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Abstract A continuous two step O4/H,0, oxidation system, in which the waste gas from the former reactor
was reused in the latter step with an ejector, was established for the purpose of wastewater reclamation in
electronics industries. ORP monitor was combined into the system to obtain the optimum ratio of H,O, to O,
by automatically adjusting the dosage of H,O,, and ion exchange resin was used for removing organic acids
formed during oxidation. The effectiveness of the O,/H,0O,, oxidation system for TOC removal was
investigated under various conditions by using IPA, DMSO, and NMP as model substances. The optimum
H,0,/04 for oxidizing IPA was in a range above 0.15, and it increased with the increase of O, dose. A
sudden drop of ORP from ca. 800 mV to a little more than 200 mV was observed when H,0,/O, was
approaching the optimum point from the lower end. An ORP between 250 mV and 300mV or 800 mV and
900 mV was proper for H,0,/O4 control. The treatability of the model substances was in an order of
IPA<<DMSO<NMP, being consistent with the magnitude of the energy of the highest occupied molecular
orbital (€40)- The two step treatment system developed in this study was found to be more efficient than
the conventional single step system. With the help of H,O, dosing control and two step treatment using
waste O, the system could save about 40% O, in comparison with the conventional O,/H,0, oxidation
process.
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Introduction

Ultrapurewater isextensively used for siliconewafer cleansing inthe electronicsindustry.
Most of the spent ultrapure water isrecovered for the purposes of saving water and cutting
water treatment cost, and therecovery rate has exceeded 70% in Japan. The spent ultrapure
water contains a small amount of organic compounds, which must be removed before the
recovered water is returned to ultra pure water production lines. Biological treatment
methods, UV oxidation method, UV/O, method, thermo-chemical oxidation process using
persulfate as the oxidant, and O4/H,O, method and so on have been applied to TOC
removal for spent ultrapure water reclamation (Hango et al., 1981; Moritaet al., 1996). Of
the above, the O4/H,0,, oxidation process is considered to be one of the most promising
methods.

The O4/H,0, oxidation process has been considered to be one of the simplest and most
practical advanced oxidation processes (AOP), and has long been employed for advanced
treatment and reclamation of wastewater (Nakayamaet al., 1979; Kawaai etal., 1997). Itis
also used for decomposition of pesticides and chlorinated organics like TCE and PCE in
ground water (Glaze et al., 1988; Meijierset al., 1995; Schwammlein et al., 1995). One of
the important parameters affecting oxidation efficiency of the processistheratio of H,O,
to O5. Asshownin Eg. (1) (Schulteetal., 1995), O isan oxidant and H,O, areducing agent
when they react to give OH radicalsin an O4/H,0, process. While the stoichiometric ratio
of H,0,t0 O4inEq. (1) is0.354inweight, theoptimumratio variesin arange between 0.24
and 0.50, according to treatment conditions and wastewater species (Glaze et al., 1988;
Bellamy et al., 1991; Kawaai et al., 1997). It istherefore desirable that the optimum ratio of
H,0, to O4 can be automatically controlled.
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In most cases, organic acids, most of which are carboxylic acids, are formed before the
objective compounds are completely mineralized by OH radicals. Since organic acids can
be easily removed by reverse osmosis (RO) or ion exchange treatment step, it is economi-
cally preferablethat TOC oxidationis carried out to the point at which most of the residual
organicsare converted into organic acids.

Since ORP (oxidation-reduction potential) indicates the ratio of oxidants to reducing
agentsinthesolution, the possibility of employing ORPfor H,O, dosing control wasinves-
tigated in thisstudy. Then awaste pure water reclamation system was established by incor-
porating atwo step O4/H,0, process for oxidizing organic compounds into organic acids
and a subseguent ion exchange step for removing the organic acids. The second step was
designed to oxidize the residual organics further with the residual O, from the exhaust gas
of thefirst step. The effectiveness of the spent ultrapurewater reclamation system wasver-
ified by using IPA (iso-propy! acohol), DM SO (dimethyl sulfoxide), and NMP (N-methyl
pyrolidone) as model substances.

Material and methods

Figure 1 shows the schematic diagram of the wastewater reclamation system employed in
thisstudy. A glass column (1.D., 16.5 cm; H, 200 cm; water level, 180 cm) with two stain-
lessend plates was used as the bubble H,0,/O; reactor (R1). Synthetic wastewater wasfed
continuously into the bubble reactor from the top with aflow rate ranging from 20| h=1 to
1201 h™1, and O, gas produced from PSA (pressure swing adsorption) O, was introduced
from the bottom through a sintered glass diffuser (effective diameter, 2 cm). The gas flow
ratewas varied from 60t0 240 | h~1 (linear velocity, 2.8-11.2 m h™1) and the rated output of
the ozonizer (SG-01A-PSA4, Sumitomo Fine Mechanical Co., Japan) was25g hL. A pH
electrode, ORP electrode (TOA Electric Waves Co., Japan), and dissolved O, electrode
(Orbisphere, USA) were inserted into the effluent water line of R1, respectively, and the
effluent pH was automatically controlled at given values by adding NaOH sol ution of prop-
er concentrations. In some experiments, the H,O, feeding rate was adjusted automatically
with aPID (proportional-integral-differential) controller based on the measured ORP val-
ues. An on-line TOC meter (Model 720, Toray Co., Japan) continuously monitored the
TOC of the effluent.

About 10 | ht effluent water from R1 was used for TOC measurement. The remaining
water flowed into astainlesstank (R2; effective volume, 46 1), and could be treated further
with the waste O5 gasfrom R1 through an gjector. Therecirculation rate for the ejector was
varied in arange from 0 to 600 | h~1. The TOC of the organic acid was removed by ion
exchangeresin (IER) after the residual O, and H,O, were decomposed by an activated car-

C/H,0,/NaOH
Ultra pure water|
R1

Ozonizer Online TOC
Figure 1 Schematic diagram of experimental setup
R1: Glass column, I.D.=16.5cm, H=2.5m.
R2: Stainless tank, effective volume = 46l.
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bon column (SV50-100 h™1). Ancther on-line TOC meter (Sievers 810, Sievers Co., USA)
wasinstalled for measuring the residual TOC after |ER treatment. The conductivity of IER
effluent was continuously monitored for indicating the timing for exchange of 1ER.

IPA, DM SO, and NMP, thetypical chemicalsused in electronicsindustry, were used as
model substances. Stock synthetic wastewater of proper concentrations was prepared by
dissolving one of the above chemicalsinto ultra pure water. The influent TOC concentra-
tion was adjusted by controlling theratio of the feeding rate of stock solution to that of ultra
purewater. Each condition wastested for ca. 24 h, and 2 to 3 samplesweretakeninaninter-
val of 1to 2 hoursfor each condition. Thevaluesof pH, ORP, O;, TOC, etc, wereread at the
sametime. Datafor each condition were cal culated on an average.

The highest occupied molecular orbital energy (g,,0) Of the 3 objective compounds
was calculated by MOPAC Ver.6included in CAChe 3.2 for Windows (Oxford Mol ecular)
and PM 3 was used asthe cal culation keyword (Hu et al. 2001).

Results and discussion

Possibility of using ORP for H202 dosing control

Asdiscussed above, the optimum ratio of H,O, to O, for oxidation reaction varies accord-
ing to wastewater being applied. The main reason for the change of the optimum ratio is
perhaps due to the existence of O, consumption matters, including the objective organics
and their oxidationintermediates, inwater. So, thenormal practice of treating water under a
givenH,0,/O5isnot reasonable. Inorder to find aparameter to refl ect the state of oxidation
reaction of the O,/H,0O, process with a high sensitivity, the ORP and residual O, of the
treated water were continuously monitored, and theresidual H,O, wasanalyzed manually.
IPA was used asthe model substance. The experimental conditionswereasfollows: TOCin
(influent TOC), ca.7000ppb; pH, 6.6-6.8; effective O,/ TOC (weight ratio of O, absorbed
to TOCin), 15-31; R2, not being operated. Variations of ORP, the residual H,0, and O,
and the ratio of TOCout (effluent TOC) to TOCin with H,0,/O; (defined here as
gH,0,added/gO,absorbed) for R1 arerespectively shownin Figure 2a, b, and c.

Figure 2a and b indicate that the ORP and residual O, decreased with the increase of
H,0,/0;, andtheresidual H,O, increased at the sametime. Variations of theresidua H,0,
and O; were basically a continuous one. However, there appeared an inflection point for
ORPwiththeincrease of H,0,/O5. The ORP dropped from ca. 800 mV to alittle morethan
200 mV around the H,0,/O, of 0.15. Figure 2c indicates that the minimum
TOCout/TOCin, i.e. the best TOC decomposition performance, was al so obtained near the
inflection point of ORP. By comparing Figure 2c with Figure 24, it is clear that ORP sensi-
tively reflected the state of the oxidation reaction in the reactor and the reflection point of
ORPindicates possibly the point of optimum H,0,/O,.

Inorder toinvestigateif the reflection point of ORP could be used for H,O, dosing con-
trol, treatment under controlled ORP was carried out. Inthistest, electric signalsfrom ORP
monitor were sent to the pump controller for adjusting the feeding rate of H,O,, and the
effective O5/TOC wasin arange between 11 and 15. The other conditions were same with
the above experiment.

Both of the TOCout/TOCin and TOC after IER are shown in Figure 3a. The lowest
TOCout/TOCin and TOC &after |ER were obtained around an ORP between 250 mV and
800 mV. It was amost impossible to keep a constant ORP in the range of 300
mV<ORP<800mV. Itisinteresting that the TOC removal efficiency decreased significant-
ly with the decrease of ORP around 200 mV. That isto say, overdose of H, O, was not only
awaste, but also harmful to the oxidation reaction. On the other hand, treatment even at an
ORP as high as 900 mV did not affect TOC decomposition efficiency much, which provid-
ed avery wide ORP range for selection. Therefore, an ORP between 250 mV and 300 mV
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(low range) or between 800 mV and 900 mV (high range) is proper for efficient H,O, dos-
ing control. Thetwo ranges of ORP could be selected according to need, which isvery con-
venient in some cases. For example, the lower range of ORP could be used when
undesirable side reactions occur in the higher range of ORP. Figure 3a also indicates that
near 70% TOC was completely mineralized in R1 under aproper ORP, and ca. 80 to 85% of
theremaining TOC in R1 was comprised of organic acids, which were removed by the suc-

z cessive |ER column. Figure 3b shows variation of residual H,O, with ORP. The residual

§ H,0, was 750ppb or lower in an ORP range of 250-900 mV. Raising ORP could decrease

S theresidual H,O, to some extent. However, ORPwas not the only factor being related with

2 theresidua H,0,, theeffective O,/TOC wasalso an affecting factor. Thevalue of H,0,/O;
is also indicated in the figure. The H,0,/O5 was between 0.15 and 0.25 in an ORP range
from 250 mV to 900 mV in thisexperiment.

However, the optimum H,0,/O; was not only related with ORP, it al so varied according
to O, dosage as shown in Figure 4. The data of Figure 4 was obtained under a controlled
ORP (between 770 mV and 830 mV). Although ascattering of dataexists, it isapparent that
the H,0,/O; increased gradually with the increase of effective O,/TOC ratio although the
ORPwas controlled at arelatively constant value. The experiment was conducted under 3
TOC concentrations: 3000ppb, 7000ppb, and 10000ppb, and the variation of TOCin did not
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make any significant differences. The result further indicates that the optimum H,0,/O4
was not afixed one, and a proper control method like the one used in this study was neces-
sary for efficient TOC removal.

Effects of chemical structures of objective compounds on their treatability

Figure 5a and b show the relationship between TOC removal extent of IPA, DMSO, and
NMP and their respective O; demands under the following conditions. TOCin,
6000-7000ppb; pH, 6.6-6.8; H,0,/0,, 0.15-0.35; HRT, 0.33-1.8 h; R2, not being operat-
ed. It was found that both of the logarithms of TOCout/TOCin and TOC after IER could be
approximately linearly related to logarithm of effective O4/TOC. The result demonstrates
that oxidation of the remaining TOC required more O,. The ratio of TOCout/TOCin
indicates the extent of mineralization of the TOC, and the TOC after |ER represents the
unionized portion of TOCout (the ionized portion, mainly organic acid, was removed by
IER). Itisapparent that oxidation of IPA required much more O, than that of the other two,
either from the viewpoint of complete TOC decomposition, or from the viewpoint of TOC
removal through formation of organic acids. That is to say, the compounds easier to be
oxidized to organic acidswere also easier to be compl etely decomposed. It should be noted
that variation of HRT from 1.8 to 0.33 h did not affect TOC removal performance
significantly.

The structures and their respective HOMO energy (g,,0,0) Of the 3 objective com-
pounds are shown in Table 1. In an OH-radical reaction, the initial decomposition rates
have been found to be dependant on g4, Of the objective compounds in gas phase reac-
tions (Bartolotti et al., 1994). The higher the g,5,,o, the higher the initial decomposition
rate of the objective compound. Asshownin Table 1, theresult of thisstudy seemed alsoto
bein conformity with the conclusion. NMP, which hasthe highest &, Value, consumed
least O, for agiven value of TOCout/TOCin or TOC after IER. While the compound num-
ber was very limited and further verification studies are needed, the result in this study

1.0 100
— a’ ~
X
& o F90 |
= % =
O g 80
£ SN &
= OIPA - g 70 |
(=]
S apmso o < 60
= : 6 A o}
ONMP B
50
0.1 . .
1 10 100 0 2 4 Lv(r?'nh") 8 0
Effective O3/TOC(g0O;absorbed/gTOCin)
Figure 6 Effects of Lv on O, absorption rate
1000 ¢ 3
b LA
=
N o
& 100 EBA
= : QA Table 1 Calculated € o
5 : oA
& ] u] IPA DMSO NMP
o 10k
2 i ot

1 e N 0
1 10 100 (CH,),COH  (CH,),S=0

Effective O,/TOC(gO;absorbed/gTOCin)
Figure5 TOC removal and O;demand

€iomo  —11.052 -9.323 -9.151

Downloaded from http://iwaponline.com/wst/article-pdf/43/10/311/428758/311.pdf

bv auest

‘e BueA '\

315



‘e 18 BueA "IN

316

demonstrates that it is possible to estimate O, consumption for decomposing an organic
compound from its g,y vVaue. This result is very important since the treatability of a
substance could be estimated without experiment.

Effectiveness of waste gas utilization

O, absorption rate of the bubble reactor versus gas Lv (linear velocity) over the whole
experimental period is shown in Figure 6. The scattering of data was perhaps because they
were obtained under various experimental conditions. However, it is clear that O, absorp-
tion rate decreased with the increase of Lv. As the gas Lv increased from 2.8 m h? to
11.2mh, the O, absorption rate decreased from avalue around 90%to ca. 70%. That isto
say, ca. 10 to 30% O, produced was not utilized and had to be decomposed in the waste gas
treatment reactor. If dried air was used for O, production, the O absorption rate would be
much lower because of much lower O, concentration in the gas (only one sixth of that used
in this study). Since O, production accounts for amajor percentage of thewholeinitial and
running cost of an O4/H,0, oxidation process, it is important to reduce O, requirement.
One method for reducing O, requirement isto reuse the waste O, gas. The second reactor
(R2) was setup to treat further the effluent water from R1 with thewaste O,

Since the waste O, gas was fed with an gjector, it was difficult to measure gas flow rate
directly. Theflow rate of the reciuculation pump for driving gaswas used instead. Figure 7
shows the effects of recirculation rate on TOC removal under the following conditions:
IPA; TOCin, ca.7000ppb; pH, 6.6-6.8; effective O4/TOC of R1, 15; H,0,/O,, 0.20; water
flow rateto R1and R2, 1201 h™and 1101 h'L; gasflow rateto R1, 1201 h™1 (gasLv in R1:
5.6 m h™1). TOC after IER decreased from more than 300 ppb to ca. 200 ppb when the re-
circulation ratewasincreased from 0 to morethan 400 | h™L. Itisclear that the waste O, gas
fromR1waseffectively utilizedin R2. From Figure5it isclear that similar effectscould be
obtained only by raising the effective O5/TOC from 15to 20. The O, absorption ratein R1
was 80%. So it wasimpossibleto raisethe effective O,/ TOC of thetwo step oxidation sys-
temto 20 evenif al of theresidual O, gasfrom R1wasabsorbedin R2. Theresultindicates
that the two step treatment system devel oped in this study was more efficient than asingle
step system if same amount of O, was consumed. Similar phenomenon has been reported
by Furukawaet al. (1997) who found that organic compounds were removed with less O,
consumption by injecting O, into the reactor through multiple ports provided serially. In
this case, injecting O, through multiple ports could be considered as multiple step
treatment.

Figure8aand b show the effects of two step oxidation under controlled ORP by compar-
ing theresultswith those obtained in single step treatment. The conditions of two step treat-
ment were: TOCin, 7000ppb; ORP, ca. 800 mV; HRT, 0.33 h; gasflow rateto R1, 2401 h1
(gasLvinR1: 11.2mh1); recirculation rate of R2, 6001 hL; H,O, dosein R2, 2.95 mgl—L.
For the single step treatment, the conditions were as follows: H,0,/0,, 0.15-0.35; HRT,
0.33-1.8h. Since the effective O, absorption rate of R2 could not be obtained, the term of
O, dosagerate (O added/TOCin) was used instead of the effective O,/TOC. Figure 8aindi-
catesthat for IPA aTOC after IER of 100 ppb could be obtained at an O, dosage rate of 20
90,4/gTOC during two step treatment. Without ORP control in R1 and the second step treat-
ment, however, the O, dosage rate for the same TOC objective increased to 35 gO,/gTOC,
a40% up compared with the former case. That isto say, with the help of H,O, dosing con-
trol and the second step treatment using the waste O, gas from R1, atotal effect of saving
40% O, could be obtained. Asshownin Figure 8b, similar effects could also be obtained for
treating wastewater containing DM SO and NMP although the two compounds consumed
muchless O,
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Conclusion

The continuous two step O4/H,0,, oxidation system with ORP monitor incorporated for
H,0, dosing control was established for the purpose of wastewater reclamationin electron-
icsindustries, and its performance was eval uated on synthetic waste ultra pure water under
various conditions. ORP wasfound to be very sensitiveto the reaction state of the solution,
and avery sharp reflection point of ORP was observed near the point of optimum H,0,/O,.
When | PA synthetic wastewater wastreated, the ORP decreased suddenly from ca. 800 mV
to alittle more than 200 mV on approaching the optimum H,0,/O, of 0.15 from the lower
end. An ORP between 250 mV and 300 mV or 800 mV and 800 mV was proper for H,0,/0,
control. The treatability of the model substances wasin an order of IPA<<DMSO<NMP,
being consistent with the magnitude of &,,,),o- Waste O, gas from thefirst step was effec-
tively utilized in the second step, and the system with two step treatment was found to be
moreefficient that that of singletreatment. With H,O, dosing control by ORP and waste O,
reusein the second step, the system could save about 40% O, in comparison with the con-
ventional O,4/H,0, oxidation process.
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