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Electrocoagulation using
aluminum electrodes as a
sustainable and economic
method for the removal of kinetic
hydrate inhibitor (polyvinyl
pyrrolidone) from produced
wastewaters
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Electrocoagulation is a water treatment technology capable to remove a variety
of organic pollutants from water. It is advantageous compared to chemical
coagulation due to the controlled dissolution of coagulants by regulating the
current density and pH. In this work, the removal of kinetic hydrate inhibitor (KHI)
(polyvinyl pyrrolidone, PVP) from water by electrocoagulation using Al electrodes
was investigated. The effects of several experimental conditions including the
nature of the supporting electrolyte, the current density, and the initial pH value
on the electrochemical dissolution of aluminum was evaluated. The findings of
the experiments revealed that both chemical and electrochemical dissolution play
important roles in the generation of hydroxo-aluminum species. Corrosion studies
demonstrated that the presence of chloride ions in water promotes aluminum
dissolving via pitting corrosion, whereas the presence of phosphate ions inhibits
aluminum corrosion by the deposition of a thick passive layer of aluminum
hydroxide/phosphate on the metal surface. The theoretical and experimental
amounts of aluminum, increase linearly with increasing specific electrical charge
for Q< 2.5 Ah/L, which correlates well with Faraday's Law. The removal of KHI from
0.1M NaCl aqueous solutions by electrocoagulation using aluminum electrodes
achieved high removal efficiency in terms of total organic carbon (TOC) up
to 95%. TOC decay during galvanostatic electrolysis confirmed the removal of
KHI molecules by Al-electrocoagulation at different current densities and pH
conditions. The primary mechanism involved in eliminating KHI from water by
electrocoagulation using Al electrodes includes mainly the adsorption of PVP
molecules on the surface of Al(OH)z flocs and their enmeshment inside the
solid coagulants.
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1 Introduction

Electrocoagulation is an electrochemical technique for water
treatment based on the anodic dissolution of a sacrificial metal,
by averaging the related reactions such as the cathodic reduction
of water that gives hydroxo-metal complexes, which ensure the
destabilization and the adsorption of the dissolved pollutants
and the flocculation of the aggregates formed (Ghernaout, 2019;
Romani et al, 2020; Jovanovi¢ et al, 2021; Lucakova et al,
2021; AlJaberi et al., 2022; Lu et al., 2022; Medina-Collana et al.,
2023). Tt is considered a complex electrochemical process with
the involvement of several synergistic mechanisms contributing
to the elimination of water pollution (Bensalah, 2011; Orescanin
et al., 2014; Abdulrazzaq et al., 2021; Elkhatib et al., 2021; Idusuyi
et al., 2022). The electrocoagulation is a technique derived from
the conventional chemical method of coagulation-flocculation.
In an electrochemical coagulation process, the metal cations are
generated in situ and the elimination of pollutants from the water
takes place. The electrocoagulation starts by the generation of
coagulants by electrochemical dissolution of the anode material,
followed by neutralization of the colloidal charges, co-precipitation
of heavy metals, and breaking up of oil/water emulsions, and finally
the formation of flocs that sediment (Mollah et al., 2001, 2004;
Akter et al., 2022; Morales-Figueroa et al., 2022; Othmani et al,,
2022). The anodic dissolution of aluminum and iron electrodes
generates the corresponding metal cations, which hydrolyze
immediately and form hydroxo-metal complexes (Ghernaout,
2018; Morales-Figueroa et al., 2022; Othmani et al., 2022). Theses
hydroxo-metal complexes (Ghernaout, 2018; Morales-Figueroa
et al,, 2022; Othmani et al., 2022) combine with the negative
colloidal particles and destabilize them. The water pollutants can
be eliminated by different routes including adsorption on the
surface of the coagulants, co-precipitation, or by incorporation
inside the structure of the hydroxo-metal complexes (Al-Qodah
and Al-Shannag, 2017; Hendaoui et al., 2021; Akter et al., 2022;
Othmani et al., 2022; Hu et al, 2023). They are then removed
by electroflotation, or sedimentation and filtration (Al-Qodah
and Al-Shannag, 2017; Hendaoui et al., 2021; Akter et al., 2022;
Othmani et al., 2022; Hu et al, 2023). Thus, instead of adding
chemical coagulants as in the conventional coagulation method,
the coagulating agents are generated in situ (Mollah et al., 2004;
Tchamango et al., 2018; Jovanovi¢ et al., 2021). Meanwhile, the
electrolysis of water generates bubbles of hydrogen gas by cathodic
reduction of water and oxygen gas by anodic oxidation of water.
These bubbles facilitate the flotation of colloidal particles at the
surface. The electrochemical reactions taking place in the medium
when a sacrificial metal M is used as anode are (Mollah et al., 2001,
2004; Romani et al., 2020):

At the anode:

M(s) — M"(aq) + ne”

2H,0(l) — 4H" + O,(g) + 4e”

At the cathode:
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M"(aq) + ne” — M(s)

2H,0(l) 4+ 2¢~ — Hy(g) + 20H"

If aluminum electrodes are used, Al’**(aq) are immediately
generated. These metal cations undergo further spontaneous
reactions to produce hydroxides, oxyhydroxides and/or
corresponding  poly-hydroxides. For example, hydrolysis
of AI’* cations can generate Al(H,0)s*", Al(H,0)s0H>*,
Al(H,0)4(OH), ™. These hydrolysis products can form several
monomeric and polymeric species such as AI(OH)?>*, AI(OH),™,
AL(OH),**, Al(OH)s, Al(OH)s™, Als(OH)15°*, Al;(OH)17*,
Alg(OH)204+, A11304(OH)247+, A113(OH)345+ depending on the
pH of the medium (Khadir et al., 2021; Trompette and Lahitte,
2021; Zeng et al, 2021; Morales-Figueroa et al., 2022). These
hydrolysis products have a high affinity for the dispersed particles
and the charged particles to cause their coagulation. The gases
evolved at the electrodes can cause flotation of the flocs. The
electrocoagulation is intrinsically associated with electro-flotation
because of the electro-generation of hydrogen and oxygen bubbles
at cathode and the anode, respectively. The success of water
treatment by electrocoagulation is related to the size of the bubbles
(Abdulrazzaq et al., 2021; Elkhatib et al., 2021; Biswas and Goel,
2022), as well as the agitation caused by the release of hydrogen
and oxygen bubbles (Abdulrazzaq et al., 2021; Elkhatib et al., 2021).
Several parameters affect the efficiency of removal of pollutants
from water by electrocoagulation. The main parameters known to
have a significant effect on the efficiency of the electrocoagulation
process are illustrated in Figure 1A (Mamelkina et al, 2019
Asaithambi et al., 2021; Ebba et al.,, 2021; Zeng et al., 2021; Ansari
and Shrikhande, 2022; Ansari et al., 2022; Rookesh et al., 2022).

The understanding of the physico-chemical processes involved
in electrocoagulation will certainly result in large applications
of this sustainable advanced technology. Among the technical
challenges facing the progress of electrocoagulation is related to
the formation of passive layers on the surface of aluminum and
iron electrodes (Rodriguez et al., 2007; Mansouri et al., 2011a,
2012; Xu et al,, 2017; Romani et al., 2020; Trompette and Labhitte,
2021). The corrosion resistance of Al and Fe depends largely
on the formation/breakup of the non-conductive metal oxide
layer deposited on the surface. The good adhesion of the non-
conductive oxide film to the anode surface decelerates the charge
transfer between the solution and the electrodes, and then decreases
the rate of anodic dissolution of Al in solution. Passivation of
aluminum anodes results in higher energy consumption and lessens
the effectiveness of electrocoagulation process. The corrosion
rate of the sacrificial anode of aluminum mainly depends on
the formation and growth of the passive layer of metal oxide,
and its elimination by pitting corrosion. The pitting corrosion
of aluminum is much more vulnerable than other metals. The
addition of certain supporting electrolytes such as NaCl, can reduce
the passivation of the electrodes and improve ionic conductivity
of the solution (Mansouri et al., 2011a, 2012; Acharya et al., 2022;
Morales-Figueroa et al., 2022; Medina-Collana et al., 2023). The
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FIGURE 1

(A) The main parameters affecting the efficiency of electrocoagulation, (B) Chemical structure of poly(N-vinyl pyrrolidone) (PVP).

use of an alternating current source with variable pulse frequency
can also prevent the formation of deposits on the surface of the
electrodes (Asaithambi et al., 2021; Othmani et al., 2022). However,
the impacts of experimental conditions including the nature of
supporting electrolyte, the pH of the medium, and the current
density on the rate of formation and destruction of the protective
layer, which adheres to the surface of the Al attackable electrodes
have not been deeply investigated (Mansouri et al., 2011b, 2012;
Trompette and Lahitte, 2021).

The hydrates of gas are like ice crystalline solids, which are
produced through water lattice enclathrating specific gas molecule
at confirmed thermodynamic conditions (Lim et al., 2020; Sayani
et al, 2020; Li et al,, 2022). Formation of the gas hydrate is a
challenging concern in gas and oil industry, as it may blocks the
pipelines and the processes amenities (Rebai et al., 2019; Sayani
et al., 2020; Veluswamy and Linga, 2021). The formation of gas
hydrate also can take place throughout the drilling operations
of deep water and outcome in earnest problems (Adham et al,
2014; Anderson et al., 2016; Dehghan et al., 2021). As a result, a
variety of chemical additives named hydrate inhibitors are added
to prevent the problems of hydrate formation. Moreover, two
types of hydrate inhibitors exist including the thermodynamic
inhibitors (THI) and the low dosage hydrate inhibitors. The low
dosage hydrate inhibitors are subdivided into two categories these
are the kinetic hydrate inhibitors (KHIs) and anti-conglomerates.
KHIs water-soluble polymers are commercially used to prevent
gas hydrate formation in fossil fuels production lines (Golpour
and Pakizeh, 2017; Li et al., 2019; Wang et al., 2019; Saberi et al,,
2021). KHIs delay the nucleation and the growth of gas hydrate
crystals in the system (Golpour and Pakizeh, 2017; Li et al,
2019; Wang et al., 2019; Saberi et al., 2021). However, organic
KHIs are non-biodegradable substances, which makes them facing
restraints in their utilization by several environmental agencies.
Furthermore, industry regulators have concluded that the presence
of KHI polymers in the injected wastewater leads to long-term
reservoir damage (Golpour and Pakizeh, 2017; Li et al, 2019;
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Wang et al., 2019; Saberi et al., 2021). The removal of KHIs by
physicochemical techniques (nanofiltration, adsorption) was the
subject of few studies (Anderson et al., 2016; Golpour and Pakizeh,
2017; Dehghan et al., 2021; Mozaffar et al., 2022). These techniques
failed to remove high amounts of KHIs from wastewater further to
their expensive costs, strict operational conditions, and production
of secondary pollution. It is essential to find a highly efficient
and cost-effective technique capable to completely remove KHI
polymers from oil and gas processing wastewater streams.

In this work, the removal of polyvinyl pyrrolidone (PVP)
(Figure 1B) largely used as KHI in oil and gas processing by
electrocoagulation process using Al electrodes was investigated.
The effects of certain experimental parameters on the anodic
dissolution of aluminum was evaluated in order to find out the
optimal conditions of in situ production of the coagulants. In
addition, the removal efficiency of PVP from water in terms of
total organic carbon (TOC) content was examined at different
conditions of pH, current density and TOC content.

2 Materials and methods

2.1 Analytical methods

The aqueous solutions were prepared by dissolving analytical
grade reagents NaCl (0.1 M), NaySO4 (0.05M), and NaH,POy4
(0.1M) in deionized water. Samples were taken at specified
times, then analyzed for the pH level and dissolved aluminum
concentration. Analyses for total aluminum and total soluble and
insoluble aluminum concentrations released during galvanostatic
electrolysis were determined by inductively coupled plasma-optical
emission spectroscopy (ICP-OES) analysis. The pH of the aqueous
solution was monitored using Micronal pH meter (model B474).
The morphology of aluminum anodes was observed using FEI
NOVA NANOSEM 450 equipment. Elemental analysis by energy
dispersive spectroscopy (EDS) was performed using the same SEM
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FIGURE 2

Potentiodynamic polarization curves of Al electrodes in different
electrolytes in semi-logarithmic scale (for current density).
Experimental conditions: working electrode: Al plate (1 cm?),
Counter electrode: Platine wire, Reference electrode: Saturated
Calomel electrode (SCE), T = 23°C.

equipment. KHI solutions were prepared by the dilution of a
stock solution containing 1,000 ppm of industrially commercialized
KHI (PVP) in 0.1 M NaCl. The experimental conditions and setup
were identical with the procedure described previously. Samples
were collected at different times, and then filtered using PTFE
filters (0.45 wm) for further analysis. KHI removal from water was
evaluated by monitoring the total organic carbon (TOC) decay.
TOC was measured using Skalar Formacst'T TOC/TN analyzer. All
the analyses were performed in triplicate.

2.2 Potentiodynamic polarization
experiments

used to
perform the potentiodynamic polarization experiments using
a potentiostat/galvanostat (20V, 1A) controlled by Gamry
reference 3000 potentiostat software to allow data inception and

A three-electrode electrochemical cell was

collection. The working electrode (Al plate) was inserted into a
PTFE sample holder. The auxiliary and the reference electrodes
were platinum wire and a saturated calomel electrode (SCE),
respectively. The working electrode potential was changed at a
fixed scan rate of 0.5 mV s~! between —2.0 V up to 4-2.0 V vs. SCE.

2.3 Anodic dissolution and galvanostatic
electrolysis

The anodic dissolution of Aluminum was carried out
under galvanostatic conditions (fixed current density). Working
electrodes were comprised of 1cm x 1lcm aluminum plates
(99.9% purity, 2 mm thickness). Before immersing in the electrolyte
solution for each experiment, the aluminum electrode was polished,
washed with HCI (1.5 M), rinsed with deionized water, and then
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FIGURE 3
Changes of dissolved aluminum concentrations during
galvanostatic electrolysis with specific electrical charge at different
current densities. Operating conditions: initial pH = 7, supporting
electrolytes: 0.1 M NaCl, stirring rate: 400 rpm.

kept to be dried at room-temperature. The electrolysis experiments
were carried out in a single-compartment, temperature-controlled
electrochemical cell using rectangular and parallel aluminum
electrodes. Temperature was adjusted to be constant at 24-25°C.
The initial pH was attuned using HCI or NaOH (0.1 M) drops to
achieve the wanted pH value in each experiment. The aluminum
electrodes were connected to a digital DC power supply (Monacor
PS-430), providing current and voltage in the range of 0-10A
and 0-20V, respectively. The cell voltage was recorded using a
potentiometer. The aqueous solution was stirred at a constant rate
of 400 rpm. The pH, voltage, and current density were measured
and recorded at specified times.

The galvanostatic electrolysis experiments were performed in
a one-compartment electrolytic cylindrical cell with temperature-
controlled jacket equipped with two parallel and rectangular
aluminum (99.9% purity, 2 mm thickness, surface area immersed
in the solution, 25 cm?) electrodes was used. Temperature was
adjusted to be constant at 24°C. A digital DC power supply
(Monacor PS-430) was connected to the aluminum electrodes as
current supplier during the removal of KHI from water at different
current densities (0-10 A and 0-20 V). The aqueous solutions were
stirred at a constant rate of 400 rpm. The samples withdrawn at
specified times were filtered using 0.45 um PTFE (Whatman) filter
and then analyzed for pH and TOC.

3 Result and discussion

3.1 Potentiodynamic polarization of
aluminum

Corrosion studies can provide useful information that helps to
understand the dissolution of aluminum during electrochemical
coagulation process. The corrosion behavior of Al in aerated
aqueous solutions was evaluated by potentiodynamic polarization
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FIGURE 4
(A) Changes of experimental concentrations of aluminum dissolved, (B) Changes of pH with time during galvanostatic electrolysis with specific
electrical charge at different pH in 0.1 M NaCl. Operating conditions: current density j = 2.5 mA/cm?, stirring rate: 400 rpm.

tests. Potentiodynamic polarization curves of Al plates (1 cm?) in
0.1 M NaCl, 0.05M Na,SO4 and 0.1 M NaH,POy are presented
in Figure 2. Tafel extrapolation method was used to determine
the corrosion potential and corrosion rate in each medium. The
anodic polarization branches do not have the same profile as
that predicted by Tafel over the potential window. A classical
passive region in which the anodic current remained almost
constant with the change of the working electrode potential in
Na,SO,4 and NaH,PO4. However, in NaCl, a different behavior was
observed: an abrupt increase in the current was observed when
the value of potential reaches the pitting potential. Al corrosion
potentials of in presence of NaCl and Na;SO4 are —1016 mV/SCE
and —1066 mV/SCE, respectively. In NaH,;POy, the corrosion
potential increased to —654 mV/SCE, which indicates that the
corrosion of aluminum was inhibited in 0.1 M NaH,POy4. Aqueous
solution. Furthermore, the corrosion of aluminum is kinetically and
thermodynamically was the most favorable in 0.1 M NaCl due to
pitting corrosion that was observed only in presence of chloride
ions. The rate of corrosion of Al electrodes depends mainly on (i)
the deposition of a non-conductive film of aluminum oxide, and (ii)
the peeling off the film by pitting corrosion. The electrochemical
corrosion of aluminum in presence of chloride ions is accelerated
by pitting (Mansouri et al., 2011a; Bani-Melhem et al., 2023).

The measurement of amount of dissolved Al species during
galvanostatic electrolysis is very important because the amount and
the speciation of dissolved Al species affects largely the efficiency
of electrocoagulation process. The theoretical amount of dissolved
aluminum during galvanostatic electrolysis can be calculated based
on Faraday’s law considering that the supplied energy into AI**: Al
= APt + 3e. Based on Faraday’s law, the amount of dissolved Al
can be calculated using the following equation:

mgy\ 1,000 x MMy x 3,600 x Q Ah
[ (1) = B EE —am o ()
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where [Al] is the amount of aluminum electrogenerated (in g/L);
MM 4 is the molecular weight of aluminum (MM 4; = 26.98 g/mol);
F is the Faraday’s constant (F = 96,500 C/mol); 3,600 is a factor to
convert h into s, and Q is the specific electrical charge (in Ah/L).

In order to investigate the anodic dissolution of Al during
galvanostatic electrolyses under different experimental conditions,
the concentration of Al dissolved at desired times was monitored by
atomic spectroscopy. The experimental concentration of dissolved
Al was compared to the concentration predicted by Faraday’s law.
As it can be seen from Figure 3, the experimental amounts of
aluminum increase linearly with the specific electrical charge for
Q < 0.5 Ah/L independently of current density. For Q< 0.5 Ah/L,
the experimental amounts of aluminum fit with Faraday’s Law.
However, for Q >0.5 Ah/L, the experimental values surpassed those
predicted Faraday’s Law and the difference between them broadens
with the increase of Q. The excessive amounts of dissolved Al can
be due to the dissolution of Al anodes by chemical corrosion.

Figure 4A presents the effect of initial pH on the amount of
dissolved Al during electrolysis in 0.1 M NaCl at a current density
of 2.5 mA/cm?. It is clear that the initial pH affects the changes
of Al dissolved during electrolysis. For Q < 1 Ah/L, dissolved
Al increases linearly with Q independently of initial pH in the
range 2.8-12.2 and similar amounts of Al are dissolved in acidic,
neutral or alkaline media. However, For Q > 1.5 Ah/L, Al dissolved
at pH 9.2 and 12 deviate from linearity and reached plateaus,
which can be due to the deposition of a nonconductive layer of
hydroxo-aluminum species.

To better understand the effect of initial pH, the changes of
pH vs. time are given in Figure 4B. As it can be seen, the changes
of pH with time during galvanostatic electrolysis depends on the
initial pH. The trend of pH with time started by rapid change
(increase or decrease) of the pH up to 60 min, then no significant
change in the pH was observed until the end of the electrolysis.
The graphs of pH with time showed an increase of pH for aqueous
solutions having initial pH values < 7.0; however, a decrease in
the pH was observed for solutions having initial pH values > 7.0.
The increase of pH observed in acidic and neutral solutions can
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FIGURE 5

SEM micrographs of aluminum electrodes after galvanostatic electrolysis in (A, B) 0.1 M NaCl, (C, D) 0.05M Na,SOg4, and (E, F) 0.1 M NaH,PO4.
Operating conditions: current density j = 2.5 mA/cm?, pH = 7, stirring speed: 400 rpm.

be due to the neutralization reaction by hydroxides ions (OH™)
formed during the electrochemical reduction of H*/H,O at the
cathode. In these conditions, it seems that not all the OH™ ions
formed by cathodic reduction of HT/H,O were engaged in the
production of hydroxo-aluminum complexes, and the excessive
amount of OH™ ions increased the pH. In contrast, the decrease of
pH for alkaline solutions could be ascribed the formation of anionic
hydroxo-aluminum species such as AI(OH);~ and Al(OH)52,
which consumes higher amounts of OH™ ions. By the end of
electrolysis, the pH of the aqueous solutions was maintained at
pH in the range 8.5-9.2. As can be observed, the stabilization

Frontiersin Water

of the pH was reached quickly for initial pH values close to 9.
The change of pH with time can be explicated by the buffering
capacity of hydroxo-aluminum species (Mansouri et al., 2011b,
2012). This buffering capacity maintain the pH value in pH range
8.5-9.2 by the formation of monomeric and polymeric complexes
of aluminum hydroxides.

Furthermore, morphological observations by scanning electron
microscope (SEM) of Al anode surfaces after electrolyses at j =
2.5 mA/cm? during 180 min in 0.1 NaCl, 0.05M Na,SOy, and
0.1 M NaH,PO4 at pH 7 are shown in Figure 5. Large localized
pitting corrosion was observed on the surface of Al anode in
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FIGURE 6

electrolytes: 0.1 M NaCl, stirring speed: 400 rpm.

TEM micrographs of aluminum precipitate during galvanostatic electrolysis. Operating conditions: current density j = 2.5 mA/cm?, pH =7, supporting

0.1 M NaCl aqueous solutions. However, in the case of Na;SOy,
uniform distributed pitting corrosion was observed. In contrast, in
the presence of NaH, POy, the surface of Al anode was completely
covered with a thick layer of AIPO4 (Acharya et al., 2022). These
results confirmed the importance of supporting electrolyte in the
corrosion of aluminum (Mansouri et al., 2011b; Romani et al,
2020). Al corrosion is accelerated by the presence of chloride
ions than sulfate or phosphate ions due to autocatalytic pitting
corrosion. However, the formation of AIPO4 in 0.1 M NaH,PO4
that adheres to the surface of Al electrodes inhibits the corrosion
of aluminum.

Besides the SEM micrographs, the solids precipitated during
the electrolysis at j = 2.5 mA/cm? for 180 min in 0.1 NaCl were
collected, dried and observed directly by transmission electron
microscope (TEM). The dried solids were also observed by SEM
and analyzed by energy dispersive X-ray (EDS) (see Figures 6,
7). The TEM micrographs shows that the coagulation process
starts by formation of nanofibrous materials that agglomerate
to form amorphous porous aggregates increasing in size during
the galvanostatic electrolysis. SEM results confirmed the results
obtained by TEM regarding the size of coagulants. EDX analysis
proved that hydroxo-aluminum precipitates are formed during
anodic dissolution of Al, which leads to the formation of
amorphous porous mixture of AI(OH)3; and Al,O3.

3.2 Removal of KHI by
al-electrocoagulation

Electrocoagulation process with sacrificial Al electrodes was

selected as a sustainable and economic method for the removal of
PVP (KHI) from water. The effects of certain operating conditions
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were evaluated during treatment of KHI contaminated water by
Al-electrocoagulation. Experiments were performed at different
initial pH values, different current densities, and different initial
TOC contents. The efficiency of the electrocoagulation process in
removing KHI from water was evaluated in terms of total organic
carbon (TOC). Since the KHI (PVP) is the only organic compound
in the medium, the changes of TOC during Al-electrocoagulation
experiments reflect the changes in KHI concentration in water.
The efficiency of Al-electrocoagulation is governed mainly by
specific electric charge consumed and the amount of dissolved
aluminum species (Mollah et al., 2001, 2004; Akter et al., 2022).
However, these parameters should be kept as low as possible to
achieve a low-cost treatment (Canizares et al., 2007; Sillanpda and
Shestakova, 2017; Marmanis et al., 2021; Villalobos-Lara et al.,
2021).

The pH of water to be treated is one of the key parameters
of electrocoagulation. The pH has an impact on the conductivity
of the solution, the dissolution of the electrodes, the speciation of
the hydrolysis products of the electrogenerated metal cations, and
zeta potential of the colloidal particles. Hydroxo-metal complexes
of aluminum cause destabilization of colloids. The most effective
coagulating species are formed in acidic, neutral or slightly alkaline.
When the pH is highly alkaline, hydrolysis of aluminum forms
soluble anionic hydroxo-metal complexes such as AI(OH), ions
which significantly reduce the effectiveness of electrocoagulation.
The effect of pH on the efficiency of pollutants removal is mainly
explained by the nature of metal hydrolysis products. However,
the pH varies during electrocoagulation treatment, which makes
it difficult to predict the effect of pH on the effectiveness of
electrocoagulation and it is necessary to study its effect on the
removal of each type of pollutant. Figure 8 presents the effect
of initial pH on TOC removal during the treatment of KHI
aqueous solution containing 200 mg C/L at 2.5 mA/cm?. As it
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FIGURE 7

SEM micrographs and EDX spectra of aluminum precipitate during galvanostatic electrolysis. Operating conditions: current density j = 2.5 mA/cm?,

can be seen, at the beginning of the electrolysis, TOC removal
increases with increasing the specific electric charge and then
it reaches a plateau after 0.5 Ah/L to stabilize until the end of
the experiment. The highest TOC removal (92.6%) was achieved
for solution having initial pH values 2.8, 5.4, and 7.0. Lowest
TOC removal was obtained at 12. An increase in pH levels
during Al-electrocoagulation process are related to OH™ ions
produced at the cathode electrode and H, gas released from
the cathode. In this pH range, amorphous aluminum hydroxide
(Al(OH)3) are formed by the reaction of the electrogenerated
AT cations with the hydroxide anions produced by the reduction

Frontiersin Water

of water molecules at the cathode. AI(OH); is the predominant
species in the pH range 5-9 based on the diagram of prevalence
of hydroxo-aluminum complexes as a function of pH indicate
(Hu et al, 2012; Lin et al, 2014). Accordingly, removal of
TOC from aqueous solutions with initial pH 2.8-7.0 is carried
out by the adsorption of PVP molecules on the surface of
the amorphous hydroxide aluminum species through Van-Der-
Waals interactions and hydrogen bonding (Canizares et al., 2007;
Mansouri et al., 2012). It can be argued that the increase of pH
was due to the reduction of (excess) H' ions at the cathode to
dihydrogen (H;), which limits the formation of hydroxide and
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hence hydroxoaluminum species. Many researchers indicate that
the removal of organic matter by electrocoagulation at this pH
interval occurs due to coagulation by charge neutralization (Mollah
et al., 2004; Shahedi et al., 2020; Hendaoui et al., 2021). Dissolved
KHI reacts with AI>* cations generated at the anode to form stable
KHI-aluminum complexes (Mollah et al., 2004; Shahedi et al., 20205
Hendaoui et al., 2021).

Frontiersin Water

The effect of the current density on the TOC removal during
the treatment of KHI aqueous solutions containing 200 mg C/L
in 0.1 M NaCl at pH 7.0 using Al-electrocoagulation process is
illustrated in Figure 9. The profile of TOC removal with specific
electrical charge is similar for all the current densities: a linear
rapid increase with Q for Q < 1 Ah/L, after that the increase of
TOC removal is decelerated, and then maintained to an almost
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Influence of initial TOC content on the changes of TOC removal with specific electric charge during the treatment of KHI aqueous solutions by

electrocoagulation using Al electrodes. Operating conditions: current density: 2.5 mA/cm?; initial pH = 7.0, supporting electrolyte 0.1 M NaCl; T
=25°C.
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FIGURE 11
Proposed routes involved in the mechanism of removal of PVCap (KHI) by Fe-electrocoagulation.

constant value at the end of the experiment. The increase of  further increase in the current density to 5.0 mA/cm? decreased
current density from 1.25 mA/cm? to 2.5 mA/cm? increased the  the TOC removal to 86.6%. It is expected that the increase of
TOC removal from 71.7% to 92.6%, respectively. However, a  the current density produces larger amounts of AI** ions within
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the same period (Faradays law), which is in accordance with
the increase of TOC removal with the increase of the current
density from 1.25 to 2.5 mA/cm?. Aluminum hydroxide formation
increases with that increase in current density. These aluminum
hydroxide flocs ultimately result in higher pollutant removal
efficiency. However, at higher current densities than 2.5 mA/cm?,
competitive secondary/parasitic reactions consume larger electrical
energy, and then the amount of AIPT ions released from the anode
will not increase linearly with Q. This can explain the decrease
in TOC removal when the current density increases from 2.5 to
5.0 mA/cm?. A higher current density than 2.5 mA/cm? is not
recommended owing to the high consumption of electrical energy,
which increases the costs of Al-electrocoagulation process.

Figure 10 presents the effect of initial TOC content on the
changes of TOC removal with specific electric charge during the
treatment of KHI 0.1 M NaCl aqueous solutions at pH 7.0 by
electrocoagulation using Al electrodes at 2.5 mA/cm?. The results
showed that the TOC removal decreased with the increase in the
initial TOC content. An almost complete TOC removal (99.1%) was
obtained with the lowest initial TOC content of 120 mg C/L yielded.

These results demonstrated the dependence of TOC removal
with the amount of Al dissolved during the electrolysis. At
a constant current density, the same amount of aluminum is
released by anodic dissolution in the aqueous solutions containing
different initial TOC content. The capacity of hydroxo-aluminum
species to adsorb or bind with PVP molecules is limited by
the amount and the form of these species, which is in favor
of complete TOC removal for low initial TOC content. This
confirms that the mechanism of PVP/KHI removal from water
involves mainly adsorption of PVP molecules on the surface of
Al(OH)3 flocs and their enmeshment inside the solid coagulants
(see Figure 11).

4 Conclusion

The main conclusions of this work can be summarized
as follows:

- Electrocoagulation was successfully used to remove KHI
(polyvinyl pyrrolidone)
electrodes. The high efficiency of this technology is closely

from water using aluminum
related to the amounts of coagulants formed during
galvanostatic electrolysis.

- The anodic dissolution of aluminum during galvanostatic
electrolysis is mainly affected by the pH conditions and the
nature of the supporting electrolyte. During galvanostatic
electrolyses using aluminum electrodes, electrochemical and
chemical dissolution processes are involved in the generation
of aluminum coagulants in solution. Particularly, the pH
conditions affected the chemical dissolution of aluminum
in solution.

- The dissolution of aluminum by pitting corrosion is
accelerated by chloride ions in water. However, a thick passive
layer of aluminum hydroxide/phosphate on the aluminum
surface, which inhibits further dissolution of aluminum.

- The process
electrodes optimized conditions can

electrocoagulation using  aluminum

under eliminate
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high amounts of TOC content from aqueous solutions of
polyvinyl pyrrolidone/KHI.

- The mechanism of removal polyvinyl pyrrolidone (KHI)
molecules from water using Al-electrocoagulation involved
different routes depending on pH of the medium. These routes
include (i) Binding PVP molecules with monomeric soluble
Al species, (ii) Binding PVP molecules with polymeric soluble
Al species, (iii) Adsorption of PVP molecules on the surface
of the insoluble aluminum species, and (iv) Enmeshment
of PVP molecules in the insoluble Al species. This study
achieved the goal of minimizing the energy requirements in
electrochemical coagulation process using Al anodes through
the optimization of the experimental conditions.

- The results of this study prove that electrocoagulation using
sacrificial Al electrodes is a sustainable technique capable to
remove KHI (PVP) from oil and gas-processing wastewaters,
recycle the treated water in other industrial applications, and
avoid the damage of water reservoirs.
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