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Abstract 

The initiation reaction rate constants for the formation of hydroxyl radicals, hydrogen 
peroxide, and aqueous electrons using a pulsed streamer corona discharge in aqueous solutions 
are determined in the present study. The free radical scavenging property of carbonate ions was 
used to determine the initiation rate constants for the formation of hydroxyl radicals and 
hydrogen peroxide from the pulsed streamer corona discharge. The effects of average current, 
voltage, and power input on the initiation rate constants were also studied. A reactor model 
including known chemical reaction kinetics was developed for the degradation of phenol, and 
the initiation rate constant for aqueous electrons was determined by fitting the experimental 
data of phenol degradation to the model. Transient concentration profiles predicted by the 
model were compared to those of experiments for the formation of hydrogen peroxide in 
deionized water and for the degradation of hydroquinone. It was observed that the model 
results match experimental results satisfactorily for the formation of hydrogen peroxide and 
qualitatively follow the experimental results for the degradation of hydroquinone. The model 
was improved by considering that the reaction rate constants vary with the current in the 
reactor. The current was observed to vary with time for the cases where no salts were added to 
the reactor. It was observed that the improved model follows the experimental results satisfac- 
torily for high initial concentrations ( > 5.4 x 10m5 M) of hydroquinone. 

1. Introduction 

A number of alternative processes such as UV photolysis [l, 23, direct ozonation 
[3,4], photo-catalysis [5], and electron beam treatment [6,7], have been applied to 
degrade organic pollutants in aqueous solutions. Recently, a new process utilizing 
a pulsed streamer corona discharge has been demonstrated to be effective at removing 
phenol, benzene, and other small aromatic compounds in aqueous solutions on 
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a laboratory scale [E, 91. A corona discharge is an ionic and electronic emission from 
a high voltage corona, characterized by the formation and flow of positive ions, 
negative ions, and electrons in an electric field between two or more electrodes. 
Specifically, the pulsed streamer corona technique used in the present investigation 
uses a high voltage electric discharge (25-40 kV) having a very short pulse width 
(approximately 500-1000 ns). These unique specifications produce a corona that 
differs markedly from normal continuous discharge (dc corona), ac discharge, and 
long-pulse (us-ms) corona discharge. One very important consequence of the brief 
duration of the pulse is that it minimizes the power normally wasted on ionic 
migration because the mobility of ions is much less than that of electrons [lo]. Ions do 
not contribute to free radical formation, however energetic electrons do actively 
promote these reactions. In the present investigation streamer corona is produced by 
a rotating spark gap pulsed power supply, capable of supplying the reactor discharge 
electrode with, in this case, high voltage (25-40 kV), short duration (200-2000 ns), fast 
rise time (20-100 ns), repetitive (60 Hz), electrical pulses. 

The pulsed corona discharge gives rise to the formation of hydroxyl radicals, 
hydrogen peroxide, and aqueous electrons, as well as several other species [lo-121. 
The major reactive species involved in the degradation of organic contaminants are 
hydroxyl radicals and hydrogen peroxide [E], Hydroxyl radicals directly attack 
organic compounds leading to the oxidation of these compounds. Hydrogen peroxide 
is important in organic contaminant degradation because in the presence of iron it 
produces large numbers of hydroxyl radicals through Fenton’s reaction [13]. The 
presence of free radical scavengers such as phosphate or carbonate ions in the solution 
reduces the rate of breakdown of the organic compound [3, 111, as in any advanced 
method that utilizes hydroxyl radicals. In addition to these scavenging effects, high 
salt concentration will increase the conductivity of the solution, which will in turn lead 
to decreased streamer formation and lower quantities of reactive radicals [lo]. In 
general, these factors can be controlled and the system can be operated to minimize 
their effects; however, they can also be utilized, as shown in the present work, to 
determine reaction rate constants. 

The pulsed streamer corona technique described above involves a very complex set 
of chemical reactions where several parameters such as pulsed voltage level, solution 
composition, pH, and conductivity play critical roles. It is, therefore, essential to 
develop a basic understanding of the chemical reaction kinetics involved in the pulsed 
streamer corona discharge process in order to design, scale-up, and operate a pulsed 
streamer corona reactor on a larger scale and to assess its usefulness for degrading 
other hazardous wastes. It is also necessary to estimate the power efficiency of this 
process for future comparisons between this method and other competing processes 
such as electron beam treatment, y-radiation treatment, UV photolysis, direct injec- 
tion of ozone and/or hydrogen peroxide, and other electric field-generating hydrogen 
peroxide methods [ 141. The specific goals of the present research are: (1) to determine 
the rates of formation of radical and molecular species, specifically hydroxyl radicals, 
hydrogen peroxide, and aqueous electrons involved in the pulsed streamer corona 
process in the aqueous phase, (2) to develop a reactor model for describing the pulsed 
streamer corona discharge process in the aqueous phase, and (3) to study the effect of 
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voltage input on the rates of formation of radical and molecular species for a given 
range of input values. 

In the present study, a series of experiments was performed with different levels of 
carbonate concentration to determine the yield of hydroxyl radicals and hydrogen 
peroxide. The reactor model consists of the molar species balance equations for each 
chemical species involved in the process under the assumptions of a well-mixed 
reactor solution and isothermal conditions. The kinetics of the process is described by 
a set of reactions where the pseudo-steady state assumption was made for all radical 
and ionic species. As a result of these assumptions, the reactor model consists of 
a system of algebraic equations and ordinary differential equations with initial values. 
The rate of formation of aqueous electrons was determined by fitting the experimental 
data for phenol degradation to the model. The effects of the applied pulsed voltage on 
the initiation rate constants were studied. The model was then tested for hy- 
droquinone degradation for different initial concentrations of hydroquinone, and for 
the formation of hydrogen peroxide in deionized water. 

2. Chemical reactions 

The pulsed streamer corona discharge in the aqueous phase gives rise to the 
formation of several species [lo]. Since the process involves excitation, ionization, and 
dissociation of water, the reaction mechanism may be similar to those in radiolytic 
processes such as y-radiation, electron beam radiation, pulsed radiolysis and photo- 
chemical processes which produce radical and molecular species through excitation 
and ionization of the treated material [15-171. In addition, the pulsed streamer 
corona process produces charged particles having energies of about 5-20 eV. There- 
fore, the reactions occurring in the aqueous phase are assumed to be as follows 
[ 18-231: 

Hz02 H’ + OH’, (1) 

Reactions (l-3) are assumed to be initiated by the pulsed streamer corona and will 
therefore be directly affected by the characteristics of the discharge. These reactions 
are common to radiation and photochemical processes [13, 221. Since the water 
concentration remains approximately constant, these reactions were assumed to be 
zero-order. When there is an organic compound such as phenol present in the system, 
the hydroxyl radicals react with the organic compound to produce oxidation prod- 
ucts. It has been found that the rate of degradation of phenol in a reactor vessel having 
a point-to-plane electrode geometry depends upon the applied electric field [ 11). This 



6 A.A. Joshi et al. JJournal of Hazardous Materials 41 (1995) 3-30 

suggests that the formation of radical and molecular species occurring in the process 
depends upon the energy input. Therefore, these three rate constants were assumed to 
be functions of energy input. Since the mechanism involves excitation, dissociation 
and ionization, larger energy input should enhance these processes and will produce 
more of these species. It is thus necessary to determine quantitatively the additional 
amount of reactive species produced by the increased energy input. 

In order to properly describe the chemical processes involved in the corona 
discharge reactor, propagation and termination reactions must also be assumed to 
occur, The propagation reactions are given by 

H’ + O2 AHO;, (4) 

H’ + HzOz AH20 + OH’, (51 

OH’ + Hz02k’-Hz0 + HO;, (6) 

HzO+ + H,OAOH’ + H30+, (71 

e& + OH.2OH- , (8) 

eai + H’ + HzO%OH- + Hz, (91 

ea; + HzOz k30H’ + OH-, (10) 

e, + HzO%H’ + OH- (11) 

and the termination reactions are given by 

H’ + OH+H20, 

20H’%H,O,, 

(12) 

(13) 

(141 

(15) H’ + HO; ++HZOz, 
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k,, 
2H’--+Hz, (16) 

HO; + 0H’%H20 + 02, (17) 

H30+ + OH- %2Hz0, (18) 

I&O+ + e,LHzO. (19) 

Reactions (4)-(19) are common to most oxidation processes such as UV photolysis, 
y-radiation process, and electron beam treatment [13, 221. It is clear from these 
reactions that the radical and molecular species formed by Eqs. (l)-(3) in the pulsed 
streamer corona discharge participate in a number of subsequent reactions. In the 
present study it is assumed that the rates of reactions (4)-(19) do not depend directly 
on the corona discharge. One of the goals of the present study is to determine the 
zero-order rate constants of reactions (l)-(3) for this particular system in order to 
develop a basic knowledge about the system that will allow for a quantitative 
comparison with other treatment processes. 

The hydroxyl radicals formed from pulsed streamer corona react with phenol to 
produce oxidation products. These oxidation products again react with hydroxyl 
radicals. The reaction mechanism for the oxidation of phenol via hydroxyl radical 
attack is shown in Table 1. It has been reported that the primary oxidation products 
of phenol due to hydroxyl radical attack are hydroquinone (1,4_dihydroxybenzene), 
catechol(1,2-dihydroxybenzene), and resorcinol(1,3-dihydroxybenzene) [24-261. The 
secondary products are pyrogallol (1,2,3_trihydroxybenzene), 1,2,4_trihydroxyben- 
zene, p-quinone (l,Cbenzoquinone), 2-hydroxy-1,4-benzoquinone [24-261. Table 1 
also shows some of the reactions involved in the oxidation of hydroquinone. The 
reactions shown in this table are assumed to be irreversible and there is no strict 
balance on hydrogen since these are not elementary reactions and the eventual 
products are assumed to be water and COZ. 

3. Modeling of the pulsed streamer corona reactor 

A reactor model including the chemical reactions discussed above was developed to 
describe the behavior of the corona discharge process. In the model development it is 
assumed that: (1) the reactor is isothermal and well-mixed, (2) the volume of the 
reactor is approximately constant, (3) the pseudo-steady state approximation is used 
for all radical species since the radical species are not stable, and the same assumption 
was made for all ionic species (OH-, H30+, HzO+, eJ since no change in pH was 
observed in the course of the operation, (4) the long chain approximation [27] is used 
to evaluate the radical and ion reactions since the propagation reaction rates are 
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Table 1 
Hydroxyl radical reaction with various organic compounds 

Phenol + OH.%hydroquinone 

Phenol + OH’%catechol 

Phenol + OH’ %resorcinol 

Hydroquinone + OH’ ~pyrogallol 

Hydroquinone + OH.2 1,2,4-benzenetriol 

Hydroquinone + OH’ 2 1,4benzoquinone 

Catechol + OH’%pyrogallol 

Catechol + OH’ -k 1,2,4benzenetriol 

Catechol + OH.2 1,4-benzoquinone 

Resorcinol + OH’%pyrogallol 

Resorcinol + OH’% 1,2,4benzenetriol 

Resorcinol + OH.2 1,Cbenzoquinone 

1,4-Benzoquinone + OH.2hydrobenzoquinone 

Pyrogallol + OH’-Ill*products 

1,2,4_Benzenetriol + OH’--%products 

Hydrobenzoquinone + OH’%products 

much larger than the termination reaction rates (reactions (12)-(19)), and (5) that the 
initiation rates are constant over the period of the process and are functions of voltage 
input. 

A molar species material balance was taken for each species involved in the process. 
Table 2 gives the material balances for molecular species and Table 3 gives the 
material balances for the radicals and ions used in the present model. The rate 
constants for reactions (4)-( 19) and for the degradation reactions given in Table 1 are 
taken from the literature and are given in Table 4. 

It has been reported that the differential equations from the material balances of the 
radical species show characteristics of being stiff when they are solved numerically. 
This is due to the fact that the time constants associated with the dynamics of the 
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Table 2 
Molar species material balances for molecular species 

W’HI - = - kl,. [PH].[OH’] 
dt 

7 = kzO. [PHI. [OH’] - kZ,. [HQ] . [OH’] 

WC1 - = kzI. [PHI. [OH’] - kJ,. [CC]. [OH’] 
dt 

y = kzz. [PHI. [OH’] - k,! . [RS] - [OH’] 

dW1 - = kzJ. [HQ] . [OH’] + kz6 * [CC]. [OH’] + kzg. [RS]. [HO’] - k,, . [PG] . [HO.] 
dt 

y = kz4. [HQ] . [OH’] + k2,. [CC]. [OH’] + k,, . [RS] . [OH.] - ksJ - [HHQ] . [OH’] 

dCBQl - = kzs. [HQ] . [OH’] + kz8. [CC]. [OH’] + kJ1. [RS] . [OH’] - kz4. [BQ] . [OH’] 
dt 

7 = ks4. [BQ] . [OH’] - ks5 - [HBQ] . [OH’] 

W&AI ___ = kHz,,, + K,3. [OH.]’ + k,,. [HO,]’ + k15. [H’] - [HO,] 
dt 

- k,*CH’l.CH,W - k6[OH’l°CH,0,1 - ho~Ce,l~CH,W 

W-b1 - = kg. [H,O] . [e,][H’] + k16. [H’lz 
dt 

Wzl - = k14. [HO;]’ + kl,. [HO;]. [OH’] 
dt 

radical species are quite different from those related to the dynamics of the molecular 
species [23]. Therefore, by using the pseudo-steady state approximation the dynamics 
of the radical species can be described by a system of coupled algebraic equations. The 
long chain approximation simplifies these coupled algebraic equations to a system of 
sequentially-coupled equations. These assumptions for radical and ion species simpli- 
fies the differential equations given in Table 3 to algebraic equations given in Table 5. 

3.1. Solution strategy 

The proposed model consists of a set of seven ordinary differential equations and 
eleven algebraic equations which can be expressed in a general form as 

2 =fi(Y1,Y1,Y3, . . . . YN,Xl,X2 ,... ,X,), i = 1,2, . . . ,A4 

and 

xj = gjtyI, y2, Y3, 1.. > Yn,XI,XZ, ... 9Xj-l,Xj+l, .a. ,XM), j = 1,2, . . . ,N, 
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Table 3 
Material balances for radical and ionic species 

d[OH’] 
- = koH + k,.[H202].[H’] + k,.[H,O]*[H,O+] + klo. [H202].[e,] - k,..[PH].[OH’] 

dt 
- k2, - [HQ] - [OH’] - k3,. [CC]. [OH’] - kz,‘- [RS] . [OH’] - kSf. [PG] . [OH’] 

- kJ3 - [HHQ] . [OH’] - k,,! - [BQ] * [OH’] - kx5. - [HBQ] - [OH’] - ks. [e&l - [OH’] 

- ks - [H,O,] - [OH’]. 

W-WI - = kJH.1. [0,] + k6. [HZOJ -[OH’] - k15[H’]. [HO;] - k,,[HO;]. [OH.] 
dt 

d WI - = koH + k,. . [PHI. [OH’] + k2,. [HQ] . [OH’] + k3,. [CC]. [OH’] + kq.. [RS] . [OH’] 
dt 

+ k32 - [PG] . [OH’] + kJ3 + [HHQ]. [OH’] + ku, - [BQ] . [OH’] + k3y - [HBQ] . [OH’] 

+ k4. [e&l CH2021- k5 - CH‘I CW - kg. CH,Ol* C&l COW + kll- CH’I [HO;1 

y = k& - ks * [e;] [OH’] - kg * [HZO] [e&l [H’] - klo * [e,] - [HzOJ - kII . [e,] - [Hz01 

W-W+1 ____ = k, - k, - [HzO’] - [Hz01 - kIg - [H,O+] . [e&l 
dt 

d[OH-] 
~ = ks - C&l [OH’1 + kg CH#I C&J WI + klo * CCL,1 C&W dt 

+ hl ~CH@lCC,l - k18. CH8+1- [OH-1 

W,O+I ~ = k,. [H,O+] - kls. [H,O+] - [OH-J 
dt 

where Yi = concentration of ith stable molecular species, and Xj = concentration of 
jth radical or ionic species. In accounting for reactions (l)-(19) the values of M = 11 
and N = 7 were used. This system was solved by using the Runge-Kutta-Gills 
Method [28]. The proposed model for phenol degradation was used to determine the 
initiation rate constant for the formation of aqueous electrons by fitting the experi- 
mental data for phenol degradation. Initiation rate constants for hydroxyl radicals 
and hydrogen peroxide were determined experimentally. Using this information, 
the above reactor model was used to predict the degradation of hydroquinone and the 
formation of hydrogen peroxide. The prediction of the model was compared with the 
experimental results. The experimental methods and results are discussed in sub- 
sequent sections. 

4. Experimental materials and methods 

Fig. 1 shows a schematic diagram of the reactor vessel used in the present 
investigation. A cylindrical plexiglass tube having dimensions of 5 cm inside diameter 
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Table 4 

Rate constant (l/mol/s) Reference 

k4 = 1.0 x 10”’ 
k5 = 1.0 x lOlo 
ks = 2.7 x 10’ 
k, = 5.0 x 10’ 
k8 = 3.0 x 10” 
kg = 2.5 x 10” 
klo = 1.2 x 10’ 
kI, = 1.0 x 10” 
k12 = 2.4 x 10” 
k13 =4.0x lo9 
k14 = 2.0 x lo6 
kls = 1.0 x 10” 
k,6 = 1.0 x 10” 
kl, = 1.0 x 10” 
k18 = 3.0 x 10” 
k19 = 1.0 x 10” 
k; = (kzo + kZ1 + kZZ) = 1.85 x 10” 
kt = (k,, + k2z, + kzs) = 1.20 x 10” 
k, = (kz6 + k2, + kz8) = 1.0 x 1O’O 
k; = (kz9 + kaO + kJl) = 1.0 x 1O’O 
k32 = 1.0 x 10 10 

~231 
~231 
WI 
~231 
~231 
~231 
~231 
~231 
~231 
~231 
~231 
~231 
~231 
v31 
~231 
~231 
c401 
c411 
c41 
M 
M 

k33 = 1.0 x 10” 
ka4 = 1.0 x 10” 
kJ5 = 1.0 x 10 10 

c41 
M 
c41 

and 21 cm high was capped on the top and the bottom to form a watertight enclosure. 
During experiments, the reactor vessel typically contained 550 ml of solution and was 
submerged in an outer chamber containing an ice bath in order to maintain isother- 
mal conditions (25-30 “C). Pulsed streamer corona treatment of the test solution was 
provided by a non-uniform point-to-plane electrode geometry. A stainless steel 
hollow hypodermic needle point electrode was located along the central axis of the 
cylindrical reactor approximately 5 cm above the bottom of the vessel. A stainless 
steel rounded plate ground electrode was placed at the top of the reactor opposite the 
high voltage discharge electrode. Although the separation distance can be varied, all 
experiments reported here were performed at a point-to-plane distance of 5cm. 
A magnetic stirrer at the bottom of the reactor provided mixing of the solution in the 
reactor. 

It should be noted that the active volume for the reactions induced by the corona 
discharge consists of a conical or hemispherical region between the point electrode 
and the flat ground plate electrode, and that this region is approximately 3 of the total 
reactor volume. This characteristic may lead to a lower bound of the value of the rate 
constants involved in the actual kinetics (i.e., a conservative estimate of such a rate 
constant) arising from the corona discharge. The well-mixed reactor design (i.e., batch 
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Table 5 
Pseudo-steady state approximation for radical and ionic species 

[OH’] = ~OH + (h * CH’I + & * [cJ)- P-MM + k7. [HzO]. [HzO’] 
W + ks . CC.J + k6 - CWW 

CHO.1 = k4. WI - CO,1 + k.s - CWN * CQW 2 
k,,.[H’] + kl,.[OH’] 

[H’] = koH + W * CQW + k4 * Ce,l D-W,1 
kll. [HO;1 

LeGI = k,, 
ks.[OH’] + k9.[HzO][H’] + k,,.[H,OJ + k,,.[H,O] 

[H,O+] = k, 
k7 * C&Q1 + k,g - C&l 

WI--l = kg - CGJ COW + kg * D-WI C&J WI + klo * CGJ C&Q21 + k1 1 - D-WI C&J 

[H,O+] = k7 - C&Q+1 * D-WI 
kl8*CQH-1 

where 

w = kIs.[PH] + k,..[HQ] + k3’.[CC] + kd,.[RS] + k32.[PG] -k33.[HHQ] 

- k34 - CBQI - k35 - CHBQI 

reactor model) coupled with a point-to-plane electrode geometry shows this intrinsic 
characteristic. Further research to consider the effects of solution mixing and of the 
corona discharge inactive zone is underway and will be reported in future publica- 
tions. 

A Masterflex recirculation pump was connected to the reactor using two nylon 
fittings and iin. diameter polyethylene tubing to allow for sample withdrawal. 
Typically, 5 ml samples were taken from the reactor vessel at 10 min intervals during 
each run. Temperature, pH, and conductivity of the solution were measured before 
and after each experiment. 

A rotating spark gap power supply [S] is used to provide pulsed energization of the 
high voltage discharge electrode. Peak voltage (V,) used was in the range of 25-40 kV, 
pulse width was in the range of 500-1000 ns. The repetition frequency was 60 Hz. 
Streamer corona propagate outward from the tip of the needle point, producing 
a conical discharge region. The fast-rising, short duration discharge having an average 
electric field of between 5 and 8 kV/cm could be sustained without sparkover. This 
results in the formation of more intense and uniform streamers. Positive polarity 
streamers are longer and cover a larger volume compared to negative polarity 
streamers. 

Reagent grade phenol (99.?%), purified grade hydroquinone, and certified grade 
catechol were obtained from Fisher Scientific Inc. Analytical reagent grade sodium 
carbonate was obtained from Mallinckrodt, Inc. Reagent grade acetonitrile (assay 



A.A. Joshi et al./Journal of Hazardous Materials 41 (1995) 3-30 13 

Adjustable Electrode Shaft -4 I 

Grounded Plane 

Sampling 
Tube 

StiGng 
Base 

Outer Chamber 
(Ice Bath) 

Inner Reactor 
(Aqueous Solution) 

Polyethlene 
Tube Jacket 

Compression 
Fitting 

Magnetic 
Stirring 
Rod 

Fig. 1. Schematic of pulsed streamer corona reactor. 
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98.73%) was obtained from Mallinckrodt, Inc. Glacial acetic acid (99.71% w/w) and 
reagent grade potassium hydrogen phthalate were obtained from Fisher Scientific, 
Inc. Ammonium molybdate (4.8% w/v) was obtained from Lab-Chem, Inc. Certified 
grade sulfuric acid (1 N) was obtained from Fisher Scientific, Inc. Ultra-pure carrier 
grade helium and AA grade nitrous oxide were obtained from Air Products and 
Chemicals, Inc. 

A Perkin-Elmer HPLC unit with a reversed phase C-18 column obtained from 
Supelco, Inc., was used to measure the concentration of phenol and other organic 
compounds. The UV detector wavelength was set at 280 nm. An isocratic method 
was used with the chromatography pump conditions set to 1.5 ml/min. The 
mobile phase was prepared by dissolving 0.5% acetic acid and 5.0% acetonitrile in 
deionized water [ll, 24, 251. Sample analysis was performed immediately after 
removal from the reactor. Peak heights were used to determine both the phenol 
concentration and hydroquinone concentration after calibration with standard 
solutions. 

A Beckman UV-Vis spectrophotometer was used to measure the concentration of 
hydrogen peroxide by a calorimetric method developed by Ghormley [18,19]. Iodide 
ion is oxidized by hydrogen peroxide in neutral or slightly acidic solution, and the 
absorption of I; is measured at 350 nm. The iodide reagent was prepared immediately 
before the experiment by mixing equal volumes of two solutions containing: (a) 10 ml 
of 1% ammonium molybdate, 1 g of sodium hydroxide, and 33 g of potassium iodide, 
and (b) log of potassium hydrogen phthalate, each diluted to 500ml by deionized 
water. The alkaline iodide solution is stable but in the mixed reagent the iodide is 
slowly oxidized by dissolved oxygen. A measured volume of sample (1 ml) was diluted 
to definite volume (10 ml) with deionized water and reagent, with reagent making up 
one-half of the final volume (5 ml). The optical density of the sample was measured at 
350 nm after calibrating with deionized water. The concentration of hydrogen perox- 
ide is given by C = 40dD, where C = concentration in units of 10-6M, d = dilution 
factor = 10, and D = optical density. 

Phenol solutions were prepared by dissolving 2.8-3.0ml of 5 mM stock phenol 
solution in 550 ml of deionized water. The final concentration was 2.5-2.9 mg/l. The 
solution was then transferred into the pulsed streamer corona discharge reactor. The 
temperature was kept constant at 25-30°C. The applied peak pulsed voltage was 
controlled at 25, 30, 35, or 40 kV. For the experiments conducted in the presence of 
sodium carbonate, the phenol solutions were prepared in sodium carbonate solution. 
The alkalinity of the sodium carbonate solutions used was in the range of 
100-500 ppm as CaCO,. 

Hydroquinone solutions were prepared in deionized water. The concentration of 
hydroquinone solutions used was in the range of 2.7-10 mg/l. Hydrogen peroxide 
formation was determined under two different conditions: (1) deionized water at 
neutral pH with the solution saturated with oxygen, (2) deionized water with sodium 
carbonate (100 ppm as calcium carbonate) at pH 3-3.5 (pH was adjusted by using 1 N 
sulfuric acid) with the solution saturated with helium. 

Temperature, conductivity and pH of the solutions were measured before and after 
each experiment. No pH or temperature variation was observed during the course of 
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these experiments. During each hour-long experiment, the current across the reactor 
electrodes was recorded at intervals of 10 min. 

5. Results and discussion 

A series of experiments was performed to study the chemical reaction mechanisms 
occurring in the pulsed streamer corona discharge process in the aqueous phase. 
Specifically, various experimental conditions were utilized to determine the initiation 
rates for the formation of hydroxyl radicals, hydrogen peroxide, and aqueous elec- 
trons. This is discussed and analyzed as follows. 

5.1. Determination of initiation rate for the formation of hydroxyl radicals 

The rate of formation of hydroxyl radicals was determined using a pseudo-steady 
state approach which has previously been successfully used to study the thermal 
production of OH’ radicals in ozone-treated natural water samples [4], the photo- 
production of OH’ in neutral water samples [29,30-J, and OH’ production from 
nitrate ions [31]. 

The rate of generation of OH’ from the corona by reaction (1) is koH’, and therefore 
the rate of [OH’] reaction including scavenging by scavengers S is 

rs = (MS1 + W’l) COW. (20) 

If P, the probe compound, is very dilute in comparison to the scavenger S, then 
k,[S]>>k,[P] and rs = ks[S][OH’]. 

The molar species balance for hydroxyl radicals can be written as 

dWH’1 = k 

dt 
OH - rS- 

Assuming pseudo-steady state for hydroxyl radicals, 

dCOH’1 o -= 
dt 

i.e., the scavenging rate of OH’ becomes equal to the formation rate of OH’, 

koH. = rs 

and [OH’lss, the hydroxyl radical concentration, becomes 

COH’lss = ko&s [sl) . 

(21) 

(22) 

(23) 

The oxidation rate (M s- ‘) of the probe compound (phenol in this case) is given by 

- Wlldt = kV-U,,CPI = kx,,D'l . (24) 
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Fig. 2. Determination of rate of formation of OH‘. 

Under conditions in which the fractional change in the scavenger concentration is 
insignificant compared to that of the probe compound, the overall reaction is pseudo 
first-order overall, with a first-order rate constant, kexpt. The kexpt is determined by 
measuring the degradation of phenol in the presence of 200 ppm CO3 ions as shown in 
Fig. 2. 

Since the second-order rate constant, kp, and the scavenging rate constant, ks, are 
known from the literature [3], koH. can be calculated by combining Eqs. (23) and (24) 
to give 

k 

OH 
= kxdks CSI) 

k, ’ (25) 

The initial carbonate concentration was 200 ppm as calcium carbonate, and koH. 
was determined for three different average power inputs. Since the corona onset 
occurs at the applied pulsed voltage of 19 kV as shown in Fig. 3 [32], and sparkover 
takes place above an applied pulsed voltage of 42 kV, the applied pulsed voltage was 
varied in this particular range. It was observed that the current across the reactor 
electrode was approximately constant during the period of the process for a constant 
applied pulsed voltage. The average power input to the reactor was in the range of 
40-150 watts. Table 6 shows the values of koH. with a 95% confidence limit (for three 
repeats at each point) for different average power and voltage inputs. It is clear that 
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Fig. 3. Variation of current (t = 0) across reactor with applied pulsed voltage. 

Table 6 
Rate of formation of OH’ 

Applied voltage (kV) Average power input 
per 550 ml (watts) 

kOH fM s- ‘) 

30 45 4.1 x lo-lo + 3.3 x lo-” 
35 85 6.16x1o-‘0-+475x1o-11 . - 
40 128 1O.19x1O-1o+626x1O-” . - 

the rate of production of hydroxyl radicals increases with increases in the voltage and 
power input. 

5.2. Determination of initiation rate for the formation of hydrogen peroxide 

The production of hydrogen peroxide by pulsed streamer corona discharge in 
deionized water at neutral pH has been studied earlier [12]. The formation of 
hydrogen peroxide due to pulsed streamer corona discharge in deionized water takes 
place through reactions (2), (13)-(15) which makes it difficult to determine kHZO,. In the 
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Fig. 4. Variation of k(E) with electric field for three reaction rate constants. 

presence of carbonate ions 

NazC0&2Na+ + CO:-, (26) 

CO;- + OH.k”-CO;+ OH-, (27) 

CO;’ + H’-CO:- + H+. (28) 

Thus, in the absence of oxygen, reactions (27) and (28) dominate over reactions (5), (6), 
(13t(15). The rate of formation of hydrogen peroxide is therefore given by 

dCHA1 k 

dt = H,O,. 

In the present study, all experiments to determine formation of hydrogen peroxide 
were performed at pH = 3.0-3.5 with carbonate concentration of 100 ppm as calcium 
carbonate since hydrogen peroxide is more stable at low pH (3.0-3.5) [18]. 
Figs. 5(a)-(c) show the production of hydrogen peroxide for three different applied 
pulsed voltages under these conditions. These figures show an approximately linear 
increase in hydrogen peroxide concentration with respect to time, as is expected from 
Eq. (29). 

For each voltage, kHzO1 is determined from the slope of the plot. It was observed 
that the current across the reactor electrode was approximately constant at constant 
applied pulsed voltage during the period of the process. Table 7 shows the values of 
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Table I 
Rate of formation of HzOz 

Applied voltage (kV) Average power input 
per 550 ml (W) 

k H,O, (MS-‘) 

30 75 6.06 x 1o-8 * 3.1 x 10-g 
35 105 10.22 x 1O-8 + 5.24x 1O-9 
40 140 15.67 x 1O-8 k 8.28 x 1O-9 

k with a 95% confidence limit based on three repeats for each different average 
p%& input. The results show that the production of hydrogen peroxide increases 
with an increase in the electric field within the range studied. 

The effect of electric field on reaction rate constants has been considered by 
Kuskova [33], where it was found that using the theory of ion dissociation, 

k(E) = k(0) exp [2m/k,T] , 

where E is the electric field, e is the electron charge, E is the electrical permitivity of the 
solution, kB is Boltzman’s constant, and T is the absolute temperature. Fig. 4 shows 
a plot of In k(E) vs. fi for the three reaction rate constants determined in this study. 
This relationship appears to hold over the range of conditions studied and thus gives 
some indication that electrical field induced ion dissociation is important in the pulsed 
streamer corona process. It should be noted that this expression does not explicitly 
include the effects of current. 

5.3. Determination of initiation rate for the formation of aqueous electrons 

In the radiolysis of water, the production of hydroxyl radicals can be enhanced by 
using oxidizing conditions [21]. The most convenient way of obtaining almost totally 
oxidizing conditions is to keep the solution saturated with nitrous oxide (N,O), which 
reacts with aqueous electrons to produce hydroxyl radicals by 

(30) 

It was observed in the present study that there was little effect on the degradation of 
phenol by keeping the reactor solution under oxidizing conditions [32]. This indicates 
that the rate of formation of hydroxyl radicals due to pulsed streamer corona is much 
greater than that from the reaction of aqueous electrons and NzO. The molar species 
material balance for the hydroxyl radical is 

d[OH’]/dt = koH + k’[N,O][e&] - kp[P] [OH’]. (31) 
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Fig. 5. (a) Formation of H202 at 100 ppm CO:- and 30 kV. (b) Formation of Hz02 at 100 ppm CO:- 
and 35 kV. (c) Formation of H202 at 100 ppm CO:- and 40 kV. 
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Time (min) 

Fig. 5. Continued. 

The present experiments show that koH.>>k’ [N,O] [eJ since the addition of N20 
had no effect on phenol degradation. Therefore, an indirect method was employed in 
order to determine the rate of formation of aqueous electrons. A model consisting of 
molar species material balance equations coupled with the kinetics of the chemical 
reactions for each species was developed as described above. The rate of formation of 
aqueous electrons was determined by fitting the experimental data of phenol degrada- 
tion to the model. This data is shown in Fig. 6 and shows a reasonable match over the 
range of experimental conditions used in the present study. It was assumed here that 
the initiation rate constants were independent of time during the period of the process. 
Table 8 shows values of k,, for different average power inputs. The production of 
aqueous electrons increases with increases in the applied pulsed voltage. 

5.4. Comparison of the pulsed streamer corona and y-radiation processes 

The rates of formation of radical and molecular species shown above were deter- 
mined for different applied pulsed voltages. The large quantities of hydrogen peroxide 
generated by the aqueous phase discharge are consistent with modeling work per- 
formed for pulsed discharges carried out in a high humidity gas phase [34]. The 
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Fig. 6. Determination of k,, by experimental data fit to the model. 

Table 8 
Rate of formation of e.; 

Applied voltage (kV) Average power input 
per 550 ml (W) 

k,(Ms-) 

25 75 2.9 x 1O-9 
30 110 5.0 x 10-g 
35 157.5 13.50 x 10-g 

relative yields of radical and molecular species from the present work and from 
radiation processes [7] are compared in Table 9. It is clear that the pulsed streamer 
corona discharge process produces a considerably larger quantity of hydrogen perox- 
ide per molecule of hydroxyl radical and aqueous electron than the y-radiation 
process. In the presence of an iron salt such as ferrous sulfate in the solution, hydrogen 
peroxide produces a large number of hydroxyl radicals through Fenton’s reaction, as 
shown in previous work [8], and as given by the reaction 

Fe’+ + HzOz+OH’ + OH- + Fe3+. (32) 

A number of other wastewater treatment methods utilize Fenton’s reaction, and 
comparison with these methods will be presented in future communications. 

5.5. Identijcation of oxidation products 

The oxidation products of phenol treated by pulsed streamer corona were identified 
by comparing the retention time in the C-18 HPLC column of product peaks and 
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Table 9 
Relative yields of radical and molecular species 

Radiation processes Pulsed corona process 

G HZ02 - = 0.25-0.27 
GOH. 

p = 100-105 

HO 

GI,o~ - = 0.21-0.22 
G, 

3 = 0.81-1.03 
OH 

km e, = 45-50 
k OH 

standard solution peaks. It was observed that the primary oxidation products of 
phenol are hydroquinone, catechol and resorcinol. These are the common oxidation 
products of phenol observed in most advanced oxidation processes such as ozonation 
[35], UV photolysis [36], supercritical water oxidation [37], UV-H202 oxidation, 
and wet air oxidation [38]. Since hydroquinone is a primary oxidation product of 
phenol, the oxidation of hydroquinone was studied. 

5.4. Comparison of model and experiment 

Figs. 7(a)-(c) show a comparison between the predictions of the reactor model and 
experimental data for the formation of hydrogen peroxide in deionized water. A com- 
parison between the reactor model behavior and the experiments have been per- 
formed for three different voltages, i.e., at 25 kV (Fig. 7(a)), at 30 kV (Fig. 7(b)), and at 
35 kV (Fig. 7(c)). The model results match the experimental data satisfactorily. At 
higher voltage and power input to the reactor, the model predicts approximately 10% 
higher concentration of hydrogen peroxide, see for example, Fig. 7(c). The possible 
reason for this could be the dissociation of hydrogen peroxide due to corona discharge 
Cl11 by 

HzOz + 20H’. (33) 

The hydrogen peroxide formed through reaction (2) could dissociate due to the 
photon flux [39] of the pulsed corona by reaction (33), resulting in the production of 
more hydroxyl radicals. This reaction is not included in the present model since no 
information is presently available on the quantity of UV photon flux involved in the 
pulsed corona discharge. 

The model was also used to predict the degradation of hydroquinone for different 
initial concentrations at a voltage of 35 kV. Fig. 8 shows the predictions of the model 
and the experimental data for hydroquinone degradation. Initially, for the three 
different initial concentration levels the model predicts higher levels of hydroquinone 
degradation, but after about 40 min the trend is reversed and the model predicts lower 
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degradation of hydroquinone. A possible reason for the kind of behavior found in this 
comparison is the assumption that the initiation rate constants are independent of the 
current levels over the period of the process. As shown in Fig. 9 for the case of 35 kV 
applied voltage and a solution of deionized water, the current across the reactor 
electrodes increases with respect to time at constant applied pulsed voltage due to 
a change in the conductivity of the solution during the process. It should be noted that 
in the high conductivity solution (i.e., with added carbonate salts) the current was not 
observed to change significantly during the course of an experiment. The assumption 
of constant initiation rates over the entire course of the experiments with hy- 
droquinone in deionized water may therefore no longer be valid. This can be taken 
into consideration by assuming current as a function of time at constant applied 
pulsed voltage. It was observed that in deionized water, the current is an approxi- 
mately linear function of time at constant applied voltage through 

I(t) = 10 + At, (34) 

where IO = initial current, A = (I(t) - I,)/tj, tj = final time, and t = time. An empiri- 
cal modification of the initiation reaction rate constants to account for current can be 
made [32] and the resulting effects on the hydroquinone degradation calculated. 

0.030 I I I 
(a) 

'+$iA. 

0.025 - 

I 1 1 I 1 I 

10.0 20.0 30.0 40.0 50.0 60.0 70.0 
Time (min) 

Fig. 7. (a) Formation of H202 at 25 kV: model and experiment. (b) Formation of H202 at 30 kV: model 
and experiment. (c) Formation of H202 at 35 kV: model and experiment. 



A.A. Joshi et al./Journal of Hazardous Materials 41 (1995) 3-30 25 

0.8 

0.6 

r 1 lb) 
I I 

0. I I 
0.0 20.0 40.0 60.0 

Time (min) 

1.5 (c) 

0.0 JY 0.0 20.0 40.0 

Time (min) 
60.0 

Fig. 7. Continued. 
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Fig. 8. Degradation of hydroquinone at 35 kV: model (using average power input) and experiment. 

7.0 , , I I 

_*--d i 
6.0 - a- /-8- 

_-t---8-- 

//HA- 
,&---A- ,+?--A- 

5.0 - 
2 / 
3 4.0 r(’ 

B 
t: 3.0 - 
6 

2.0 - 

1.0 - 

0.0 I 
0.0 10.0 20.0 30.0 40.0 50.0 60.0 

Time (min) 

Fig. 9. Variation of current across the reactor with time at 35 kV. 

The results of the adjusted reactor model and experiment are shown in Fig. 10. The 
model results match adequately with the experimental results for most of the duration 
of the experiment, Specifically, for high jnitial concentrations of hydroquinone, the 
model results match very well with the experimental results. Further work, however, 
must be performed to improve the model behavior at short reaction times. In this 
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Time (min) 

Fig. 10. Degradation of hydroquinone at 35 kV: model (using variation in power input) and experiment. 

regard, the effect of removing the steady state assumptions for radicals and ions 
should be explored. 

6. Summary and conclusions 

It has been shown in the present study that pulsed streamer corona discharge 
treatment of aqueous solutions produces a significant quantity of hydroxyl radicals 
and hydrogen peroxide. The rates of formation of hydroxyl radicals and hydrogen 
peroxide due to the pulsed streamer corona discharge have been determined using the 
free radical scavenging property of carbonate ions. A reactor model for describing the 
behavior of the pulsed streamer corona in an aqueous phase well-mixed reactor has 
been developed. The rate of formation of aqueous electrons was determined by fitting 
the experimental data for phenol degradation to the kinetic model. Effects of the 
time-averaged power input on the rates of formation of radical and molecular species 
were also studied in the range of operation of the laboratory reactor. 

It was observed in the laboratory experiments that the rates of formation of 
hydroxyl radicals and aqueous electrons increases in a non-linear fashion with respect 
to the average power input, while the rate of formation of hydrogen peroxide increases 
approximately linearly with respect to average power input within the experimental 
range. It was also observed that the relative yield of hydrogen peroxide with respect to 
hydroxyl radicals was much larger than that found by other workers investigating the 
y-radiation process. This indicates that the pulsed streamer corona discharge process 
yields larger quantities of hydrogen peroxide than hydroxyl radicals. This is impor- 
tant from the viewpoint of utilizing Fenton’s reactions, where hydrogen peroxide 
reacts with iron to produce more hydroxyl radicals by reaction (35). 
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Reiterated, the pulsed streamer corona discharge process in the aqueous phase can 
produce hydrogen peroxide in situ. This may represent an important advantage of the 
pulsed streamer corona process over other organic waste oxidation processes, such as 
the UV-H202 oxidation processes which use separately produced and injected 
hydrogen peroxide. 

The reactor model proposed here was tested for the formation of hydrogen peroxide 
in deionized water, and the results adequately match that of the experiments. The 
model results for the degradation of hydroquinone showed the expected trends in 
comparison to the experimental results. The reactor model was improved by assuming 
that the rate constants for the initiation reactions are time dependent functions of the 
average current across the reactor electrodes. Moreover, this functionality is assumed 
to be linear with respect to time (due to a change in the conductivity of the solution) at 
constant applied pulsed voltage. The initiation rate constants, therefore, must reflect 
such a change over this same period. The results of the modified reactor model match 
satisfactorily with those of the experiment. The model follows experimental results 
adequately for high initial hydroquinone concentration (> 5.4 x lo-’ M). Further 
work is required to improve the present model to predict degradation of phenolic 
compounds at low initial concentration (< 5.4 x lo-’ M) and for short times. 

The oxidation pathways for phenol and hydroquinone were assumed on thexbasis of 
literature information. It was observed that hydroquinone, catechol, and resorcinol 
are the primary oxidation products of phenol. In addition, three other compounds 
were observed during the oxidation of hydroquinone which have not yet been 
identified. 

7. Nomenclature 

PHI 
CHQI 
ccc1 
CRSI 
WI 
CHBQI 
CHHQI 
CBQI 
CHzW 
CW 
cw 
COW 

Z” 
CGJ 
CHzO+l 
D-W+1 
W-1 

= concentration of phenol 
= concentration of hydroquinone 
= concentration of catechol 
= concentration of resorcinol 
= concentration of pyrogallol 
= concentration of hydrobenzoquinone 
= concentration of 1,2,4-benzetriol 
= concentration of benzoquinone 
= concentration of hydrogen peroxide 
= concentration of hydrogen 
= concentration of oxygen 
= concentration of hydroxyl radical 
= concentration of hydroperoxyl radical 
= concentration of atomic hydrogen 
= concentration of aqueous electron 
= concentration of HzOf ion 
= concentration of H30+ ion 
= concentration of OH- ion 



29 A.A. Joshi et al./Journal of Hazardous Materials 41 (1995) 3-30 

t = time 
Yi = concentration of the ith stable series 
Xi = concentration of the ith radical species 
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