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In this study, various conditions for the removal of polyvinyl alcohol (PVA) by electrocoagulation (EC)
coupled catalytic oxidation are systematically studied. The direct oxidation of the anode, the reduction of
the cathode, the oxidation of

�
[56_TD$DIFF]OH and

�
Cl, and the synergistic effect of flocculation on the degradation of

polyvinyl alcohol are investigated. It is observed that the optimum experimental conditions obtained are
as follows: Cell voltage 9 V, natural pH 7, NaCl concentration 0.02mol/L, and interelectrode distance
3.0 cm. The evolution of iron ions is also discussed in the EC process. By contrast, EC had made an
outstanding contribution to the removal of PVA, which removes [66_TD$DIFF]71.29% of PVA. Free radicals, especially
�
[56_TD$DIFF]OH and

�
Cl, are equivalent to the contribution of the electrodes in the degradation of PVA. And the

contribution of PVA degradation by anode oxidation and cathode reduction are [67_TD$DIFF]12.76% and 8.02%,
respectively. Characterization of solution and floc, such as Fourier transform infrared spectrometry
(FTIR), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), thermogravi-
metric analysis (TGA), GC–MS and molecular weight, showed that PVA is effectively removed by the EC
process, and a possible degradation pathway is proposed.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Polyvinyl alcohol (PVA) is commonly used as a binder and sizing
agent for textiles. It is obtained from the hydrolysis of polyvinyl
acetate [1,2]. It has excellent characteristics such as good stability,
low cost and cheap processing [3]. Therefore, in the printing and
dyeing industry, PVA is widely used as a sizing slurry [4]. Hundreds
of tons of PVA are used worldwide each year [5]. When PVA-
containing wastewater accumulates in the environment, the
surface foam and the viscosity of the contaminated water body
is increased, the activity of aerobicmicroorganisms is affected, and
the migration of heavy metals in the water body is intensified,
resulting in a more serious environment problem [6,7]. Organic
pollutant as PVA is not biodegradable to an extent due to its high
molecular weight [8]. Traditional biological wastewater treatment
methods are difficult to degrade PVA, so abiotic biological
pretreatment must be performed before it is released into
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biological treatment equipment. Thus, more and more people
are exploring a new method to remove PVA.

In recent years, many techniques have been developed for
degradation of PVA. Photochemistry is a popular method for
researchers [5,7–10]. Other PVA removal techniques focus on
methods such as partial oxidation by dimensional stable anode
(DSA) [11], the Fenton process [12] or wet oxidation [13]. Most of
these approaches require complex equipment or have some
restrictions. Hence, it is difficult to use them in the actual
treatment of dyeing wastewater [14].

Recently, electrocoagulation (EC), is a potential alternative to
the traditional chemical coagulation [15,16], which is to immerse
twometal electrodes in the pollutedwater and apply direct current
between the two metal electrodes [17], could generates odorless,
clear, and colorless water. Among PVA treatment technologies, EC
technology is thought to be easy to be operate ascribe to its large
volume handling ability, avoidance of chemical use, low sludge
generation, fast reaction rate, lower capital and operation costs. In
addition, it is deemed as environmentally friendly and nontoxicity
too [18]. Previously, Chou et al. have used EC to degrade PVA and
received a satisfactory result [4,19,20]. However, in these studies,
the detail mechanism for PVA degradation are still not clarified.
The EC process directly or through the electronic Fenton process
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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generates
�
[68_TD$DIFF]OH to crack organic compounds, or generates flocs of

Fe(OH)n to adsorb organic compounds [21]. It should be noticed
that other electrochemical reactions still occur in the EC process,
such as the contribution of the anode and cathode and the
degradation of PVA by other free radicals. To date, the contribution
of anodes oxidation, cathodes reduction, flocculation, and free
radicals to the system has not been discussed in detail during the
EC process. This paper would focus on describing all electrochem-
ical reactions during the EC process that degrades PVA and each
reaction’s contribution for PVA degrading.

The purpose of this study is to investigate the efficiency of EC
systems for PVA degradation. The procedural mechanism of PVA
degradation in the EC system is systematically investigated. Effects
of cell voltage, pH, electrolyte concentration and interelectrode
distance on the removal efficiency of PVA are investigated. The
contribution of flocculation, anode oxidation, cathode reduction
and free radicals oxidation to PVA degradation are discussed. And a
degradation pathway for PVA is obtained.

All chemicals used in this study were analytical grade or higher
and used as received. The detailed information is listed in Text S1
(Supporting information).

The EC systems are shown in Fig. S1 (Supporting information).
The experiment is performed in a 500mL beaker. In the experi-
ments, the same PVA solution is added to the reactor and diluted to
a 500mL graduation line to ensure that the initial PVA
concentration is 200mg/L each time. A magnetic stir bar is added
to the reactor. The speed of the magnetic stirrer is appropriate to
ensure that the solution is mixed uniformly and the floc is not
broken. For the EC experiments, the anode is a stainless steel
electrode (0.6 cm� 12 cm), and the cathode is a graphite rod
electrode (0.6 cm� 12 cm). For the electrochemical oxidation (EO)
trials, a DSA electrode (1 cm� 12 cm) is used as the anode and the
graphite rod electrode (0.6 cm� 12 cm) is used as cathode. All
electrolytic experiments are completed within 60min. Diluted HCl
and NaOH solution is added to adjust the pH value of the solutions.
The cathode and anode are immersed in the polyvinyl alcohol
aqueous solution to a depth of 10 cm, and the distance between the
two electrodes is 3 cm. The above experiments are carried out
under normal temperature conditions. To verify the efficiency of
electrochemical oxidation degradation of PVA, a salt bridge is
added (Fig. S1b). In this experiment, the stainless steel electrode
and graphite rod electrode are immersed in two cells, and the two
cells are connected with a salt bridge. All other experimental
conditions have been adjusted based on the optimal experimental
parameters.

The concentration of the PVA solution is determined by UV–vis
spectrophotometry after the PVA solution is mixed with the I2/KI-
iodine solution [22]. 0.1 g PVA is addedwith appropriate amount of
deionized water, dissolved by heating, and diluted to 100mL after
cooling to obtain 1 g/L PVA standard solution. Other standard
concentration solutions are formulated by analogy [23]. Configu-
ration method of color development solution: 4 g Boric acid is
placed in a 100mL volumetric flask to volume; 2.5 g KI is placed in
a 100mL brown volumetric flask, dissolved in deionizedwater, and
0.65 g of iodine is added to the volume, and then mixed the I2/KI
and H3BO3 solutions in a 1:5 ratio. Eight flasks are prepared, with
each containing 5mL of standard PVA solution, 6mL of color
development solution, and then the deionized water is added to
make up to 30mL. Then 3mL of the solutions are placed in
cuvettes, and the absorbance spectra aremeasured at 690 nm via a
spectrophotometer (DR6000 HACH, American). The measured
absorbance values are used to construct a calibration curve. In
subsequent experiments, the absorbance value of the sample is
measured in the same way, and the measured value is substituted
into the standard curve to determine the sample concentration [5].
Morphological and elemental analysis of the flocs are
performed by scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS) (FEI Quanta 650, FEI Company,
U. S. A.) analysis. The thermal decomposition performance of the
floc ismeasured by a thermogravimetric analyzer (TGA) (PE Pyris 1,
Perkinelmer, U. S. A.) instrument heated from room temperature to
700 �C at a heating rate of 10 �C/min under a nitrogen atmosphere.
The floc is powdered after drying and prepared as KBr discs for
characterization by Fourier transform infrared spectrometry (FTIR)
(Thermo Scientific Nicolet 6700, Thermo Fisher Scientific, U. S. A.).
110-Phenanthroline spectrophotometric method (lmax, 510 nm)
[24] is used tomeasure the concentrations of total iron and ferrous,
the concentration of Fe3+ is calculated as the Fe2+ ion concentration
subtracted from the total iron concentration.

Themolecularweight and distribution of the rawand processed
PVA solution is determined by Gel Permeation Chromatography
(GPC) (Waters 1515, Waters ltd., U. S. A.) with a Waters 1515
isocratic HPLC pump and a Waters 2414 refractive index detector.
The PVA solution (0.30 g) is added to a 5mL sample bottle, and
ultrapurewater containing 0.1mol/L sodiumnitrate is added to the
scale line. Thismixed solution is ultrasonically dispersed and ready
for testing. A water linear column of ULTRAHYDROGEL 120 PKGD,
ULTRAHYDROGEL 250 PKGD and ULTRAHYDROGEL 500 PKGD are
chosen. The mobile phase is ultrapure water containing 0.1mol/L
NaNO3, and the flow rate is 1mL/min. The relative molecular
weight of Polymer Standards Service-U.S.A. Inc. 430�330,000 is
used to construct a standard curve.

The intermediates of EC-treated PVA solution is identified by
Agilent GC–MS system (Agilent 7890B-5977B-GC/MS, Agilent
Technologies Inc., U. S. A.). Prior to GC–MS analysis, the 10mL
sample solution is placed in a 15mL headspace bottle. The aged
100mmPDMS extraction head is inserted into the headspace of the
sample vial and adsorbed at 60 �C for 120min. After the
adsorption, the extraction head is taken out and inserted into
the gas chromatograph. The sample is desorbed at 250 �C for 3min.
The GC–MS is equipped with a DB-5MS column (30mm� 250mm
�0.25mm), and the GC column is operated in a temperature
programmedmode at 60 �C for 1min, raised to 200 �C at 12 �C/min,
and then raised to 325 �C at 5 �C/min, and finally held at 325 �C for
8min.

In the electrochemical treatment process, energy consumption
is a very important indicator, which directly determines the
treatment cost in industrial implementation. Therefore, in
laboratory-scale processing, the electrical energy per order
(EEO) is an important indicator that can provide preliminary
information about energy consumption during processing [25].
Eq. [69_TD$DIFF]1 is used to calculate EEO values refer to previous work
conducted by Zhu [70_TD$DIFF]et al. [26].

EEO ¼ 1000Pt= 60V log C0=Ctð Þð Þ ð1Þ
where P is the rated power (kW), V is the volume of the reaction
solution (L), [71_TD$DIFF]C0 and Ct are the initial and final concentration of PVA,
respectively (mg/L).

The progress of the electrochemical reaction is directly affected
by the applied cell voltage, so the optimal cell voltage is
determined by the value of the PVA removal efficiency [11]. The
effect of applied cell voltage in the range of 7 V to 11 V on the
removal efficiency is investigated, which is as revealed in Fig. S2a
(Supporting information). The initial solution pH is 7.0, the
supporting electrolyte is 0.02mol/L NaCl. At 7 V, 9 V and 11 V,
the degradation efficiency is [72_TD$DIFF]74.58%, 93.94% and 96.18%, respec-
tively. Obviously, the greater the applied cell voltage, the higher the
degradation efficiency in the range of 7 V to 11 V. As is well-known
that the voltage determines the formation of coagulant and the
rate of hydrogen bubble generation, which determines the
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efficiency of the EC and the size and growth of the floc. As the cell
voltage increases, the rate of formation of coagulant (Fe2+ or Fe3+

ions) on the anode is increased. Under the same conditions, the
experimental amount of stainless steel electrodes dissolution is
0.126 g, 0.161 g and 0.214 g when the cell voltage is 7 V, 9 V and
11 V, respectively. However, when the cell voltage is increased from
9 V to 11 V, the removal efficiency only increases from 93.94%–
96.18% in increments of [73_TD$DIFF]2.24%. It can be revealed in insert Fig. S2a
that the EEO is the lowest at 9 V (2.55 KWh/m3), so the 9 V is
considered to be the optimum cell voltage.

Effect of the initial pH on the PVA removal efficiency is shown in
Fig. S2b (Supporting information). At initial pH 3, 7, 11, the
degradation efficiency is [74_TD$DIFF]76.46%, 93.94% and 88.93%, respectively.
Under acidic conditions, Fe3+ exists in the solution as Fe(OH)2+,
Fe(OH)2+ and Fe2(OH)24+. These substances are beneficial to the EC
system [27]. In addition, when pH< 6.0, soluble Fe(III) and Fe(II)
are relatively stable. And ascribe to the generated OH� being
neutralized by the H+ in the solution, the iron floc formed in the
solution is negligible [28]. Under the condition of pH 11, the main
reason for poor performance may be the presence of Fe(OH)4� and
Fe(OH)63� ions at high pH [29,30]. Moreover, in insert Fig. S2b, the
EEO is the lowest at pH 7 (2.55 KWh/m3). According to the analysis
of the above results, the optimal pH value of EC-treated PVA is 7. It [75_TD$DIFF]
is worth noting that the pH is changing as the reaction goes on, in
Fig. S3 (Supporting information). This is because the hydrogen
produced is dominant under acidic conditions. The oxygen
generated under alkaline conditions is dominant. But the change
of pH has little effect on the removal efficiency of PVA. From the
scientific and economic point of view, the average pH of 7 is the
optimum condition for the treatment of PVA by EC.

The anode is accelerated to dissolve under the condition of
sodium chloride as the supporting electrolyte. Therefore, in this
experiment, NaCl is used as the supporting electrolyte for PVA
treatment. As shown in Fig. S2c (Supporting information), PVA
removal efficiency is increased with increasing support electrolyte
concentration. At initial supporting electrolyte 0.01, 0.02 and
0.03mol/L, the removal rate of PVA reach [76_TD$DIFF]61.21%, 93.94% and
98.63%, respectively. When there are few electrolytes, the mass
transfer rate of the reaction system is low and the formation of
active radicals is less. This phenomenon will reduce the removal
efficiency of PVA [27]. It is worth noting that when the electrolyte
concentration in the solution is greater than 0.02mol/L, the PVA
removal rate increases slowly. This may mean that when the
conductivity of the solution reaches a certain value, side reactions
may occur, such as electrolytic water. As shown in insert Fig. S2c,
the EEO is 3.86, 2.55 and 2.27 KWh/m3, respectively. Under the

[(Fig._1)TD$FIG]

Fig.1. (a) Removal efficiency of PVA in six different systems. EC/NaCl +10mg/L i-PrOH and
pH 7.0, 0.02mol/L support electrolyte, interelectrode distance 3 cm; The anode degrada
initial pH 7.0, 0.02mol/L support electrolyte, interelectrode distance 3 cm. (b) Influenc
same conditions, the experimental amount of stainless steel
electrodes dissolution is 0.104, 0.161 and 0.208 g when the initial
supporting electrolyte is 0.01, 0.02 and 0.03mol/L, respectively.
This shows that as the electrolyte concentration increases, the
stainless steel anode is accelerated to dissolve, and the life of the
electrode is affected. Therefore, the most suitable electrolyte
concentration in this reaction system is 0.02mol/L.

The distance between electrodes is also studied as an important
condition. In Fig. S2d (Supporting information), the removal rate of
PVA is no amelioration at 1.0, 2.0 and 3.0 cm, reached [77_TD$DIFF]97.21%,
94.47% and 93.94%, respectively. However, it can be found that the
removal rate of PVA is gradually reduced as the distance between
the plates increases. This may be because when other conditions
are constant, the electric field strength will be weakened by the
increase of the plate spacing, and themass transfer efficiency in the
electrochemical system will be affected, so that the removal
efficiency of PVA is reduced [31]. Although the contaminant
removal rate is increased as the plate spacing is reduced, the
energy consumption in the reaction system is increased at a
smaller plate spacing. As shown in insert Fig. S2d, the EEO is 3.23,
3.10 and 2.55 KWh/m3, respectively. In addition, if the plate spacing
is too small, the electric field is too strong, which may cause the
risk of instantaneous discharge, so that the electrode plate is worn
out. Under the same conditions, the experimental amount of
stainless steel electrodes dissolution is 0.268 g, 0.223 g and 0.161 g
when the interelectrode distance is 1.0, 2.0 and 3.0 cm, respec-
tively. In summary, setting the plate spacing to 3.0 cm is the most
suitable for removing PVA.

Possible contributions of each process are discussed. It is
speculated that the possible degradation pathways of PVA in the
system are: Direct oxidation of the anode, reduction of the cathode,
oxidation of

�
[56_TD$DIFF]OH and

�
Cl, and removal of PVA by flocs. In order to

test the contribution of free radicals to the system, experiments are
performed with the addition of benzoic acid and i-PrOH [32,33].
�
[78_TD$DIFF]OH can be quenched by both benzoic acid and i-PrOH,while

�
[68_TD$DIFF]Cl can

be quenched only by benzoic acid. However, it is worth noting that
benzoic acid is weakly acidic in solution and will affect the
formation of iron hydroxide flocs in the EC system. In order to
identify the contribution of direct oxidation and cathodic
reduction to PVA removal, a DSA electrode is introduced as the
anode, 0.02mol/L Na2SO4 is used as the electrolyte for the
electrode oxidation experiment, and other conditions are un-
changed. At the same time, in order to verify the contribution of the
anode and cathode to the system, the salt bridge is used to degrade
PVA. The result is shown in Fig.1a. As shown in Fig.1a, the addition
of isopropanol had basically no effect on the degradation of PVA.
EC/NaCl +10mg/L benzoic acid system capturing
�
[56_TD$DIFF]OH and

�
Cl. Conditions: 9 V, initial

tion and cathode degradation are measured by a salt bridge. Conditions: I =170mA,
e of different experimental factors on current efficiency.
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However, it should be noticed that this does not mean that there
are almost no

�
[78_TD$DIFF]OH radicals in the EC system.

�
[68_TD$DIFF]OH will be destroyed

under conditions of excess iron cations [34]. And from the reaction
of the first 20min, it can be inferred that hydroxyl radicals
contribute to the reaction system. After the excess benzoic acid is
added, no flocs are produced in the solution, and the degradation
ratio of PVA is [79_TD$DIFF]22.65%. Therefore, the degradation ratio of PVA by
the iron hydroxide and radical in the system is [80_TD$DIFF]71.29%, and the
degradation ratio of the electrode is [79_TD$DIFF]22.65%. As an inert electrolyte,
sodium sulfate has little effect on the electrochemical system [35].
In the electrochemical oxidation system (EO/Na2SO4), DSA is used
as the anode, graphite is used as the cathode, and 0.02mol/L
Na2SO4 is used as an electrolyte to verify the ratio of the anion-
anodic degradation of PVA, and the result is [81_TD$DIFF]25.38%. Compared
with EO/Na2SO4, the removal rate of PVA by EO/NaCl is [82_TD$DIFF]30.61%.
Therefore the degradation effect of

�
[83_TD$DIFF]Cl on PVA is estimated to be [84_TD$DIFF]

5.23%. To verify the efficiency of electrochemical oxidation
degradation of PVA, a salt bridge is added. As shown in Fig. 1a,
the removal effects of the anode and cathode are [67_TD$DIFF]12.76% and 8.02%,
respectively. This is basically consistent with the previous
calculation.

To speculate the respective contributions of radical and flocs to
PVA degradation, an excess of HCl is added to the EC-treated
solution in order to desorb PVA in the flocs. Finally, it is found that
the removal of PVA by flocs is [85_TD$DIFF]51.27%. Therefore, it can be inferred
that the degradation ratio of radicals to PVA is [86_TD$DIFF]20.02%. This result
can also be confirmed in the experiments conducted by Abdoulaye
Thiam [87_TD$DIFF]et al. [34]. This means that the production of

�
[68_TD$DIFF]Cl may be

small and cannot be accumulated, but its content is sufficient to
react with PVA. Under the action of reactive free radicals, the main
chain of PVA is induced to break, as will be later demonstrated.

It can be observed from Fig. 1b that the current efficiency
changed under various factors. Avery interesting finding is that the
current efficiency is closest to [88_TD$DIFF]100% only under the best
experimental conditions: Cell voltage 9 V, pH 7, electrolyte
[(Fig._2)TD$FIG]

Fig. 2. (a) EDS of the floc, (b) [57_TD$DIFF]elements contained in the
concentration of 0.02mol/L and interelectrode distance of 3 cm.
Under other experimental conditions, the difference between the
measured loss of stainless steel electrode and the theoretical
amount, in addition to the dissolution of the anode, can also be
attributed to the corrosion chemical dissolution of the stainless
steel electrode [15,36].

The efficiency of the electrocoagulationwastewaters treatment
mainly depends on the amount and speciation of metal dissolved
during the treating process [37]. In order to calculate the
dissolution of stainless steel electrodes during electroflocculation,
the weight (M

[89_TD$DIFF]exp) of the electrodes before and after electrolysis is
measured and compared with the theoretical dissolution (Mth [90_TD$DIFF]).
Then the dissolution of stainless steel electrodes could be
calculated using Faraday’s law as follows [28,38] (Eqs. [91_TD$DIFF]2 and 3):

Mth ¼ MIt= nFð Þ ð2Þ

CE ¼ Mexp=Mth ð3Þ
WhereMth is the theoretical amount of iron dissolution,Mexp is the
experimental amount of iron dissolution, M is relative atomic
mass, F is the Faraday constant (96,487 C/mol), I is the current (A), t
is the electrolysis time (s), n is number of electrons transferred, CE
is the current efficiency.

It can be seen on [92_TD$DIFF]Figs. 2a and b that the floc is composed of Fe,
Cr, Cl, Na, O and C. It is worth noting that since a certain amount of
Cr is present in the stainless steel electrode, Cr is oxidized to Cr3+

during electrolysis. In a neutral or alkaline environment, Cr3+ exists
mainly in the form of Cr(OH)3 colloid or precipitate, so it also plays
a role in the flocculation process. In the floc, the ratio of Fe to Cr in
the floc is 4:1. Therefore, in Eq. [93_TD$DIFF]2, M = 0.4/0.5 � 56 + 0.1/0.5 �
52 = 55.2; n = 0.4/0.5� 2 + 0.1/0.5� 3 = 2.2. The electric currentwill
fluctuate slightly during the reaction due to the changing of some
intermediates in the degradation reaction. Therefore, the average
value of the current is calculated according to the instantaneous
value of the current at different times in the electrolysis process.
floc, (c-e) SEM image of the floc, (f) TGA of the floc.



2868 Z. Wang et al. / Chinese Chemical Letters 31 (2020) 2864–2870
The SEM results are indicated in Figs. 2c–e. As can be seen from
Fig. 2c, it is obvious that the surfaces of the partial particle sections
are smooth and regular, and some seem to be sticky and
crosslinked, which can be more clearly shown in [92_TD$DIFF]Figs. 2d and e.
It can be proved that there is a large amount of PVA in the floc. The
thermogravimetric analysis (TGA) for the floc at 10 �C/min heating
rate with N2 is shown in Fig. 2f. The nature of the TGA trace shows
PVA decomposition and other components up to a temperature of
244.01 �C, losing about [94_TD$DIFF]29.52% of its weight. This also verified the
presence of a large amount of PVA in the floc. Between 390 �C and
500 �C, the main occurrence is the Cr(OH)3 oxidizes, losing about [95_TD$DIFF]
7.68% of its original weight.

Themolecularweights anddistributions of initial, 30min treated
and60min treated PVA samples that analyzedbyGPC are presented
in [92_TD$DIFF]Figs. 3a–c. It can be observed that the number average molecular
weight decreased from original 33,369 to 21144, and the weight
averagemolecular weight from83,469 to 40,807 after 30min. It can
also be seen fromFig. 3d that the GPC relativemolecularmass of the
solution is greatly reduced after 30min of reaction, which also
indicated that the relatively high molecular weight relative
molecular mass PVA is degraded into substances with small
molecular weight by electrochemical oxidation. Additionally, the
polydispersity index (PDI) (measurement of broadness of a
molecular weight distribution of a polymer sample) is taken into
consideration. The molecular weight distribution is to the polydis-
persity index [8]. The number averagemolecularweight, theweight
average molecular weight, and the polydispersity index did not
change substantially during the period of 30min–60min.

Since the generation of the flocs are mainly due to the role of
iron ions, it is important to investigate the variation tendency of
Fe2+ and the total iron ion content in solution. As shown in Fig. 3e,
0�30min, as the ferric iron is continuously formed by oxidation,
flocculation is also constantly occurring. The ferric iron is
accumulated to the maximum until the reaction for 30min, after
which the ferric iron ions formed a lot of flocs, and at this time, the
ferric ion content in the solution is drastically lowered. The ferric
ion in the solution is completely flocculated until 40min.
Subsequently, ferric ions continue to be generated because the
[(Fig._3)TD$FIG]

Fig. 3. GPC spectrum of [58_TD$DIFF]PVA: (a) original, (b) oxidized 30min and (c) oxidized 60min (M
Molecular weight distribution of [60_TD$DIFF]PVA: (a) original, (b) oxidized 30min and (c) oxidize
ferrous ions generated by the anode are oxidized, and thus the PVA
in the solution is continuously flocculated.

Therefore, it can be inferred that 0�30min, the removal of PVA
is mainly caused by electrochemical oxidation and flocculation;
from 30min [96_TD$DIFF]to 60min, the removal of PVA is mainly caused by
flocculation. According to this phenomenon, it can be speculated
that the end degradation products carbon dioxide is transformed
under alkaline conditions, and then accumulated in the species of
bicarbonate and carbonate ions. These products could actually
inhibit PVA oxidation by quenching hydroxyl radicals [11]. Also, the
oxidizing capability of hydrogen peroxide and other related
oxidants could be reduced with the increasing of the solution
pH. Therefore, in the later 30min, the degradation of PVA by

�
[68_TD$DIFF]OH is

basically negligible [39], which is basically consistent with the
analysis of Fig. 1 that mentioned above.

In order to identify PVA oxidation performance during the
electrochemical oxidation process, FTIR spectra is employed. FTIR
spectra of the PVA solution before and after electrochemical
oxidation are revealed in Fig. 4a. It can be seen that the peak
intensities of stretching vibrations at 3313.3 cm�1 (nO-H),
2941.0 cm�1 (nC–H), and 1094.7 cm-1 (nC–O) is significantly
reduced after 60min. The nC–C associated with the PVA
crystallization at 1143.6 cm�1 is significantly reduced, indicating
that the crystal structure of the PVA is destroyed. The peak at
1094.7 cm�1 almost disappears, indicating that the C–O bond in
PVA changes and may be oxidized to C¼O. A new adsorption peak
appeared at 1710 cm�1 (nC = O), which showed that carbonyl bonds
formed in the degradation products. Aromatic cyclic groups are
observed by the intensity of the band at 1544.2 cm�1 [5,40–42].

The intermediates by EC process detected by GC–MS are listed
in Fig. 4b and Table S1 (Supporting information). Obviously, the
characterization results of GC–MS are consistent with the
characterization of FTIR. The main component of untreated
polyvinyl alcohol wastewater is PVA. After EC treatment, the type
and number of organic substances in the solution are increased,
which also corresponded to the CGP test results. The components
retrieved mainly include esters, aldehydes, alkanes and aromatic
hydrocarbons. It was shown that under the action of strong
w is weight average molecular weight, M
[59_TD$DIFF]p is maximum peak molecular weight). (d)

d 60min. (e) Iron ion content changes with time in EC.
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Fig. 4. (a) FT-IR spectrums of PVA solution during different reaction stage; (b) GC–MS spectrum of PVA solution with treatment; (c) Reaction mechanism of EC; (d) The
possible removal pathway of PVA by EC.
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oxidant, the unsaturation of PVA is increased, the carbon chain is
broken, and it is degraded into a small molecular substance with
simple structure and good biodegradability. These small molecules
are finally transformed into CO2 and H2O.

Fig. 4c showed the possible mechanism of PVA removal by EC.
And the PVA removal pathway by EC coupling with catalytic
oxidation is proposed based on the above identification, which is
revealed on Fig. 4d. It is suggested that distinct pathway might
occur during the removal of PVA by free radicals oxidation (

�
[97_TD$DIFF]OHand

�
Cl) and the hydrogenation in EC [28,43]. In this pathway, on the
one hand, active free radicals attack the carbon atom attached to
the hydroxyl group, which leads to random chain scission. Electron
rearrangement and hydrogen group transfer result in oxidization
of the chain scission products to carbonyl compounds [5]. On the
other hand, the PVA molecular chain would form an olefin chain
after dehydration during oxidization. However, due to the hydroxyl
group in the polyol, it can be condensed and grafted with various
substances. Therefore, aromatic hydrocarbon compounds such as
benzene, naphthalene, anthracene, and so forth are produced.

In conclusion, when EC is used for PVA degradation, the
direct oxidation of the anode, reduction of the cathode,
oxidation of

�
[56_TD$DIFF]OH and

�
Cl and flocculation work in synergy for

effective degradation. The optimum experimental conditions
obtained are as follows: cell voltage 9 V, pH 7, NaCl concentra-
tion 0.02 mol/L, and interelectrode distance 3.0 cm. By contrast,
electroflocculation had made an outstanding contribution to the
removal of PVA. Free radicals, especially

�
[56_TD$DIFF]OH and

�
Cl, are

equivalent to the contribution of the electrodes in the
degradation of PVA under EC. After 30min, the relative
molecular weight of PVA decreased obviously due to chain
scission. In 30�60min, the removal of PVA is mainly the
contribution of flocculation. The intermediates identified by
GC–MS could indicate that reactions occur in this electrochemi-
cal system are mainly containing the free radical oxidation and
the hydrogenation. This type of electrochemical system provides
an efficient and cost-effective approach for PVA wastewater
pretreatment.
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