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Abstract

Application of hybrid gas/liquid electrical discharge reactors and a liquid phase direct electrical discharge reactor for degradation of phenol
in the presence and absence of zeolites have been investigated. Hybrid gas/liquid electrical discharges involve simultaneous high voltac
electrical discharges in water and in the gas phase above the water surface leading to the additional OH radicals in the liquid phase and 0zo
formation in the gas phase with subsequent dissolution into the liquid. The role of applied zeolites, nanig8MBHFeZSM5 and HY,
were also studied. Phenol degradation and production of primary phenol by-products, catechol and hydroquinone, during the treatment wel
monitored by HPLC measurements. The highest phenol removal results, 89.4-93.6%, were achieved by electrical discharge in combinatio
with FeZSM5 in all three configurations of corona reactors. These results indicate that the Fenton reaction has significant influence on overa
phenol removal efficiency in the electrical discharge/FeZSM5 system due to the additional OH radical formation from hydrogen peroxide
generated by the water phase discharge.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction pulsed electrical discharge that is sustained in an aqueous
medium[8-13]. Hybrid gas/liquid electrical discharge reac-
Advanced oxidation processes (AOPs) are based on thetors involve simultaneous high voltage electrical discharges
generation of highly reactive species, such as hydroxyl radi- in the liquid phase and in the gas phase above the liquid sur-
cals that rapidly and non-selectively oxidize a broad range face[14—-16] Two types of hybrid gas/liquid corona reactors,
of organic pollutant§1-4]. Common AOPs involve Fen-  hybrid-series and hybrid-parallel coronareactors, have differ-
ton and Fenton “like” processes, ozonation, photochemical ent electrode configurations and these differences affect the
and electrochemical oxidation, photolysis witb® and G, efficiency for organic compound degradatigd¥]. In both
high voltage electrical discharge (pulsed streamer corona andypes of hybrid reactors the high voltage needle-point elec-
corona-like) processes, Tiphotocatalysis, radiolysis, wet trode is placed in the liquid phase as in the standard-reference
oxidation, electron beams grbeams, and various combina- corona reactor. The ground electrode, made from reticulated
tions of these method5-7]. vitreous carbon (RVC), is submerged in the liquid in the
Pulsed corona, or corona-like, discharge processes utilizestandard-reference and hybrid-parallel case reactor, while
chemical radicals’OH, H*, O*, HOz®* and Q*~) and highly in the hybrid-series reactor the RVC ground electrode was
reactive molecules (402) produced from a high voltage placed above the liquid surface. The parallel configuration
of hybrid corona reactor employs an additional high voltage
* Corresponding author. Tel.: +1 850 410 6165; fax: +1 850 410 6150. €l€ctrode made from RVC in the gas phase. These two reac-
E-mail addresslocke@eng.fsu.edu (B.R. Locke). tor configurations, hybrid-series and hybrid-parallel, showed
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higher efficiency for degradation of organic compounds then enhance organic compounds degradation as reported in the
the standard-reference corona reaftér17,18] The hybrid literature[36,37]
reactors are more effective due to the formation of ozone in  The aim of this study was to investigate the efficiency
the gas phase which can either directly react with species inof the three different types of corona reactors including
the liquid phase or, at high pH, can react with®$ formed in the standard-reference, hybrid-series and hybrid-parallel, in
the liquid phase to produce OH radicals via peroxone chem- combination with the synthetic zeolites, WEHSM5, FeZSM5
istry, and the hybrid reactors may increase hydroxyl radical and HY, for phenol degradation.
formation by the discharge at the gas—liquid interfHiog.
Measurements of ozone produced in the gas phase in both
hybrid reactors showed that approximately seven times more2. Experimental
ozone is produced in the hybrid-parallel than in the hybrid-
series corona reactfit4]. Three different types of pulsed corona reactors, namely
Phenol, one of the most abundant pollutants in industrial standard-reference, hybrid-series and hybrid-parallel, were
wastewater, was chosen as a model compound in this studyused for phenol degradation in this wolkid. 1). The glass
due to extensive literature on phenol degradation by different reactor vessel with a capacity of 11 was used with the
types of advanced oxidation technolodi#8-23] especially three different electrode configurations for each type of dis-
by applications including high voltage electrical discharge in charge. The reactor setup and electrode configurations were
water[15,16,24—28] described in detail by Lukes et dlLl4]. The pulse power
Zeolites were chosen as catalysts in this study due to supply was the same as in previous work, including pulse rep-
demonstrated enhancement of organic dye compound degraetition frequency of 60 Hz and charging capacitance of 2nF
dation, particularly in the hybrid-parallel reactor, which was [3,8,14-18,27,28,31]The applied peak voltage was 45kV
reported in previous workl7], and because it has been for each experiment which corresponds to the power input of
reported that highly oxidative media promotes oxidation reac- approximately 60 W. Peak voltage, rise time and pulse width
tion of organic molecules adsorbed on the surface of solid par-were measured by placing a Tektronix P6015A high voltage
ticles[28-31] Additionally, the influence of different types  probe coupled to a Tektronix TDS 460 fast digital storage
of solid particles combined with corona discharge reactors oscilloscope to the input of the pulsed power to the reactor. It
for phenol degradation has been studi#sl28,31] Further- should be noted that the measured peak voltage of 45kV, rise
more, synthetic zeolites of ZSM5 and Y type showed rather time of the order of 20 ns and pulse width of approximately
good adsorption of phen{B2]. Zeolites may also act asion 3 s FWHM are comparable with those given by Lukes et al.
exchangers because the loosely bound nature of the extrafl14]. Moreover, the same waveform profiles were observed in
framework metal ions allows for exchange of other types of experiments with and without zeolite addition into the reac-
metals when in aqueous solutif38—-35] The FeZSM5 zeo-  tors. Reactor current was measured with a P6021 Tektronix
lite is also of interest since the iron from the zeolites may react current probe. The corresponding energy per pulse of 1.06
with H2O, formed by the liquid phase electrical discharge to (40.05) J applied in all three reactor types was determined
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Fig. 1. Schematic of the three reactor configurations: (a) reference reactor, (b) series reactor and (c) parallel reactor.
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by integration of voltage and current waveforms. Current and ative to initial phenol, 10k [catechol]/[phenol}iia and
voltage were measured three times for each experiment andL00 x [hydroquinone]/[phencdisal -
averages are reported.

The total volume of the treated solutions was 550 ml in
all cases, while the solution was recirculated through the 3. Results and discussion
reactors by a peristaltic pump at a flow rate of 0.4 Iniin
The initial conductivity of the treated model solutions was The set of control experiments with the addition of zeo-
adjusted with 0.1 M KCl to give approximately 15 cnt! lites, NHyZSM5, FeZSM5 and HY, into the phenol solution
for each experiment. In one set of experiments for deter- in the absence of electrical discharge were run for 1 h. This
mination of the major mechanisms responsible for phenol set of experiments was conducted in order to investigate phe-
degradation in each reactor, methanol, 0.5M, was used asol adsorption characteristics on the zeolites and the results
an OH radical scavenger. Experiments were performed with are shown iffable 1andFig. 2 Changes of pH and conduc-
the two different methanol concentrations in the bulk, 0.09 tivity of the phenol solution caused by the zeolite addition
and 0.18 M, with negligible differences in the phenol removal are also presented ifable 1 It can be seen that the addi-
results obtained for these two concentrations. Methanol wastion of NH4ZSM5 zeolite into the phenol solution does not
added just prior to turning on the electrical discharge. The affect the pH and conductivityT@ble 1. On the other hand,
inlet gas consisted of a mixture of argon and oxygen with the addition of Fe-exchanged ZSM5 zeolite changed both of
an argon flow rate of 0.2Imint and an oxygen flow rate  these parameters, particularly the conductivity after 1 h in
of 0.15Imin2. In previous work, this mixture was found to  solution (Table 9. The conductivity change may be due to
be optimal for ozone generation and discharge stalpili4y. the possible leaching of a small amount ofFé@ns from
The duration of each experiment was 60 min. All experiments
were repeated three times and averages are reported, whilggpe 1

reproducibility of the experiments was within 5%. Experimental conditions and overall phenol removal with zeolites,

All chemicals used in this study, namely phenol, cate- NH4ZSM5, FeZSM5 and HY, in the absence of electrical discharge
chol, hydroquinone, potassium chloride, methanol, acetoni- Type of zeolite
trile and_ acetic acid were obt_ained_ frqm Fisher S(_:ientific. NH,ZSM5 FeZSM5 oy
All solutions were prepared with deionized water with con-
ductivity less than .S cnm L. Experiments were performed pHPhenol 51 50 51
with initial concentration of the phenol model solution of  aer zeclite addition 5 a1 38
0.1gll. The zeolites were supplied by Zeolyst Interna-  Final 50 35 3.8
tiopal, USA. NH;ZSMS and HY were usegl as received, Conductivity (.S cnl)
while FeZSM5 zeolite was prepared according to the proce-  pnenol 21 19 20
dure described by Rauscher et[88]. For each experiment After zeolite addition 2 364 2.2
performed with zeolites, the concentration of zeolites was Final 39 3637 2.8
1gl~1. Samples in portions of ca. 1p0were taken periodi-  Phenol removal (%) 3@ 332 7.0
cally each 15 min (0, 15, 30, 45 and 60) from the reactor, and
thereafter immediately filtered through 048 nitrocellu- —
lose filters, supplied by Micron Separations Inc., Westboro, x FeZSM-5
MA, USA, in order to remove the zeolites and thereafter o O NH4ZSM-5
immediately analyzed by HPLC. The initial and final values 80 - A HY
of pH and conductivity were measured by a Cole—Parmer
Model 1484-10 conductivity/pH meter. Phenol removal and  § ° |
its by-products, catechol and hydroquinone, production dur- é 60 -
ing the experiments were monitored by Perkin-ElImer HPLC. @

. i 50 -

Samples were analyzed using a Supelco Supercosil C18 col- 2
umn (25.0 cmx 4.6 mm) with a mobile phase consisting of 2 40 -
2% acetic acid, 20% acetonitrile and 78% deionized water. = 46+ 2 % % &
The mobile phase flow rate was 1.0mlmin A Perkin- ©
Elmer Spectrophotometer LC80 was connected to the HPLC 20 1
and all analysis of samples was performed at a fixed wave- 10 -
length of 280 nm. The recorded peaks were firstidentified and A A A 4
then concentrations of residual phenol and its produced pri- o f ' '
mary oxidation by-products, catechol and hydroquinone were ¢ L tif:e - - B

determined from their calibration standards. Phenol removal

is reported as percenta.ge, 1>0(|}oheno|1/[phenolhtiah and Fig. 2. Phenol removal by zeolites, NBSM5, FeZSM5 and HY, in the
catechol and hydroquinone production are reported rel- absence of electrical discharge.
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Table 2
Experimental conditions and results for overall phenol removal and overall by-products formation in the referencelreatiddy(, f =60 Hz andC =2 nF)

Type of zeolites and additives

None NH,ZSM5 FeZSM5 HY Methanol

pH

Initial 5.2 5.2 42 39 51

Final 45 49 34 48 42
Conductivity (.S cnl)

Initial 147.8 1456 1462 1514 1502

Final 1719 1619 4917 1622 2213
Phenol removal (%) 37 450 894 184 7.3
Catechol production (%) 12 74 135 33 0.2
Hydrogquinone production (%) q 32 42 0.7 0.2

the zeolite framework into the solution. With the addition of pores of the zeolites occurred in the first 15 min of the pro-
HY zeolite only the pH value changed as expected due to thecess which is in accordance with data given in the literature
H™* cation of this zeolite. Furthermore, the amounts of phenol [32,39]

removed from the initial solution are shownTable 1and Before conducting experiments in all three types of corona
Fig. 2 It can be seen that the ZSM5 type of zeolite, either reactors, an additional set of preliminary control experiments
in the form with NH;* or F€* cations, can adsorb phenol, was conducted. The phenol solution with an initial concen-
where up to 33.2% of the phenol was removed. On the othertration of 0.1 gt was circulated through all corona reactors
hand, phenol diffusion into the Y zeolite pores was restricted for 1 h in order to exclude contributions to phenol removal
as indicated by the only 7.0% of phenol removal found with by sorbate volatilization or adsorption onto the reactors parts
this zeolite. The ZSM5 type zeolite has a pentasyl structure and tubes that provide solution circulating through the peri-
which is characterized by parallel channels with pore sizes staltic pump. It was found that the initial concentration of
of 0.53-0.56 nm with crossed channels with pore sizes of the phenol solution was decreased for 5.7% and 7.7% in par-
0.51-0.55nm, while Y zeolite has a basic cubic structure allel/reference, both containing the same liquid phase part
with pore sizes of 0.74nni34,35] The previously men-  of the reactor and series setups, respectively. All results for
tioned geometrical entrance diameter of the micropores of the phenol removal expressed in percentage obtained during the
ZSM5 zeolite, 0.51-0.56 nm, conflicts with the observation treatment in the corona reactors were corrected with respect
that phenol molecules with an aromatic ring size of 0.68 nm to these numbers subtracted from the initial phenol concen-
in diameter adsorb into the zeolite micropores. A plausible tration.Tables 2—4ummarize pH and conductivity changes,
explanation of this contradiction may be related to the flex- final phenol removal and final amounts of primary oxidation
ibility of the phenol molecule as well as the thermal motion by-products, catechol and hydroquinone, obtained in all three
of pore opening of zeolitef32]. The low phenol adsorp-  types of corona reactors. The small changes of pH indicate
tion into the HY zeolite differs from the results of Kawai and the formation of small amounts of organic acids which is
Tsutsum{32] and Okolo et all39] who reported much larger  in accordance with proposed mechanism of phenol decom-
amounts of phenol adsorption into the same type of zeolite, position given by Roig et al[40] and is consistent with

Y, but with other cation, in NaY fornmkig. 2 shows that for by-products reported previous|$#1-43] while changes of

all three types of zeolites the adsorption of phenol into the conductivity indicate thationic products are generated during

Table 3

Experimental conditions and results for overall phenol removal and overall by-products formation in the hybrid-parallel tead®kY, f=60Hz and
C=2nF)

Type of zeolites and additives

None NHZSM5 FeZSM5 HY Methanol

pH

Initial 5.1 54 42 38 51

Final 40 4.0 33 43 41
Conductivity @S cnrt)

Initial 1454 1419 1469 1511 1514

Final 2247 2227 5180 2243 2553
Phenol removal (%) 41 66.0 936 511 166
Catechol production (%) .B 83 9.0 6.9 0.6

Hydroquinone production (%) 8 49 34 21 0.6
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Table 4
Experimental conditions and results for overall phenol removal overall by-products formation in the hybrid-seriessadtoky, f =60 Hz andC =2 nF)

Type of zeolites and additives

None NH,ZSM5 FeZSM5 HY Methanol

pH

Initial 5.0 55 43 38 51

Final 42 43 36 44 41
Conductivity (.S cn?l)

Initial 150.2 1517 1562 1510 1497

Final 2263 2177 5187 1911 2777
Phenol removal (%) 50 64.1 919 353 174
Catechol production (%) 12 124 113 6.8 10
Hydroquinone production (%) .6 49 27 15 05

the experiments, especially in experiments with the addition streams from the react{4]. The discharge in the gas phase
of FeZSM5 zeolite. of the series reactor leads to the intense plasma channels near
The phenol removal results for all three reactors, over 1 h and on the water surfa¢®6]. Thus, despite the higher ozone
of treatment are shown iRig. 3. It can be seen that partial in the bulk gas phase of the parallel reactor more oxidative
decomposition of phenol was obtained in all three reactors species clearly reach the liquid phase to react with phenol
and these results are consistent with those reported by Gry-4n the series reactor. It is possible that additional hydroxyl
monpg et al[16]. In the reference type corona reactor 34.7% radicals may be formed in the hybrid-series reaf4dr42]
of phenol was removed primarily due to the OH radical attack and that mass transfer may be more limiting in the hybrid-
since the reference reactor does not lead to the formation ofparallel reactor due to possibly larger electrohydrodynamic
ozone. Phenol removal increased to 41.1% in the hybrid- flow in the series reactor. Reaction processes occurring at the
parallel and to 50.7% in the hybrid-series reactors. Part of interface between the gas discharge and liquid surface may
this enhancement is clearly due to the reactions of ozone,also have an effect on the liquid phase react{@5$. In sup-
generated in the gas phase of both hybrid reactors and subport of this later argument, He et §6] reported that radicals
sequently transferred into the liquid phase. formed in a gas phase very close to a solution surface may
The larger phenol removal in the series reactor than the diffuse into solution and react with organic in the liquid.
parallel is due to significant differences in the natures of the  The formation of primary oxidation by-products of phe-
gas phase discharges. The gas phase discharge in the paratol, namely catechol and hydroquinone, during treatment in
lel reactor is very similar to conventional gas phase pulsed the corona reactors is givenfig. 4. It should be noted that
corona and this reactor produces about seven times mordn addition to these measured phenol by-products other pos-
ozone than the series reactor as measured in the outlet gasible by-products, such as benzoquinone and various organic

100 141 --#-- catechol, parallel ,EIS

.. @-- parallel -+ hydroquinone, parallel 7

90+ . - &% - catechol, series A\
- ¥-- series i .

i * : 12 1 -3 -hydroquinone, series /’
—A— reference —&— catechol,reference , s

704 10 & hydroquinone, reference Xl

60

phenol removal, %
byproducts production, %

0 15 30 45 60
time, min time, min

Fig. 3. Phenol removal in all three types of corona reactors in the absence of Fig. 4. By-product, catechol and hydroquinone, generation in all three types
zeolites U =45kV,f=60Hz andC=2nF). The lines are only for connecting  of corona reactors in the absence of zeoliteds=@5kV, f=60Hz and
points and are not model results. C=2nF). The lines are only for connecting points and are not model results.
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acids, can be produced during phenol degraddd6r43] In the hybrid-parallel corona reactor, the other mechanism is

Lukes and Lock§42] demonstrated the formation of,cis- mostly direct attack by ozone, but in the case of the hybrid-

muconic acid during phenol degradation in the hybrid-series series reactor another mechanism in addition to ozone attack

corona reactor, thus confirming direct ozone attack on the should be considered due to the similar extents of phenol

phenol, however direct hydroxyl attack was also demon- degradation obtained in both reactors in cases with addi-

strated. It can be seen that the largest amount of phenoltion of methanol Fig. 5) and the approximately seven times

by-products in the present experiments was observed inlower ozone production in the gas phase in series reactor

the hybrid-series reactor, 14.2% catechol and 6.6% hydro-than in paralle[14]. Lukes et al[15] reported that possible

quinone, which is consistent with the larger percentage of reaction processes which occur at the interface between the

phenol decomposition, 50.7%, in the same reactor in com- gas discharge and the liquid surface could also enhance the

parison to other two reactors. In contrast, the parallel reactoroverall efficiency of the electrical discharge process for the

produces less catechol than the reference reactor despite theemoval of pollutants from water. Very low rates of catechol

higher overall phenol removal in the parallel. This result is and hydroquinone production in experiments with addition

consistent with the proposed large role for direct ozone attack of methanol in all three reactors, below 1%ables 2—, con-

in the parallel since direct attack on phenol may lead to less firm that the hydroxyl radical reactions are quenched since

hydroxylated aromatic ring produdi1]. these products arise primarily by hydroxyl radical attack and
A further set of experiments was conducted with the addi- not, for example, direct ozone attack. The value of rate con-

tion of methanol into the all three types of corona reactors stant for reactiorfl), the reaction between methanol and OH

since methanol is known as a very active hydroxyl radical radical[48]:

scavenging agenfd4-47] These experiments were con-

ductedin order to assess other reaction mechanisms which aré/€OH + OH* — *CH;OH + Hz0,

involved in phenol degradation in the studied corona reactors. k= 97x1BM st (1)

Fig. 5gives results for phenol degradation with the addition

of methanol in all three types of corona reactor. A signifi- is almost seven times lower than that for the react®)nthe

cant drop in degradation efficiency of phenol in the reference reaction between phenol and OH radiptd]:

reactor was observed, where only 7.3% removal was found . .

in the case with methanol addition compared to 34.7% in CeHsOH + OH* — dihydroxycyclohexadienyl

the case without methanol addition. This result confirms pre- k= 66x10°M1s1 (2

vious indications that the major mechanism responsible for

phenol degradation in the reference corona reactor is the OHThe concentration of methanol, 0.09 or 0.18 M, was signif-

radical attack7,8]. The results obtained in the other two icantly higher than the concentration of phenol in the bulk,

reactors, hybrid-series and hybrid-parallel, indicate that in 0.1 g which corresponds approximately to 0.001 M. Thus,

addition to oxidation mechanism through OH radical attack itis likely that the OH radicals generated by corona discharge

other mechanisms are also involved in phenol degradation.reacted with methanol rather than with phenol, i.e. they were

mostly quenched by methanol, and no or only small amounts

100 of OH radicals were available for reaction with phenol. Also,
90 -- @ - parallel Kirkpatrick [50] reported that the addition of methanol into
- %-- series corona discharge reactor, besides quenching of OH radicals,
80 - —a—reference leads to the formation of large amounts of hydrogen gas.
< 70 These fine bubbles may affect the mass transfer characteris-
< tics for ozone in the both hybrid reactors and thus also lower
3 60 1 phenol degradation by direct ozone attack.
E, 50 After determining the amounts of phenol adsorption onto
5 the NHiZSM5, FeZSM5 and HY zeolites, further experi-
_§ 40 4 ments were performed in order to investigate the amounts of
2 phenol degradation in each corona reactor with the addition
of zeolites.Fig. 6 shows results for phenol decomposition
20 4 obtained during the treatment in all three reactors with the
addition of NHyZSM5 zeolite. Total phenol removal was
enhanced in all three types of reactors, but not in the order as

would be expected from the results of phenol adsorption into
the NHsZSM5 zeolite Fig. 2) where 30.4% of phenol was
removed and from phenol decomposition results in the corona
Fig. 5. Phenol removal in all three types of corona reactors in the presence reactors without zeolite addlthﬁ@' 3)’ with ‘?_’4'7%’ _41‘1%

of methanol as a OH radical scavengei{45 kV, f= 60 Hz andC = 2 nF). and 50.7% of phenol removal in reference, in hybrid-parallel
The lines are only for connecting points and are not model results. and in hybrid-series corona reactors, respectively. It can be

0 15 30 45 60
time, min
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Fig. 7. The effects of N{iZSM5 zeolite addition on by-product forma-
tion, i.e. catechol and hydroquinone, in all three types of corona reactors
(U=45kV,f=60Hz andC=2nF). The lines are only for connecting points
and are not model results.

Fig. 6. The effects of NgiZSM5 zeolite addition on phenol removal in all
three types of corona reactokd £ 45kV, f=60 Hz andC =2 nF). The lines
are only for connecting points and are not model results.

NH4ZSM5 zeolite, are shown iRig. 7. Although profiles of

seen that the major process responsible for phenol removal indetected by-product generation are similaigé. 4 and Y,
the first 15 min of treatment was adsorption of phenol to the their concentrations are lower than in case without zeolite
zeolite, while at later times phenol in the bulk was degraded addition presumably due to lower rate of phenol degrada-
as in the case without zeolite. tion obtained in cases with zeolite additidraples 2—3 An

Despite the larger overall phenol removal, lower degra- exception is observed in the case of the hybrid-parallel reac-
dation rates in all three corona reactors were observed withtor where almost the same concentrations of catechol were
this zeolite. In reactors where the major degradation mech- produced by both processes, without and with addition of
anism is likely OH radical attack, i.e. the reference and NH;ZSM5. This might suggest that some of phenol adsorbed
hybrid-series, phenol removal is significantly lower in com- to the zeolite may be degraded by chemical reactions and fur-
parison to the expected sum of phenol removal obtained byther work is necessary to assess this possibility.
adsorption and phenol removal obtained inthese coronareac- A further set of experiments was performed with the addi-
torsinthe absence of zeolite, 30.4% + 34.7% = 652 %5% tion of Fe-exchanged ZSM5 zeolite to all three corona reac-
obtained in reference and 30.4% + 50.7% = 81;%£%4.1% tors Figs. 8 and 9 It can be seen that the phenol removal
obtained in hybrid-series corona reactor. These results leadn all three corona reactors was enhanced to similar values,
to the conclusion that the zeolite may quench OH radicals 89.4%, 93.6% and 91.9% in the reference, hybrid-parallel
[17]. On the other hand, in the case of hybrid-parallel corona and hybrid-series reactors, respectivéfjg( 8). Such large
reactor, the difference between the expected sum of phenoland similar phenol removal rates in all three reactor con-
removal obtained by adsorption and phenol removal obtainedfigurations can be explained by enhancement of OH radical
in that corona reactor in the absence of zeolite is not as large generation in all three reactors due to Fenton reaction between
30.4% +41.1%=71.5% > 66.0% obtained in hybrid-parallel. H,O, produced at similar rates in the liquid phase of the dis-
If the zeolite NH,ZSM5 suppresses hydroxyl radicals in the charge of all three reactof$4], and F&* ions in the zeolite
reference and hybrid-series reactors, it is likely to suppressframework as well as those leached into the bulk solution.
hydroxyl radical in the hybrid-parallel. In addition to sup- The results presented here are very consistent with the work
pressing OH radicals, it appears that the addition of zeolite of Grymonpg et al. on soluble ferrous sulfate solutid23]
enhanced phenol degradation in the hybrid-parallel in com- and also suggest minimal effects of adsorption to this zeo-
parison to the cases of other two reactors in combination with lite on overall phenol removal. Neamtu et f6] proposed
NH4ZSM5 zeolite. This enhancement could be caused by a possible degradation mechanism which includes genera-
possible ozone—zeolite interactidag]. Consistent with this  tion of OH radicals in the inner surface of the microporous
conclusion is the observation that the best phenol decompo-zeolite due to the Fenton reaction betweesObland Fé*
sition with zeolite was achieved in the hybrid-parallel corona ions from zeolite framework, and thereafter OH radical dif-
reactor, 66.0% phenol removal. fusion into the bulk. Furthermore, Fajerwerg efa¥] found

Catechol and hydroquinone production during the treat- that utilization of FeZSM5 zeolite in the presence afC4
mentwith the same systems, all three types of coronareactorsivas a very successful method for degradation of phenol.
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100 reference and then decreased to 13.5% at the end of the pro-
204 -,-% cess. A similar trend for catechol production was observed in
the case of the hybrid-series and hybrid-parallel corona reac-
801 tors. Hydroquinone production in all three reactors ranged
70 between 2.7% and 4.2%, which is lower in comparison to
£ the case without any zeolite addition, 6.4—7.4%, where lower
§ 60 1 extents of phenol removal were achieved. According to stud-
g s0- ies of Grymonpe et al.[16,27], the results of catechol and
2 hydroquinone production obtained in this study lead to the
i conclusion that significantly higher mineralization of phenol
% 30 solution was achieved in processes with addition of FeZSM5
a0 - @ - parallel zeolites than in cases without zeolite addition.
- - - series One of the major advantages of utilization of FeZSM5 zeo-
10 - —A— reference lite in the presence of $0, for organic pollutant degradation
0 is that Fenton reaction occurs on the zeolite surface without
o 15 30 15 60 significant leaching of F& ions in the bulk. According to
time, min Neamtu et al[36], less then 10% of the iron leaches into solu-

tion. Unpublished work in our laboratory supports this finding
Fig. 8. The effects of FeZSM5 zeolite addition on phenol removal in all - jnthe case without electrical discharge. Further work is neces-
three types of corona reactoks € 45 kV, =60 Hz andC = 2nF). The lines sary to assess leaching in the presence of electrical discharge.
are only for connecting points and are not modef results. Besides avoidance of additional further contamination of the
. treated wastewater with iron ions, another advantage is that
According to the study of Rauscher etf@8] the amountof  the FezSMS5 zeolite does not release unnecessary counter-
Fe-contentin the FeZSM5 zeolite was 37.1 md gf zeolite. ions as occurs with the addition of iron saEs].
That value corresponds to the approximate concentrations of  Te next set of experiments was performed in all three
0.664 mM of F&* ions, which is close to the concentrations corona reactors in the presence of HY zeolite. As shown
of Fe&#* ions, 0.485mM, used by Grymonpre et Hl6,27] in Table 1andFig. 2, phenol did not diffuse into the HY
who reported phenol degradation efficiency in the reference ,¢jite pores, as reflected in the small 7% phenol removal
and hybrid-series corona reactors in the presence of ferrousyitnout corona discharge. On the other hand, in previous
sglfate, 89.9% an.d 97.5% removed phgnol, respectively. In study[17], HY zeolite was shown to be a very effective cata-
Fig. 9, the generation of phenol degradation by-products, cat- |ystyhen combined with corona discharge for decolorization

echol and hydroquinone, during the treatment in all three ot organic dye, especially in hybrid-parallel corona reactor.
reactors in the presence of FeZSM5 zeolite is shown. The Cat'Fig. 10 shows phenol removal results for the combination
echol concentration increased over 30 min up to 18% in the

20 100
18 90 1 -- @ - parallel
80 — - - series

P 167 . —A— reference
£ 14+ \ . 70
g g
s 124 v . | 2 60
B " --e-- catechol, parallel R qE,
5 10 --%-- hydroquinone, parallel . = 50- .9
® - 4% - catechol, series » g e -
S 84 - - - hydroquinone, series 2 404 .
3 6 —a— catechol,reference Q g —
= 4 .- -
& —#&— hydroquinone, reference 30 3 X e -
a \ .

4 1 25 T e
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0 Re==E0

0 15 30 45 60
time, min 0 15 30 45 60

time, min
Fig. 9. The effects of FeZSM5 zeolite addition on by-product formation, i.e.
catechol and hydroquinone, in all three types of corona readtiorsi6 kV, Fig. 10. The effects of HY zeolite addition on phenol removal in all three
f=60Hz andC=2nF). The lines are only for connecting points and are not  types of corona reactors)&45kV, f=60Hz andC=2nF). The lines are
model results. only for connecting points and are not model results.



198 H. Kusi¢ et al. / Journal of Hazardous Materials B125 (2005) 190-200

of corona discharge and HY zeolite. The phenol degradationgradual leveling off in the production and the series reac-
efficiency in the reference and hybrid-series corona reactors,tor showed a more linear increase as seen in the reference
with a putative predominately OH radical mechanism, was reactor Fig. 11). The same overall amount of catechol was
significantly reduced to 18.4% and 35.3% of phenol removal, produced in both the hybrid reactors, in spite of the signifi-
possibly due to quenching of OH radicals by zeolite HY cantly higher phenol removal obtained in the hybrid-parallel
[17]. In the hybrid-parallel corona reactor, phenol removal reactor. This may be related with above mentioned more
was enhanced from 41.1% in case without any zeolite up pronounced ozone-zeolite interactions in the hybrid-parallel
to 51.1% in the case with zeolite. Similar to the case of reactor than in the hybrid-series reactor which may result in
the corona discharge/NHASM5 system, if the HY zeolite  the formation of other by-products, edjs,ciss-muconic acid,
suppresses hydroxyl radicals in the reference and hybrid-in the parallel than series reactor. While further experiments
series reactor, it is likely to suppress hydroxyl radical in the are needed to fully explain this result, if it is assumed that
hybrid-parallel too. Since the hybrid-parallel reactor shows hydroxyl radical plays a larger role in the series reactor and
a substantial enhancement with the zeolite, it is likely that reference reactor, the linear increase in by-product is directly
the ozone may interact with the zeolite to improve phenol related to the hydroxyl radical attack on phenol and the grad-
removal[17]. ual leveling out in the parallel reactor with zeolite may be
Lukes et al[15] reported that phenol removal in hybrid- related to possible saturation effects in the zeolite—ozone
series corona reactor strongly depends on pH value due tointeractions.
ozone produced in gas phase. Itis therefore likely that in the
case of hybrid-parallel reactor, with a much higher ozone pro-
duction rate than the hybrid-series, that pH should also affect4. Conclusions
the liquid phase reactions. It should be noticed that the pH
value decreased from 5.1 to 3.8 with the addition of the HY ~ The goal of this study was to investigate the combination
zeolite and that may be an additional reason for the lowering of corona discharge reactors with zeolites for effective degra-
phenol degradation efficiency by those two reactors and con-dation of organic contaminants in water. Three different types
sequently formation of detected by-products. Consequently of corona reactors; reference, hybrid-parallel and hybrid-
with lower phenol removal due to quenching of OH radicals series, in combination with several types of synthetic zeo-
by HY zeolite, amounts of produced by-products were also lites, NH;ZSM5, FeZSM5 and HY, for phenol degradation
lower. Hydroquinone production during the treatment in the were applied. The percentage phenol degradation achieved
same systems, applied corona processes with HY zeolite, isstrongly depended upon reactor configuration and the type
in accordance with the amount of decomposed phenol. Theof added zeolite. From the reactor type point of view, the
trends for the catechol formation in the two hybrid reactors hybrid-series corona reactor showed the highest rate of phe-
were slightly different in that the parallel reactor showed a nol degradation, 50.7% of removed phenol, primarily due to
higher OH radical generation than in the other two types of
corona reactors, but also due to ozone production in the gas
phase of the reactor. The addition of NESM5 and HY zeo-

10 ¢+ catechol, parallel lites enhanced phenol removal in the hybrid-parallel corona
941 ..o - hydroquinone, parallel reactor, up to 66.0% and 51.1%, respectively, in compari-
- 4% - catechol, series son with the case without zeolites, 41.1% phenol removal.
® 87 % -nydroquinone, series However, the removal of phenol by zeolite with corona was
§ 7{ —&—catecholreference - less than expected due to the linear combination of corona
5 6. & hydroquinone;seference e reactions without zeolite and adsorption to zeolite. The evi-
E e ‘(/’ dence suggests that hydroxyl radical may be quenched and
. B . ,/”“ that ozone reactions may be enhanced by both zeolites. Over-
2 4l ,.-"".,/’/ all, the best phenol removal results were achieved in all
B . three types of corona discharge reactors with the addition of
o Fe-exchanged zeolite, FeZSM5, where between 89.4% and
= 93.6% phenol removal was due to additional generation of
OH radicals by the Fenton reaction betweef'fens doped
in the zeolites and 0, produced by corona discharge. This
new system, corona discharge with FeZSM5 zeolite, may

present a new environmental friendly approach to the deal-
time, min ing with organic pollutants in water due to high efficiency,
very low additional contamination of treated wastewater with
catechol and hydroquinone, in all three types of corona readtior16 kV, iron ions and .aVOId.ance .Of qnnecessary Ioadlng of treated
f=60Hz andC=2nF). The lines are only for connecting points and are not WaSt?\Nater with anions like in case of well known Fenton
model results. reaction.

Fig. 11. The effects of HY zeolite addition on by-product formation, i.e.
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