every instance, three samples were examined.

2.6. Degradation of Phenol

Commercial graphite brushes used as the anode for electric motor tools were used
to electrooxidize phenol at 1.5 V. The systems of saline electrolyte/Cu-PA and Cu-PA-IL,
respectively, were both studied. EIS looked at the simultaneous release of phenol (PH) from
the used adsorbent and the electrooxidation of phenol. Following the electrochemical pro-
cedures, the total organic carbon (TOC) in the electrolyte was measured using a Shimadzu
TOC analyzer (Columbia, MD, USA).

2.7. FTIR Spectroscopy of Spent Adsorbent

FTIR spectroscopy before and after PH electrooxidation of the spent adsorbent was
performed to study the integrity of the adsorbent. The spectra were recorded on a Jasco-
FT/IR-4200 instrument in the range 400-4000 cm ! on compressed KBr pellets [32,33].

2.8. Efficiency of Electrooxidation

The energy consumption per volume of treated effluent was estimated from
Equation (1) [34]:
AE. x T xt

3600 x V

where AE. (V) is the average applied potential difference, I (A) is the electrolysis current, t
is the time of electrolysis (s), and V is the sample volume (dm?).

M

Energy consumption =

2.9. Reuse of Treated Adsorbents

A PH solution was employed to simulate wastewater. The adsorption studies were per-
formed in batch mode with the sample stirred in a Julabo SW23 shaker bath at 200 rot/min.
For adsorption studies, a UV-VIS Perkin Elmer Lambda 12, Rotkreutz spectrophotome-
ter was used, and 0.005 g of recycled adsorbent in a 25 mL PH aqueous solution was
employed for each adsorption cycle. The samples after the elapsed time were filtrated.
For the resulting solutions, the residual concentration of the PH was determined by UV-
VIS spectrophotometry to further calculate the absorption performance of the recycled
adsorbent.

3. Results and Discussion

The adsorbents Cu-PA and Cu-PA-IL retain 9.57 mg/g and 18.4 mg/g of phenol,
respectively. These adsorbents do not present a higher capacity for PH retention. The
presence of IL improves the adsorption capacity of CP as it brings to the surface of the
adsorbent materials an increase in the number of functional groups, which leads to better
adsorption performance, as electrostatic interactions between the positive charge of the IL
and the electronegativity of oxygen molecules from PH take place more easily.
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3.1. Desorption Kinetics

We were able to comprehend the phenol release from the spent adsorbent in the saline

solution thanks to the UV-Vis analysis. The absorbance readings at 252 nm in Figure 2,
illustrate the standard curves of the phenol molecule in a 3% NaCl solution. The kinetic
release patterns of the phenol molecule for the two types of adsorbents, Cu-PA and Cu-PA-
IL, in a 3% NaCl solution are shown in Figure 2. A desorption process in which the rate of
desorption is proportionate to the concentration of adsorbents at a particular moment is

known as first-order desorption kinetics (Equation (2)).

Ln (C) — X (1) @

where C; is the phenol quantity at desorption time t (mol L~!), Co is the phenol quantity
desorption at initial time, K; is the apparent desorption rate constant (min~'), and t is the

time in s.
0.0030 -
0.0025 -
a—71N " —a—n
0.0020 o
T—1 il
= 0.0015 - ¥
g n
r | = (Cu-PA
2 0.0010 - ' Cu-PA-IL
|
0.0005 - j
0.0000 - :
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Time, min

Figure 2. The desorption of PH from Cu-PA and Cu-PA-IL adsorbents in saline solution at rt.

Second-order desorption kinetics refers to a desorption in which the rate-controlling

step follows Equation (3):
t 1 , t 3

where K is the second-order rate constant (g:mg ~! min~!) and qe is the adsorption capacity
at equilibrium. Because diffusion resistance can impede the flow of adsorbents through the

adsorbent layer, diffusion can be a limiting process. Equation (4) can be used to follow the

kinetic data. )
q=Kix t2+C 4)
where K (the slope) and C (the intercept) represent the intraparticle diffusion rate constant
(mg g~! min~!/2) and a constant related to the thickness of the boundary layer.

A plateau in the phenol release kinetics is reached after 105 min. For a first-order
model, the phenol delivery kinetics yield the highest regression factors, max 0.9822. Because
of the adsorbent’s huge surface area and numerous pores, the release of PH molecules was
typically very quick in the first 100 min and subsequently slowed until equilibrium was
established.

It has been noted that for Cu-PA adsorbents, the first kinetic order respects the ex-
perimental data quite well, and for Cu-PA-IL, the intraparticle diffusion respects the data.
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Just 79.21% of the wasted adsorbents for Cu-PA and 60.87% of those for Cu-PA-IL may be
desorbed by submerging them in saline water. In certain instances, the adsorbed molecule
forms an ion—pair bond with the surface, restricting desorption and developing a strong
adhesion. Although IL is less beneficial for PH release, it is beneficial for PH adsorption
in the adsorbent. Applying a voltage to the surface, which causes the adsorbed molecule
to either reduce or oxidize, is one method of increasing PH desorption and adsorbent
recovery.

3.2. Electrochemical Oxidation of Phenol

The cyclic voltammograms in Figure 3 show the electrooxidation of 0.025 mM PH
release in saline solution at the graphite electrode.

0.02
—— NacCl 0.01 1
—— NaCl-PH-scl 7
NaCl-PH-sc2 ~  0.00- s
! e
e gt = i ——PH-0min
© _0.014 —— PH-15min
< 0.01 PH-30min
~ / - PH-45min
—0.02 - // PH-60min
[ —— PH-75min
[ —— PH-90min
o —0.03 [ —— PH-105min
/' [
—0.04 T T T T T T T T T T |
~0.200 0.2 0.4 0.6 0.8 1.0 1.2 1.4 16 1.8 2.0 2.2 —0.4-02 00 02 04 06 08 10 12 14 16 18
E, V Ag/AgCI
E,V vs Ag/AgCI
(b)

Figure 3. Cyclic voltammograms recorded for of (a) GC in 3% NaCl and 0.0025 M PH in NaCl scan 1
and 2, (b) electrooxidation of PH in saline solution at 1.5 V different time and (c) commercial graphite
electrode (grade K254).

When phenol was absent from the blank experiment, there was initially no evidence
of a phenol oxidation peak (blue scan). A high oxidation current (0.0049 A) was measured
at +0.95 V vs. Ag/AgCl, indicating the direct oxidation of phenol on the electrode surface,
when the phenol is present on the first scan. Every solution under investigation that
contains phenol has a cyclic voltammogram with the same form. Figure 3a shows that
following the initial scan (the first oxidation cycle), both the peak intensity and the current
charge fall, suggesting a decrease in the anode’s electrochemical activity. The peak charge
for the first cycle was 0.1553 C, and for the second cycle, it was 0.0017 C. The declining
anode activity is caused by the EO products of incomplete phenol oxidation because of their
characteristics (electrochemical inactivity, very low conductivity) [35]. The electrochemical
process of phenol appears to be less reversible based on the appearance of an anodic
oxidation peak and a less intense cathodic counter portion. The anode activity reduces
further as the EO duration at 1.5 V increases (Figure 3b). The oxidation peak current density
drops during electrooxidation because it is dependent on the phenol content. The anode
deactivates over time as a result of low electrode activity, competition for active sites on the
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electrode’s surface, or the production of more phenoxide radicals [36]. The degradation
product structures are stated in the literature [37].

3.3. UV-Vis Spectra

The UV-VIS examination provides qualitative insights into the intermediates and final
EO products, respectively (Figure 4). The majority of the species produced during the
degradation were hydroquinone, resorcinol, and p-benzoquinone, according to UV-vis
data.

1.5-
— 90m!n (7) PH BQ .
—— 75min (6) l ——90min (7)
60min (5) 4 —_(6) ———75min (6)
5 ——45min (4) g 104 60min (5)
:} 30min (3) 5 i ——45min (4)
s — 15m|n ) 2 30min (3)
3 —— Omin (1) _'é’ ———15min (2)
g g @ —— Omin (1)
< < 05+ ~—
2
AN
0.0 : , ; — ,
200 220 240 260 280 300 320 340 0-0200 o o 0
Wavelenght, nm Wavelenght, nm
(a) (b)

Figure 4. UV-VIS spectra: (a) during electrooxidation of Cu-PA and (b) Cu-PA-IL in saline solution.

Prior to treatment, PH’s UV spectra displayed two distinct absorption bands at ap-
proximately 210 and 269 nm. Because of the presence of the aromatic ring, a weaker peak
at 269 nm, and a peak at 210 nm, these bands can be attributed to 7-7t* type transitions.

The UV absorption spectrum of phenol following various electrolysis times is dis-
played in Figure 4a,b. These two absorption bands declined simultaneously and constantly
during the electrolysis process. With the exception of p-benzoquinone, which has a single
band at 247 nm, the absorption spectra of phenolic compounds in the UV area in Figure 4
showed a modest difference between compounds with two well-defined maxima for the
majority of compounds (210 and 270 nm). The spectral overlap, especially at around 280 nm,
between these compounds makes the interpretation for the determination of the degrada-
tion compounds—hydroquinone (HQ), catechol (CT), resorcinol (RS) and p-benzoquinone
(BQ)—very problematic [38]. Different features for the spectra are shown by the UV-Vis
spectra obtained at 1.5 V after varying times of electrooxidation based on the concentration
of the phenolic solution. The greatest absorbance for PH, BQ, HQ, RS, and CT is found at
270 nm, 242 nm, 286 nm, 283 nm, and 289 nm, respectively, according to their UV spectra
(Figure 4a,b).

A noteworthy observation is the peak of absorbance at around 210 nm, which is
attributed to the release of PH during the EO process from the absorbent into solution.
Hydroxy-phenolic (HS) is formed after one hour of electrooxidation, the maximum ab-
sorbance of phenol, which is located at 270 nm, is reduced and a bathochromic shift of the
wavelength of the maximum absorption to higher values was observed. The peaks at 240
and 280 nm describe the degradation products. These peaks can be used as a tracer of EO
products by correlating the intensity values at A240 nm and A280 nm at time t with the
initial values at 0 min. After 90 min, the Cu-PA showed an increase in A240 from 0.7090
to 0.7267 linked to BQ formation and an increase in A280 linked to the formation of HS
(hydroxylated species CT, RS, and HQ) from 0.3942 to 0.8429. In the case of Cu-PA-IL, the
intensity of A240 rose from 0.43123 to 1.10248 and at A280, it rose from 0.1455 to 0.59957
(Figure 5a). This suggests a different electrooxidation pathway due to the different amounts
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of PH released during EO. These suggest that Cu-PA-IL retains strongly the PH, and the
release is slower than in the case of Cu-PA. In the Cu-PA scenario, it was noted that the
PH was constantly released into the electrolyte system for 60 min, during which time the
A240 value changed noticeably, indicating that the BQ had been acquired preponderantly
in the reaction mixture. The A280 increases after 60 min of electrooxidation at 1.5V, indi-
cating a rise in HS products (Figure 5b). The slow rate of PH will favor the production of
BQ primarily in the case of Cu-PA-IL because the presence of IL strongly retains the PH
(Figure 5b).

Il A240-Cu-PA
57 I A280-Cu-PA
A240-Cu-PA-IL
B A280-Cu-PA-IL
>4-
-
‘D
C
3
£ 34
X
©
[«5)
o
5 21
i)
g
: | I I
0- L
Omin 15min 30min 45min 60min 75min 90min
Time, min
(a)

Benzoquinone Catechol

Resorcinol
Hydroquinone

(b)
Figure 5. (a) The ratio of peak intensity during EO and (b) EO stepway.
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3.4. Electrochemical Impedance Spectroscopy (EIS)

The mechanisms, charge-transfer and mass-transfer processes, that occur at the an-
ode/electrolyte interface were examined using electrochemical impedance spectroscopy.
The saline solution has PH and no redox species in the first moment, when no oxidation
or reduction reaction occurs at the measured open circuit potential (OCP). In the EIS, a
straight line is visible, suggesting capacitive behavior. PH desorption occurs faster and
easier during the EO reaction at 1.5 V, especially for Cu-PA-IL due to the bubbles produced
during electrolysis. These bubbles are the result of multiple processes (interfacial mass
transfer, chemical reactions, species transport) and seem to weaken (break) the ion pair
interactions between IL and PH.

The EIS patterns are displayed in Figure 6 and describe the transmission of electrons
across the electrode—electrolyte interface and the movement of redox species, which is
associated with a finite mass-transport feature of ions [39]. The EIS patterns were fitted
with the equivalent circuits (EECs) non-linear least squares approach. The EEC contains an
Rs element that models the solution resistance, an Rct that describes the charge-transfer
resistance (Rct), a CPEdI element (constant phase element) associated with the double-layer
capacitance (Cdl), and instead of a Warburg element, an Rd, which represents the resistance
to the transport of redox species and CPEd elements associated with the diffuse layer
capacitance. EIS features depend on the concentration of the redox species across the
electrode surface. Similar behavior was reported in the literature [40]. The EIS data were
fitted with the EEC presented in Figure 6g in the frequency range of 0.15 to 1.5 x 10* Hz,
with a Chi-square value (the square of the standard deviation between the original data and
the calculated spectrum) of 2.6 x 107310 6.3 x 1073 for Cu-PAand 1.2 x 1074 t03.9 x 1073
for Cu-PA-IL. The results obtained for Rd and Rct are presented in Figure 7a. It was noticed
that as the concentration of PH ions decreases, the semicircle diameter increases, indicating
a rise in mass-transfer resistance and charge transfer (Figure 7). Because it took the PH
molecules a longer time to reach the electrode surface, the semicircle width grows as the
PH concentration drops. The charge-transfer process becomes a limiting process at low PH
concentrations. In the case of Cu-PA, it is found that the semicircle diameter reduces with
time, indicating that PH is released from the adsorbent. Additionally, the charge resistance
and mass-transfer resistance decrease with an increase in PH concentration (Figure 7a).
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Figure 6. (a) Nyquist and (b) Bode plots (log frequency vs. IZI and phase degree) recorded for
Cu-PA and Cu-PA-IL saline solution at the first moments, (c) Nyquist and (d) Bode plots recorded
for Cu-PA-PH saline solution and (e) Nyquist and (f) recorded for Cu-PA-IL- PH saline solution for
different electrooxidation times at 1.5 V and (g) EEC used to fit the EIS data.

Conversely, in the Cu-PA-IL scenario, it is seen that the semicircle diameter increases
as the PH concentration in the saline solution decreases. This indicates that the IL is
responsible for a significantly reduced PH release during the EO process. Because of the
slow ion movement near the electrode surface, the mass transfer mechanism becomes
limited as the electrooxidation period increases. The partial desorption of PH by simple
immersion in saline water ensures a maximum desorption of 80%, which is much lower in
the case of an absorbent with IL. Maintaining the electrolyte/absorbent system at a potential
of 1.5 V involves both the release over time of the adsorbed phenol and its electrooxidation.
The efficiency of PH removal from adsorbent during EO was determined to be 87.13%
for Cu-PA and 72.92% for Cu-PA-IL. Through EO, it was determined that more of the
adsorbed PH can be released from the used adsorbent; thus, for Cu-PA-IL, the amount of
desorbed PH increases from 60.87% to 72.92% in the case of Cu-PA-IL and from 79.21% to
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87.13% in the case of Cu-PA. Along with the desorption process, PH can be oxidized to HS
compounds, which are less toxic than PH. The efficiency of PH electrooxidation (EOpy;)
was calculated based on TOC values. Cu-PA and Cu-PA-IL in 90 min of electrooxidation
show an EOpy; of 36.22% and 42.14%, respectively (Figure 7b), which is much higher than
the EOpy of the solution that resulted after washing of the spent adsorbent with saline

solution (22.58%). These values are promising compared to those reported in the literature,
as shown in Table 2.

257 100
204 " 80
£ A *
S —=— Rct Cu-PA o
£ 154 —o—Rd Cu-PA 2 o
o —*— Ret Cu-PA-IL s
g —#—Rd Cu-PA-IL £
é 10 L 404
-4 o
8
= ] 201 36.22 42.14
0 . . . . : 0 ' '
0 20 40 60 80 100 Cu-PA Cu-PAIL
Time, min Sample
(a) (b)
Figure 7. (a) Variation of Rct and Rd for Cu-PA and Cu-PA-IL saline solution with the EO time and
(b) efficiency of PH electrooxidation (EOpy).
Table 2. Electrooxidation of PH: literature data.
. Current Energy
Electrode Electrolyte Il::{l?i pH Tlhme, Poteiigl v Density, Consumption, Ref
4 mA cm? kW/L
BOD NaCl 100 7 6.7 4.5 5 0.002 [41]
) NaCl/
Ti-Pt Na,SO; 100 6 6 6 9.6 0.025 [42]
Ti-IrO, NaCl 100 5.5 2 35 10 28 [43]
Ti/R/8n0s NaCl 100 62 2 35 20 40
5
®
@ /T?S‘Eu oy Nl 3035 0.76-0.87 8 150 123 [44]
07Rug 302
BBD
(boron-doped NaCl 607 0.76-0.87 8 150 248 [44]
diamond)
Graphite NaCl 2.35 6.8 5 1.5 10 0.29-0.44 Present work

The energy consumption was 0.44 kWh dm~2 and 0.29 kWh dm 3 for PH removal in
the cases of Cu-PA and Cu-PA-IL, respectively, based on Equation (1). Also, computational
approaches are systematically used in environmental science to assist the experiment in
order to expedite and save resources and costs [45,46].

The FTIR patterns of the adsorbents recorded after the desorption and EO of the PH
pollutant (Figure 8a,b) indicate that they all retain their original structures. The electroox-

idation does not lead to the collapse of the framework, and the adsorbent can be reused
further.
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Figure 8. FTIR spectra of (a) Cu-PA-IL and (b) Cu-PA.

As it can be seen, the in situ release during the EO allowed for the release of more PH
from adsorbents than by simply washing. In this study, to overcome the disadvantage of a
reduced desorption of phenol from the exhausted adsorbent, the electrooxidation of phenol
was carried out in the presence of the adsorbent. The oxidation of phenol takes place via a
direct electron transfer process in the potential region of water stability.

The regeneration and reuse of treated adsorbents is an important aspect that re-
veals their potential application for wastewater treatment. The mass balance presented in
Equation (5) was used to calculate the adsorption performance developed by the studied

materials. Co_ Y.V
q= =SV (5)

m

where q is the quantity of adsorbed phenolic compound onto the studied materials (mg/g);
Cp and C, represent the initial and equilibrium concentrations of phenolic compound in
the solutions (mg/L), respectively. V is the volume of the solution (L), and m is the mass
of the adsorbent (g) used in the experiments. The adsorption capacities of PH in the four
cycles are presented in Figure 9.

It can be noticed that the adsorption capacities decreased gradually with the increase
in regeneration cycles. The low adsorption capacity after regeneration mostly decreases as
the sites on the adsorbent decrease during EO. It was observed that in the case of washing
the adsorbent, only 70% of PH is desorbed; the rest remains attached to the adsorbent. By
performing EO in the presence of a spent adsorbent during the electrochemical treatment,
the amount of PH release increased for all studied adsorbents (87.13% for Cu-PA and 72.92%
for Cu-PA-IL). With the further increase in the regeneration cycle, the adsorption sites of
the adsorbent decreased. The adsorption efficiency decreased by 33.5% for Cu-PA-IL and
by 31.2% after four cycles of reuse for PH. The number of cycles in which the adsorbent can
be used without losing its absorbance ability is three. The mass of the adsorbent remains
almost unchanged during adsorption—desorption. Therefore, recycled materials present
adsorption capacity and recyclability for PH removal.
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Figure 9. The variation in adsorption capacity of treated adsorbents for PH varies with the number
of recycled cycles.

4. Conclusions

In this study, the EO of PH released in situ in saline from two spent adsorbents was
evaluated. Commercially, the anode has been used as a working electrode to degrade PH
pollutants.

Cu-PA releases 79.21% of its PH, and Cu-PA-IL releases 60.87% of its PH when im-
mersed in saline water. A maximum desorption of 80% of the PH can be achieved by simple
immersion in saline water; this is significantly less in the case of an adsorbent containing
IL. Operating at a potential of 1.5 V, both the gradual release of the adsorbed phenol and its
electrooxidation are present. In the electrolyte/Cu-PA example, it was seen that the PH was
continuously released during EO at 1.5V, and after 90 min, the HS had predominantly been
acquired in the reaction mixture. In the case of Cu-PA-IL, the delayed rate of PH release
promotes the synthesis of BQ. The slow ion transport at the electrode surface causes the
mass transfer mechanism to become limiting as time grows. The efficiency of electrooxida-
tion (EOpyy) was almost double for Cu-PA and Cu-PA-IL after 90 min of electrooxidation,
respectively, which was much higher than that of the solution after washing of the spent
adsorbent with saline solution.
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