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Abstract A multi-needle-to-plate pulsed discharge plasma reactor was designed to

investigate its potential for polyvinyl alcohol-containing wastewater (PVA) treatment. The

effects of some operational parameters such as PVA initial concentration, pulse peak

discharge voltage, air flow rate, solution pH value, and iron additives on PVA degradation

were examined. The results indicated that PVA could be effectively degraded from

aqueous solutions. PVA degradation efficiency was 76.0 % within 60 min’s discharge

plasma treatment with 1.5 mmol L-1 Fe2? addition. Decreasing PVA initial concentration

and increasing pulse peak discharge voltage were both beneficial for PVA degradation.

There existed appropriate air flow rate for obtaining great PVA degradation efficiency in

the present study. A little acid environment was conducive to PVA degradation. The

presence of Fe2? and Cu2? could both benefit PVA degradation, and the increment of Fe2?

and Cu2? concentrations to a certain extent could enhance its degradation efficiency, as

well as energy yield. PVA possible degradation mechanisms were discussed, and the

degradation processes were mainly triggered by the reactions of PVA with �OH radicals.

Keywords Pulse discharge plasma � PVA � Degradation

Introduction

Polyvinyl alcohol (PVA), a well known recalcitrant compound, has been widely used as a sizing

agent in the textile industry [1], and it is also used in polymerization process, adhesives, paper-

coating, surfactants, and detergent-based industries [2–4]. The global annual consumption of
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PVA has been over 1 mt, and it is predicted that its consumption is increasing at a rate of about

3.5 % annually during 2009–2014 [5]. PVA is a stable polymer with water activity. In aquatic

environment, PVA usually exists as colloids, and it takes about 900 days to be decomposed

completely [6], which is detrimental to the ecosystem and can accumulate in the human body

through food chain [3, 4]. Once PVA-containing wastewater is discharged into natural water

bodies without efficient treatment, the water surface will be covered by large area of foam due to

the strong surface activity of PVA, and then the activity of aerobic microorganisms will be

inhibited by oxygen absence [7]. Even worse, PVA can promote the migration of deposited and

bound heavy metals from sediments into water streams [8]. Therefore, it is of great importance

and necessity to effectively treat PVA-containing wastewater.

Lots of methods have been used for PVA wastewater treatment such as adsorption [9],

biological treatment [10–12], and membrane filtration [13, 14]. Adsorption method is just

the phase transfer of pollutant and can not remove pollutant completely. Conventional

biological systems do not efficiently degrade PVA because PVA has a low BOD5/COD

ratio (BOD5/COD = 0.01), indicating the poor biodegradability and the capacity of most

microbial species for PVA degradation is very specific and limited [10]. Studies have

shown that only 60 % of PVA was removed under aerobic conditions within 4 months’

treatment and 0–12 % of PVA was removed in anaerobic sludge within 77 days’ treatment

[11]. In addition, the generation of foam in biological reactors during PVA wastewater

treatment results in difficult operation and low treatment efficiency [12]. PVA can clog the

membranes used in membrane-based wastewater treatment techniques [14]. Therefore, it is

imperative to develop more effective methods to treat PVA-containing wastewater.

Recently, advanced oxidation processes (AOPs) are receiving great emphasis on PVA-

containing wastewater treatment, such as Fenton and sonochemistry method [15–17], and it

has been proved that the biodegradability of PVA wastewater can be enhanced after treat-

ment. Non-thermal discharge plasma, one of newly developed AOPs, has aroused consid-

erable interest because of its environmental compatibility [18, 19]. During discharge plasma

processes, the ensuring electron-molecule interactions generate highly reactive non-thermal

plasma, which are strongly oxidizing environments due to the presence of large number of

chemically active species, such as ozone, H2O2, �OH and �OOH radicals, O atoms, and ions

(O2
-, O2

?, H3O?, O3
-); simultaneously, physical effects concomitantly generated during

discharge plasma process, such as strong electric field, ultraviolet light, shock waves and

pyrolysis, can also improve pollutants degradation. Previous studies have demonstrated that

organic compounds in wastewater can be effectively removed by non-thermal discharge

plasma [18–20]. However, there is still no systematic research on PVA degradation in

wastewater using non-thermal discharge plasma. The objective of this study was to explore

the feasibility of PVA-containing wastewater treatment using pulsed discharge plasma. PVA

degradation behavior and roles of radical species were investigated, and PVA degradation

processes in the presence of Fe2? and Cu2? were examined. The possible mechanisms of PVA

induced degradation by pulse discharge plasma were also discussed.

Experiments and Methods

Materials

PVA (analytical reagent) was purchased from the Chemical Plant of Yangling, China. All

other organic and inorganic reagents were analytical grade and were used as purchased

without further purification. PVA was dried at 105 �C for 24 h before use.
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Pulse Discharge Plasma System

The schematic diagram of the experimental apparatus for PVA-containing wastewater

treatment was illustrated in Fig. 1. The reaction system consisted of a pulsed high-voltage

power supply and a multi-needle-to plate reactor. High-voltage pulses were generated

using the combination of a 0–50 kV adjustable DC power supply, a storage capacitor (Ce),

an adjustable trim capacitance (Cp) and rotation spark gap switches (RSG1, RSG2). In the

power supply system, Ce and Cp were charged respectively by the changes of the rotation

spark gap switches position, and then Cp was discharged towards to the reactor, forming

pulse discharge. The pulse frequency and Cp were 35 Hz and 3 nF in the present research,

respectively. The pulse rise time was less than 100 ns, and the pulse width was less than

500 ns.

For the multi-needle-to-plate reactor, the reactor vessel was made of a PlexigasTM

cylinder (100 mm inner diameter and 250 mm length). The high voltage electrode (7

stainless-steel hypodermic pinheads, U = 1.5 mm), which produced positive streamer

corona discharge at their needle tips, was located in the cylinder. The seven needles,

comprised of one needle in the center and the other six distributed uniformly around a

circle of 50 mm radius, were secured within a resin disc. Silicone insulation encased the

hypodermic pinheads that protruded from the resin disc, with only 1 mm exposed beyond

the silicone insulator. The ground electrode was a stainless-steel disc (U = 60 mm). The

distance of adjacent needle was 15 mm. The distance between the high voltage electrode

and the ground electrode was adjustable, and in the present research it was 15 mm.

The total volume of the treated PVA-containing wastewater was 300 mL, which was

circulated by peristaltic pump and cooled by water bath during circulation. Air at atmo-

sphere pressure flowed continuously into the reactor through the stainless steel needles.

Analysis

PVA concentration was determined using a 722 sp-type VIS-Spectrophotometer (UV-

2802, Shanghai, China). PVA reacted with I2-KI solutions in boric acid to form a complex

Fig. 1 Schematic diagram of the experimental apparatus
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which exhibited selective absorption at 640 nm. A series of solutions with known PVA

concentrations were firstly reacted and appropriate amounts of the I2-KI and boric acid

solutions were added to blue-green solutions. The absorbance values at 640 nm were

recorded and the relationship between absorbance and PVA concentrations was fitted [21].

Solutions of 0.1 mol L-1 HCl and NaOH were used to adjust solution pH value,

respectively. An Orion 828 pH meter was used to measure solution pH. H2O2 concen-

tration was measured using titanium potassium oxalate as reported by Sellers [22].

The peak pulse voltage and current were measured with a Tektronix TDS1012B-SC

digital oscilloscope equipped with a Tektronix P6015A high voltage probe and a Tektronix

P6021 current probe. The typical pulsed voltage and current waveforms obtained in the

experiment were shown in Fig. 2.

Results and Discussion

Effect of PVA Concentration on Its Degradation

Figure 3 showed the effect of PVA initial concentration on its degradation by pulse dis-

charge plasma. Herein the pulse peak discharge voltage was 22 kV, air flow rate was

5 L min-1, and initial solution pH was 4.95. As shown in Fig. 3, PVA degradation

Fig. 2 Typical pulsed discharge
voltage and current waveforms
obtained in the experiment

Fig. 3 Evolution of PVA
degradation efficiency with
treatment time under different
PVA initial concentrations
(conditions: pulse peak discharge
voltage 22 kV, air flow rate
5.0 L min-1, solution pH 4.95)
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efficiency decreased with its initial concentration increased from 408–720 mg L-1 at the

same discharge treatment time. It was indicated that the initial concentration affected PVA

degradation behavior. When PVA initial concentration was 720 mg L-1, PVA degradation

efficiency was 21.2 % within 60 min of discharge treatment time. However, when the

initial concentration was 408 mg L-1, PVA degradation efficiency enhanced to 37.9 %. It

might be the reason that the degradation amount of PVA was affected by input power of

pulse discharge plasma. Therefore, under invariable input power, the degradation effi-

ciency decreased with the increase of initial concentration. In addition, PVA degradation

efficiency was close with the initial concentration of 324 and 408 mg L-1, and about

38.1 % of PVA was degraded within 60 min of discharge treatment time at 324 mg L-1.

This might be due to the fact that there were enough active species reacted with PVA

molecules in these two cases.

The following experiments are conducted at initial PVA concentration 324 mg L-1.

Effect of Pulse Peak Discharge Voltage on PVA Degradation

Pulsed discharge plasma can generate a large number of active species (such as high

energy electrons, ions, radicals, and O3), ultraviolet light, shock waves, and heat etc.,

which are directly related to the pulse discharge voltage. To a certain extent, increasing

pulse peak discharge voltage can improve the energy of each pulse, which benefits pol-

lutant degradation. Hence, pulse peak discharge voltage is an important parameter to

evaluate the potential of discharge plasma system for pollution control.

The effect of pulse peak discharge voltage on PVA degradation was shown in Fig. 4.

Herein the air flow rate was 5 L min-1, and initial solution pH was 4.95. It was found that

PVA degradation efficiency increased with the pulse peak discharge voltage. At pulse peak

discharge voltage 20 kV, about 21.1 % of PVA was degraded within 60 min’s discharge

plasma treatment, while it was enhanced to 39.5 % at pulse discharge voltage 24 kV within

the same treatment time. It is generally believed that more energetic electrons are produced

at higher pulse peak discharge voltage, leading to the accelerated formation of active

species such as ozone, H2O2, and �OH radical [23].

The mechanisms for �OH, ozone, and H2O2 formation were similar to those by electron

irradiation, radiolysis and photochemistry. They were formed by the excitation and dis-

sociation of the water molecules in the certain systems [24, 25]:

H2O�!e OHþ� H ð1Þ

2H2O�!e H2O2 þ 2H ð2Þ

eþ O2 ! Oþ2 þ 2e ð3Þ

eþ O2 ! Oþ þ 2eþ Oð1DÞ ð4Þ

Oð1DÞ þ H2O! H2O2 ð5Þ

Oð1DÞ þ H2O! 2�OH ð6Þ

Oð1DÞ þ O2 ! O3 ð7Þ
These chemically active species have strong oxidative potentials, which accelerate PVA

degradation. Hence, the increase in pulse peak discharge voltage contributes to the increase

in active species formation, which in turn enhances the PVA degradation efficiency. On the
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other hand, the pulse discharge generated in bubbles propagated by streamers directly into

liquid phase. The discharge photos under different pulse peak discharge voltages were

shown in Fig. 5. Obvious changes in plasma-liquid reaction surface were observed under

different peak discharge voltages. The plasma-liquid reaction surface was disturbed more

severely at higher pulse peak discharge voltage, which improved active species mass

transfer and benefitted PVA degradation.

The following experiments are conducted at pulse peak discharge voltage 24 kV.

Effect of Air Flow Rate on PVA Degradation

The effect of air flow rate on PVA degradation was illustrated in Fig. 6. Herein the initial

solution pH was 4.95. As shown in Fig. 6, there existed maximum PVA degradation

efficiency with the change of air flow rate, which was obtained at the air flow rate

5.0 L min-1 in the experiments. When the air flow rate increased from 3.0 to 5.0 L min-1,

there was an 8.4 % rise in PVA degradation efficiency within 60 min’s discharge plasma

treatment. However, it exhibited downward trend with the further increase of air flow rate.

The existence of carrier gas could cause the change of discharge characteristics. Pulsed

discharge plasma occurred more easily with a certain amount of carrier gas supplement,

which was due to the fact that low pressure was generated near the pinpoint when the

carrier gas passed through it, and thus the density of the carrier gas would decrease, and

therefore the corona onset voltage decreased [26]. The results were similar with those of

Zhang et al. [27], who pointed out that the increase of air flow rate to a certain extent was

helpful for pollutant degradation; however, with the further increase of air flow rate, the

residence time of active species such as ozone in aqueous was shortened and the utilization

efficiency of the active species was decreased. A certain amount of air flow rate enhanced

mass transfer of active species from gas phase to aqueous phase, and the stirring effect of

PVA solutions by gas flow and the collision probability of PVA molecules with active

species were both enhanced, which accelerated PVA degradation.

The discharge photos under different air flow rates were shown in Fig. 7. The plasma-

liquid reaction surface was disturbed a little more severely at higher air flow rate, which

improved active species mass transfer. However, lower PVA degradation efficiency was

still observed at air flow rate 7.0 L min-1 than that at 5.0 L min-1; this might be attributed

to the residence time of active species.

Fig. 4 Changes of PVA
degradation efficiency with
treatment time under different
pulse peak discharge voltages
(conditions: PVA concentration
324 mg L-1, air flow rate
5.0 L min-1, solution pH 4.95)
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In addition, the dependencies about PVA degradation under different air flow rates

seemed to be parallel at later treatment stage. This could be attributed to the fact that some

degradation intermediates would compete with PVA molecules for active species.

Therefore, the optimized air flow rate is 5.0 L min-1 in this study.

Effect of Solution pH Values on PVA Degradation

During discharge plasma process in aqueous, the variety and property of chemically active

species are quite different in variable solution pH. Therefore, it is of great significance to

examine the effect of solution pH on PVA degradation during pulse discharge plasma in

aqueous.

The effect of solution pH on PVA degradation was shown in Fig. 8, and the initial

solution pH was 4.95 without pH adjustion. Solution pH imposed an apparent effect on

Fig. 5 Discharge photos under
various pulse peak discharge
voltages (conditions: PVA
concentration 324 mg L-1, air
flow rate 5.0 L min-1, solution
pH 4.95; a 20 kV, b 22 kV;
c 24 kV)
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PVA degradation. When solution pH values increased from 3.20 to 4.95, PVA degradation

efficiency improved; however, there was an about 10 % decline in PVA degradation

efficiency at solution pH value 8.10, as compared with that at solution pH 4.95. The

greatest PVA degradation efficiency was achieved at pH 4.95 in the present research.

This may be presumed that more �OH radical is produced from pulse discharge plasma

in a little acid condition; while in an alkaline solution, �HO2 ion will be decomposed by the

discharge, which scavenges �OH radical [28]. Similar phenomenon was also observed by

Zhang [29], in whose research on dinitrophenol degradation in aqueous by discharge

plasma, greater pollutant degradation occurred in a little acid condition than in an alkaline

solution, and which was attributed to �OH radical scavenged in alkaline conditions. On the

other hand, the oxidative capacity of �OH radical at higher solution pH was also low [30],

and the useless decomposition of H2O2 was usually favored at relative higher solution pH

[31]. Therefore, the observed PVA degradation efficiency decreased with solution pH

increased from 4.95 to 8.10.

In addition, the observed PVA degradation efficiency was lower at solution pH 3.20

than that at pH 4.95, which might be due to the fact that �OH radical could be consumed by

excessive H? at low pH value [30, 32].

During pulse discharge in aqueous with air as the carrier gas, NOx
- could be generated,

which affected the changes of solution pH. After pulse discharge occurred in PVA solu-

tions (pH = 4.95, without pH adjustion) for 60 min, obvious change in solution pH was

observed and it decreased to 3.11. On the one hand, the decrease of solution pH was not

beneficial for PVA degradation, which could be confirmed by PVA degradation experi-

ments in solution pH 4.95 and 3.20, where higher degradation efficiency occurred in pH

4.95; on the other hand, the decrease of solution pH could also enhance PVA degradation,

for example, higher PVA degradation efficiency was observed in pH 7.00 than in 8.10.

Therefore, the effects of changes of solution pH on PVA degradation were dependence on

solution acid–base property, which directly affected active species activity and generation.

Effect of Cu2? Addition on PVA Degradation

The effect of Cu2? additive on PVA degradation was shown in Fig. 9. Herein, Cu(NO3)2

solutions were employed as the Cu2? additive. Cu2? additive imposed an apparent

enhancement effect on PVA degradation. About 39.5 % of PVA was degraded within

60 min’s pulse discharge plasma treatment without Cu2? addition; while there was an

Fig. 6 Effect of air flow rate on
PVA degradation (conditions:
pulse peak discharge voltage
24 kV, PVA concentration
324 mg L-1, solution pH 4.95)
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Q=7 L min-1

Q=5 L min-1

Q=3 L min-1

Fig. 7 Discharge photos under
various air flow rates (conditions:
PVA concentration 324 mg L-1,
pulse peak discharge voltage
22 kV, solution pH 4.95)

Fig. 8 Changes of PVA
degradation efficiency with
treatment time under different
solution pH values (conditions:
pulse peak discharge voltage
24 kV, PVA concentration
324 mg L-1, air flow rate
5.0 L min-1)
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about 24.8 % rise in PVA degradation efficiency within the same treatment time with

1.5 mmol L-1 Cu2? addition.

The enhancement effect of PVA degradation efficiency with Cu2? addition could be

attributed to more �OH radical formation from H2O2 catalytic decomposition by Cu2?, as

shown in Eqs. (8) and (9) [33]. Similar results were also reported by Zhang [29], where

Cu2? addition improved dinitrophenol degradation in aqueous during discharge plasma

processes.

Cu2þ þ H2O2 ! ðCu2þOOH�Þþ þ Hþ ð8Þ

ðCu2þOOH�Þþ ! Cuþ þ 1=2O2 þ� OH ð9Þ

Effect of Fe2? Addition on PVA Degradation

The effect of Fe2? as the additive on PVA degradation by pulse discharge plasma was also

tested and shown in Fig. 10. Herein, FeSO4 solutions were employed as the Fe2? additive.

It was found that Fe2? additive enhanced PVA degradation greatly. About 39.5 % of PVA

was degraded within 60 min’s pulse discharge plasma treatment without Fe2? addition;

while there was an about 36.5 % rise in PVA degradation efficiency within the same

treatment time with 1.5 mmol L-1 Fe2? addition. On the other hand, PVA degradation

efficiency increased with the concentration of Fe2? additive.

The corresponding energy yield with/without Fe2? addition during pulse discharge

plasma processes was presented in Fig. 11. Apparently, Fe2? additive improved the energy

utilization of this discharge plasma system. The energy yield was about 0.39 mg kJ-1 after

60 min of discharge plasma treatment without Fe2? addition, which was enhanced to

0.7 mg kJ-1 with 1.5 mmol L-1 Fe2? addition, that is, there was a 79.5 % increase in

energy yield.

The addition of Fe2? as catalyst enhanced the oxidizing power of the present discharge

system because of the production of �OH radical in the solution by Fenton reactions, as

shown in the following equations.

Fe2þ þ H2O2 ! Fe3þ þ� OHþ OH� ð10Þ

Fe2þ þ� OH! Fe3þ þ OH� ð11Þ

Fe2þ þ OH� ! FeðOHÞ2þ ð12Þ

FeðOHÞ2þ þ hv! Fe2þ þ� OH ð13Þ
�OHþ H2O2 ! HO�2 þ H2O ð14Þ

In addition, H2O2 concentration was measured within 30 min’s discharge treatment in

four different medium, that is, direct pulse discharge in clean water without PVA, pulse

discharge in PVA solutions, pulse discharge in PVA solutions with 1.0 mmol L-1 Cu2?

addition, and pulse discharge in PVA solutions with 0.8 mmol L-1 Fe2? addition. The

experimental results were shown in Table 1. Higher H2O2 concentration (6.4 mg L-1) was

observed in clean water than that in PVA solutions (4.2 mg L-1), and this result indicated

that H2O2 participated in PVA degradation processes. Moreover, obvious decrease in H2O2

concentration occurred when Fe2? was added to PVA solutions, this could be attributed to

Fenton reactions of Fe2? and H2O2.

According to the above mentioned analysis, it was apparent that �OH radical played an

important role in PVA oxidation in the system. As a strong oxidant, �OH radical could
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oxidize organics fairly quickly, by destroying chemical bonds such as C–H, C–C, C–O, and

C=C [34]. For PVA, which contains lots of –OH functional group, like other organics, it

can be broken down into smaller pieces under the attack of �OH radicals. Further chain

scission can occur to these smaller pieces to generate CO2 and H2O. Some ketones/enols

may be formed during PVA oxidation by �OH radical [35]. Furthermore, O3 can also react

Fig. 9 Effect of Cu2? as the
additive on PVA degradation
(conditions: pulse peak discharge
voltage 24 kV, PVA
concentration 324 mg L-1, air
flow rate 5.0 L min-1, solution
pH 4.95)

Fig. 10 Effect of Fe2? as the
additive on PVA degradation
(conditions: pulse peak discharge
voltage 24 kV, PVA
concentration 324 mg L-1, air
flow rate 5.0 L min-1, solution
pH 4.95)

Fig. 11 Evolution of energy
yield with treatment time under
different Fe2? addition
(conditions: pulse peak discharge
voltage 24 kV, PVA
concentration 324 mg L-1, air
flow rate 5.0 L min-1, solution
pH 4.95)
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with organic pollutants through nucleophilic electrophilic and cyclo-addition reactions.

The nucleophilic and electrophilic attacks of O3 yield some hydroxylated intermediates,

and further attacks to these intermediates by O3 lead to forming small organic acids.

Possible pathways of PVA degradation in the present system were described in Fig. 12.

Conclusions

The application of pulse discharge plasma-induced PVA degradation in wastewater was

studied. Under the studied conditions, decreasing PVA initial concentration or increasing

pulse peak discharge voltage resulted in higher PVA degradation efficiency. There existed

a maximal degradation efficiency of PVA with the change of air flow rate, due to the

retention of active species and their utilizations. A little acid environment benefited PVA

degradation due to the formation of �OH radicals and its greater utilization. The obvious

enhancement effects of Fe2? and Cu2? additives on PVA degradation indicated that �OH

radicals played a decisive role in PVA degradation processes.

This study was a fundamental research effort, trying to offer an alternative solution for

PVA-containing wastewater treatment.
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Table 1 H2O2 concentration under various conditions within 30 min’s discharge (conditions: pulse peak
discharge voltage 24 kV, PVA concentration 324 mg L-1, air flow rate 5.0 L min-1)

Conditions CH2O2 (mg L-1)

Discharge in water (without PVA) 6.4

Discharge in PVA solutions 4.2

Discharge in PVA solutions (1.0 mmol L-1 Cu2? addition) 1.6

Discharge in PVA solutions (0.8 mmol L-1 Fe2? addition) 0.9

Fig. 12 PVA possible
degradation pathways in this
study
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