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APPENDI X A
DESI GN CONS| DERATI ONS

1.0 | NTRODUCTI ON

The technology to treat hazardous and toxic wastes is
undergoi ng a profound transfornmation as a result of the new
regul ati ons and requirenments on discharge limts. Conventi onal
chem cal oxidation and activated carbon which have served the
i ndustry well for decades can not neet the nore stringent
regul ati ons, and innovative technol ogi es such as the advanced
oxi dati on process (AOP) have energed.

Advanced Oxi dation Process refers to the use of ultraviolet
[ight in conmbination with ozone or hydrogen peroxide or both to
generate a very reactive free radical such as hydroxyl radicals
(OH') to destroy the organic contam nants. The hydroxyl radicals
formed by ACP increases the rate of reactions over 100 to 1000
times higher than that observed with either oxidants or W
applied separately. As a result, many organi c conpounds which are
normal Iy resistant to powerful oxidants can be destroyed by the
AOP in a short time, and nost of the inherent shortcom ngs of
chem cal oxidation can be overcone. The oxidants commonly used in
the UV/ Oxi dati on process are ozone (0;) and hydrogen peroxide

(H0) .

Thi s Engi neering Technical Letter (ETL) discusses the
UV/ Oxi dation process for the treatnent of hazardous and toxic
wastes (HTW in aqueous nedi a.

1.1 PURPCSE

This ETL, intended for designers of AOP systens, provides
engi neering and detail ed design information for the application
and sel ection of an ACP system once the wastewat er
characteristics and site conditions are known.

The engi neering and desi gn procedures provided are applicable
to projects on HTWsites, Departnent of Defense (DoD) sites, or
for other Federal Agencies f or which the U S. Arny Corps of
Engi neers (USACE) is the responsi bl e design agent, and should be
adapted to the requirenments of other prograns.
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1.2 SCOPE
The following topics are covered in this ETL

Background on the LW Oxi dati on process,
Princi ples of operation,

LW Oxi dation applicability,

Desi gn consi derati ons,

LW Oxi dati on process controls and instrunentation,
Legal requirenents,

Treatability studies,

Sizing criteria,

Construction materials and installation,
Operating conditions,

Desi gn and construction package,

Oper ati on and mai nt enance nmanual s,
Procurenent, and

Status of AOP technol ogy.

1.3 REFERENCES

The information used in the devel opnment of this ETL is listed
i n Appendi x D, Bibliography. The sources of information include
research reports, industry literature, review of conparable
technical literature, university textbooks and di scussions with
manuf act urers and users.

1.4 BACKGROUND

The UV/ Ozone process was first used in the early 1970s. Its
use was limted to water purification. In the wastewater
treatnent field, UV/ OQzone (UV/ Q) technol ogy was devel oped for
cyanides in wastewater from el ectroplating and col or phot ographic
processes(*? . The technol ogy has al so been applied to the
destruction of m xed cyanides and organi c chem cal processes. In
1977, Rice and Browni ng®® reported that the UV/ Ozone process has
been used successfully at an industrial netal finishing plant, at
a US Air Force base and at a French affiliate of a large U. S.
chem cal conpany to renpve cyani de concentrations in plating
wastes. PCBs, which are highly resistant to ozone oxidation, also
have been reported to be destroyed rapidly by the UV Ozone
process. The technol ogy has been specified as Best Practicable
Control Technology Currently Avail able (BPTCA) by EPA®,
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At the sane tinme, during the period of Decenber 1976 to March
1977, the USACE Wat erways Experinent Station successfully
denonstrated the applicability of the LWQOzone process to the
treatnent of water contam nated with chlorinated hydrocarbons,
or ganophosphorus, organosul fur, and ot her organi c conpounds(5).

O her investigators have di scovered that LW Ozone and LW Hydrogen
Per oxi de processes were also effective for treating water

contam nated wth different types of organics including explosive
wast es, called pink water(6782910)

Since the early 1980s, the EPA*s Superfund |Innovative
Technol ogy Eval uation (SITE) program has utilized AOP in several
Super fund Denonstration sites to evaluate the technol ogy. EPA has
publ i shed positive results( 1213115

During the last 5 years, a |large nunber of AOP full-scale
installations have been used in both mlitary and industri al
sites for the renedi ati on of groundwater and industri al
wast ewaters. Typical contam nant cl asses destroyed by AOP
i ncl ude petrol eum products, industrial solvent-related organics
such as trichloroethylene (TCE), dichl oronethyl ene (DCE)
trichl oroethane (TCA), and vinyl chloride, PCBs, and expl osive
wast es(16:17:18.19  Npore recently, several full-scale inplenmentations
of ACP have been used at mlitary sites under the supervision of
the USACE for the renediati on of groundwater contam nated with
organi ¢ conpounds fromold nunitions arsenals and at an abandoned
i ndustrial chem cal plant(17:1819.20

1.5 THEORY

Chem cal oxidation processes involve oxidation-reduction
(redox) reactions which are essentially an exchange of el ectrons
bet ween chem cal species. This exchange of electrons affects the
oxi dation state (val ence) of the chem cal species involved. The
carbon bonds are broken as a result of this el ectron exchange,
and the organi c conpounds are either conpletely destroyed or
converted to smaller and typical |ess hazardous conpounds.

From a thernodynam ¢ standpoint, all organic conpounds are

anmenabl e to oxidation, given anple tinme and sufficient oxidant
dosage. However, oxidation reactions are inherently limted by
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their chem cal kinetics. Oxidation reactions are characteri zed
by:

1 Slow reaction rates with respect to target conpound(s), and

I Unaccept abl y hi gh oxi dant dosage requirenents due to the
presence of non-target conpound(s)

The need for a nore powerful oxidizing nmethod to overcone
t hese shortcom ngs has energed. Research studies have reveal ed
that kinetic limtations could be overcone, if a free radical

such as hydroxyl radical (OH') is used to carry out the oxidation
reaction.

Hydr oxyl radicals are generated by (1) hydrogen peroxide in
the presence of ferrous catalyst, (2) UV irradiation of hydrogen
peroxide, (3) W irradiation of ozone, or (4) conbining ozone
wi th hydrogen peroxi de.

WV radi ation in conjunction with hydrogen peroxi de or ozone
has gained a great deal of attention during recent years.
Hydr oxyl radicals, generated via UV photolysis of either hydrogen
peroxi de or ozone, or by the reaction between hydrogen peroxide
and ozone offers the foll ow ng advant ages:

1 They have hi gher oxidation potential than ozone al one or
hydr ogen peroxi de used separately; and

They are less selective in carrying out the oxidation
reaction. Therefore they are not restricted to specific

cl asses of contam nants as is the case with nol ecul ar ozone,
or hydrogen peroxi de.
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2.0 PRINC PLES OF OPERATI ON

2.1 | NTRODUCTI ON

Oxi dation processes involve the exchange of el ectrons between
chem cal species. In oxidation-reduction (redox) half-reactions,
the oxidation state of at |east one reactant is raised while the
oxi dation state of another is |owered equally. For exanple, the
degradation of cyanide by hydrogen peroxide in the presence of
copper is as foll ows:

HO, + ON - -- - = CNO + HO (2-1)

In the above reaction, the cyanide ion (CN) is oxidized to
cyanate (CNO) as it reacts with hydrogen peroxide. One el ectron
is transferred fromthe cyanide ion to hydrogen peroxide, and the
oxi dation state of cyanide is raised from-1to +1. At the sane
time, the oxidation state of the oxygen in the hydrogen peroxide
nol ecul e is reduced as it assunes a nore stable (lower energy)
formin a water nolecule. This increase in the positive oxidation
nunber occurs sinultaneously with a decrease in the negative
oxi dation nunber and the oxidation takes place concurrently with
reduction in a chemcally equivalent ratio.

The power of oxidizing species can be seen by conparison with
other oxidants with their oxidation potentials (E°) as shown in
Table A-1. The reduction half-reactions and the oxidation
potential are generally utilized to show the strength of the
oxidants in the treatnent of wastewater. The strength of an
oxi dant increases as the oxidation potential increases.

2.2 PRINCPLES OF ACP

2.2.1 Ceneral

AOP technol ogi es involve the use of an oxidant such as HO,
or O, with or wthout catalyst or in conbination with U/ light to
generate very reactive free radicals such as hydroxyl radicals
(OH) for the destruction of organic contam nants. Currently,
several well-known approaches have been devel oped to generate
hydr oxyl radicals:
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TABLE A-1

Oxidation Potential and Relative Potential of Common Oxidants

Oxidant Reduction Half-Reaction Potential E* V Relative
Potential V!"'
Fluorine
F, + 2H* + 2¢ ----- > 2 HF(aq) 3.06 2.25
Ozone
Acidic O; + 2H* + 2 ----- > 2H,0 + 0, 2.07 1.52
Basic O; + H,0 + 2 ----- > 0, + 20H 1.24 0.91

Hydrogen Peroxide

Acidic H,O0, + 2H* + 2¢e ---- > 2H,0 1.78 1.31
Basic HO, + H,0 + 2¢e ---- > 3 HO 0.85 0.62
Permangenate
Acidic MnO, + 4H* + 3e ----- > MnO, + 2H,0 1.67 1.23
Basic MnO, + 2H,0 + 3e ----- > MnO, + 40H  0.59 0.43
Chlorine
Cl, + 2e ----- > 2Cr 1.36 1.00

Hypochlorite

ClO" + H,0 + 2¢ ----- > CI + 20H 0.90 0.66

Oxygen
Acidic O, + 4H" + 4¢ --—--- > 2H,0 1.23 0.90
Basic 0O, + 2H,0 +4¢e ----- > 4 HO" 0.40 0.29

™ Relative to Chlorine (i.e., Chiorine is 1.0)
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1 Dar k- Based Honbgeneous AOCP
1 Li ght - Based Het er ogeneous AOP
I Li ght - Based Honogeneous ACP
These are discussed in the follow ng chapters.
2.2.2 Dark-Based Honbgeneous ACP

Dar k- Based honbgeneous AOP i ncl udes:

OH

Qzone at high pH 20, + HO ---- > OH + O + HOS (2-2)
Ozone + Peroxide: O + HO ---- > O+ O + HG (2-3)

( Per oxone)
Fenton’s Reaction: Fe'? + H.O ---- > FE® + OH° + O+ (2-4)

Not all dark-based honbgeneous AOP are discussed in this ETL
since the scope is [imted only to |ight-based AOP. However, the
cat al yzed hydrogen peroxide AOP is discussed to illustrate the
AOP principle. Dark based ACP do not utilize UV |light to assist
in the degradation of various organi c species.

2.2.2.1 Catalyzed Hydrogen Peroxide

Hydr ogen peroxide in the presence of a catalyst, e.g., iron,
generates hydroxyl radicals which react wwth organics and reduced
conpounds for the destruction of organic contam nants. In this
met hod, ferrous solution at 100 to 1,000 ng/L as Fe(lT), (usually
in the formof ferrous sulfate) is added to hydrogen peroxi de.
The ferrous solution is known as the Fenton*s reagent. One
hydr oxyl group per nole of hydrogen peroxide is generated in this
process as shown in equation 2-4.

The hydroxyl radicals are responsible for the initiation of
oxi dation reactions by attacking the organic conpound (RH). A
hydrogen atomis either abstracted fromthe organi c conpound
(such as saturated organic conpounds) or added to the organic
conmpound (such as aromatic and ol efinic conpounds) . The result
of hydrogen abstraction or addition is the formation of an
organi ¢ conpound radi cal (R°)(%22%22):

OH + RH ---- > HO +FR (2-5)
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The organic radical (R) can further initiate several chain
reactions. As an exanple, one of these chain reactions could take
pl ace wth avail abl e hydrogen peroxide to forma | ess hazardous
organi ¢ conpound, as sinplified by the foll ow ng reaction:

R+ HO ---- > ROH + OH° (2-6)

The hydroxyl radicals are known to :

be | ess conpound- sel ecti ve,
have nmuch hi gher rate constants, and
achi eve enhanced renoval rates of organic contam nants.

The reaction rate constants of common organi ¢ conpounds Vs
comon oxi dants and hydroxyl radicals are shown in Table A-2. As
shown in Table A-1, the oxidation power of hydroxyl radical is
relatively high (only second to fluorine) and is nuch higher than
t hat of ozone or hydrogen peroxide.

Study of catal yzed hydrogen peroxi de using Fenton*s reagent
on aromati c conpounds, such as phenols, shows that internediates
(al dehydes/ carboxylic acids) are formed. These internedi ates may
al so be further oxidized to nore stabilized products such as
carbon dioxide and water. This process is called
m neralization®. Internediate formation is a comopn occurrence
with AOP treatnent technol ogies. The end product of CO, HO and
salts may be obtained but typically at a higher cost. Sone of
internmedi ates are nore toxic than the parent conpounds,
therefore, intermedi ate products nmust be considered during the
desi gn process.

2.2.2.2 Peroxone

Anot her prom sing hydroxyl -radi cal - based process enpl oys
hydr ogen peroxide in conbination with ozone, terned “peroxone.”
The reaction of hydrogen peroxide with ozone fornms hydroxyl
radi cals. This approach has been observed to be nore effective
t han ei ther hydrogen peroxi de or ozone al one for the renoval of
sonme organi ¢ cont am nant s(?%24,
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TABLE A-2
RATE CONSTANTS OF COVMON ORGANI C COVPQUNDS

Conpound (O *CH HG,
Chl ori nat ed 102 to 10°% 10° to 10% 80- 800
Al kenes
Phenol s 103 10° to 10 800
N- cont ai ni ng 103 10° to 10 880
Organi cs
Aromatics 10 to 102 10% to 10%° 8- 80
Ket ones 1 10° to 10% 0.8
Al cohol s 1002 to 1 10% to 10° 10°2-1
Al kanes 102 10% to 10° 102
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A peroxone system may be the nmethod of choice for systens
whi ch inherently resist the absorption of UV light. It may al so
be applied to treat organi c conpounds which are nonreactive
toward ozone or hydrogen peroxi de al one.

2.2.3 Light-Based Heterogeneous AOP

Li ght - Based Het erogeneous AOP uses W/ light with a
sem conductor such as Titanium Dioxide (TiGQ) to generate
hydroxyl radicals (OH°) and hydrate ions (e, ). These are
di scussed in the chapters 4.

2.2.4 Light-Based Honbgeneous AOP

Li ght - Based Honpbgeneous AOP conbines UV light with either
ozone (UV/ ozone), or hydrogen peroxide (UV/ Hydrogen peroxide) or
both UV/ Ozone/ Hydr ogen peroxi de to generate hydroxyl radicals.

Anot her approach exists that uses hydrodynam c cavitation and
hydr ogen peroxi de to generate hydroxyl radicals known as CAV- OX®
Process(4,

Honogeneous photol ysis involves the use of UV light to irradiate
oxi dant(s) and contam nated waters. Before discussing the
mechani sm of the UV/ Oxi dati on process, a brief review of basic
concepts of photochem stry is presented.

2.2.5 Basic Concepts of Photochem stry

The UV radiation rays lie between the visible violet |ight
(less than 400 nnm) and X-ray wavel ength (greater than
approximately 180 nm). Three types of TN spectra are identified
as: long wave, or W-A which lies between 315 - 400 nm nmedi um
wave, or UV-B, which lies between 280 - 315 nm and shortwave, or
W-C, lying below 280 nni?®. At wavel engt hs between (200 to 280)
the spectrum has a germcide effect(?2:2) and can al so break the
bond (photol ysis) between hydrogen and carbon nol ecul es. The W
light spectrumis illustrated in Figure A-1.

2.2.5.1 Photon Energy

Photon energy is defined as a nassless el enentary particle
w th one quantumunit of spin that is the carrier of radiant
energy (as light or X-ray) (9,
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FIGURE A-1
(SOURCE 25)
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Phot ol ysis involves the interaction of Iight with nol ecul es
to bring about their dissociation into fragnents. During the
course of photolysis, the energy |level excitation occurs by the
absorption of photons according to the Einstein equation:

E = h< (2-7)

wher e E is the photon energy
h is the Planck*s Constant, 6.625x10%" erg-second
< is the frequency of the light,

The light frequency is defined as:
<=1¢/8 (2-8)

wher e c is the speed of light, 2.9979x10 cni sec.
8 is the wavelength of |ight, nm

For the bond to be broken in a nol ecule, the photon energy
(E) must be sufficiently high to overcone the nol ecul ar bond
ener gy.

2.2.5.2 Light Absorbance and Intensity

The degree of UV absorbance of an organi c conpound depends
primarily on its concentration and extinction coefficient. Wen a
i ght beam of known wavel ength (8) enters a nedium of path I ength
d, absorbance is defined as:

a=,¢Cd (2-9)

wher e ais the light absorbance (unitless)
, 1S the nolar absorptivity (extinction coefficient) in M
lem?! (per nole-centineter)
C is the nolar concentration of organic conpound in gram
nol es
dis the path length fromthe |light source in cm

The nol ar absorptivity (extinction coefficient), which is a
constant specific to the conpound and varies with the wavel ength
of the light, is a neasure of the probability that quantum
nol ecul e interaction will lead to absorption of the quantum As
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the extinction coefficient of a conmpound (at a certain

wavel engt h) i ncreases, the absorbance of UV |ight by that
conpound i ncreases. In general, nost organic conpounds, as well
as hydrogen peroxide, absorb UV light nore strongly at | ower
wavel engths. Figure A-2 illustrates the absorption spectrum of
selected pollutants in water and clearly shows the trend to

i ncreased absorption at | ower wavel engt hs(?®,

In the aqueous phase, extinction coefficients (or nolar
absorptivity) are simlar to the corresponding coefficients in
t he gas phase for both ozone and hydrogen peroxi de. However, in
t he aqueous phase, the extinction coefficients are generally
| arger than that of the gas phase.

Equation 2-9 indicates that |ight absorbance is first order
W th respect to the concentration of the organi c conpound. The
I i ght absorbance al so depends on the presence of other |ight-
absor bi ng conpounds such as suspended materials, sone dissol ved
salts, etc, whose effects have not been included in the equation.

For 1iquid-phase photolysis, the intensity of the entering
light at a distance (d) fromthe |ight source can be cal cul ated
usi ng Beer - Bouger - Lanbert | aw according to:

l,= 1, 102 (2-10)

wher e |, is the nmeasured intensity at a distance d in uWcn?
|, is the surface intensity of the lamp in uWcn?
ais the light absorbance as defined previously

Beer - Bouger - Lanbert Law applied to neasurenent of UV
intensity is illustrated on Figure A-3.

2.2.5.3 Quantum Efficiency

I n photolysis, the efficiency of the photolytic reaction (or
guantumyield) is defined as the ratio of the nunber of nvol ecul es
of the target organic conpound to be destroyed to the nunber of
phot ons absorbed by the conpound, in a fixed tinme period.
Normal 'y, maxi mum attai nabl e quantumefficiency is unity;
however, if the photolysis reaction initiates a chain reaction,
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BEER-BOUGER LAMBERT LAW APPLIED TO MEASUREMENT OF UV INTENSITY
FIGURE A-3
(SOURCE 25)
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t he quantum efficiency can be considerably greater than unity(?®,

Usual Iy, the quantum efficiency of unity could be achieved in gas
phase systens. | n aqueous phase systens, the quantum efficiency
is usually less than that of in the gas-phase systens.

The quantum efficiency of ozone and hydrogen peroxide in the
gas phase is 0.99 and 1.0, respectively. The quantum efficiency
for the photodi ssociation of both ozone and hydrogen peroxide is
much smaller in the aqueous phase than in the gas phase. In
wat er, the quantum efficiency decreases to 0.61 for ozone and to
0.50 for hydrogen peroxide at a wavel ength of 254 nni?®,

2.2.5.4 Absorption Spectrum of Hydrogen Peroxide

The maxi num absorption of UV radiation by hydrogen peroxide
occurs at about 200 nm and it decreases as the wavel ength
i ncreases. Therefore, one major drawback to the use of hydrogen
peroxide is its relatively low extinction coefficient. Figure A-4
shows the nolar extinction coefficient of hydrogen peroxide in
gas phase and aqueous phases.

The extinction coefficient (or nolar absorptivity) of
hydrogen peroxi de at 254 nmis approximately 19 M!cm?! This | ow
extinction coefficient translates into | ow absorption rates.
Most | ow pressure nercury | anps have a dom nant em ssion
wavel engt h at about 254 nm Wth these types of |anps, a
prohi bitively high dosing rate of hydrogen peroxide nust be added
to the systemto generate the required quantity of hydroxyl
radi cal s. However, in UV/ Hydrogen Peroxide systens, nedium
pressure high-intensity nmercury lanps with a wi der UV spectrum
(180-254 nm) or xenon | anps are used to overcone the |ow nolar
absorptivity coefficient of hydrogen peroxide. A conprehensive
di scussion of W lanps is presented in Chapter 4.

Phot ol yti c di ssociation of hydrogen peroxide to hydroxyl
radi cals can theoretically occur up to a wavel ength of 560 nm

This is the “Dissociation Threshold Wavel ength”. However, the
nmol ecul e nust absorb, if it is to dissociate. Hydrogen

A-16



ETL 1110-1-161

29 MAR 96
ABSORPTION SPECTRA OF HYDROGEN PEROXIDE IN
THE GASPHASE AND IN AQUEOUS SOLUTION
FIGURE A-4
(SOURCE 28)
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per oxi de does not absorb signifivantly above a wavel ength of 310
nm This wavelength is referred to as the “Absorption Threshol d”.

2.2.5.5 Absorption Spectrum of Ozone

Ozone has a nuch higher extinction coefficient than hydrogen
peroxi de. Figure A-S shows the nolar absorptivity coefficient of
ozone as a function of wavelength. In the aqueous phase, the
maxi mum nol ar absorptivity coefficient for ozone is 3,300 Mlcm!?
at 260 nm In the gas phase, however, the maxi num extinction
coefficient happens at approximately 2,850 Micm?! at 257 nm Due
to the high extinction coefficient of ozone, the | ow pressure
mercury |lanps could be used effectively in the UV/ Ozonati on
process.

Ozone can theoretically dissociate at wavel engths as hi gh as
410 nm but ozone does not absorb significantly at wavel ength
above 330 nm

2.2.5.6 Mechanisns of UV/ Hydrogen Peroxide Oxidation
In the UV/ Hydrogen peroxi de oxidation process, hydroxyl
radicals are forned by the follow ng reaction

HO + h< ---- > 2 O (2-11)

The maxi num absor bance of UV |ight by hydrogen peroxide
occurs at a wavelength of 200 nm UV radi ation of hydrogen
peroxi de, at a certain wavel ength, produces two hydroxyl radicals
per nole of hydrogen peroxide. Thus, hydrogen peroxide delivers
t he hi ghest concentration of hydroxyl radicals per nole of
oxi dant conpared to Fenton*s reagent (one HO®° per nole HOQO,).

For exanpl e, consi der hydrogen peroxi de photolysis in the
presence of t-Butano(®®. Hydroxyl radicals are forned in the
presence of UV light according to Equation 2-11. The hydroxyl
radical reacts with t-Butanol to forman organic radical
according to the foll ow ng equati on:

OH  + CH(CHy),COH ---- > CH(CHy),COH" + HO (2-12)
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ABSORPTION SPECTRA OF OZONE INTHE
GASPHASE AND IN AQUEOUS SOLUTION
FIGURE A-5

(SOURCE 28)
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The organic radical further reacts with the dissol ved oxygen
to yield an internedi ate organi c conpound:

O + CH(CH)CO0H° ---- > GCH(CH),CH (2-13)

The internmedi ate product further reacts to form nore hydrogen
per oxi de and ot her products:

2 OCH,(CH),C0H ---- > H,0 + OCher Products (2-14)

2.2.5.7 Mechanismof UV/Orone Oxidation

WV photol ysis of ozone at a wavel ength of 253.7 nm in the
aqueous phase, yields hydrogen peroxide via Equation 2-15
foll owed by reaction of the conjugate base, hydroperoxy anion
(HG,), with ozone to yield superoxide (.0O°) and hydroxyl radical
via Equation 2-17(29;

O + HO + h< ----> O + HO (2-15)
RO, + HO o2 Moo+ O (2-16)
o, + HO- ----> 0O + O 4+ o (2-17)

Super oxi de reacts with ozone to form hydroxyl radicals:
O + « + HO ----> 20 + OH + O (2-18)

The formed hydroxyl radicals enter a conpeting reaction with
ozone to form nore superoxi de according to:

O + OF + HO ----> O + HO + 0  (2-19)

In the absence of organic conpounds, Equations 2-15 and 2-16
are the initiation reactions, with equations 2-17 through 2-19
sinply representing the chain photo-deconposition of ozone. Wen
no organi ¢ conpound is avail able to consune the hydroxyl radical,
t he phot o- deconposition reactions of ozone proceed with high
guantum yi el ds.

In the presence of sufficient or excess organi c conpounds
(concentration greater than 0.0001 noles), the hydroxyl radical

A-20



ETL 1110-1-161
29 MAR 96

w || abstract one hydrogen atom (according to equation 2-5) to
forma water nolecule and an organic radical. This is, in turn,
foll owed by a reaction between the organic radical and oxygen to
yi el d organi c peroxy radicals:

R + O ----> RO (2-20)

These radicals could either photolyze to nore stable organic
nmol ecul es or regenerate further superoxide which reenters the
system by reaction with ozone via Equation 2-18. Repetition of
t he above process will ultimately |l ead to conpl ete destruction of
t he organi ¢ conpound.

As an exanple, the proposed nechani sm of nethanol degradation
i s discussed bel ow. The reaction nechani sminvolves an initial
attack of the hydroxyl radical on nethanol to abstract a hydrogen
atoni?® to give hydroxynmethyl radical («CH,OH). The resulting
radi cal reacts with dissolved oxygen to initiate a series of
oxi dative reactions as shown in Figure A-6.

The hydroxynethyl radical reacts with oxygen to form fornal -
dehyde. The hydroxyl radical attack on fornmal dehyde | eads to
formati on of internmedi ate conpounds and ot her radicals and
finally to formc acid. In the presence of nore hydroxyl radica-
Is, formc acid is eventually degraded to water and carbon
di oxi de.

2.2.5.8 Kinetics of Oxidations Reactions

The kinetics of chem cal oxidation reactions is generally a
function of the contam nant concentration. The UV/ Oxi dation
reaction rate can be represented by:

-r, = kG, (2-21)

wher e
-r, is the rate of oxidation of contam nant a, ng/L/m nute
k is the reaction rate constant, mnutes?
C, is the concentration of contam nant, ng/L

Equation 2-21 indicates a pseudo first-order reaction rate,;
i.e., the rate of oxidation of contamnant is directly
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MECHANISM OF METHANOL DEGRADATION
FIGURE A-6
(SOURCE 38)

CHOH+OH  —= CHPH+HPO
(Methanol)
O,

P ?

HO-CH;OH =5 H-C-H+HO,
(Formaldehyde)

OH

. 0, P .
H.O + HO-CH-OH —=H-C-OH + HO,
(Formic acid)
“oH
o, P
CO+ HO C-OH

A-22



ETL 1110-1-161
29 MAR 96

proportional to the contam nant concentration. The rate equation
i s independent of the reactor configuration.

The above equation could be integrated and rearranged in
terns of influent and effluent concentrations of the contam nant:

C.=C e (2-22)

wher e
C. is the contam nant concentration in the effluent, ng/L
C is the contam nant concentration in the influent, ng/L
J is the retention tinme, mnutes
e is the base of the natural |ogarithnms, equal to 2.71828
k is the reaction rate constant, mn!

The retention time refers to the length of tine the
contam nant in the water is exposed to the UV light wthin the
reactor. The rate constant is a nmeasure of how fast the oxidat-
ion reaction proceeds. The oxi dant (ozone or hydrogen peroxide)
is not a variable in the above equation; however, the concentra-
tion of the oxidant directly determ nes the concentration of the
hydroxyl radicals, and therefore, the speed of the reaction.

The rate constant is an enpirical constant which nust be
determ ned for every wastewater system at the specified oxidant
concentration. The rate constant could be derived by plotting
retention time versus In(G/C) with UV dose (kW/ 1000 gal s)
predeterm ned. The UV dose is derived fromretention tine,
reactor volune and | anp power. The slope of the Iine is equal to
the rate constant.

Cont ami nants which are easily oxidi zed are expected to have
hi gher rate constants than the difficult-to-oxidize contam nants.
For instance, a rate constant of 15 mnutes[-1 is reported for
per chl oroet hyl ene (PCE) which is a chlorinated organi c conpound
wi th doubl e bonds, using a UV/ Hydrogen Peroxi de systeni®. For
chl orinated organi cs w thout double bonds, such as nethyl ene
chloride and 1,1,1-trichloroethane, rate constants of 0.67 mnt
and 0.29 mnt! are reported (for the sane oxidation system
respectivel y3o,
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2.2.5.9 Internedi ate Conpounds

The reaction mechanismof AOPs is conplex and has not been
devel oped for all organic conpounds. The reaction nmechani sm
depends on the organic and inorganic species present and their
scavenger affect, their concentration, as well as the solution
pH. In the course of mneralization of organic conpounds to
carbon di oxi de, internedi ate conpounds of progressively higher
oxygen-to-carbon ratios may be forned®V. For instance, oxidation
of even sinple nol ecul es such as chloroforminvol ves the
formati on of internediates(?®. Such internedi ates nake the
conversion a mnulti-conponent process, even if single contam nant
exists in the feed.

Formation of internedi ates may be associated wth a change in
t he physi cal appearance of the water or a change in the system
paranmeters. For instance, formation of internediate(s) in
UV/ Hydr ogen Peroxi de treatnent of aromatic conpounds was ascer-
t ai ned by appearance of brown color in the solution®?. In the
oxi dation of chloroformand 1,3,5-trinitrobenzene, the formation
of by-products was determ ned fromthe systents pH droppi ng by
one pH unit ¥,

Oxi dati on of organi c conpounds generally proceeds accordi ng
to the follow ng pattern

| nt er medi at es
Organi ¢ Conpound ---> Al dehydes/Carboxylic ---> Carbon D oxide
Aci ds

Since the formation of internediate reactions nmay be harnfu
to the environnent or as toxic or nore toxic than the organic
conmpound itself, the renoval of any toxic internedi ates that are
formed nust be denonstrat ed.

Al'l AOPs have the potential to carry the original organic
conmpound, through a series of increasingly oxidized
internedi ates, to carbon dioxide. If conplete mneralization is
desired, analysis should be conducted on the treated water to
denonstrate not only conpl ete di sappearance of the organic
conpound but al so appearance of carbon di oxi de.
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I n UV/ Hydrogen peroxi de treatnent of aromatic conpounds, the
formati on of internedi ates was ascertained by the increase in the
W |ight absorbance(®*®. By adding sufficient hydrogen peroxide
and extending treatnent tine, the absorbing conpounds coul d be
el i m nated. Anal yses of sel ected conpounds by HPLC and GO/ M5
confirnmed the formation and destruction of several internedi ates.

Ozone chem stry suggests that organi c peroxides, unsaturated
al dehyde and epoxi des could be forned in the ozonation reac-
tions(?». For exanple, oxidation of malathion by UV Ozone will
generate highly refractory species of oxalic and acetic acid,
whi ch can be further oxidized to carbon dioxi de and water (V.
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3.0 UV/ OXI DATI ON APPLI CABI LITY

AOPs have been applied to a wde variety of wastewaters with
di fferent physical and chem cal characteristics. UV/ Oxidation has
been denonstrated extrenely effective in total destruction of
toxic and bio-refractory substances with the final innocuous
products as chloride, sulfate, phosphate, carbon di oxi de and
wat er. UV/ Oxi dation can economcally treat a broad range of
contam nants in concentrations ranging from several hundred ppb
to several hundred ppm In conjunction with photocatal ysts, sone
systens can treat contam nant concentrations of several thousand
ppm UV/ Oxi dation may be used either as a stand-alone unit for
full treatnent, or in a conbined treatnment train as prelimnary
treatment or post-treatnment to biological treatment and in sone
cases, to air stripping and/or activated carbon.

The followi ng contam nants are reportedly treatable by
UV/ Oxi dat i on.

Cont am nant Type Exanpl es

Aromati c Hydrocarbons Benzene, Tol uene, Ethyl benzene,
Xyl ene

Pesti ci des DDT

Wbod- Pr eser vi ng Pent achl or ophenol , Phenol

Conpounds

Chlorinated Solvents PCE, TCE, Methyl Chloride, DCE
DCA, TCA, and Chl oroform

Ordnance Conpounds TNT, RDX, HMX, Nitroglycerine,
Di ni trotol uene

O her Hydrazi ne, Vinyl Chloride, PCB*s

The overall econom cs of the treatnment and the structure of
organi ¢ conpounds will determ ne whether the UV/ Oxi dati on shoul d
be the sole nethod of treatnent or used in conjunction with other
treatment nethods. These will be discussed in the follow ng
chapters.
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3.1 SOVE PERFORMANCE DATA ON STAND- ALONE UV/ OXI DATI ON SYSTEMS
Tabl e A-3 presents sonme performance data on UV/ Oxi dation
systens. The performance data are fromstudies with pilot- and
bench-scal e UV/ Oxi dation systens, and fromexisting full-scale

systens as reported in the literature. Al references to
retention time or residence tine, in the follow ng sections,
refer to treatnent tinme and liquid hold-up in the reactor, and
not gas or gas and |iquid.

3.2 COMBINED (SHARED) TREATMENT TRAIN
3.2.1 As Prelimnary to Primary Treat nment

In conbined treatnent, UV/ Oxidation process is used as a unit
operation of the treatnent processes in the overall treatnent
train.

UV/ Oxi dati on may be used to renpove sel ected conpounds prior to
anot her treatnment process. In such cases, AOP is used as a pre-
treatnment step. For exanple, AOPs may be used to treat refractory
conpounds prior to biological treatnent to increase

bi odegradati on potential. Partial UV/ Ozonation of refractory
conpounds has been shown to increase their biodegradability.

AOPs may al so be used to renpve certain target organic
conpounds prior to carbon adsorption. This conbined treatnent
train will reduce the anount of carbon which may prohibitively
required for treatment by carbon al one(®,

UV/ Hydr ogen Peroxi de treatnent has al so been used in
conjunction with air stripping to renove chlorinated conpounds
such as perchl oroethylene (PCE), 1,1, 1-Trichl oroethane (TCA) and
met hyl chloride fromwastewater streans(®®. Since PCE is an easy-
t 0- oxi di ze conpound, UV/ Oxi dation can then be used to effectively
destroy PCE in a short tine (<1 mnute). On the other hand, TCA
and nmet hyl chloride, which degrade very slowy with UV/ Oxidation
will require a long detention time, making this technol ogy
expensive. In this case, U/ Oxidation and air stripping used in
series, would be the best approach. First, PCEis renoved in a
UV/ oxi dation system next, water is further treated by an air
stripper for the remaining chlorinated conpounds resistant to
oxidation. In this system UV/ Hydrogen Peroxide

A-27



ETL 1110-1-161
29 MAR 96

TABLE A-3a

AOP PERFORMANCE DATA

Tabulated Results of UV/Peroxide Systems

dimethylhydrazine)

_ Influent Effluent Reference
Contaminant Technology Cor}lc. Conc. g/l
Hg
BTEX UV/H,0, 36,200 BDL 35
Cl-Benzene perox-pure™ 8,800 BDL
Ethylbenzene 3,300 BDL
1,4-Dioxane UV/H,0, 1,800 20 36
perox-pure™
Methyl Chloride UV/H,0, 1 BDL 35
1,1-DCA perox-pure™ |1 BDL
1,2-DCE 187 BDL
1A,1-TCA 116 65
TCE 71 BDL
PCE 272 BDL
TCE UV/H,0, 66.3 BOL 35
1,2-DCE perox-pure™ 6.2 BDL
Chloroform 2.1 BDL
PCBs UV/H,0, 2.8 0.064 30
perox-pure™
Hydrazine UV/H,0, 180,000 <10 35
Acetone perox-pure™ 141 BDL
Phenol 14 BDL
Aniline 730 BDL
Bis. 2-EHP 170 BDL
TOC 31,000 2,000
1,1 DCA UV/H,0 60 <35 38
DCE Rayox®  [300 <70
PCE 200 <5
Vinyl chloride 240 <2
PCP UV/H,0 1,000 <10 38
Rayox®f:
BTEX UV/H202 5,000 <5<1 38
TPH Rayox® 4,000
DMA (dimethylamine) UV/H,0 30 <0.5 38
DMNA _ Rayox®R 600 <05
(Dimethylnitrosamine) 20 <0.014
UDMH (Unsymerical 1400 <200
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TABLE A-3b
Tabulated Results of UV/Ozonation Systems
Influent Effluent Reference
Contaminant Technology Conc. Conc.
Mo/l Mo/l
TOE uv/0, 160,000 1 34
1-2 DCE 114,000 1
PNA’s 51 BDL
TCE uv/0, 330 3.2 34
PCE 160 5.5
TCE uv/0, 52 0.6 36
1,1-DCA 11 3.8
1,1,1-TCA 3.8 0.4
Iron Complexed uv/0, 8,000 100 43
Cyanide

TOC uv/0 140,000 24,500

pH=5 420,000 |54.600
Benzene CAV-OX®] |226 87
Toluene Cavitation |[35.63 6.63
Xylene High-energy [86.47 8.84
Ethylbenzene process 3.5 1.15
TC 2,010 15.4
TCE Solox 22 <1 69
MEK Advanced |31 <1
Acetone Oxidation 17 <1
Benzene Process 5 <1l
1,2,4 Trichlorobenzene Sun River |260 10 41
PCP SR2000™ (1400 BLT
Benzene Sun River [160,000 10 41
Ethylbenzene SR 2000™ 120 6
Toluene 80 3
Xylene 41 2
TOC - TiO,  [150,000 2,700 42
Nuclear facility photocatalyti
Vapor recovery ¢ Oxidation
Benzene TiO,  [450 120 42
Toluene photocatalyti |600 92
Ethylbenzene c Oxidation |17 130
Total BTEX 1677 342
MTBE 11,000 3700
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TABLE A-3c
Tabulated Results of UV/Peroxide/Ozone Systems
Influent Effluent
Contaminant Technology Conc. Conc. Reference
mg/I mg/I
Metal Plating UV/H,0,/0; [350-450 20
Complexed cyanide
BTEX UV/H,0,/0, 14 0.0002
TNT and RDX UV/H,0,/0, {100 <1
Oil & Grease UV/H,0,/0, [60-100 15
VOCs inclding: UV/H,0,/0, |7 0.020
TCE 0.002
DCE
Methyl chloride
Org. solvents, UV/H,0,/0, [0.280- Meet
Pesticides 0.920 effluent
TCE 0.051- limits
Vinyl chloride 0.145
DCE, PCBs 0.42-.068
Methanol UV/H,0,/0, (200 3.2 105
TOC 75 1.2
Methylene Chloride UV/H,0,/0, (100 105
1 ,4-Dioxane UV/H,0,/0, (700 50 105
Ethylene Glycol 1000
Acetaldehyde 1000-5000
Phenol UV/H,0,/0; (150 40
PCP (Pentachlorophenol) 10,000 100
DIMP (diisopropylmethy UV/H,0,/0, [2.500 <0.01

Iphosphonate)
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followed by air stripping was found to be nore cost-effective
than either nethod of treatnment used separately.

3.2.2 As Post Treatnent

In sonme water treatnent processes, neeting very stringent
limtations on sonme organi c conpound(s) may not be technically
possi bl e. For instance, achieving |ow | evels of polychlorinated
bi phenyls (PCBs) in water through carbon adsorption is not
feasible. Wth a UV Ozone system as polishing unit, |low | evels of
PCBs in water can be achieved®,

In stripping systens, achieving very |low | evels of organic
conpounds may require high flowrates of air or steam hence, a
| arge stripping tower with air em ssion controls. In such a case,
UV/ Oxi dati on systens nay be enployed as a post-treatnment unit to
reduce the size of the air stripper. The water is treated first
wWith air stripping. The partially treated effluent fromthe
stripper can then be treated further with an AOP. Wth this
treatment scheme, the capital and operating costs of the overal
treatment should be economcally justified.

Anot her reason for utilizing AOP in a post treatnent or
polishing step is to |lower the chem cal dosage requirenents.
UV/ Oxi dation is a non-sel ective process, therefore pretreatnent
of the waste streamprior to using the AOP may |lead to an
econom ¢ benefit.

3.3 LIMTATION OF UV/ OXI DATI ON POCESSES

UV/ Oxi dati on Process has many advant ages as descri bed
t hroughout the ETL, however, the process has sonme limtations
whi ch i ncl ude:

I Poor performance on aqueous streans having high TN absorbance
background. Hi gh turbidity does not affect direct chem cal
oxi dati on.

1 Poor performance on streans having hi gh carbonates and

bi car bonat es (>400 ppm as carbonate) and dissol ved salts, because
t hese speci es act as free-radi cal scavenger (2D,
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I Volatile organic conpounds havi ng high Henry*s Constants and
| ow oxidation potential may be stripped out rather than destroyed
(i.e., TCAin U/ OQzone). Treatnent option of those conpounds nmay
be limted to UW/HO, treatnent wwth the addition of a catalyst.
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4.0 DESI GN CONS| DERATI ONS

The design of a UV/ Oxidation systemrequires speci al
consi derations. These i ncl ude:

Saf et y;

Process performance interferences;
Col I ection of required data;

M xi ng requirenents;

Tenper at ure contr ol

Oxi dant requirenents;

Catal ysts; and

Conbi nati on with other processes.

These issues are discussed in the follow ng subsecti ons.

4.1 SAFETY

| ncreasi ng awareness of health and safety issues has occurred
in recent years as a natural outgrowh of operational and
mai nt enance experience in facilities of all types, including
water treatnent facilities. Therefore, safety is a primary
consideration in designing or selecting a UV Oxi dation system for
treati ng a hazardous waste. The health and safety requirenents

identified in 29 CFR 1910. 120, 1910. 145 and ER 385-1-92 nust al so
be satisfied.

Engi neeri ng and design of an AOP nust consider the follow ng
saf ety aspects:

1 Safety for the AOP unit,
I Facility-w de safety, and
I State and | ocal safety regul ations.

Each of these issues is discussed bel ow

4.1.1 Safety for AOP unit

Safety considerations for the AOP unit involve protection
from hi gh tenperature surfaces, high voltage hazards, UV
radi ati on hazards, and noi se hazards.
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4.1.1.1 H gh Tenperature Hazards

Sonme ACP systens generate heat above 100°F on both the
process equi pnent and the treated water. Cooling system such as
bl ower and or heat exchanger may be required to cool the process
wat er. High tenperature surfaces nust be properly insulated to
protect plant personnel fromdirect contact with high tenperature
surfaces.

4.1.1.2 H gh Voltage Hazards

UV/ Oxi dati on systens usually operate on high voltage inside
the reactor, e.g., lowvapor nercury |anps operate at 400-600
volts, mediumvapor nercury |anps operate between 1,000 to 3,000
volts. Therefore, high voltage conponents should not be installed
in areas where they may becone wet; the UV unit shoul d have
safety features to protect personnel fromboth the UV radiation
and the high voltage supply. Safety interlocks should be
installed inside the cover panels of the UV | anps; mnechani cal
interlocks are required on the main door of the power supply to
the UV unit.

4.1.1.3 Utraviolet Radiation

The WV lanps in the reactor emt dangerously high | evels of
UV radi ation. Designs should include safety features to elimnate
the risk of exposing workers to such a hazard. To protect
personnel fromradiation, the reactor vessels should have covers
equi pped with safety interlocks to shut off the UV | anps when the
cover is open. Many reactor have side gl asses provided on the
reactor vessel for view ng during operation. This is not a safety
hazard in that the glass view ng port effectively prevents
transm ssion of UV |ight.

4.1.1.4 Noise Hazards

ACP systens that use air as process gas for the ozonator nmay
create noi se hazards when air conpressors are included. Designs
shoul d ensure maxi num noi se | evels are not exceeded.
Specification of maxi mum noi se |evels for each system conponent
is desirable. These include gas preparation devices, gas dryers
(refrigerant and desiccant) and ozone generators. Occupati onal
Safety and Health Adm nistration (OSHA) 29 CFR 1910. 95 and USACE
regul ati ons should be followed for designing controls to keep
noi se levels fromexceeding the AC@H TLV of 85 dBA (8 hr)
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4.1.2 Facility Wde Safety

Facility-w de safety must involve protection from hazards
associated wwth mercury spills, nercury | anp disposal, catalyst
di sposal, if used, chemcals (acid or caustic) and oxidants
(hydrogen peroxi de and ozone) handli ng.

4.1.2.1 Mercury Spil

The WV | anps are charged with small amounts of nercury. If a
| anp breaks, then the nercury spilled may constitute a health
hazard. Therefore the Health and Safety Plan shoul d address
mercury spill clean-up procedures, and nmercury spill kits should
be provided at the site.

4.1.2.2 WV Lanp D sposal

UV lanps age with tine. During routine maintenance, many
| anmps w Il be replaced and ol d ones should be di sposed of. Most
vendors and manufacturers accept used nercury |lanps for recycle
or disposal. If this option is not available in the contract,
current regul ations on solid and toxic waste disposal should be
foll owed for safe disposal of old UV | anps.

4.1.2.3 Catalyst D sposal

Sonme ACP systens use catalysts within the process to increase
oxi dation reaction kinetics. These catalysts will stay in the
process or will be recovered for reuse('”140.4)  UV/ Ozone use
catalysts in the ozone deconposer for the destruction of ozone
and VOCs in the off-gas streans(?::42, Sone catal ysts contain
toxic materials which require exhausted catal ysts be di sposed of
in accordance with the current regul ations. Catalysts type and
applications are discussed in section 4.8.

4.1.2.4 Hydrogen Peroxide Storage and Handling Facility

Hydr ogen peroxi de solutions are comercially avail abl e at
concentrations ranging from30 to 70 percent by weight. Hydrogen
peroxi de reacts violently with organics. |If contact with body
skin, hydrogen peroxide irritates and possibly causes chem cal
and/ or thermal burns on the skin. In contact with eyes, hydrogen
per oxi de sol utions can cause severe injury or even result in
bl i ndness. Storage and handli ng equi pnent for hydrogen peroxide
shoul d provi de saf eguards designed according to the recommended
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practices. Safety shower and eye wash shoul d be provi ded near
hydr ogen per oxi de equi pnent.

Secondary contai nnent i s recomended for hydrogen peroxide
storage areas. Safety neasures and contai nment should al so apply
to the storage of other chem cals such as acid, caustic and
catal ysts that may be used in the treatnent processes. Secondary
cont ai nnent shoul d be i ndependent for each of the hazardous
materials being stored to prevent frommxing with each other
materials if holding tank integrity is conpromsed. As part of a
spill and rel ease plan, containment is often reconmmended for the
tank area and the floor under the AOP unit area to collect any
potential |eakage and or spills. The water collected should be
recycled back to the headwork of the plant for subsequent
treatnent. In sonme cases nore stringent spill control may be
required.

4.1.2.5 Gaseous Orone Exposure

OSHA regul ations set the exposure |imt for ozone at 0.10
ppmv (8 hour TWA) and 0.30 ppnv (short term exposures limt,
STEL) . Bad seals may all ow ozone to | eak fromthe ozonator.
Excessive fouling of the residual ozone controller (ozone
destruction unit) can also raise the | evel of ozone em ssion in
the anbient air. For safety, use the STEL as the level that wll
require inmedi ate action be taken within the treatnent plant
facility to reduce ozone levels in the work-place atnosphere. The
foll ow ng points should be nonitored for ozone exposure:

1 Down-stream of the ozonator; and

I COccupied areas within the imrediate vicinity of the treatnent
systemto assure that possible | eaks of ozone into the atnosphere
are detect ed.

OSHA regul ations 29 CFR 1910. 145 requires that a notice nust
be posted at the entrance of the ozonator facility, which states
the foll ow ng:

OQZONE WARNI NG
| RRI TANT GAS
ADEQUATE VENTI LATI ON REQUI RED
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AVO D PROLONGED OR REPEATED
BREATHI NG OF GZONE

4.1.3 State and Local Safety Regul ation

The designer of an ACP system nust know all applicable state
| aws. Most states are authorized to set their own standards; many
states nmay have regul ations nore stringent than those in RCRA or
CERCLA. The stricter regul ati ons nust be foll owed.

4.1.4 QOher Safety Considerations
O her safety considerations for an AOP system i ncl ude:

Room venti | ati on,

Safety railing,

Renot e operating consol es,

Area and sign lighting,

Fl ood protection, and

Surveillance and intrusion detection systens.

Confined space entry should be limted to the greatest extent
possible but if it can not be avoided, refer to the U S
Department of Health and Human Services (N OSH) Publication
No. 87- 113, A CGuide to Safety in Confined Spaces.

4.2 PROCESS PERFORVANCE | NTERFERENCES
A nunber of process paraneters affect the perfornmance of
UV/ Oxi dation systens. The effects of these paraneters are
wast ewat er specific and vary fromone UV/ Oxi dati on systemto
anot her. The optinmum conditions should be individually determ ned
for each systemthrough treatability studi es and/or bench-scal e
t esting.

In general, the process paraneters can be grouped into the
foll ow ng categori es:

| nfl uent characteristics,
Operating conditions,

Mai nt enance requirenents, and
Treat ment goal s.
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4.2.1 |Influent Characteristics

I nfl uent wastewater characteristics include paraneters such
as influent pH background of UV absorbance, chem cal structure
and concentration of contam nants, free radical scavengers, water
stability, and color. Oher influent characteristics of concern
are suspended solids, soluble netals, and oil and grease. The
foll ow ng paragraphs di scuss these specific constituents.

4.2.1.1 |Influent pH Level

The optinmum condition for using UV/ Hydrogen peroxide,
UV Ozone, and conbination systens is different dependent on the
wast ewat er. The phot o-di ssoci ati on of hydrogen peroxide is
i ndependent of pH, however, the efficient use of hydroxyl
radicals is pH dependent. Influent pH |level controls the
equi | i brium anong carbonate, bicarbonate and carbonic acid. This
equilibriumis inportant to treatnent efficiency because both
carbonat e and bi carbonate are hydroxyl radical scavengers. The
rate constant for carbonate and bicarbonate with hydroxyl radical
is 3.9 x 108M!s-! and 8.5 x | 0°M!s-t, respectively. Hence,
carbonate is a nore efficient scavenger of hydroxyl radical than
bi carbonate?®. |f water has high carbonate and bicarbonate
al kalinity (greater than 400 ng/L as CaCQO,), the pH should be
adj usted downward to approximately pH 4. This is done by adding
equi val ent quantities of acid to the water prior to treatnent.
The carbonate and bi carbonate ions becone unstable at this pH and
will evolve as CO,. Since UV/Hydrogen Peroxide treatnent is nore
effective at acidic pH, lowering the water pHto a range of 4 to
6 to shift the equilibriumtoward carbonic acid formation and
consequent|ly reduce the carbonate and bi carbonate concentrations
shoul d benefit the UV/ Hydrogen Peroxide treatnent. However,
dependi ng upon econom cs of individual water, in sonme cases pH
adjustnment is nore costly than overcom ng the affect of higher
CaCO,. Cenerally, pH adjustnent requires neutralization for
di schar ge.

UV/ Qzone treatnent is generally nore effective at basic pH
H gh pH values tend to generate nore hydroxyl radicals, as
illustrated by Equations A-15 through A-19. Studies with
different wastewaters indicate that the rate of ozonation is much
nmore rapid at higher pH than at | ower pH Because of the
instability of ozone at high pH, higher ozone concentrations are
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required to maintain the desired ozone concentration in the
liquid wastewater. In practice, UV ozone treatment is generally
best at neutral or slightly acidic pH,

Since pH changes as wastewater travels through the
UV/ Oxi dation process during the treatnment, pH control during the
UV/ Ozone treatnent is not desirable, because organic acid is an
internmedi ate product fromall organic material. For exanple,
treati ng pentachl orophenol (PCP) with UV Ozone at pH 7-8 w |
rel ease the chlorine as hydrochloric acid (HCL), and with carbon
structure of PCP going to organic acid. The pH drops rapidly
because of acid formation but rises again as organic acids are
further oxidized to carbon dioxide, as evidenced by decreasing
TOC concentrations in the water. The final pHis around 5 as
result of remaining unoxidized HO which has been fornmed®.

Simlarly, the treatnment of groundwater contam nated with
several VOCs using W/ O/ HO technol ogy showed a pH increase from
0.51to0 0.8 units after the treatnent. This increase is due
probably to the reaction between OH' and bi carbonate ion in which
hydr oxi de i ons are produced(®¥,

When netals are present in the water, proper pH adjustnent
becones critical. Depending on the netals present, pH adjustnent
may form sol uble or insoluble netal hydroxides which may require
addi tional equipnent for solids renpoval prior to the W reactor.

4.2.1.2 UV _Absorbance Background

The UV absor bance background of the water is a neasure of the
transl ucency of the wastewater between a wavel ength of 200 nm and
400 nm It is a critical influent characteristic since the | ower
t he UV absorbance, the lower the UV requirenent for a given duty.
The use of ozone can be cost-effective especially for water with
hi gh background UV absorbance. UV absorbance background
information is useful in selecting a pretreatnent system and
speci fyi ng oxidant type and dosages.
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4.2.1.3 Chemcal Structure and Concentration of Organic
Cont am nant s.

Chem cal Structure: Under a given set of operating
condi tions, contam nant renoval efficiencies depend on the
structure of contam nants to be treated. Sone contam nants are
easy to oxidize, others are refractory to treatnent and woul d be
difficult to renove.

The UV/ Oxi dation process generate OH' which aggressively
attack all organic conpounds. The rate of destruction by OH' is
proportional to the rate constant for the contam nant wth OH'

Si nce organi c conpounds w th doubl e bonds (unsaturated conpounds
such as aliphatics, aromatic conpounds) have high rate constant
with OH', UV/ Oxidation is particularly effective to treat

chl orinated al kenes such as tol uene and benzene, chl oroal kenes
such as trichloroethylene (TCE) , perchloroethylene (PCE) and

vi nyl chlori de.

Sat ur at ed organi ¢ conpounds (single bonds conpounds) such as
1, 1-di chl oroet hane (1,1-DCA) , 1,1,1-trichloroethane (TCA)
tetrachl oride, and chl orof orm have smaller rate constants with
OH' and therefore are nore difficult to destroy. Direct
photol ysis attack of these conpounds by W (not by OH') is,
therefore, especially inportant since treatnment of these
wastewaters with UV/ Ozone or UV/ Hydrogen peroxide would require a
| onger detention tine, a high UV dose and possibly a
cat al yst (1217,

W/ G/ H,O, has high renoval efficiencies for 1, 1-
di chl oroet hane (1,1-DCA) and 1,1, 1-trichloroethane (1,1, 1-TCA)
However, the renoval is likely to occur primarily by stripping
due to high Henry*s Law constants of these conpounds*Y. O her
organi ¢ conpounds with single bonds and | ow Henry*s Law
constants, such as diethylam ne would be difficult to renove
because they are not easily oxidized nor stripped?,

As a general rule, organic conpounds w th double bond are
easy to oxidize while organic conpounds with Henry*s constant
greater than 10 atm nol fraction are considered easy to strip.
Oxi dation potential and stripping potential at standard
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condi ti ons of several organic conpounds are presented in Table
A-4.

Concentration: Contam nant concentrations usually effect the
use of power (kW of the treatnment system and the treatnment
system effectiveness. H gh contam nant concentrations require
hi gh UV and oxi dant dosage and/or a |onger detention tine.
Dependi ng on the conplexity of the organic, initial contam nant
concentrations will effect the treatnent performance. Pollutants
with only one or two carbon atons show little or no effect on
initial concentrations. Those pollutants with nore carbon atons
such as phenols, would show significant effect on the system
performance at high initial concentration. For exanple, treating
wat er contam nated with high concentrations of phenols > 2000
ppm wll not be effective with UV/ Oxidation alone since, at this
phenol concentrations, the COD is too high (>5000) and the WV
transmttance is insignificant. The treatnent will be nore
manageable with sequential treatnment with the first stage using
Fent on*s reagents to reduce phenols to bel ow 200 ppm fol | owed by
second stage using UV/ Oxidation.

Generally, for highly contam nated water, some ACP systens
operate in a flowthrough-with-recycle node to achieve a | onger
detention tinme, in which part or all of the effluent is recycled
back through the oxidation unit to inprove overall efficiency.
AOP systens that use high intensity UV | anps, and | ong detention
time will generate high heat in the reactor and a cooling system
may be required.

4.2.1.4 Free Radical Scavengers

Since the AOPs conbine W and oxidants to generate free
hydroxyl radicals (OH'), superoxide-anion (), and hydroperoxy-
radi cal (OH,') for achieving destruction of contam nants, as
di scussed in Chapter 2, any other species that consunes free
radi cals, leaving fewer of themavailable to react with target
conpound, is considered a scavenger and an additional energy | oad
for the system Sone of the nore comon scavengers include humc
materials, chloride ion (Cl) , carbonate or bicarbonate ions,
nitrites, sulphites (S0;2), sul phides (S?) , brom des, cyanides,
al kyl groups, and tertiary al cohol s(?28),
4.2.1.5 Water Instability
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TABLE A-4
Henry's Law Constants for Selected Compounds
Henry's Constant
H,, ATM - m¥mol
Stripping Oxidation
Compound Formula @25°C Potential Potential

Vinyl chloride CH,CHCL 6.38 Easy to Strip | Very Easy to Oxidize
Trichloroethylene CCHCL, 1.0x 102

-6
Pentachlorophenol | Cs(OH)CLs 21x10 Moderately Easy to

Oxidize
1,1,1- CCH®*cL® 7.0x10°
Trichloroethane
Toluene C¢H:CH; 6.0x 107
benzene CeHs 4.0x10°
Chloroform CHCL, 3.0x10° Difficult to
Strip

1,1,2- CCH,CL, 7.7 x 10"
Trichloroethane

-3
Bromoform Dieldrin CHBr3 6.3x10
Dieldrin -- 1.7x10°®

Source 80
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In sonme waters, with a small change in pH, tenperature or
redox potential, soluble inorganic chem cals such as cal ci um
iron and manganese wi Il precipitate out of solution. The net
effect of this phenonmenon is that the precipitates will coat the
gquartz tube of UV/ Oxidation systens, thereby reducing the U
transm ttance and causi ng poor performance of the UV system
Accordingly, sufficient contact tinme for a solid-liquid
separation nust be provided prior to the UV reactor to allow the
above-nentioned chem cals to be reduced to insol ubl e oxides
(i.e., iron hydroxide (Fe(OH);), manganese di oxide (MQ,) and to
al | ow subsequent renoval of the precipitate. For these reasons
pretreatnment may be required for proper functioning of
UV/ Oxidation units if iron concentration is higher than 5 ng/L.
UV systens using lowintensity UV | anps or equi pped with w per
systens may reduce pretreatnent requirenents. However, walls of
reactor can becone caked with the oxidi zed netals.

4.2.1.6 Color

Color in the visible range (above 400 nm does not affect W
transm ssivity. However, the organic conpounds such as tannic and
hum ¢ substances that give the water a color can absorb UV |ight
and reduce the anobunt of UV avail able for oxidation reactions.

Ozone is highly effective in color renoval, therefore,
U/ OCzone treatnent can be an effective col or renoval technique
for highly colored waters in addition to the organic renoval
However, the cost associated with the controls of stripped VOCs
and ozone in the off-gases should be eval uat ed.

UV/ Hydr ogen Peroxide treatnment is not effective in colored
wat er al though there is no quantitative color value that prevents
treatnent. Sonme UV/ Hydrogen Peroxi de vendors have devel oped
processes that use a patented catalyst to increase the |ight
absorption efficiency®. The catalyst is typically of iron-
based conmpounds, and when catal yzed by UV, the catalyst is broken
down into smaller nol ecules which strongly absorb UV light at a
wi der UV spectrum By a chain reaction between conponents and by-
products, the original catalyst is reconbined and is reused in
t he process.
4.2.1.7 Suspended Solids
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Suspended solids have a tendency to absorb UV |ight and react
with the oxidants in solution. H gh suspended solids |evels
reduce WV transm ssion, resulting in a decrease of the treatnent
efficiency. Suspended solids, either fromthe incomng feed or
generated during the course of oxidation, may precipitate and
coat the UV | anps. Water that contains nore than 30 ng/L of
suspended solids should be pretreated to renove solids. Depending
on the concentration and conposition, cartridge filters, sand
filters, or settling tanks nmay be used. Information concerning
sel ection and design of filtration systens is contained in USACE
ETL 1110-1-159, titled Filtration Treatnent Systens” dated 30,
Sept enber 1994.

4.2.1.8 Dissolved Solids

D ssol ved salts such as carbonate, bicarbonate, nitrite,
sul fide, brom de, and cyani de act as oxi dant scavengers. These
salts consune the oxidant which was intended for treatnent of the
target contam nants thereby increasing the oxidant requirenent.
Hi gh | evel s of dissolved salts (> 400 ppm need to be renoved or
reduced before treatnent is cost-effective.

Metals present in their reduced states such as trival ent
chromum ferrous iron, manganous ion, and several others, are
likely to be oxidized. These netals not only act as free radical
scavengers, but also cause additional concerns. For instance,
trivalent chromum (Cr*®) is oxidized to a nore toxic hexaval ent
chromium (Cr*®); trivalent arsenic As*™ is oxidized to nore toxic
pent aval ent arsenic (As*®); ferrous iron and nanganous ion may be
oxi dized to |l ess soluble forns and drop out of solution as
precipitates, which in turn strongly absorb UV |ight or deposit
on | anps and foul the quartz tube.

To avoid fouling, a sufficiently powerful cleaning mechani sm
and/ or netals renpoval should be provided. Since netals renova
i nvol ves extra equi pnent and/or chem cals, the econom cs of netal
renmoval should be conpared to (1) predicted decreases in
treatnment efficiency without netals renoval, and (2) the
econom cs of nore frequent WV | anp cl eaning or replacenent.

Nitrate ions tend to absorb UV light and reduce process
efficiency. For waters with high nitrate concentrations (> 10
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ppm, feasible solutions include nitrate renoval by ion exchange
or addition of peroxide with the use of a | onger wavel ength | anp.
Sonme vendor found that when nitrate ions cannot easily be
renoved, shifting the wavel engths by changi ng UV | anps may
prevent cations and ani ons from absorbing radi ation(*34_  But in
this case, the inpact on treatnent efficiency may be substanti al.

4.2.1.9 Q1 and G ease

Free or enulsified oil and grease above 50 ppmin the
i nfluent water slow down treatnent by conpeting with the target
conmpounds for hydroxyl radicals, increasing the UV absorbance of
the water, potentially coating the UV quartz sleeve(s) and
reducing W transm ttance. Hydrophobi c organi c conpounds such as
benzene wll preferentially dissolve in oil droplets or emulsions
and will not be treated by UV/ Oxi dati on processes. Excessive
anounts of oil and grease can al so be expl osive at high
tenperatures. This potential problemis applied to both | ow
intensity and high intensity UV | anps. Depending on the type of
oil and grease contained in the wastewater, oil and grease can be
renmoved by one or nore of the follow ng nethods:

APl separator,

Corrugated plate interceptor (CPl),
Di ssolved air flotation (DAF), or
Mcrofiltration.

Paranmeters that interfere wwth process perfornance are
summari zed in Table A-S.

4.2.2 Qperating Conditions

Operating paraneters may be those that are varied during
pilot-scale studies and/or during the treatnent process to
achieve the desired treatnent efficiencies. Flexibility such as
mul ti ple process units and or oxidant addition variability should
be provided in the full-scale system desi gn based upon the
estimated target conpounds influent concentrations expected
t hroughout the full design-life. Operation paraneters include:
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TABLE A-5

PARAMETERS AFFECTING UV/OXIDATION TREATMENT

Factors Affecting Treatment

Concentration of Concern

UV Interferences:

Nitrate (NO7) >10 ppm
Nitrite (NO7,) >10 ppm
Phosphate (PO,?) >1%
Chloride (CI") >1%
COD > 1,000 ppm
Ferrous lon (Fe*?) >50 ppm
Total Suspended Solids > = 30 ppm
Total Dissolved Solids >400 ppm
Oil & Grease > 50 ppm
Hydroxyl Scavengers:
Chloride (CL) > 1,000 ppm
Nitrate (NO7) >10 ppm
Carbonates (HCO,/CO,?)  |>300 ppm

Suiphites (SO,?)

> target contaminant

Sulphides (S?)

>target contaminant

Precipitates:

Calcium (Ca*?) >50 ppm

Ferric (Fe*®) >50 ppm

Magnesium (Mg*?) >1000
ppm
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Tenper at ure,

Oxi dant type & dosage,

Ozone/ Hydr ogen peroxide ratio (in U/ G/ HQO),
WV | anp wavel ength and intensity,

Addi tion of catalyst,

Hydraulic Retention Tinme (HRT),

Mode of operation,

W transm ssivity, and

Treat nent Coal .

4.2.2.1 Tenperature

I n oxidation reactions, as the tenperature increases, the
activation energy of the organic conpound increases, resulting in
an increase of the overall rate of reaction(®,

I n UV/ Hydr ogen peroxi de systens, the photolysis of hydrogen
peroxide is not influenced by tenperature, and the generation of
hydroxyl radicals does not seemto be tenperature dependent
either. Inproved efficiency of UV HO, has been observed at
el evat ed tenperatures(*3  however.

In UV Ozone systens, ozone will deconpose to oxygen gas at
t enper atures above 122°F, reducing the efficiency of hydroxyl
radicals formation. Elevated tenperature will also reduce the
di ssolution rates of ozone in water(?%42_  This tends to negate
reaction rate increases caused by elevated tenperature. If the
wast ewat er requires pH adjustnent, tenperature elevation is
possi bl e. For an efficient operation, UV Ozone shoul d operate at
a tenperature bel ow 122°F. Dependi ng on the type of WV | anps
utilized, elevated tenperatures may adversely affect the
transm ssion of UV |ight because of increased fouling. High
tenperature in the effluent may require cooling before discharge.

4.2.2.2 Xidant Type & Dosage

In UV/ Oxidation, the reaction rate is of positive order with
respect to the hydroxyl radical concentrations. Since these
radi cal s are generated from ozone or hydrogen peroxide, it is
expected that the rate of treatment will increase as the dosage
of oxidant(s) increases. However, increase oxi dants dosage does
not al ways inprove the treatnent performance. For exanple, in
UV/ Hydr ogen peroxi de systens, hydrogen peroxide nay act as a free
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radi cal scavenger by itself, decreasing the hydroxyl radical
concentrations, or absorb the energy inhibiting UV absorption on
contam nants for direct photolysis, if hydrogen peroxide is
present in excess. Zappi et al.® reported that when treating

wat er contai ni ng hydrazi ne and ot her rocket propellant waste with
UV/ Hydr ogen peroxi de, increasing peroxide dose had resulted in
better renoval of hydrazine, unsymetrical dinmethyl hydrazine
(UDVH) and nononet hyl hydrazi ne (MvH) except dinethyl nitrosam ne
(DWNA). Renpval of DWNA first increases with an increasing dose
of hydrogen peroxi de then decreases at the increasing dose of

per oxi de.

In solution, ozone undergoes two maj or categories of
reactions:

Those which are so rapid that the rates of ozone transferred
into the solution are limted only by the anobunt of ozone
supplied to the system the reaction is ternmed mass transfer
limted®. For exanple, ozonation (or deconposition) of

wast ewat er cont ai ni ng hydrogen sul fide, phenols, unsaturated
or gani ¢ conpounds such as free cyani de, hydrazi ne (HzZ),
nmononet hyl hydrazine (MVH), and unsymretrical di nethyl
hydrazine (UDMH) is very rapid, and thus reaction rates of

t hese conpounds are governed by the rate at which ozone is
supplied to the reactor.

Those which are slower than the nass-transfer rate, thus are
[imted by the reaction kinetics of the conpounds to be
oxidized, the reaction is terned rate transfer limted®. For
exanpl e, ozonation of acetic acid, urea, alcohol, fixed

cyani de, dinethylnitrosam ne (DWA), a by-product of the
ozonation of MVH and UDVH, is very slow even in the presence
of | arge excesses of ozone.

In UV/ Ozone, a high ozone application in a | ow organic
concentrations or limted rate transfer feed streamw || result
in an excess ozone in the off-gas. In sone systens, overdosing
can result in reconbination of oxidant or may inpact on process
paraneters such as system pH
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The opti num oxi dant dosage or nolar ratio of oxidants to
contam nants nust be derived from bench-scale or treatability
st udy.

4.2.2.3 Oxidant Ml ar Ratios

In W/ O/ HQO, processes, the nolar ratios of oxidants are
i nportant considerations. For exanple, treating water containing
TCE and PCE, a maxi numrenoval was observed when the nolar ratios
of ozone to peroxide equal two; the renoval was | ess significant
when the ratios differ®, Treating atrazine in river using
O,/ H,0, process, Paillard et _al.®V found that the optimal O/ HG,
ratio was 0.35 to 0.45. However, several factors may influence
the nolar ratio, i.e., hydrogen can act as scavenger by itself,
t hereby decreasing OH' concentration; Ozone can react directly
wi th hydroxyl radicals, exhausting both ozone and hydroxyl
radicals if ozone is present in excess. Optinmm oxi dant
proportions for maxi numrenoval vary with each water. These nol ar
rati os need to be determned for the water under consideration
usi ng bench-scale or treatability study.

4.2.2.4 UV VWavelength and UV Intensity

In the AOP, W radiation first is absorbed by an oxidant to
generate hydroxyl radicals before subsequent reactions with
organi ¢ conpounds by direct photolysis. The reaction of W
radi ati on on oxidants to generate hydroxyl radicals depends, in
part, on the wavel engths emtted by the UV light. Ozone absorbs
UV radiation well at a wavel ength above 253.7 nm which
corresponds to the radiation predomnantly emtted by a | ow
pressure nmercury-vapor, lowintensity UV |l anps. Unli ke ozone
absor bance, hydrogen peroxi de absorbance on UV radi ati on peaks at
200 nm whi ch corresponds to a nmedi um pressure W |anps. For this
reason, |low pressure W/ |anps are used in UV Ozone systens, while
medi um pressure UV lanps are normally utilized in UV/ Hydrogen
peroxi de systens to enhance hydroxyl radical generation(,

The rate of photol ytic reactions depends on the intensity of
the light. At low levels of illum nation, the photocatalysis
reaction rate is first order, and the overall reaction is rate
controlled. The absorption of photons is also first order,
therefore, it follows that the rate varies proportionally to the
l'ight intensity(®. Hence, increasing the UV light intensity will
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increase the reaction rate. Low level light intensity is used
when photon coll ection or photon generation is a major cost; in
such a case, lower intensity provides a cheaper treatnent Y. At
low intensities, the quantumefficiency is independent of |ight
intensity and remains fairly constant. At internediate
intensities, the reaction is not primarily rate-limted nor nmass-
transfer-limted (defined in the follow ng section), and the
reaction rate is expected to vary proportionally to the square
root of intensity (1%%. The quantum efficiency then varies as
the reci procal of the square root of intensity (i.e., 1[99
indicating an efficiency penalty for nore intense |ight sources.
Increasing light intensity results in increased reaction rates,
until the mass-transfer limt is reached. In processes where the
reactor cost is a major concern, it is worthwhile to increase the
light intensity to enhance the reaction rate (per vol une) bel ow
the mass-transfer limt.

When the light intensity is increased beyond a critical
val ue, the reaction shifts fromrate-controlled to mass-transfer-
controlled. At this point the rate of reaction does not change
with the light intensity and remains constant; thus the
efficiency varies as a reciprocal of the light intensity (1/1)
Recogni zing that for only as long as the reaction is bel ow the
mass transfer limt, increase of the light intensity wll
i ncrease the treatnent rate.

The transition point between these regines will vary with
each application and nust be explored for each UV/ Oxidation
system

4.2.2.5 Addition of Catalysts

Addi tion of catalysts may increase the rate of oxidation
reaction which is quasi-first order with respect to the catal yst
concentration. In photolytic reactions, stinulation of active
sites are acconplished by photons; hence, the rate of these
reactions are not considered to be a major function of catalyst
concentration. Once the light absorption is conplete, addition of
nore catalyst will not increase the reaction rate. Not al
UV/ Oxi dati on processes use catal ysts.
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Enhanced phenol treatnent rates have been observed when
catalysts, in the formof copper ion or ferrous iron, are added
to the system Addition of catalysts should be controlled since
excessive use of solid catalyst particles in the system may
reduce the absorbance of UV light. Details on catal ysts are
provided in Section 4.8.

4.2.2.6 Hydraulic Retention Tine

The hydraulic retention tinme (HRT) is the anount of contact
time between the contam nants with the oxidant and the UV |ight
in the reactor. The HRT is a function of the flowrate into the
reactor and can also be influenced by UV dosage and oxi dant
dosage. Hi gh HRT woul d achi eve a high renoval rate of al
contam nants. Sonme manufacturers use catalyst to inprove reaction
rate, thereby reducing the HRT. Since HRT depends on different
paraneters (i.e., UV dosage, oxidant dosage), treatability
testing data provides the HRT on the basis of applied UV energy
and oxi dant dosage.

According to Sol archem the residence tinme is not the key
design variable in sizing the UV Hydroxi de system The nost
i nportant design paraneter is the anount of energy applied to
produce sufficient hydroxyl radicals for further reaction.
Sol archem designs its UV systens using EE/O as a design
paranmeter. EE/ O stands for Electrical Energy consunption (kW)
per Order of nmagnitude (decade) reduction in contam nant
concentration in 1000 gallons of water by one order of magnitude.
The EE/ O conbines light intensity, residence tine, and percent
destruction into a single neasure. The EE/O all ows for scal e-up
to full-scale design and cost®®. Typical EE/ OGs for contam nant
destruction is shown in Table A-6.

4.2.2.7 Mde of Operation

The AOP systens can be operated in different arrangenents:
fl owt hrough node, flowthrough node with recycle, batch node,
and batch node with recycle.

The fl owthrough node is used in a honbgeneous UV/ Oxi dati on
systemfor water with | ow concentrati ons of organics, usually for
the range of less than 10 ppm The water is processed
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TABLE A-6
Typi cal EE/ Gs for Contam nant Destruction

EE/ O
Conmpound (kWn/ 1 000gal / or der)
1, 4-Bi oxane 2 -6
At razi ne 30
Benzene 2 -5
Chl or obenzene 5
Chl or of orm 15*
DCA 15*
DCE 2 -5
Freon 10*
| ron Cyani de 40
NDVA 2 -5
PCE 3-8
PCP 10
Phenol 5
TCE 2 - 4
Tol uene 2 -5
Xyl ene 2 -5
TCA 15*
TNT 12
Vi nyl Chloride 2 - 3

*  Reduction catal yst required
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continuously in a single pass through the oxidation chanber. The
fl owthrough node is illustrated in Figure A-7.

Theoretically, the nost efficient way to run a UV reactor is
in flow through node but if the water contains nore than 10 ppm
of organics, nore nodul es can be added to achieve a | onger
retention tinme or the systemcan be operated in the flowthrough
nmode with recycle. The contam nated water is processed by
si mul taneously injecting and withdrawi ng a constant percentage of
the waste while recycling around the |l oop for further reduction
of target contam nant concentration within the oxidation chanber.
Hi gh target contam nant concentrations require recirculation to
destroy the organics and by-product. Flowthrough with recycle
node is less efficient than straight flowthrough node. Not al
UV/ ACP vendors use the flowthrough with recycle node*”. The
fl owthrough with recycle node is illustrated in Figure A-8.

At lowinfluent flow rates, greater treatnment efficiency can
be achieved by a batch system In the batch node, contam nated
water is accunulated in a storage tank; water is recycl ed,
processed until analysis of the water shows that the contam nants
have been destroyed. Problemw th the batch node is that sone
vol atil e conpounds especially | ow boiling (high vapor pressure)
such as Freon-l-1 and vinyl chloride can easily be volatilized.
Anot her problem that can be encountered with batch node is
over heating. Mediumpressure U/ | anps generate heat energy that
can rise water tenperature above allowable | evels; when this
situation occurs, the tenperature control devices automatically
stop the W to the system The frequent stopping and starting of
the lanps will reduce the life of the UV | anps. Therefore, in
batch systens a cooling systenms, such as a heat exchanger, should
be added when a nedium pressure lanp is used (Il ow wattage | anps
do not need cooling system) . Also the reactor should be designed
wi th batch volunes and treatnent tines that allow for continuous
operation in order to reduce the nunber of |anp starts and stops.
In batch treatnents, a heat exchanger shoul d account for any
vol atilization. The batch recycle node is illustrated in Figure
A-9.

The sel ected node for operation of an AOP reactor depends on
the AOP manufacture design, the influent flow rates, the type of
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contanmi nants, the relative concentrations detected in the
i nfluent and treatnent goals.

4.2.2.8 W Transm ssivity

The aqueous stream being treated nust provide a good
transm ssion of U/ light. Factors that interfere wwth U
transm ssivity include:

col or,
turbidity, and
fluid density.

Both color and turbidity reduce UV transm ssion. |If the water
contains high dissolved netals, turbidity may i ncrease after the
treatnent. This increase is due to the oxidized netal
precipitates. Turbidity, however, does not directly affect
chem cal oxidation of the contam nant by ozone or hydrogen
per oxi de.

W light transmts through the water changes with the fluid
density. The lower fluid density the higher UV transm ssion.
Fluid density varies with the gas to liquid (GL) flow ratios;
the lower the G L ratios, the higher fluid density, with the
hi ghest fluid density in a wastewater system being approximtely
that of water.

4.2.2.9 Treatnent goals

UV/ oxi dati on can break down (mneralize) essentially any
organi ¢ conpound to carbon di oxi de and water. |In nobst
applications, this level of treatnent is not necessary. \Wen the
treatnent achieves the treatnent goals for target contam nants,
t he oxi dation by-products (typically |ow nol ecul ar wei ght
carboxylic acids, oxalic acids, and inorganic salt such as
chloride, sulfates) are typically innocuous materials causing no
probl emregarding toxicity and regul atory issues.

4.2.3 Mai nt enance

The process performance of an AOP system depends on the
operability and the reliability of the equipnment. Mintenance is
required to ensure consistent performance of the treatnent
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equi pnent. The mai nt enance requirenents are discussed in greater
detail in Section 10, Mai ntenance Requirenents.

4.3 COLLECTI ON OF REQUI RED DATA FOR DESI GN

Since the nature of the water being treated at each site is
different, specific data for design are required for each
application. The process design for the application and sel ection
of a UV/ Oxidation system can be grouped into the foll ow ng
cat egori es:

' Treatability studies, and
1 Site characteristics.

These issues will be discussed in the subsections bel ow.

4.3.1 Treatability Studies

Prior to the design of an AOP treatnent system | aboratory
or treatnent tests should be conducted. Treatability studies are
required to evaluate the technol ogy*s ability to treat organic
contamnants in the water at the site. Treatability studies al so
allow identification of variables affecting the AOP system
Vari abl es include pretreatnent, influent flow rate, tenperature,
pH, oxidant type and dosage, UV light intensity, m xing
intensity, hydraulic retention tinme, effectiveness of the
catalyst, if used, and post-treatnment, if required. Treatability
studies are discussed in details in Section 7.

4.3.2 Site Characteristics

Site characteristics can inpact the design and application
of the AOP technol ogy, and these effects shoul d be consi dered
before selecting the technol ogy for renediation of a specific
site. Site-specific factors include support systens, site area
and preparation, site access, climate, utilities services and
suppl i es.

4.3.2.1 Site Area and Support System

The site area should be adequate for the treatnment unit and
associ ated chem cal feed units. On-site facilities may be
required for office and | aboratory work. On-site buil dings
shoul d be equi pped with electrical power to run | aboratory
equi pnrent and shoul d be heated and/or air-conditioned, depending
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on the climate. On-site laboratory facilities should have

equi pnent to perform sinple anal yses and to nonitor treatnent
system perfornmance. Anal yses such as pH, total suspended solids
(TSS) , total dissolved solids (TDS), oil and grease (&G
ozone, HO, tenperature and chem cal oxygen demand (COD) may be
required.

4.3.2.2 Site Access

The site nmust be accessible to service vehicles and/or
trucks that deliver the AOP equi prment and chem cals such as
aci d/ caustic, HO, Oxygen, W |lanps and spare parts.

4.3.2.3 dimte

Most AOP systens are installed indoors, and because the
chem cal oxidation process generates heat, sone units produce
nore heat than others, heating or insulation is usually not
requi red. However, if the systemis installed outdoors, the ACP
units, chem cal storage tank, influent storage tanks and
associ ated pl unbi ng should be insulated to protect from freezing.
Housing the systemalso facilitates regular system checks and
mai nt enance. The hi gh-vol tage power supply, which is usually
required for the AOP, should al so be protected from heavy
precipitation.

4.3.2.4 Uilities

Uility requirenments include potable water, electricity, air
and tel ephone. Potable water is required for safety shower, eye
wash, personnel decontam nation, and cleaning field sanpling
equi pnent. Usually 480-volt, three-phase electrical service is
required to run a UV/ Hydrogen peroxide or a UV Ozone unit.
Addi tional electrical service may be needed for the office and
| aboratory building lighting as well as to operate on-site
| aboratory, wells punps and office equi pnent. G oundwat er
extraction well punps nay need air to operate. Gas may be
required for heating and for | aboratory works. Phone service is
required to order supplies, contact energency services, and
provi de normal communi cati ons.
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4.3.2.5 Services and Supplies

A nunber of services and supplies are required for the AOP
technol ogy such as UV | anps, punps, flow neters, and piping. An
adequate on-site supply of spare parts is needed. If an on-site
parts inventory is not an option, site proximty to an industri al
supply center is an inportant consideration. In addition, a 30-
day supply of chem cals, such as hydrogen peroxide, sulfuric
acid, and sodi um hydroxide, proximty to a supply center carrying
t hese chemcals is essential.

Conpl ex | aboratory services, such as VOC and SVOC anal yses,
are usually not perforned in an on-site field | aboratory. This
anal ysis requires contracting with an anal ytical |aboratory for
an on-goi ng nonitoring program

4.4 M XING AND OXI DANT ADDI T1 ON
M xing is enployed for the purpose of blending or conplete
di spersal of chemcals with water to create a honbgeneous, single
phase t hroughout the wastewater to insure uniform exposure of
pol lutants which are to be renoved.

M xi ng the waste stream and oxi dant(s) requires control,
since mxing intensities and rate of transfer can have a dramatic
effect on the way the waste streamis in contact wwth the AOP
process. WV light can be absorbed in a fraction of a centineter,
so it is inportant to exchange the treated water nearest the
quartz tube with untreated water nearest the reactor wall.
Typically, the reactors are designed for plug flow in which
m xi ng occurs vertically. There is no forward or backward m Xi ng
inside the reactor. Mxing requirenents are discussed in the
foll ow ng sections.

4.4.1 WY/ Hydrogen Peroxide System

UV/ Hydr ogen per oxi de systens generally m x the hydrogen
peroxide with wastewater via an in-line static m xer on the
reactor feed line. The engi neered reactor should insure and
expedite thorough m xi ng of the excess peroxide with the
contam nant streans. Sone vendors inprove the use of hydrogen
peroxi de by a dosing equipnment called "splitter". The peroxide
is mxed with a small volunme of the treated water fromthe
effluent of the oxidation chanber. The peroxide water m xture is
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split into several streans by a series of valves and fl ow
controls directed into the oxidation chanber at severa

| ocations. The turbulent flow patterns couple with critical

di stance fromthe TN lanp to the reactor wall are critical for
efficient consunption of reactants and optim zed energy supply.

4.4.2 W/ Ozone and UV/ Orone/ Hydr ogen Per oxi de System

W/ OCzone or UWV/ Ozone/ Hydrogen peroxi de systens provi de ozone
gas m xing through diffusers in the liquid waste streans. The
ozonized gas to liquid flowrate (GL) ratio is an inportant
design variable since it influences both the reactor size, mass
transfer in the reactor as well as the kinetics of the oxidation
reaction. The GL ratio can also influence both ozone producti on,
the sel ection of ozone diffuser and the mxing condition in the
reactor. For exanple, if air is used as ozonator processed gas,
the GL ratio is higher than that fromthe oxygen source. This
air flow variation can cause a difference in m xing patterns
i nside the reactor. When oxygen is used as the processed gas for
ozonation, a low GL ratios will result and the mxing regine, in
this case, is close to that of a plug-flow reactor. Wereas when
air is used as processed gas for ozonation, a high GL ratio wll
result, and the mxing regine is close to that of a m xed
reactor. In any cases, the flow through the reactor still mmcs
plug flow due to baffle and gravity flow over a weir. At high
ozone requirenents, the systemnmay be limted by the solubility
of ozone gas in the water. Such a system may al so cause gas
em ssion and possible stripping of VOCs fromthe water. For
reactions with positive-reaction order, plug-flow m xing
characteristics offer a higher treatnent rate than m xed reactor.
Since an ozone reaction has a positive order, low G L ratios
shoul d be considered. In addition to increasing the treatnent
rate, low G L ratios reduce stripping of volatile organics(3¥,
Gas flowrates that are too | ow decrease mxing in the reactor
and the gas tends to channelize and pass through the reaction
chanber w thout proper dissolution.
4.5 TEMPERATURE CONTROL

The performance of the UV/ Hydrogen peroxide treatnent process
usual ly favors high tenperatures up to certain point. |Increasing
t enperature above that point no | onger benefits the process
per f ormance(?®. Tenperatures that are too high may boil the
i nfluent water or over-pressurize the reactor, creating |leaks in
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the reactor cover gaskets and quickly foul the quartz tube that
hol ds the WV | anps, reducing process efficiency. Water
tenperature in reactors that use nmediumpressure, high-intensity
W | anps, may increase up to 5°F per mnute of detention tine.
Tenper at ure becones a potential problem when water nust be
recycled through the system several tinmes to renove contam nants.
Sone applications may require installation of a cooling system
such as a heat exchanger to avoid overheating the |iquid.

In UV Ozone systens, the operating tenperature of the
reactor is between 40 and 90°F. Because ozone is |ess soluble at
hi gh tenperatures, it is inportant not to add unnecessary heat or
W light to the UV reactor because both accel erate the auto-
deconposition of ozone as well as the desired chem cal oxidation.

The tenperature is usually nonitored at the reactor outlet.
Dependi ng on the AOP*s manufacturer, a tenperature sensor is
normal |y used to detect high tenperature condition and turn on
cooling system (blower or chiller) to cool the reactor or shut
the systemdown if the tenperature exceeds the high-alarm point.
A high-tenperature condition will cause the power supply to the
W lanps to trip or to shut off the ozone generator. In a rel ated
manner, excessive start/stop cycles on the unit may lead to
premature failure of the transformer and shorten the UV | anps
life.

4.6 MAJOR EQUI PVENT COVPONENTS OF AN OXI DATI ON UNI T
The UV/ Oxi dation system has the foll ow ng nmaj or conponents:

Reactor tank(s),

A UV radiation source,

An oxi dation source (ozone or hydrogen peroxide), and
Auxi | i ary equi pnment .

4.6.1 React or Tank(s)

Reactors are manufactured by each vendor to adapt to a
speci al | anp design. The shape and size vary with each vendor
Typically, a UV/ Hydrogen Peroxide reactor is conprised of a
chanber that houses the UV | anps protected in quartz sleeves, an
inlet on which process water, hydrogen peroxide and ot her
additives are introduced, and an outlet. Sone AOP manufacturers
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that use high intensity UV |l anps provide circular w pers
installed on the quartz tube housing the UV | anps, i.e., Rayox®
of Sol archem Envi ronnmental Systens, and perox-pure™of Wul can-
Per oxi dati on Systens.

The UV/ Ozone reactor has different configuration to
accommodat e the ozone contactor (also called diffuser or sparging
device) for ozone dilution. In addition, the off-gas nust be
treated to destroy any residual ozone and or VOCs before dischar-
ging to the atnosphere. UV/ Ozone/ Hydr ogen Peroxi de reactor has
the same configuration as that of the UV Ozone in addition to a
hydr ogen peroxi de feed systemthat provides hydrogen peroxide to
the reactor. An in-line static m xer disperses the hydrogen
peroxide fromthe feed tank into the feed line to the reactor. A
schematic of a UV reactor is presented in Figure A-10.

In general, the key issues to consider when designing and
selecting a UV reactor are:

I nfl uent Fl ow Rate

Hydraulic Retention Tinme (HRT)
React or configuration,

Nunmber of | anps, and

Maxi mum use of oxidants.

The follow ng sections wll discuss these issues.

4.6.1.1 |Influent Flowrate
The reactor should be designed based on the influent flow
Required plant flow data include:
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Average daily flow,
Peak- hour flow, and
M ni mum hourly fl ow.

Peak-hour flow is used to size the reactor; m ninmum hourly
flowis useful for tenperature and |anp controls; average daily
flows are inportant for estimating average utilization of the
system for operation and nai ntenance needs. In addition, the
react or design should be flexible enough to be operated in both
bat ch and conti nuous nodes of operation.

4.6.1.2 Hydraulic Retention Tine
The WV reactor volune is designed based on the foll ow ng
formul a:

Vv = Q X HRT (4-1)
wher e: \% = Reactor volune, ga

Q = water flow, gpm

HRT = hydraulic retention tinme, mnute

Hydraulic detention tine is discussed in the previous
Section 4.2.2.6.

4.6.1.3 Reactor Configuration

Reactors are manufactured by vendors to adapt to a speci al
| anp design. For maximum effect, the wastewater to be treated has
to be directed through the area of greatest UV intensity. This is
achi eved by creating plug-flow conditions by using baffles with
relatively high turbulence. In this way, the untreated water near
the reactor wall is exchanged with the treated water near the
quartz tube, and alnost all the UV intensity produced by the
| anps is absorbed by the water.

In general, two configurations are used: the horizontal
configuration and the vertical configuration. Each has advant ages
and di sadvant ages.

Hori zontal Orientation: In the horizontal option, the | anps
are in a subnerged horizontal position, so that effective
treatment of water is confined to the lanp arc length only.
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The advantages of horizontal |anp systemcited by nobst
manuf acturers are:

The upper lanp end is not convection heated.

Mercury does not pool at one lanp end, reducing | anp stress
during start-up, and thereby extending lanp life.

Leaki ng at the | ower chanber nounting or connection | ocations
i s reduced.

Oxi dati on chanbers can be stacked to increase system size
W t hout increasing system square footage (95)

Wastewater flow follows a serpentine pathway, thus achieving
good m xing pattern of a plug flow.

Sone commerci al vendor-desi gned reactors are shown in
Figures A-l1i and A-12.

Vertical Oientation: In the vertical option, the |anps are
suspended vertically within the reactor. Systens that use nedium
pressure nmercury |anps have one single | anp per reactor®; those
that use |l ow pressure nercury |anps have nultiple | anps arranged
in row(s) inside each conpartnent or stage('®.

The advantages of vertical |anp systemcited by nost
manuf acturers are:

I Better control of plug flow, as gravity flow is achieved by a
weir in each conpartnent;

I Only vertical orientation achieves diffuser subnergence which
is acritical factors in designing of ozone gas diffusion
contacting system and

I Access to W lamp(s) is fromthe top, therefore | ess service
area i s required.
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COMVERCI AL UV OXI DATION UNI' T
(COURTESY OF VULCAN PEROXI DATI ON SYSTEMS)
FI GURE A-11
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COWMERCI AL UV OXI DATI ON UNI T
( COURTESY OF SOLARCHEM)
FI GURE A-12

POWER SUPPLY

OUTLET

REACTOR
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4.6.1.4 The Nunber of Lanps

The AOP reactor mnust be designed to accommbdate a range of
flow variations including the peak hydraulic capacity. On nost
smal | systens, sufficient |lanp capacity is provided to neet the
pl ant *s maxi mum flow, and all lanps are fully utilized throughout
the entire flow range. On nediumand | arge installations, “flow
paci ng” may be used. Flow pacing is an equi pnment design which
allows lanmps to switch on or off depending on plant flow

The reactor size and di nensions should be designed to accommbdat e
the nunber of lanps utilized in the oxidation reactor. In a

mul ti chanber reactor, as nore chanbers are used, the flow regime
wi |l approach that of plug flow reactor. One 30 kW nedi um
pressure high-intensity | anp can replace 200 to 500 | ow pressure
| anps and should result in a systemthat requires a smaller
reactor and much | ess space. However, this conpact reactor may
require a cooling systemto nmaintain the reactor tenperature
bel ow a desired set point. Also, the operating cost to run the
one 30kW Il anp may be the sanme or greater than that for the 200-
500 | ow pressure bul bs dependi ng upon efficiency.

4.6.1.5 Mxinmum Use of Oxidants

The UV reactors should al so be designed for nmaxi mum use of
oxi dants. UV/ Qzone uses diffusers to dissolve ozone into the
wat er. Since a nunber of techni ques exist for ozone dissol ution
in the liquid, reactors should be designed to accommobdate the
di ffusers that give maxi num use of ozone. Fine bubble, disc type
diffusers with bubble size between 2 and 3 mm nay be used for
di spersing the gas(*®. EPA Desi gn Manual, Minicipal Wastewater
Di si nfection, 1986 should be consulted for sizing the ozone
di ffusers.

O her factors that effect the use of oxidants (ozone)
i ncl ude:

1 Mass transfer, and
1 Rate transfer.

Treating a wastewater whose reaction is mass-transfer

[imted, one stage of the reactor or flowthrough node should be
used. For those wastewaters which contain materials whose
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oxi dations are reaction-rate limted, nultiple-stage flow
reactors are preferred. Wiether an AOP treatnent is nmass transfer
or rate-limted may al so change with the production of

i nternmedi ate conpounds during the treatnment. The treatnent
process may be designed to optim ze the mass transfer and kinetic
characteristics for a particular wastewater. It is inportant to
m nimze the anmount of ozone required for the specific purposes
for which ozone is used.

I n UV/ Per oxi de, hydrogen peroxide is injected into the
influent line to the reactor. M xing of the hydrogen peroxide
with the influent raw water is achieved by an in-line static
m xer installed in the influent |ine downstream of the hydrogen
peroxi de injection point. Sone vendor designs the reactor with
flexibility to split hydrogen peroxide injection in nultiple
poi nts for maxi mum use(!?,

4.6.2 UV Radiation Source

The previous sections discuss the W |light source, and the
requi red wavel ength for the photolysis of oxidants and contam -
nants. This section discusses the type of lanp that will provide
t he wavel ength and intensity necessary for photochem cal
reaction.

W | anps are made of quartz glass and filled with | ow or
medi um pressure nercury-vapor and argon. When the cathode is
energi zed, a lowpressure W lanp emts the majority of its
phot ons at 253.7 nm wavel ength, and nedi um nercury-vapor | anps
emt radiation at a wi de wavel ength spectrum A spectra
distribution of high-intensity, nmediumpressure nercury lanps is
presented in Figure A-13.

Since UV radiation attenuates very rapidly as function of
distance in a liquid, and the photocatalysis is presuned to be
occurring primarily in the liquid filmas it is swept by the W
transfer surface of the bul bt?, the path | ength between the
quartz sleeve and the reactor wall should be sized to allow for a
reasonabl e fraction (>0.9) of the light to be absorbed.

A- 68



Relative Output

COURTESY OF HANOVIA

SPECTRAL DISTRIBUTION MERCURY LAMP

ETL 1110-1-161
29 MAR 96

FIGURE A-13
100
UV REGIONS:
] — ()(y {e— uv.c —1 v~ UV-A ——-———+—-—ws%5—-| 700NM

o ? 280NM 320NM 400|NM

80 —

o —

60 —]

50 —

40 —

-

© —

20 —

10—

a lll.l,l.ulll 1
1 111 11171757111 T I
120 230 260 270 280 290 300 310 320 330 340 350 390 430

Nannmetars

A- 69




ETL 1110-1-161
29 MAR 96

Standard single-pin or four-pin, slimine, UV tubes with
i nst ant aneous-start, energy-saving ballasts certified by American
Nat i onal Standards Institute (ANSI) and Underwiters Laboratories
Inc. (UL) , should be specified. Sone new applications utilize
el ectronic ballasts which tend to operate the | ow pressure
mercury lanp close to 40°C. The vendor clainms that this type of
| anp draws | ess energy and | ast |onger as conpared to
el ectromagnetic ballasts, which | ast about 15 years. For design
pur poses, the designer should consult manufacturer rated
l[iterature and average UV output after 100 hours when perform ng
UV dose conput ati ons(4®,

Manuf acturers and desi gners nust always give consideration
to the practical inplications of |anp nmaintenance and
replacenent. Access to the |anp nust be sinple and safe with each
system desi gn. An universal feature is to use the quartz jacket
to house the lanp itself. The Quartz jacket isolates the |anp
fromthe agueous environnment while allowing intimte exposure of
the water to the UV energy.

Quartz jackets in vertical |anp systens are typically
constructed with “test tube” ends so that only one end of the
j acket needs to be accessed for |lanp servicing. The UV | anp
slides into the quartz jacket and is held centrally using spacers
whi ch al so serve to prevent the lanp fromrattling under the
effect of water flow. Horizontal -nmounted | anps such as
manuf act ured by Peroxidation Inc., have both ends of the quartz
t ube open.

The treatnment zone of a UV lanp is the length of the arc
est abl i shed between the el ectrodes of the | anp when the nercury
lanmp is activated. The lanp is identified by its arc |ength.
Commercial WV | anps have 76.2 ¢cm (30 in), or 147.3 cm (58 in) arc
| engths. Proprietary |anps have different arc lengths. UV arc
length is illustrated in Figure A-14.

Five types of nmercury lanps are available with significant
out put between 180 nm and 300 nm These are:

1 Low Pressure Mercury Lanps,
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Medi um Pressure Mercury Lanps,
Pul sed- Xenon Fl ashl anps,

Exci mer | anps, and
Proprietary Lanps.

These | anps are discussed in the foll ow ng sections.

4.6.2.1 Low Pressure Mercury Lanps

Low pressure nmercury | anps operate at | ow pressure (10-2
torr or 0.2psi) and low tenperatures, typically 40°C. These
| anps have | ow power inputs in the range of 20Wto 120W They
generally have long lifetinmes in the range of 6,000 to 10, 000
hours. About 90 percent of the light output is centered around
254 nm with an electrical efficiency of around 30 percent. There
is also a significant output at 185 nm Since alnost all of the
output is around 250 nm the absorbing species nust have
significant |ight absorption at this wavel ength(?4)  QOzone
absorbs very strongly at 254 nm hence these | anps have found
w de use in UV/ Ozone systens.

Low pressure | anps al one are not particularly effective for
treating refractory conpounds such as chlorinated al kanes whi ch
require light of wavel engths bel ow 240 nm for the photolysis.
Because of the | ow power provided by each | anp, a | arge nunber of
| anps would be required to treat water at reasonable flow rates.

The advantages of the | ow pressure | anps are:

Hi gh el ectrical efficiency (30%
Long life tine (6000-10,000 hrs), and
Less fouling.

The di sadvant ages are:

Low efficiency for direct photolysis of sone pollutants;
More |l anps are required for the sanme service; and
Potential high cost of used |anps disposal (large nunber)
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4.6.2.2 MediumPressure Mercury Lanps

Medi um pressure nercury | anps (MPM.) operate at higher
pressures and tenperatures than | ow pressure |anps. The bulb
tenperature is typically in the range of 400 to 600°C and even
hi gher. The lanp lifetine is shorter than that of the | ow
pressure | anps, the range is about 3,000 to 4,000 hours. MPM. do
not put out the majority of their UV Iight in one wavel ength
region as do | ow pressure nercury |anps. MPM. generate a broad
spectrum output with strong peaks in the 360-370 rim 300-310 nm
and 250-270 nmranges. In addition, sone MPM.L put out a broad
band of noderate strength between 190-240 nni?®,

The advantages of the nmedi um pressure | anps are:

Fewer | anps than | ow pressure | anp systens,
Fast reaction, hence | ow HRT, and
Di rect photochem cal oxidation of some contam nant species.

The di sadvant ages are:

1 Low el ectrical efficiency (5 to 20%, hence higher electrical
costs,

I More prone to fouling due to high tenperature, and
1 Hi gh heat out put.

4.6.2.3 Pul sed- Xenon Fl ashl anps

The Pul sed- Xenon fl ashl anps have a maxi num out put at 230 nm
and significant output at wavel engths as | ow as 200 nm These
| anps operate in pul sed node with peak intensities much greater
than those of continuous nercury-vapor |anps. The pul se duration
is typically in the mcrosecond tinescale while the interva
bet ween pulses is on the order of mlliseconds. The xenon
pul sed-pl asma flashlanp emts short wavel ength UV |ight at very
high intensities. UV light generated can be increased by
increasing the current density to the |lanp. The el ectrical
di scharge quickly heats the fill gas to a high enough tenperature
(> 13,000°K) to create a plasnma that emts black body Iight
characteristic of its tenperature. The efficiency of |ight
out put at 300 nm per energy input is 18.6% for Xenon |anp. The
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xenon flash | anps al so produce nore out put bel ow 240 nm than do
the medi um pressure nercury |lanps. Practical efficiencies,
however, are around 20 percent.

Uni que features of pulsed | anps include the ability to cone
to full power immediately, and the ability to shift the spectrum
of a single lanp sinply by changing the peak pul se power. Since
the | anps nust operate at very high current densities to give the
20 percent UWV-C output, this strains the |anps and reduces the
lifetime to the range of |ess than 1000 hours(??:49  The short
lifetime makes these | anps quite expensive.

4.6.2.4 Exciner Lanps

Excimer lanps emt | owwavel ength UV [ight at 172 nmfrom
the excited Xe, dimer. These sources, |ike | ow pressure nercury
| anps, operate in glow di scharge node where the fill gas is near
room tenperature. Wen Exciner emts a photon it dissociates, and
thus the |ight cannot be reabsorbed because no ground state of
t he excinmer exists. Excinmer |anps have an efficiency ranging from
5 to 30 percent. Applications of Excinmer |anps for |arge-scale
treatnent systens are not yet commercially marketed. Therefore,
very limted information on the lanps is avail abl e.

4.6.2.5 Proprietary Lanps

Some commerci al advanced oxidation suppliers use proprietary
| anmps whi ch have inproved |ight operating characteristics of
medi um pressure nercury | anps. Sone of these proprietary |anps
operate at higher power densities than do the conventi onal
medi um pressure |anps. This results in a smaller |anp size for
the same power input and al so provides an inproved efficiency and
spectral em ssion. The operating tenperatures of these |anps are
in the range of 700 to 1,000°C. The | anps can have UV-C
efficiencies of about 39 percent, and emt strongly bel ow 240 nm
This nakes the lanps nore effective in the direct photolysis of
speci fi c conpounds that absorb well at shorter wavel engths.

The advantages of using a nediumpressure, high-intensity W
| anp are:
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Reduce mai ntenance cost for replacing UV |l anps (less |anps),

Ability to design a nore conpact treatnent system

Ability to destroy refractory pollutants at higher
concentrations, and

Make a | anp sl eeve cl eani ng nmechani sm econom cal ly
justifiable.

The di sadvantages of using this type of |anps are:

Hi gher tendency for fouling wthout proven w per,

| ncreased power requirenent,

H gh heat output due to | ow energy efficiency, and
| ncreased burnout rate.

Sone vendors claimthat nmedi um pressure proprietary |anps do
not have increased power requirenent or high heat output because
the efficiency of these lanps is as good or better than that of
| ow pressure WV | anps(17, 33).

4.6.2.6 UV Radiation Measurenent

Applying UV to the AOP processes requires determning the
flux of photons emtted by |lanps. Determ nation of the flux can
be performed using actinonetry or radionetry. The UV radiation
dosages are expressed as the product of UV Iight photons and
exposure tine.

The dosage of UV radiation applied is expressed as watts of
absorbed radi ati on energy per liter. The anmount of UV energy
normal |y applied for this process ranges fromO0.44 to 1.32
watts/L at anmbient tenperature. The UV dose is calcul ated as
fol | ows:

UV dose =1 xt (uWsec/cnt) (4-2)

Wer e, I W intensity (uWcn¥)

time of exposure, mn't
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In measuring W intensity, manufacturer*s literature should
be consulted to find out how nuch UV energy at specific
wavel ength is emtted. For exanple, one systeminputs 36 watts,
but average UV output intensity (1, emtted is 10.4 watts. W
energy emtted in mcrowatts/ per square centineter (uw cnf) can
be cal culated at the surface of the | anp based on the | anp*s
effective arc length. The lanp in this systemis 96. cm (36 in)
long (effective arc length is about 81 cm (32 in) long and has a
dianeter of 1.9 cm (0.75 in) . The lanp surface output is 10.4
watts divided by the effective |lanp surface area (8lcmx B x 1.9
cm which gives |, = 21,880 uw cnt.

4.6.3 Quartz Jacket C eaning

Wast ewat er often contains oil and grease and organic and
inorganic materials which may forma coating on the quartz jacket
in the UV reactor if the wastewater is unstable. Fouling of the
quartz surfaces wll block the UV transmttance into the water
and poor performance of the UV unit will result. The | ength of
tinme before the sleeves foul is dependent on the applications but
can vary from2 to 5 weeks. It is essential that the quartz
sl eeves remain clean during operation. Therefore an acceptable
system nust be devel oped to clean these surfaces. Currently
several cleaning nethods are avail abl e:

D sassenbl vy,

Chem cal cl eani ng,

U trasonic cl eaning, and
Mechani cal w per

4.6.3.1 Disassenbly

This nmethod consists of a nobile stainless steel cleaning
tank which is sized to accomopdat e several conplete UV nodul es.
The tank is usually equi pped with a rack above the tank to hold a
nodul e above the cleaning liquid. Ceaning solution is usually a
weak acid. To clean the jackets* surfaces, the operator has to
di sassenbl e conplete UV nodul es and | ay them above the rack. Each
i ndi vidual jacket is cleaned manually. This nmethod provi des cl ean
j acket surfaces but may present a down-tinme problem The
di sassenbly option |leads to potential problens wth disposing of
cl eaning solution, particularly the weak acids.
4.6.3.2 Chem cal J eaning
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This nethod uses a punp to circulate a cleaning solution
around an isol ated reactor tank. The punp shoul d provi de enough
head to create scouring action around the UV jackets. This
met hod requires shutting down the UV unit and isolating it from
the influent water during the cleaning. Ceaning cycle varies
from4 to 6 hours for a light-to-nmediumbuild-up and 12 to 24
hours for a heavy sedi nent build-up. The chem cal wash is nade up
of a very dilute solution of anhydrous, fine-granular citric
acid. After conpletion of the chem cal wash, the process tank
shoul d be flushed out and rinsed with clean water. Flushed water
may contain undesirable contam nants and shoul d be recycl ed.
This technique can effectively clean the UV jackets in place
wi t hout renoving the UV equi pnment fromthe reactor.

4.6.3.3 Utrasonic d eaning

Thi s techni que uses ultrasonic waves to clean the quartz
tubes without the need to interrupt the treatnent process. The
ultrasonics may be operated on a tinmed cycle to serve both a
cl eani ng schedul e and prevention of the formation of scaling on
j acket surfaces.

The advantage of the ultrasonic cleaning to other cleaning
methods is that it apparently has no adverse effect on the life
of UV lanps or on the internal conponents of the UV system This
is a new application, and current field use is limted.

4.6.3.4 Mechanical J eaning

Thi s net hod enpl oys the concept of placing a w per around
each quartz jacket. The wi per is nechanically actuated and noved
back and forth continuously or on a tined cycle along the
surface. The effectiveness of the nechanical cleaning varies from
systemto systemand the water quality. Mechanical w pers are
subject to wear, therefore a replacenent schedul e should be
consi dered. Dependi ng on manufacturer, nmechanical w pers may | ast
from6 nonths to 3 years in regular service before replacenent is
requi red. Replacenent of w pers involves shutting down the W
system renoving the |lanps and the quartz jackets before
repl aci ng the w pers.

Sone proprietary w per systens(!”:'® are presented on Figures
A- 15 and A-16.

A-T77



ETL 1110-1-161
29 MAR 96

4.7 OXI DANT

Phot o- oxi dati on invol ves the use of UV Iight and an oxi dant
to generate hydroxyl radicals. The hydroxyl radicals then attack
the organic pollutants to initiate oxidation. The oxi dant acts as
the source of hydroxyl radicals. The two nobst powerful oxidants
being used in the ACP treatnent process are hydrogen peroxi de and
ozone.

Sel ection of the oxidants depends not only on the reactivity
of the oxidant but the rate of reaction, the reaction conditions
(e.g., pH and tenperature) and characteristics of the residual
products. To increase the rate of reaction, catalysts may be
required in sone cases. For nost situations, a treatnent schene
usi ng chem cal oxidation nust be devel oped case by case. These
oxi dants are discussed in the foll ow ng sections.

4.7.1 Hydrogen Peroxide

Because of the ability of hydrogen peroxide to abstract
el ectrons fromorganic species, is a relatively strong oxidizing
agent (oxidation potential of 1.78 volts). Hydrogen peroxide can
al so be a reducing agent. Commercially, it is available at 35,
50 and 70 percent. Hydrogen peroxide is widely applied in the
treatment of municipal and industrial wastewaters, |andfill
| eachat es, and groundwater. Hydrogen peroxide has the foll ow ng
properties:

1 odor| ess,

mscible with water at all proportions,

stabl e product at highly pure concentrations,

activity decreases at a rate of 1 percent per year (in the
absence of contam nants),

I deconposition rate accelerates in the presence of
contam nants or netals,

A-78



ETL 1110-1-161
29 MAR 96

PATENTED WIPERS
(U.S. PATENT NO. 5,227,140)
COURTESY OF PEROXIDATION SYSTEMS, INC.
FIGURE A-15
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UV LAMP TRANSMITTANCE CONTROLLER (WIPER)
(U.S. PATENT #5,133,945 AND #5,266,280)
COURTESY OF SOLARCHEM ENVIRONMENTAL
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environmental |y acceptable in the receiving waters,

deconposes to water and oxygen,

unreactive with ammonia and many organi ¢ conpounds, and

relatively |low extinction coefficient.

35% 50% 70%
1 Boi l i ng point: 225°F 237°F 259°F
1 Vapor pressure (my) 23.3 18.3 10.1
1 freezing point: -33°C(-27°F) -55°C(67°F) -40°C( -

40°F)

4.7.1.1 Hydrogen Peroxi de Dosage

In the UV/ Hydrogen Peroxi de process, the hydrogen peroxide
dose is selected based on UV absorbance, treatnment unit
configuration, contam nated water chem stry, and contam nant
oxidation rates (e.g. COD) . The hydrogen peroxide dose will also
vary with the concentration of the target conpound and HRT.
Typically, the peroxide dose is in the range of 40 to 200 ng/L.
The suggested dosage is solely based on literature; the design
dose shoul d be based on a bench-scale or pilot-plant study.

Hydr ogen per oxi de dosage cannot be cal culated directly, but
the concentration is generally nonitored during a UV/ Hydrogen
Per oxi de system test by varying peroxi de dosage to ensure that
sufficient anount of hydroxyl radicals are present to fully
oxi di ze the contam nants. Hydrogen peroxide concentration is
measured by titaniumsulfate nmethod, or titration with ceric
sul fate(50,51). A Real -tine hydrogen profile nonitor is currently
bei ng marketted. The advent of this analytical probe should allow
for superior optimzation of HO, dosage.

4.7.1.2 Hydrogen Peroxide Oxidation Kinetics

In a UV/ Hydrogen Peroxi de system the reaction rate can be
cal cul ated using the follow ng fornula, assum ng a pseudo first-
order kinetic equation:
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C. =G ek (4-5)
Wher e:
C = initial contam nant concentration in the influent,
ppb, at tine O
C. = final contam nant concentration in the effluent,

ppb, at tine t

k = rate constant, nminute?
t =retention tine, mnutes
e = Log natural base equal to 2.71828

The rate constant can be derived by plotting retention tine
versus In G/C,. The slope of the line is equal to k. Since k and
C are known, the retention tinme, which wll achieve the desired
ef fl uent concentration, can be determ ned.

4.7.2 Ozone

Ozone is a disinfectant and strong oxidi zi ng reagent
(oxidation potential 2.1 volts) and is gradually replacing
chlorine gas as a disinfectant. Ozone has the foll ow ng
properties:

Mol ecul ar wei ght: 48

Col orl ess gas with a pungent odor,

Corrosive,

Hi ghly unstable at anbient conditions,

Short half-life,

Low solubility in water (500 ng/L at 25°C or 77°)F),
Deconposes to oxygen at 35°C (89°F)

Has hi gh extinction coefficient,

Boi ling point 122°C (169°F)

Melting point: -251°C (-420°F), and

Gas density, 2.14 gr/L (0.009 Ib/gal) @0°C (32°F)

Ozone has a high chemcal reactivity and is a very powerfu
oxidi zing agent. The solubility of ozone in water decreases as
the systemtenperature increases. The ozone solubility in water
as a function of tenperature is shown in Figure A-17
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4.7.2.1 Ozone Dosage

The ozone dosage required to neet the treatnent objectives
is the nost inportant paranmeter for ozone generation and
contactor system design. Ozone dosage is the sum of ozone denmand
for reactions with the target conpound, non-target substances and
by sel f-deconposition. A treatability study is required to deter-
m ne the ozone dosage requirenent. Treatability study will also
determ ne the nost appropriate application point(s) in the
process and the contact tinmes necessary to acconplish the
i ntended treatnent objectives. Optimal contact tine can vary
w dely depending on the water characteristics.

Ozone is a relatively nonsel ective oxidizing agent; the
streamto be treated should not contain appreciable oxidizable
mat erial such as oil and grease that can conpete for ozone under
the conditions of treatnent required to renove target conpounds
under specified treatnment conditions. In general, the ozone
oxi dation reaction with easily oxidi zabl e conpounds occurs in a
much shorter tinme than does the refractory one. For species that
are inherently susceptible to ozone, the addition of UV |ight
addi tion can reduce the ozone demand by a factor of two and
hi gher .

Ozone dosage is comonly expressed in parts per mllion
(ppm of ozone or kilogram of ozone per kil ogram of contam nant
treated. The ozone dosage in ppmis obtained by nmultiplying the
flow rate of ozonized gas by the concentration of ozone in the
gas , and dividing by the flowrate of the waste stream (usually
2 percent by weight for air-processed gas and 4 to 10 percent for
oxygen- processed gas)

4.7.2.2 zone xidations Kinetics

For a rapid oxidation reaction, the reaction rate can be
expressed or converted to a stoichionetric relationship by
plotting ozone dose versus In[C/ C)] for exponential relationships
or [CC] for linear relationships(?¥. These rel ationships are
represented by:
Exponenti al :

Li near:
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[d _
1n [C] = -k, [ Q)] (4-6)
[d [Clexp (-k, [G]) (4-7)
[d _
[Co] _kd[OS] (4'8)
[ =[CJ] (kg [Q] ) (4-9
wher e, Kyq = enpirical stoichionetric coefficient (L/ng)
[G] = ozone dose (ng/lL)
C = ozone concentration at tinme t
G = initial ozone concentration

The enpirical stoichionmetric coefficients define the
rel ati onship between the transferred ozone dose and | evel of
treatnment. The coefficients can be used to cal cul ate the
transferred ozone dose required for a given or desired |evel of
oxi dation. See design exanple in Appendi x E.

The weight ratio of ozone to contam nant treated is obtained
by multiplying ppm ozone applied with the residence tinme of the
waste streamin the ozone contact chanber and dividing by the
di fference of the contam nant concentration (also in ppm in the
influent and the effluent streans. The weight ratio varies with
the type of contam nants and the type of catalyst selected, if
used. I n nost applications, the amobunt of ozone applied is about
1.5to 3 kg (3.3 to 6.6lbs) of ozone per kilogram (2.2 |bs) of
contam nant renoved if ozone is the only oxidant utilized in the
oxi dati on process(5?,

In summary, the oxidant usage is specific to the wastewater
environnent. To translate results fromone particul ar wastewat er
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to another is difficult. For nobst situations, a treatnent schene
usi ng UV/ Oxi dati on nust be devel oped by a treatability study to
det erm ne opti num dosage.

4.7.3 Ozone Ceneration

Ozone is generated when an oxygen nolecule is sufficiently
excited to dissociate into oxygen atom further collisions with
oxygen nol ecul es cause the formati on of the ozone nol ecul e as
shown bel ow:

Q ------ - 219 (4-3)
200+ 20, ------ - 20 (4-4)

The source of excitation is by UV |ight or high voltage.
Commercially, ozone is generated by passing air or oxygen through
high irradiation of an electrical field. Today, many different
types of ozone generators are avail able. Mst operate on corona
di scharge principle.

Due to its high chemcal reactivity and nol ecul ar
instability, ozone is short-lived in nost environnents. In
aqueous sol ution, ozone gas has a half-life of about 20 to 30
m nutes at 20°C?Y. |f other oxidant-consuning materials are
present, the half-life is even shorter. Consequently, there is no
natural resource for ozone, nor is it practicably containerized;
it is normally produced where it is to be used, on an as-needed
basi s.

4.7.3.1 Corona D scharge Ozonat or

The corona di scharge ozonator is sinple in construction.
Essentially, it consists of two el ectrodes separated by a gap,
and a dielectric material is inserted into the gap. Air or oxygen
as process gas is introduced into the gap, and sufficient voltage
potential is passed between the two el ectrodes to cause current
to flow through the dielectric material and the gas. The
el ectrodes can be flat, tubular, or any other design
configuration which holds two opposing faces parallel; dielectric
material can be glass plates, nedalist glass tubes, or ceramc
pl ates. The voltage will be a function of the gap di stance and
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electric material. A corona discharge ozonator is illustrated in
Fi gure A-18.

A variety of types of commercial scale ozone generators is
avai l able, and their capacities range from500 g/hr to 500 kg/day
(0.001 I bs/hr to 1,000 | bs/day). The ozonators are classified
based on the nmethod of cooling.

The foll ow ng types of ozonator are commercially avail abl e:

hori zont al -tube, water-cool ed,;

vertical -tube, water-cool ed;

vertical -tube, doubl ed-cooled (oil and water);
Oto-plate-type, water-cooled; and

Low her-pl ate-type, air-cool ed.

The current interest in ozone generators nmakes it |ikely
that other types of ozone generators will be devel oped, but those
|isted above are the types currently marketed actively.

4.7.3.2 Oher Ozonators

Al ternative nmethods of ozone generation include electrolytic
ozone generation and radi ochem cal ozonation. These nethods of
ozonation will not be discussed in detail in this ETL, instead a
summary of the literature is offered, since currently, neither
alternative nethods of ozone generation has a significant
application in industry.

In electrolytic ozone generation, ozone is synthetically
produced by electrolysis of sulfuric acid. Potential advantages
of this type of ozone generator are:

' sinplicity of equipnment, hence nore adaptable use in renote
ar eas;

t he use of |owvoltage DC current;

no feed gas preparation;

possi bl e generation of ozone at high concentration; and
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SCHEMATIC DIAGRAM OF CORONA DISCHARGE

OZONE GENERATOR

FIGURE A-18

ELECTRODE
DIELECTRIC
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I generation in water, elimnating the ozone-to-water contacting
processes.

The di sadvantages of this ozonator are:
I high current density, hence thermal overl oadi ng;

I requirenent for special electrode to resist corrosion and | ow
conductivity water;

I production of free chlorine if chloride ion is present in
wat er or electrolyte; and

I higher energy cost by a factor of 2 to 5 conpared to that of
corona di scharge (27).

I n radi ochem cal ozone generation, the ozone is forned via
hi gh energy irradiati on of oxygen by radioactive rays. In static
systens with oxygen at atnospheric pressure and at -78°C(-180°F),
0.5 percent by volune ozone (10 g/ n?¥ NTP) can be obtained. In
static liquid oxygen, concentrations as high 6 percent by wei ght
or 70-75 g/L (liquid) are obtainabl e(?Y,

The advantages of this process are:

H gh ozone yield, and
Possibility of using waste fission isotope.

The di sadvantages of this process are:

Difficulty in renmoving fission products, and

Difficulty in conditioning a suitable gas stream contai ni ng
ozone(?V

Due to its technol ogical conplexity, the radi ochem cal ozone

generation process has not yet found significant application in
wat er and wastewater treatnent.
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4.7.4 Process Gas Preparation

Preparation of feed gas for the corona di scharge ozonator is
extrenely inportant because of the need for a clean, noisture-
free gas that will protect equi pnent from damage. There are two
feed gas systens to consider:

I air-feed gas systens, and
I oxygen-based feed gas systens.

Air-feed gas systens and oxygen-based feed gas systens are
di scussed in the foll ow ng sections.

4.7.4.1 A r-Feed Gas Systens

When air is used for ozone generation, proper preparation is
critical. Ozone generated with noist air forns nitric acid. In
normal operation, an estimate of 3 to 5 grans of nitric acid is
produced per kil ogram of ozone. As the anount of water vapor
present increases, larger quantities of nitrogen oxides are
generated. Hydroxyl radicals are also forned that conbine with
oxygen radicals and ozone?V. It is essential that a dry process
gas is applied to the corona discharge to limt nitric acid
formation, thus protecting the generators and to nmaintain the
hi gh efficiency of the ozone process. Equipnent for air systens
i ncl ude the foll ow ng:

an air conpressor

an air reservoir,

air cool er,

air filter,

air dryer, and

m scel | aneous control s.

Addi tional equipnment used in an air preparation system may
i nclude after-coolers and various filtration cartridges for
removal of the fine particul ates from desiccant dryer.

Desi gn of feed gas preparation equi pnent shoul d be revi ewed
carefully with ozone equi pnment manufactures, taking the extrenes
of site specific anbient air tenperature and humdity into
account. Standby systens shoul d be provided for all major
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conponents with controls and alarns to nonitor the performance at
vari ous stages through the system

4.7.4.2 Oxygen-Based Feed Gas Systens

Oxygen gas has about five tines as many oxygen nol ecul es as
the same volune of anbient air. Therefore, ozone produced from
oxygen is twice as concentrated as ozone produced fromair.
Consequent |y, use of oxygen reduces both power consunption and
mai nt enance requi renents. Oxygen ozonators are nost economcally
operated at ozone concentration of approximately 6 to 10 percent
by wei ght conpared to 1 to 2 percent using air. Systens requiring
under 500 pounds of ozone per day usually favor the use of air
for process gas.

Oxygen can be generated on site or purchased from an outside
source. Relatively, pure liquid oxygen has m ni mal equi pnent
requi renents, thereby reducing initial capital investnent as
conpared with air preparation and on-site oxygen generation
syst ens.

Li qui d oxygen systens consist of insulated |iquid storage
t anks, evaporators, and flow nmeter. The foll ow ng considerations
shoul d be given to the use of liquid oxygen:

Viability of ozone generation,

Sufficient redundancy to permt maintenance,
Rel i abl e source of supply,

Future market condition change,

On-site generation vs comercial supply, and
safety of handling |iquid oxygen.

4.7.5 Ozonator Cooling Requirenents

The efficiency of ozone production is very |ow, and about 15
to 26 kWH are required to produce 1 kil ogram of ozone®®®. A |arge
part of the energy consumed wll be converted to heat which nust
be renoved. For the corona di scharge ozone generator, the
operating tenperature of the ozone generator dielectrics is
critical 50°C to 55°C (120°F to 130°F) . Not only does ozone
out put vary as a function of generator tenperature, but also, as
t he ozone generator tenperature increases, the dielectric
mat eri al changes thermal characteristics and is subject to
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rupture. To mnimze the deconposition of the ozone, comon
practice imts the tenperature at the outlet fromthe generator
to less than 50°C (122°F) . Therefore, cooling the ozonator
dielectric is very inportant, and the highest cooling water
tenperature should be used to size the generator

Potenti al condensation problens nust be addressed in the
case of |low cooling-water tenperature. Appropriate insulation
nmust be provided for the cooling water circuit, including the
ozone generator. Hot water com ng out of ozone generator can be
cool ed by a heat exchanger and/or a chiller. Schenmatic di agram of
t ube-type water cool ed ozone generator is illustrated on Figure
A-19.

4.7.6 Ozone Contacting Unit

Ozone nust be transferred fromthe gas phase to the liquid
phase to performits intended function(s) in the treatnent of
wast ewat er. Because ozone is only slightly sol uble in aqueous
medi a, ozone dissolution in water involves bringing bubbles of
ozone containing air or oxygen into contact wth water. Contac-
ting units to provide ozone for various ozonation applications
will vary by type, design, operating conditions, the specific
functions of ozone at the points of application, and the design
of the contact chanbers. Econom c consideration normally require
that the design of a contacting unit maxi m ze ozone transfer for
t he i ntended purpose and/or reaction.

Factors that influence the selection of a contacting system
i ncl ude;

Kinetics of the reaction (fast or slow),
Potential foam ng probl em

Ozone dosage,

Degree of contam nant renoval, and

I Air flow

Factors that affect the mass transfer of ozone into |liquids
i ncl ude:

I Wastewater characteristics (i.e., ozone denmand),
Concentration of ozone in the gas,
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SCHEMATIC DIAGRAM OF TUBE TYPE
WATER COOLED OZONE GENERATOR

FIGURE A-19
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Process gas conposition (air vs oxygen),
Met hod and tine of contact,

Pressure and tenperature,

Type of ozonator,

W | anp used, and

Oxi dants and/ or catal yst.

A nunber of techniques exist for dissolution of ozone in the
liquid to be treated. These include the foll ow ng:

Conventional fine bubble diffusion,

Tur bi ne m xers,

Spray towers (liquid disperses in a gas)
Packed col ums,

Bubbl e plate or sieve plate,

Deep U tube,

Sweepi ng porous plate diffuser contactor, and
Subnerged static radial turbine contactor.

Ai r - bubbl e sparger and eductor are the nbst comobn ozone
contacting systens being utilized. Turbine or venturi type m xers
are recomended for water containing a high | evel of suspended
solids. Because detail ed descriptions of these techniques are
beyond the scope of this ETL, information is provided in
references(®2b,

4.7.7 Ozone Deconposer

The off-gases fromthe ozone contact chanber may contain as
much as 5 to 10 percent of the ozone charged to the primary
contact chanber. \Wen contactor off-gas is recycled to an
upstream contact chanber, the off-gas fromthis upstream chanber
may still contain as much as 0.015 to 0. 038 percent ozone by
weight or 0.2 to 0.5 g/nf?Y) at nornmal condition (NTP) . These
concentrations far exceed the maxi num al | owabl e ozone concen-
tration for an 8-hour workday of 0.0002 g/n? or 0.1 ppm by
vol ume. Ozone gas bubbl ed t hrough contam nated water may al so
result in VOC renoval through stripping.

To protect personnel, equipnment, structural conponents, and
t he general environnent, the ozone and possi ble VOC*s in these
of f-gases nust be destroyed. |If the volunes of contactor off-
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gases are not large, it can be cost-effective to recycle them
back to an early-stage oxidation step in the total wastewater
process or the front of the process for pretreatnment (netal
renmoval ) or for oxidation (in multistage reactors) . As part of a
dual ozonation process, the relative costs of ozonation for the
term nal step can also be | owered®.

Al though the primary function of the deconposer unit is to
remove ozone, significant anounts of VOCs can be destroyed.
Proprietary designs are manufactured by sone AOP vendors to
remove VOCs such as TCE, 1,1-DCA, 1,1,1-TCA and vinyl chloride in
t he of f-gas(119,

Current design practices include thermal ozone destruction,
thermal /catal ytic destruction systens, and/or adsorption on
granul ar activated carbon (GAC

4.7.7.1 Thermal Ozone Destruction

Thermal ozone destruction systens rely on the deconposition
of ozone at increased tenperatures. At roomtenperature and in a
cl ean vessel, the half-life of ozone nmay range from20 to 100
hours in dry air. At 120°C (248°F), the half-life is reduced to
11 to 112 mnutes. In the thernmal ozone destruction unit, the
off-gas is heated to a prescribed tenperature, typically between
300°C and 350°C (572 to 662°F) for a short period of tine,
usually less than 5 seconds(?Y., O her thernal catalytic systens
operate at 96°C (150°F) tenperature. Since discharge of gases at
t hese el evated tenperatures al so rai ses environnental concerns, a
heat recovery heat exchanger is usually provided.

4.7.7.2 Catalytic and Thernmal/Catalytic Destruction Systens

The use of a catal yst for ozone destruction is a fairly
recent devel opnent, but has becone the nost commonly used nethod
in the United States today. Specific information regarding the
conposition of catalysts is frequently treated as proprietary.
Many catal ysts are nmetal based such as pall adium mnmanganese,
ni ckel oxides, hydroxides, or peroxides. Normally, 0.55 to 0O.88
I b of catalysts are required to treat 1 standard n?/h (0.6 CFM
of of f-gas(?V,
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Moi sture condensation on the catal yst reduces the efficiency
of the catalytic and thermal destruction deconposer, therefore,
the water-saturated contactor off-gas should be heated above its
dew point. Piping should not drain back to the catalyst bed to
prevent the condensate fromruining the catalyst. Figure A-20
illustrates a thermal/catal ytic ozone destruction unit.

4.7.7.3 Oher Ozone Destruction Methods

Activated carbon adsorption has been used in the past,
primarily in small ozonation systens. Carbon use is limted for
safety reasons, because carbon generates consi derabl e heat.
Carbon is consuned by slow conbustion resulting in the formation
of carbon fines which nmay be expl osive under the conditions
existing in the destruction unit (U S. EPA 1986)

4.7.8 Design and Selection of Orzonator

Design of the ozone production facility, should consider the
reaction rate, econom cs of procuring and operating the ozonator
system and ensure total ozone deconposition. Size constraints
and concentration of target contam nants nust al so be consi dered.

Vol tage and current nust be considered in transforner
sel ection. To adjust ozone output over a desired range
(approximately 5 to 1) , variable voltage transfornmers are
normal |y used. Ozonators operate fromline voltage of 120, 230,
and 440 volts, single and three-phase, 50 to 60 Hz. The ozonat or
i s designed based on the frequency of the power supply
distribution grid. In the U S. nost ozonators operate on 60 Hz,
while the 50 Hz ozonators are commonly used in Europe.

When the standby equipnent is to be determ ned, two primary
factors nust be taken into account:

The turn-down range of ozone production required (i.e.,
capacity)

The degree of nodularity as it relates to ozone production
equi pnent and contact system
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THERMAL-CATALYTIC DESTRUCT SYSTEM

FIGURE A-20
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4.8 CATALYSTS

Catal ysts discussed in this section are additives in dark
honmogeneous sol ution (such as the peroxone) and in UV-based
honmogeneous sol ution (such as UW/ HO, UV O) and UV-based
het er ogeneous, photol ysis, and UV sem -conductor processes.

A catalyst is an agent which, if added to the process, alters
the rate of a chem cal reaction but itself is chemcally
unchanged at the end of reaction. A catalyst has no influence on
t he thernodynam cs of a particular process. The equilibrium point
remains still the same, but the rate of a reaction*s approach to
equi libriumis changed. However, if several parallel or
consecutive reactions are involved, the end products may be
al tered because one reaction path is preferentially catal yzed(®?,

4.8.1 Catalyst Types
Cenerally, catalytic reactions are divided in tw types,
honmogeneous catal ysis and het er ogeneous cat al ysi s.

I n honbgeneous catalysis, all the reactants are contained in
a single phase, for exanple, reactions between gases and vapors
that are catal yzed by ot her gases and vapors, and/or reactions in
a liquid nediumcatal yzed by a catal yst in solution.

I n het erogeneous catalysis, the reactants and catal yst are
contained in a nulti-phase systemand the catalyst is usually a
solid, for exanple, the gaseous or liquid reaction in the
presence of a solid catalyst.

4.8.2 Catalytic Application to Waste Treat nent

Catal ysts are essentially applicable to all types of organic
conpounds i ncl udi ng hydrocar bons, hal ogenated hydrocarbons,
ni trogen, sul fur and phosphorous. Catal ysts are al so applicable
to oxidation of cyanides, carbonyls, and sulfides, as well as
oxi dati on-reduction reactions involving heavy netals. Catal ysts
are used in sone ACP processes to increase the rate of reaction,
reduci ng oxi dant dosages.
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4.8.3 Honbgeneous Catalysis

I n dark honpbgeneous sol uti on, hydrogen peroxide with a
catal yst such as ferrous sulfate (Fenton*s reagent) has been used
for oxidizing phenol and other benzene derivatives according to
the follow ng theoretical reaction:

HO, + Fe oo > WO+ oH o+ e (4-9)

In I'ight honbgeneous catalysis, the UV |ight acts on
chem cals but nore inportantly it acts as catalyst to generate
hydroxyl radicals to inprove ozone or hydrogen peroxide
efficiency. Catalysis for photocatal ytic destruction of organic
conpounds i n honogeneous nedi a depends on the conpounds present
to be destroyed.

Some ACP vendors manufactured special catalysts to use with
their equipnent to treat refractory organi c conpounds
effectively. Specific information regarding the conposition of
catalysts is frequently treated as proprietary. Vendors will not
di scl ose proprietary information and the identification of a
catalyst is given only by trade nane designati on.

4.8.4 Heterogeneous Catalysis

This chapter will discuss the applications of the
het er ogeneous catalysis in the destruction of residual ozone in
the off-gas, and destruction of organic contam nants in water.

4.8.4.1 Destruction of Residual Orone in the Of-Gas

Catal ysts utilized for the destruction of residual ozone in
the off-gas are netal oxides such as palladium manganese, or
ni ckel oxides. In the presence of the catalyst, ozone is
deconposed to oxygen under high tenperature range between 300-
350°C (572-662°F)(?), Sone catal ysts operate at a nuch | ower
t enperature, about 65°C (150°F)5 The catalyst is coated on a
support nedium such as al um num oxi de granul es. About 0.25 to
0.4 kg (0.55t0 0.88 Ib) of catalyst is required to treat 1
standard n¥/ h of off-gas(?¥. Mst catal ysts are treated as
proprietary, and will be sold with the equi pnment suppli ed.
Catal ysts are toxic and shoul d be di sposed of as hazardous
materi als. Exhausted catalyst is normally di sposed of by the
catal yst supplier
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4.8.4.2 Destruction of Organic Contam nants in the WAst ewater
A nunber of experinments on heterogeneous photocatal ysis for

chem cal conversi ons have been conducted. These conversions

i ncl ude oxi dation of carbon nonoxide to carbon dioxide, the

oxi dation of CN, the oxidation of sulfide, and the

decar boxyl ati on of acetic, propionic, and butyric aci ds(545%,

O her experinents have been carried out to investigate the photo-

degradation of chloroformand urea in agqueous sol utions near W

and visible radiation using solid catal yst. These experinents

al so supported the theory of photo-degradation of organic

conpounds using a sem conductor as catal yst and appeared to be

prom sing alternative for water and waste water purification(®®,

UV- based het erogeneous catalysis is discussed in the foll ow ng

section.

4.9 SEM CONDUCTOR CATALYTI C ADVANCED OXI DATI ON PROCESS

During the past decade there has been significant growth of
sem -conductors, in particular, systems as photocatal ysts for
carrying out the photochem cal transformati on and mneralization
of organi c conpounds. The photocatal ytic deconposition of organic
conpounds on sem conductor surfaces (terned heterogeneous
phot ocat al ysis) involves the foll ow ng steps:

1. In the presence of oxygen, many n-type sem conductors, such
as the anatase formof titaniumdi oxide, when illum nated
with light (8<400 nm of energy higher than the band gap,
gener ates excess electrons in the conduction band (e ) and
positive “holes" (h*® in the val ence band.

2. Electrons mgrate to the illum nated surface and participate
in half-cell reactions of a closed, catalytic cycle that
produce hydroxyl radicals (OH').

3. These hydroxyl radicals and other highly oxidizing initial

products of this indirect photochemstry go on to attack
oxi di zabl e cont am nant s(39,
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The follow ng reactions are proposed(®):
Tio, + hv ----- > e + h''B (4-10)
™" + KO ----- > O+ H (4-11)
h™® + O ----- > O (4-12)

Excess el ectrons in the conduction band probably react with
nmol ecul ar oxygen to form superoxi de ions:

€+ O ----- > OF (4-13)
2()2!_ + 2H20 _____ > 20H" + oH + C)Z (4- 14)

A conduction band and val ence band in Ti O, as a sem conduct or
are illustrated on Figure A-21.

One particul ar aspect of the sem conductor photocatalysis is
that the reaction can proceed in a very slow conductivity (i.e.,
slow to conduct a electric charge) sol ution®4,

4.10 SELECTI ON OF AN AOP TREATMENT PROCESSES

The UV/ Oxi dation technology is continuing to evolve, and
because research and devel opnent continue to inprove the
technol ogy, alternative techni ques should be investigated to
sel ect the nost effective systemfor a given situation.

Eval uati on and sel ection of an UV/ Oxi dati on system bet ween
vari ous vendors who manufacture the systens are usually based on
a two- phase screening process which uses two criteria®®;

1 the first criterion is defined as the ability of the vendor
to treat the waste constituent; and

1 the second criterion is cost rel at ed.

Ability of Vendor: Ability of the vendor can be eval uated
t hrough the EPA*s Superfund I nnovative Technol ogy Eval uation
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COURTESY OF MATRIX PHOTOCATALYTIC INC.

CONDUCTION BAND AM) VALENCE BAND IN TiO, ASA SEMICONDUCTOR
FIGURE A-21
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(SI TE) Program® . Since 1987, many AOP technol ogi es were

eval uat ed under the EPA*s SI TE Program whi ch eval uat es
newt r eat mrent net hods t hrough technol ogy denonstrati ons desi gned
to provide engineering and cost data for selected technol ogi es.

One of the nost inportant aspects of the SITE Programis the
Denonstrati on Program which evaluates field or pilot-scale
technol ogi es that can be scaled up for commercial use.

The EPA SI TE Denonstrati on Program provi des perfornance
engi neering and cost information to eval uate new t echnol ogi es.
Wth this information, potential users can nmaeke i nforned
deci sions on whether to use these technologies to renedi ate
hazardous waste sites. Specifically, potential users can use this
information to conpare the technol ogy*s effectiveness and cost to
other alternatives, and nmake sound judgnments regarding
applicability of the technology for a specific site. The results
of the denonstration identify possible limtations of the
technol ogy, the potential need for pre- and post-processing of
waste, the type of wastes and nedia to which the process can be
applied, the potential operating problens, and the approxi mate
capital and operating costs. The denonstrations al so permt
eval uation of |long-termrisks.

Technol ogi es both new and those that have been in existence
for sonmetinme, and that have not been eval uated under EPA site
program can be eval uated by considering these factors:

! Have avail abl e technol ogi es been fully proven by conmerci al
uses with conplete cost and perfornance data?

Can proposed technol ogy be applicable to hazardous site cl ean-
up under consideration?

Does equi prent provide nobility and flexibility?

What are the advantages over existing conparable technol ogy?

What is the effective operating range of the proposed process?
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VWhat is the material handling capability?

Have basic process safety, environnmental, and health risks
been considered and found to be within reasonable limts?

Can proposed technol ogy be accepted by general public?
Can vendor provide performance warranty? and
Does the proposal neet the plan and specifications?

In addition to the above concerns, a nunber of points should
consi der ed:

Efficiency of cleaning nethod. Are only tubes cleaned or walls
too? Does reactor have “dead spot” for solids accunul ati on?

Are there potential |eak points which woul d be hazardous in
treating very toxic wastes?

How are the oxidants and/or catal ysts introduced?

VWhat type of service network is available for problem solving
and routine preventive maintenance?

What is vendor experience? Nunmber of units, and year(s) of
denonstrat ed performance?

What is vendor*s financial position? Can they support the
equi pnent they sell?

Answers to the above questions are a neasuring scale to

evaluate the ability of a technology to treat a specific waste
constituent.

no

One should keep in mnd that wwth the technol ogi es avail abl e,
one solution is universally applicable to all cases. In sone

cases, the best nethod for the treatnent of contam nated water

depends upon the sel ection of the proper conbination of treatnent
processes. Conpeting technol ogi es can work together to produce a
solution that is both problem solving and cost effective. \Wen a
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stream containing a m xture of pollutants does not lend itself
totally to one particular treatnment techni que, the engi neer may
find it nore cost effective to use these in sequential treatnent.
Conbi ned treatnent is discussed in Chapter 3.

Cost: Cost plays a critical and often decisive role in final
process selection. In many cases, several different treatnent
t echnol ogi es can achieve the required effluent quality, but
capital and operating costs will differ significantly.

Conmpari son and selection of alternatives require
determ nation of both capital and operation and mai nt enance (QO&M
cost, followed by devel opnent of accurate final cost estinmates.
Cost conparison and selection of alternatives are discussed in
greater detail in Chapter 13, Acquisition

4.11 TREATMENT COST ESTI MATE
The cost of treatnent for an AOP system i ncl udes:

Capital cost, and
Operating cost.

The capital cost includes equi pnent cost and installation
cost. The capital cost is water and site-specific (i.e., the
water flow rate, the type and concentration of the contam nants
and the treatnent system used)

One vendor has devel oped a nethod to estimate the capital and
the operating costs of the UV/ HO system The cost is based upon
the Electrical Energy per order (EE/O and UV dose(®.

The EE/Ois a scal e-up paraneter and is a neasure of the
treatnent obtained in a fixed volunme of water as a function of
exposure to TN light. EEFOis defined as the kWof electricity
required to reduce the concentration of a conpound in 1,000
gal l ons by one order of magnitude or 90 percent. The unit for
EE/Ois kwWh per 1,000 gallons. For exanple, if it takes 10 Kwh
of electricity to reduce the concentration of a target conpound
from1l0 ppmto 1 ppm (1 order of magnitude or 90 percent) in
1,000 gallons of groundwater, then the EEFOis 10. It will then

A-105



ETL 1110-1-161
29 MAR 96

t ake another 10 kWh to reduce the conmpound from1 ppmto 0.10 ppm
and so on.

The EEfO is specific for each water and wll vary for
di fferent applications.

The EEfOis calculated in two steps as foll ows:
1. Calculate UV dose = lanmp power (KW x time (hr) x 1,000

bat ch vol une (gal)
= kWh/ 1, 000 gal s

2. EEFO = UV Dose (kWh/1,000 gal) = (log(init/final)
kWh/ 1, 000gal / or der

Where init and final refer to the initial and final
concentration of target conpounds in consistent units. |If there
is nore than one conpound, each requiring a different |evel of
treatnment, the one requiring the greatest UV dose is used to
cal cul ate the design EE/ O

The EE/ O neasured is specific to the water tested and to the
conmpound of interest, and will vary for different
applications(®, Typical EE/OGs for commpbn contani nants are
presented in Table A-G

Wth the EE/ O determ ned, the UV dose required in a specific
case is calculated using the foll owi ng equation:

U Dose = EEFO * log(initial/final)
3. Operating Cost
Once the required UV dose is known, the electrical operating

cost associated with supplying the UV energy can be cal cul ated by
the foll om ng equati on:

El ectrical Cost ($/1,000gal) = UV dose (kWi/ I, 000gal)
*Power Cost ($kWh)
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Total Operating cost($/1,000gal) = Electrical cost + H0, Cost.
wher e,

Peroxi de Cost = H,0, conc. (in ppn) * ($/ppnml, OO0 gal).
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5.0 UV/ OXI DATI ON PROCESS CONTROL & | NSTRUMENTATI ON

5.1 PROCESS CONTROL

ACP has a nunber of applications, as discussed in Chapter 3,
UV/ Oxi dation Applicability. Process control nust, therefore, be
selected to suit the purpose. For particular applications, sone
control systenms will be nore sophisticated than others. In the
field of continuous-control systens, to ensure fully automated
operation, designers have a nunber of alternatives.

5.2 OPERATI ONAL CONTROL
Operational control paraneters include the foll ow ng:

Fl ow control

Tenper at ure contr ol

Oxi dant control

W light control, and

Ozonat or process air control, if used.

These paraneters are discussed in the follow ng sections.

5.2.1 Flow Contro
Fl ow control is required on the follow ng streans:

| nfl uent;

Ef fl uent;

Cooling water, if required; and
I Air to ozonator, if required.

I nfluent flow nust be controll ed, because the major AOP
equi pnent and support equi pnment are desi gned based on the flow
These i ncl ude:

Pretreatnment, if required;

Equal i zation tank and/or effluent tank, if required;
WV reactor;

Oxi dant addition; and

Punps and pi pi ng.

Fl ow nmeasurenent nmust al so be required on the effluent stream
prior to discharge for regulatory conpliance.
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Water or air is used to cool the ozonator or the UV reactor.
Both air and water need to be controlled to ensure process
performance. For safety reasons, a flow switch nust be installed
to shut down the ozone generator, or W lights in the reactor if
there is a lack of water or air.

5.2.2 Tenperature Control
Tenperature control is required at these |ocations:

I U reactor to avoid overheat conditions;

Ef fl uent discharge to conply with permt;

Cooling water | oop to avoid equi pnent/plant shut down; and
The heater in the ozone deconposer to avoid ozone escape.

The design should al so be concerned about tenperature, if a
cl osed-1 oop cooling systemis utilized.

5.2.3 i dant Control
Oxi dant control includes ozone control and hydrogen peroxi de
control

5.2.3.1 Ozone Control
Ozone dosage can be controlled by several neans:

influent water flow rate;
ozone residual in water;
cascade control; and
cl osed-| oop control.

Each of these control nmethods is di scussed bel ow.

Influent Water Flow Rate: This control systemis based
exclusively on the flowrate of the influent water, with the
ozone dosage previously having been determ ned during pilot plant
tests, in the laboratory, or on site. This system does not
provi de automated control that takes into account variations in
wat er quality, which can occur suddenly at sone groundwat er
sites.

This control schene is possible only under the foll ow ng
condi tions:
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I The power of the ozone generator can be varied to pace on
influent flow without altering the gas throughput. The ozone
concentration in the gas may, however, vary according to the
operating conditions.

The fl ow of ozonized gas can be changed at the sane tine as
power to the ozone generator is changed in order to maintain a
constant operating ozone concentration. In addition to a fl ow
rate indicator, this nmethod al so requires continuous netering
of the ozone concentration in the gas at the outlet of the
ozone generator, which enabl es constant ozonized gas transfer
conditions to be maintained in the contact chamber 2V,

Orone Residual in Water: Process control of nodern ozonation
systens is achieved by nonitoring residual ozone in water just
after the water exits the contact chanber. An analyzer is |inked
to the ozonator so that if the I evel of residual ozone drops
bel ow a predeterm ned | evel, the ozonator is signaled to increase
ozone production.

The key control device will be a residual (dissolved) ozone
anal yzer. The residual ozone recorded by the sensor is conpared
to a set value, and the ozone dosage is adjusted. The plant can
operate at a fixed or variable ozonized gas concentration. Wile
this nethod of control allows for fluctuations in the quality of
the water to be treated (the residual ozone is nuintained
i ndependent to the ozone denmand of the waste) , it can be used
only if the facility is operating at a relatively constant flow
rate. If this is not the case, cascade control nust be provided.

Resi dual ozone can be neasured by a spectrophotoneter,
fluorometry or Indigo Calorinetric Method 4500-0;, B or 40 CFR
Part 50 U traviolet Photonetric Procedure.

Precauti ons should be taken when using Indigo Calorinetric
met hod to avoid interferences. Hydrogen peroxi de and organic
per oxi de decol orize the indigo reagent very slowy. Hydrogen
peroxi de does not interfere if ozone is neasured in |ess than 6
hours after adding reagents. Organi c peroxides may react nore
rapidly. OQher conpounds which interfere with Indigo Calorinetr-
i c nmethod include Manganese, Wnh(11) , Chlorine, and Brom ne(®Y,
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Cascade Control (or Pace and Trim Cascade control conbines
the two control nodes descri bed above in a cascade sequence. The
primary control initially regulates the ozone production in
proportion to the water flow rate (pacing) while the secondary
control accurately adjusts the treatnent based on the residual
di ssol ved ozone | evel (21,

Gl osed-Loop Control Based on Of-Gas Concentration:

Anot her met hod of ozone generation control is to neasure the
resi dual ozone present in the off-gases exiting the contact
chanber (reactor) . This adjustnent requires a constant ozone
concentration in the ozonized gas. Therefore, the variations of
residual ozone in the off-gas are solely those due to the fluc-
tuations in the quality of water and not to variations of con-
ditions in which the ozonized gas injected into the water.
Cascade control is illustrated in Figure A 22.

5.2.3.2 Hydrogen Peroxide

Hydrogen peroxide is a relatively stable solution, and
introduction to the water is done via a netering punp. The feed
punp usually has a vari abl e speed control and a manual stroke
adj ustnent. The control of peroxide dosage is simlar to the
first two nethods suggested for ozone dosage control described
above. Hydrogen peroxi de does not produce a gas streamexiting
the reactor, thus off-gas control is not necessary.

The conversion of HO, to dissolved oxygen proceeds according
to the foll ow ng equation:

2 HO, ----------- > O + 2 HO (5-1)

Various nethods of chem cal analysis are suitable for
determning HO, in solution, in which use is made of the
oxidizing as well as reducing properties of HQO, including
titration with potassium pernmanganate, the determ nation with
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OZONE DOSAGE CASCADE CONTROL BASED ON OFF GAS OZONE LEVELS

FIGURE A-22
(SOURCE 21)
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pot assi umiodide/thiosul fate, titration with cerium (1V) sulfate
and photonetric determnation with titaniumreagent.

5.3 UV _CONTROL
W light can be controlled by intensity, individual |anp
nmoni toring and nodul e run-tinme nonitoring.

5.3.1 W Intensity Contro

Utraviolet intensity is a nmeasure of the amount of UV |ight
available for treatnent. Since this intensity is gradually
attenuated, nonitoring the UV intensity on a continual basis is
i nportant.

It is possible to manipulate the UV lanp intensity, and W
light according to AOP manufacturers. The perox-pure™ systens
(Vul can Peroxidation Systens) control UV lanp intensity by either
changing the effective capacitance in the systemor nore sinply
by turning on or off a lanp. Monitoring and recording the system
capaci tance are, therefore, a part of nonthly service.

The Rayox® systens (Sol archem Environnmental Systens) contro
the current to each |lanp using control signals fromthe system
Programmabl e Logic Controller (PLC). The actual current and
voltage are fed back to the PLC and the power is conputed. This
enabl es the systemto control the power of the |lanp and hence
intensity to any val ue between 10 and 30 kW!”. In the U trox®
system WV intensity is not manipulated. UV light, however, is
mani pul ated. Individual [anps as well as banks of |anps can be
turned on or off to vary UV dosage at a given retention tine in
the system?,

There are several ways to control UV intensity: Dby sensor
or by W light intensity. A UV sensor is used to detect W/
intensity passing through water to a point nost distant on the
chanber wall. Since the UV intensity decreases proportionally to
the lanp life, quartz jacket fouling, and water quality (turbi-
dity), the indicated value (uwcnt) will be the conbination of
all three factors. The output of the intensity neasurenent wll
be di spl ayed on a control panel in the control roomor next to
the UV unit. U/ intensity is neasured by actinonetry devi ces.
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5.3.2 Individual Lanp Mnitoring

The UV system shoul d be equi pped with special electronic
circuitry that can nonitor the operation of all lanps in the
system The status of each |anp should be visually displayed on a
control panel. Should any lanp(s) fail to properly operate, the
monitoring circuit nust provide i nmedi ate reference and
identification of specific |lanp(s) requiring service.

5.3.3 Module Run-Tine Mnitoring

A W lanmp*s lifetinme depends on the type and the
manuf acture. A typical |ow pressure nercury-vapor |lanp has a
lifetime of about 7,000 to 10,000 hours. Hi gh-pressure nercury-
vapor | anps have shorter lives about 3,000 to 4,000 hours. It is
necessary to neasure and record the period of time the | anps have
been operating in the “on” condition. So each bank, or array of
| anps in the system should be equi pped with a non-resettable
el apsed tine neter (to 99,999 hours)

The output for the neter should be displayed on a control
panel. Color lights which are linked to the neter output via a
PLC shoul d serve as visual indicators.

5.4 OZONE GENERATOR CONTROL
Ozone generator will include the controls described in the
foll owm ng subsecti ons.

5.4.1 Ar Drying System Control

Anbi ent air contains noisture. If noist air is used for feed
gas to the ozonator, the noisture will react wth ozone, reduce
the yield of ozone and formnitric acid, which can result in
severe corrosion problem For this reason, air to be fed to the
ozone generator should be adequately dried. Air should be dried
to a dew point of at |east mnus 40°C and preferably to m nus
60°C or bel ow.

Dew point is a neasure of the absolute noisture content of
the air and is comonly used to denote the tenperature at which
noi sture will begin to condense froma flow of gas. The dew
poi nt nmeasurement is used to ensure that the prepared gas dew
poi nt does not exceed the specified |level. Electronic equipnent
to sound alarns, initiate system shutdown, and provide a signal
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for record keeping purposes should be included for all ozone
syst ens.

Dew poi nt nmeasurenent should al so be used to control the
desi ccant dryer regeneration. Regeneration of the tower would be
initiated by the gas dew point reaching a predeterm ned | evel.
Each desiccator nmust be nonitor continuously at the outlet so
t hat any abnormal increase in the dew point can be detected as
qui ckly as possible. Capacitive hygronmeter with the sensor is
usual ly used to neasure the dew point.

5.4.2 Ozonator Controls
The ozonator should be protect from

I Accidental increase in dew point, and
Accidental air failure or water cooling failure.

To protect the ozonators from accidental increase in the dew
point, it is recormmended that a valve be installed at the outlet
of the ozonator that closes every tine the ozonator stops. This
feature will prevent noist air blackflow fromthe reactor.

In case of air lack or of water cooling failure, the
ozonator nust be stopped i medi ately, so that the tube will not
be damaged by over heating. Flow failure detectors which
automatically switch-off the electrical power feed line to the
ozonat or must be install ed.

5.4.3 Gas Fl ow Control

Measurenment of gas flow t hroughout the systemis inportant
for controlling and nonitoring purposes. The follow ng gas fl ows
shoul d be neasured:

Anbient air in air preparation;

Hi gh-purity oxygen flow, if oxygen is used for process gas;
Dry-ozoni zed air flow, and

Wet - ozoni zed air fl ow

Sel ection of types of nmeters depends on the application and
t he gas bei ng neasured.
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5.4.4 Common Control FElenents

Common control elenments in an AOP include sensors, neters,
and controllers, control valves and control panels. These control
el enents are di scussed bel ow.

54.4.1 Sensors, Meters
Sensors:

I Tenperature sensors,
I Level sensors, and

I pH sensors;

Meters:

I Water neters,

1  Hydrogen peroxide neter,

I pH neter,

! Processed air flow neters for
I High-purity oxygen,

' Dry-ozonized air, and

I Wet-ozonized air;

Controllers and anal yzers:

I pHcontroller,

I ORP controller for redox reaction, if applicable, and
I (Ozone residual analyzer.

(62

.4.4.2 Control Valves
Control val ve incl ude:
Three-way control valves for flow diversion
Pressure control valves for normal venting of trapped
per oxi de;
Pressure relief valves to insure a set pressure i s not
exceeded; and
Aut omati ¢ shut off val ves.

5.4.4.3 Control Panel

A control panel is required on all AOP systens to nonitor
the entire treatnment process. If the systemis installed
outdoors, an all-weather control panel should be provided. As
standard features, the control panel should have the foll ow ng,
anong ot her options:
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On/OFf switch;

Li ght status display;

W intensity neter (in sone features)

Running time neter (el apsed-tine);

Lanp- out i ndicator;

Push-to-test button; and

A 4-20 mA out put signal interface circuit in conjunction with
the UV sensor for renote user nonitoring.

A typical control panel is presented in Figure A 23.

For nore advanced control system the control panel may
contain a Progranmabl e Logic Controller (PLC) which can be used
to control the entire systemincluding feed punps, reagent
delivery systens and ancillary system such as sensors, sw tches
and val ves. PLC can also allow for features as renote diagnostic
via a tel ephone nodem and program custom zing to accommodat e
changes in operation throughout the renmedi ati on cycl e.

5.4.5 Alarm Conditions

A nunber of conditions potentially detrinental to plant
personnel, the operating equi pnent, or the environnment of the
pl ant can exist. Good practice is to establish acceptable limts
of specific paraneters above or bel ow which sensor neasurenents
w Il generate a visual or audible alarmrequiring action by
operating personnel and/or initiating independent automatic
action of the equipnent, which, in certain situations, m ght
i ncl ude shutdown of the entire system

The installation of alarns at |locations listed in the
sections below is advisabl e.

5.4.5.1 &Gs Preparation
The gas preparation system should have alarns for:

High differential pressure across gas filters;

Hi gh tenperature on gas desiccant dryer

Hi gh gas pressure on downstream of reducing val ves; and
Hi gh feed gas dew poi nt upstream of ozone generators.
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TYPICAL CONTROL PANEL — COURTESY OF SOLARCHEM

FIGURE A-23
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5.4.5.2 Ozone Cenerators
The ozone generator should have alarnms to alert the operator
for:
Low cool i ng water fl ow,
Low ozone concentration in ozonized gas to the reactor,
Hi gh water tenperature in cooling |oop,
Hi gh di scharge water tenperature from ozone generator, and
Hi gh ozoni zed gas tenperature from ozone generator.

5.4.5.3 Ozone Dissolution System
The ozone di ssol ution system should have alarnms on for the
foll ow ng conditions:

I High-pressure in contactor head space (too high gas flow),

I Low pressure in contactor head space (too | ow gas flow).

5.4.5.4 W/ Reactor
The WV reactor should have alarns to alert for:

I High tenperature in UV reactor, and
' Low water flowto the UV reactor

5.4.5.5 Effluent Line
If treated water is discharged to a water stream the
installation of a high tenperature alarmis advisable.

5.4.5.6 Hydrogen Peroxide Feed System
The al arns should be installed on the hydrogen peroxide feed
systemto alert for:

I Low level in the peroxide storage tank;

I H gh tenperature and pressure in the hydrogen peroxide tank;
and

Hydr ogen peroxi de feed punp stops.
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5.4.5.7 Ozone O f-Gas Streans
Alarns are required to signal

Hi gh gas flow to destruction unit,

Low tenperature in ozone destruction unit,

Hi gh |l evel of ozone in exhaust gas fromdestruction unit, and
Hi gh ozone | evels in ozone generation system encl osed space.

5.4.6 Safety and Interlock System

Gound fault circuit interrupters (G-Cl) nust be installed
to protect the equipnment in the event of the entry of water.
Safety interlocks should be installed inside the cover panel of
the UV | anps. Mechanical interlocks and all the necessary
el ectrical safety devices are also required on the main door of
the power supply to the UV unit. Depending on the size and
sophi stication of the system these interlocks can be linked to a
PLC, which will be used to control the whole installation
i ncluding feed punps, the UV |l anps and the reagent delivery
system The PLC can be accessed via a nodemto facilitate
di agnostics for easier servicing, and can be reprogramed to
accommodat e changes in operation throughout the renedi ation
cycle. For a sinple installation, control interlocks can be
acconpl i shed using relays or contacts, and a PLC is not
necessary.

O her design features include a shop-w red-and-tested
control panel interlocks with personnel and process safety
features to shut off power and display the cause at preset
condi ti ons.
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6.0 LEGAL REQUI REMENTS

The design of a water treatnment system using the
UV/ Oxi dati on process nust conformto federal, state, and | ocal
| aws and regul ations. The applicable legal requirenments wll
depend on the location and type of facility in which the
treatnent systemis installed, the type of treatnment system
sel ected, and the wastes generated fromthe treatnent process.
The various regulatory issues to be considered will include, at a
m ni mum environnental regul ations, health and safety
regul ati ons, and buil di ng codes.

Federal environnmental regulations which are nost applicable
to the design of a water treatnent system are authorized under
several statutes described bel ow

6.1 CLEAN AIR ACT (CAA)

Clean Air Act including the CAA Anendnents of 1990 provides
the basis for regulating air pollution to the atnosphere. These
regul ations may apply to stationary sources such as a
UV/ Oxi dation water treatnent system where potential exists for
organi c em ssions, ozone em ssions, or other em ssions of
regul ated pollutants. D fferent provisions of the CAA apply
dependi ng on where the source is |ocated, which pollutants are
being emtted and in what amounts. For new and nodified
stationary sources such as refineries, chemcal plants, and
manufacturing facilities, an application for a “permt to
construct” nmust be granted by an air quality regul atory agency.
In some states, the UV/ Oxidation systemmay require a permt to
operate as well.

6.2 CLEAN WATER ACT (CWA)

The CMA is the federal statute from which regulations are
promul gated to protect the waters of the U S. Specifically, these
regul ati ons cover wastewater discharges, stormmater runoff, and
oil spill prevention. The operation of a UV/ Oxidation water
treatment system may be regul ated under the CMA if the treated
water is discharged off site to a ditch, stream or other water
body. Stormwater regulations may apply during the construction
phase of a project in addition to the operational phase dependi ng
on the size and type of facility at which the treatnment unit is
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installed. For applicable facilities, a permt to discharge nust
be in place prior to the start of operations. Both pernmanent,
tenporary, and construction facilities may be regul ated. The
regul ati ons cover direct discharges to surface water and

di scharges to Publicly-Omed Treat nent Works (POTW.

6.3 EMERGENCY PLANNI NG AND COVMUNI TY RI GHT- TO- KNOW ACT ((EPCRA)

EPCRA establishes requirenents for federal, state, and | ocal
governnents and i ndustry regardi ng enmergency planni ng, energency
rel ease notification, community right-to-know reporting, and
toxi c chem cal release reporting and em ssions inventory for
hazardous and toxic chem cals. These regulations may apply to a
UV/ Oxi dation system where certain chemcals are stored and used
in the treatnent process.

6.4 OCCUPATI ONAL SAFETY AND HEALTH ACT (OSHA)

OSHA regul ates worker health and safety in industry and
during construction activities. Included in the OSHA regul ati ons
are requirenents applicable to workers involved in certain
hazar dous waste operations such as Superfund cl eanups: RCRA
corrective actions; permtted Treatnent, Storage, and D sposal
(TSD) facilities; and energency response operations involving the
rel ease of hazardous substances.

6.5 RESOURCE CONSERVATI ON AND RECOVERY ACT (RCRA)

RCRA i ncludes the Hazardous and Solid Waste Anendnents of
(HSWA) 1984 primarily govern the managenent of solid wastes (both
hazar dous and non- hazardous wastes) and underground storage tanks
used to store petroleumand toxic chem cals. Were UV Oxidation
is used to treat a RCRA hazardous waste, permtting requirenments
under 40 CFR 270 may potentially apply. The nost inportant
aspect of RCRA is its establishnment of “cradle-to-grave”
managenent and tracki ng of hazardous waste, fromgenerator to
transporter to treatnent, storage, and disposal. |If hazardous
waste is generated froma treatnent system proper manifesting
wll be required for off site disposal in accordance with RCRA
requirenents.

The HSWA anendnents established | and di sposal restrictions
for hazardous waste and established m ni mum technol ogy
requi renents for |and disposal units. Use of a UV/ Oxidation
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system for RCRA corrective action nmay be governed by the RCRA
regul ati ons. Dependi ng on application of the UV/ Oxidation system
(specifically Superfund and RCRA), the operations of the system
may be required to have specific training in hazardous waste
operations. If contamnated water to be treated is determned to
be a hazardous waste (listed or characteristic), the RCRA

requi renents for storage and treatnent under 40 CFR 264/ 265 may
potentially apply. If the contam nated water is groundwater
cont ai ni ng hazardous waste, then this water nmust al so be nmanaged
as a hazardous waste until it no | onger contains the hazardous
wast e.

In addition, where treatability testing is performed on
hazardous waste, certain requirenments nust be net for sanple
collection and handling in accordance with 40 CFR 261.4(e) and
(f) . Treatnment of RCRA hazardous waste should al so consider the
requi renents of the RCRA | and di sposal regul ations (40 CFR 148
and 268) if land disposal will be used.

6.6 COVPREHENSI VE ENVI RONVENTAL RESPONSE. COMPENSATI ON AND
LIABILITY ACT OR SUPERFUND ( CERCLA)

CERCLA established a programto identify sites where
hazar dous substances have been, or mght be, released into the
environnent; to ensure that these substances are cl eaned up by
responsi bl e parties or the governnent; to eval uate danages to
natural resources; and to create a clains procedure for parties
who have cleaned up a site or spent noney to restore natural
resources. Under CERCLA action, on-site treatnment facilities
such as a UV/ Oxidation system are required to neet al
substantive state and federal applicable or relevant and
appropriate requirenents (ARARs) but are exenpt frompermtting
requi renents.

6. 7 SUPERFUND ANMENDVENTS AND REAUTHORI ZATI ON ACT ( SARA)

SARA anended and expanded CERCLA with the addition of
of fsite disposal requirenents, ARARs, and settl enent
requi renents. These anendnents al so established requirements for
the EPA to develop nore stringent cleanup standards and
established nore public and state involvenent in the Superfund
process. These regul ations may apply where UV/ Oxidation is used
at a Superfund Site.
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6.8 SAFE DRI NKI NG WATER ACT ( SDWA)

The SDWA required EPA to regulate the quality of drinking
water for the protection of human health. The EPA establi shed
several prograns to address this issue including drinking water
st andards, underground injection control, and sol e-source aquifer
and wel | head protection prograns. These regul ations may apply to
a water or wastewater treatnent design if the cleanup or
di scharge standard nust neet drinking water standards. In this
case, primary (health-based) or secondary (aesthetic) drinking
wat er standards may be used for design criteria.

6.9 TOXI C SUBSTANCES CONTROL ACT (TSCA)

TSCA regul ates the testing, premanufacture notification, and
record keeping of toxic substances. TSCA al so includes storage
requirenents for PCBs. If a water or wastewater treatnent system
i ncl udes pretreatnment storage of PCB-contam nated water, then the
TSCA storage requirenments may apply.

In addition, if radioactive wastes are to be treated,
several directives issued by the EPA Ofice of Solid Waste and
Enmer gency Response (OSWER), in conjunction with the Nucl ear
Regul at ory Comm ssion, may assist in the identification,
treatnment, and disposal of |owlevel radioactive, m xed wastes.

State regul ations are generally simlar to federal
regul atory requirenents, but vary anong the states and should be
identified and investigated on a site-specific basis. Sone state
agenci es may be authorized by the federal governnent to
adm ni ster and enforce certain federal regulatory prograns.
States and | ocal governnent agencies may al so adopt regul ations
and ordi nances addressing building codes and safety features that
must be incorporated into a system desi gn. These regul ati ons may
address such issues as handrails and guards, first aid equipnent,
lighting, and ventilation. State and | ocal regul atory
requi renents vary anong the states and shoul d be addressed during
the design of a UV/ Oxidation system
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7.0 TREATABILITY STUD ES

Various types of treatability testing can be perfornmed
i ncl udi ng bench-scale, pilot-plant, and large-field
denonstrations. The appropriateness of any of these techni ques
i s dependent on the study objectives. Study objectives may vary
fromonly determ ning whether toxic pollutants can be renoved
t hrough chem cal oxidation to providing engineering design
information for full-scale operation. The reliability of results
obtained is typically related to the size of the treatability
test and the simlarities with which the test set-up resenbles a
full -scale system Bench-scale studies will generally identify
whet her the UV/ Oxidation technology is applicable for the waste
stream being evaluated. If the duration of the full scale
remedi al action is for a relatively short period of tine, a
bench-scal e test should be adequate. If the technology wll apply
to a long-termrenedial action (3 years or longer or is for
treating a large flow rate, 250 gpmor nore) a pilot-scale
treatability study may be required.

Treatability testing can be perfornmed by the owner/operator,
third-party | aboratories, or equipnent suppliers. Even though
equi pnent suppliers will usually limt their testing to their
proprietary equipnment, this type of testing can be beneficial to
t he owner/operator because it usually provides a cl oser
simul ati on of actual commercially-avail able treatnent equi pnent.
In addition, a supplier may issue a performance warranty on their
equi prent for a full scale installation if they have perfornmed
the treatability testing. Quidelines for specifying a
performance warranty in contract docunents can be found in
Chapter 13, Procurenent. For an initial investigation to
determ ne whet her chem cal oxidation is even a viable treatnent
option, the owner/operator may elect to performthe treatability
testing using | aboratory equi pnent to verify vendor clains and
el imnate sone AOP types.

Before any treatability testing is conducted, preparation of
a good work plan is essential to ensure a successful and cost-
effective study. The EPA provi des gui dance for performng
treatability testing and for devel oping a work plan(?, The pl an
shoul d cover all aspects of the treatability study including:
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Project description and site background,
Technol ogy descri pti on,

St udy obj ecti ves,

Required results,

Schedul e,

Equi prment requirenents,

Oper ati ng procedures,

Sanpling plan including Q¥ QC requirenents,
Anal ytical test procedures,

Dat a managenent,

Heal th and safety,

Resi dual s managenent, and

Reporting requirenents.

The recommended contents of the final report are detailed in
Section 7.4.

The first step to performng any treatability testing is to
adequately characterize the wastewater to provide data for
determ ning the appropriateness of chem cal oxidation, to
determine if pretreatnent is required, and to aid in establishing
the operating paraneters for the treatability testing. The
treatability testing can evaluate the effect of such process
vari abl es as:

Pretreatnent;

Oxi dant type and dosage (ozone and/or hydrogen peroxide);
pH;

Retention tine;

WV dose, kWh/ 1000 gal

Tenper at ure, and

Ef fecti veness of a catal yst.

The follow ng sections describe the characterization work
and treatability studies which should be inplenented prior to
finalizing a design of a UV Oxi dation system

7.1 WASTEWATER CHARACTERI ZATI ON

Bef ore design work can be initiated on a UV/ Oxidation system
the water or waste streamto be treated nust be characterized to
fully understand the nature and concentrations of the
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contam nants present in the water. Know ng the type of

contam nants present in the aqueous streamw |l aid in

determ ning the type oxidant to use, the amount of UV |ight
required, and the applicability of a catalyst in the UV Oxi dation
treatment process. The concentration of contam nants can provide
an indication as to the appropriateness and potential econom cs
of a UV/ Oxi dation system

In determ ning whether a water streamis anenable to chem cal
oxi dati on, characterization of the water should be perforned to
identify specific constituents present in the water. This data
can aid in evaluating whether chem cal oxidation wll be
effective for a specific waste stream in addition to identifying
t hose paraneters which can affect the chem cal oxidation process.
For unknown sources, the follow ng paraneters should be anal yzed
as a mni mum

7.1.1 lnorganic Constituents
| norgani ¢ constituents include:
| ron,
Manganese,
QG her netals which may be in a reduced form
Sul fi des,
Amoni a, and
Cyani de;

7.1.2 Oganic Constituents
Organi c constituents include:
Phenol s,
Vol ati |l e organi ¢ conpounds,
Sem -vol atil e organi ¢ conpounds,
Pesti ci des/ Her bi ci des/ PCBs, and
Nat ural | y-occurring hum c substances, tannins, etc; and

\‘

.1.3 Non-Specific Paraneters
Non- speci fic paraneters include:
Chem cal Oxygen Denmand (CQOD),
Total Organic Carbon (TOC),
Ol and G ease,
pH
Col or,
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Turbidity,

Har dness,

Al kalinity,

Total dissolved solids,

Tot al suspended sol i ds,

Nitrate, nitrite, and

UV absorbance to non specific paraneters.

The COD test will provide a neasure of the magnitude of the
constituents in the water sanple which are chemcally reactive.
The anal yses for the specific organic paraneters wll identify
the types of constituents contributing to the total chem cal
oxygen demand. The anal yses for inorganic paraneters wll
identify the pretreatnent |evel requirenents. The foll ow ng
classifications provide the relative reactivity of organic
conpounds to chem cal oxidation:

7.1.3.1 Hi gh Reactivity
I  phenol s,

benzene,

al dehydes,

aromati c am nes,

unsat ur at ed hal ogenat ed hydrocarbons such as TCE, and
certain sul fur conpounds;

.1.3.2 MediumReactivity
al cohol s,
al kyl -substituted aromati cs,
nitro-substituted aronmatics,
unsat urated al kyl groups,
car bohydr at es,
al i phati c ket ones,
aci ds,
esters, and
am nes.

-~
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7.1.3.3 Low Reactivity

I saturated hal ogenat ed hydrocarbons, such as TCA, chloroform
and

saturated aliphatic conmpounds.

If the water sanple is found to contain a | arge anmount of
iron or suspended solids, or is highly colored or turbid,
pretreating the water to renove these constituents may be
necessary prior to evaluating the oxidation process further. The
presence of solids or other material which inhibit |ight
transm ssion will affect the treatnent efficiency. Hardness,
al kalinity, and the dissolved solids concentration of a water
will determne its potential to scale and coat the |anp tubes,

t hereby decreasing the WV |light penetration. Alkalinity via
scavengi ng has al so been shown to reduce the rate of the hydroxyl
radi cal attack on the organics, which will reduce the treatnment
efficiency. Table A-4 in Section 4.2 provides concentration
limts at which pretreatnment may be necessary or for which
treatnent efficiency may be adversely affected.

| f the nature of the water and source of contam nation is
known then only those specific paranmeters which are known need be
anal yzed to quantify the constituents. |If certain conpounds are
known not to be present in the water, then these could be
elimnated fromthe suite of analyses to be perforned.

In addition to identifying and quantifying the chem cal
constituents, characterization also should neasure or estinmate
the flow rate or volune of water to be treated

The sanpling programwhich will be inplenented to
characterize the water stream shoul d provide the gui dance for
obtaining a representative sanple. Depending on the source of
the water (groundwater, process wastewater, stormmater runoff,
etc.), sanples may be obtained as grab sanples or conposite
sanples. If the water to be treated has a constant
concentration, then grab sanples may be acceptable. In addition,
if the water to be sanpl ed does not flow continuously (e.qg.
intermttent discharge or batch tank dunps) grab sanples may be
necessary to determne the water characteristics. However,
anal yses for volatile organics nust be perfornmed on grab sanple.
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Most wast ewat er, though, will vary in magnitude and
conposition over a 24-hour period and obtaining conposite sanples
is advisable to accurately represent an equalized water quality.
Only grab sanples should be taken for certain paranmeters such as
vol atil e organi c conpounds, and oil and grease. Sufficient
sanpl es should be collected into the conpositing container so
that the results will be simlar to the theoretical conposition
of a conpletely m xed tank which had collected all the flow from
the stream bei ng sanpl ed. Conposite sanpling can be suppl enent ed
with grab sanples to determne the variability of waste
characteristics throughout the day, if desired.

Al'l sanple collection, preservation, and storage procedures
shoul d fol | ow EPA- approved guidelines to ensure that wastewater
characteristics are not altered prior to sanple anal yses.

7.2 BENCH SCALE TREATABI LI TY STUDI ES

Bench-scale testing is appropriate to provide a prelimnary
eval uation of the chem cal oxidation treatnent effectiveness.
Bench-scal e testing typically consists of batch reactors having
volunes of 0.5 to 18.5 gallons (2 to 70 liters) . Recircul ating
fl ow or continuous-flow reactors can al so be used. Drawbacks of
a |l aboratory-scale, continuous-flow reactor are in the physical
setup of the equipnent, the ability to nonitor and control very
low liquid and gas flow rates, and shi pping and handling | arge
vol unmes of water. Paranmeters which can be evaluated on a relative
basis in a bench-scale test typically include retention tine,
oxi dant type and dosage, and pH

Several configurations of a batch reactor can be used. One
type of batch reactor has an inside dianmeter of 7.5 cm a length
of 30 cmand a total volune of 1.5 liters. An ultraviolet lanmp is
centrally located inside the reactor. Another exanple of a batch
reactor consists of a shallow tray 36 inches long, 8 inches w de,
and 7 inches deep with a reflector-backed Iight fixture
containing a UV | anp nounted over it. The tray contains
approximately 23 liters of water and is operated at a 5-inch
wat er dept h.

An exanple of a recirculating flow reactor is an annul ar
reactor consisting of two quartz tubes with inner and outer
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di aneters of 2.5 centineters and 5.4 centinmeters. The inner tube
contains the UV | anp, and the outer tube contains the aqueous
solution being treated. The UV radi ation fromthe inner |anp
passes radially through the annul ar regi on containing the
recirculating liquid. The reactor is operated in a recircul ating
nmode by punping the solution froma reservoir through the reactor
and back to the reservoir.

A treatability study to evaluate ozone wll require an ozone
generator. For bench-scal e set-ups, a tubular corona discharge
type generator is normally used. The concentration of ozone
generated by a corona discharge unit ranges from1l to 3 percent
by wei ght when supplied with air or 6 percent by weight or nore
when usi ng oxygen as the feed gas. The application of ozone gas
to the water requires a sparger and a m xi ng device to achi eve
conpl ete contact of the ozone and the water.

The operation of a batch reactor generally follows these
st eps:

' Pretreat the water, if necessary, by coagul ati ng and/ or
filtering the water to renove turbidity, solids, or floatable
mat eri al ;

Adj ust the pH of the water, if pHis to be a variable
eval uat ed;

Thoroughly m x the water to be treated with the desired dose
of the oxidant solution using either ozone gas or hydrogen
peroxi de solution. A mninmum sol ution concentration of 30
percent hydrogen peroxi de should be used in the test
procedures to prevent hydrogen peroxi de degradation at | ower
concentration;

I Add the mixture to the reactor and irradiate the m xture with
the selected UV lanp for a set period of tineg;
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I Sanple the water m xture before and after treatnent and
anal yze the water for the constituents of concern;

I Repeat testing altering one variable at a tine such as:

Oxi dant dosage,
Retention tine, or
W |lanp type and intensity.

Typically, a mninumof three different dosages or retention
tines are evaluated to define a range of treatnent efficiencies.
Hydr ogen peroxi de dosing should start in the range of 2 mlligram
(my) of hydrogen peroxide per ng of oxygen demand. Retention
times should be evaluated fromas little as 30 seconds to several
hours depending on the reactivity of the conpounds present in the
water. If the required effluent quality is still not achieved,
then additional testing could be perforned by altering the pH of
the water or adding an iron catalyst in conjunction with hydrogen
peroxide treatnent. The results fromthis prelimnary bench-
scale testing will determ ne the basic treatnment process which
can be confirmed and refined during pilot-plant testing.

7.3 PILLOT- SCALE TESTI NG

Pil ot-scal e studies are generally continuous-fl ow operations
ranging from1l to 25 gallons per mnute (gpn) . Mst testing can
be conducted using flows in the range of 1 to 5 gpm Pilot-scale
testing is generally nore useful than batch testing to evaluate a
speci fi ¢ manuf acturer*s equi pnent and process. Mst nanufactures
have trail er-nounted, nobile equi pnent that can be easily
transported to the site for on-site testing. This type of
testing will enable an equi pnent supplier to provide a
performance guarantee for a full-scale systemat the tine one is
bid and purchased. By having an equi pnent supplier participate
inthe treatability test phase of a project, results to closer
full-scal e operation can be obt ai ned.

Pilot-scale tests are usually perforned to verify
treatability results and to eval uate process equi pnent or when
different technologies (e.g. UV Oxidation and biological) are to
be coupled together. Mdre reliable treatability test results can
be achieved with a pilot-plant because real-tine treatnent can be
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conducted on the actual wastewater. This is advant ageous where
reactive or volatile conpounds are present in the water to be
tested in the treatability study. These conpounds can easily
degrade or be lost during transport of the test water to an off-
site facility. Once the water is treated and sanples are taken
for anal ysis, appropriate chem cal preservation can be done to
accurately analyze the constituents of concern. The pil ot-pl ant
can be operated to evaluate the variations in constituent
concentrations over tinme and can reflect the effect of seasonal
variations if operated on a long-termbasis. The |larger size of a
pilot-plant conpared to a bench-scale reactor also provides
better scale-up data to full size. Cost factors should be

consi dered when determ ni ng whet her bench-scale or pilot-scale
testing shoul d be perforned.

Anal ytical testing required by the treatability study should
be perforned by a single |laboratory to mnimze differences
bet ween | abs especially where nmultiple vendors are providing
treatability testing. The | aboratory perform ng the work nust
fol |l ow EPA protocols and be accepted through the USACE | ab
val i dati on process.

| f equi pnent for pilot-scale treatability testing is not
obtai ned from an equi prent manufacturer, a generic-type
treatability test can be conducted. For UV/ OQzonation, the nost
comonly used systemis a continuous-flow, bubble-colum reactor.
This reactor is typically operated with ozone gas fl ow
countercurrent to the liquid flow Care nust be taken to assure
that the hydrodynam cs of the process study reactor neet the
actual full-scale designed systemas closely as possible. Pilot
colums of 10 to 20 feet are commonly used. The taller colums
will tend to behave as plug-flow reactors where the shorter
colums will operate nore simlarly to a conpletely m xed,
stirred-tank reactor. Normally reactors are constructed of
gl ass, clear acrylic, or clear polyvinyl chloride. Transparent
colums can nmake determ ni ng whether they are operating properly
easier. Columm dianeters are usually standard pi pe sizes between
4 and 12 inches.

O her equi pnent required to conduct a generic-type pil ot-
scale treatability test includes:
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Pretreatment system (e.g. cartridge filters)

Tanks and punps to store and transfer water to the pilot unit;
Ozone generator and ozone nonitor; (if ozone is required);
Chem cal feed system consisting of chem cal drun(s) , netering
punps, neasuring devices for pH adjustnment and/or hydrogen

per oxi de feed;

Hydr ogen peroxide nonitor (if hydrogen peroxide is used);

Cont ai ners for waste disposal

Sanpling equi pnent and sanple taps at the influent, effluent,

and m dpoi nts of the pilot-plant if nmultiple stages are used;

Equi prrent for field neasurenents (pH neters, flow devices,
t enper at ure gauges, etc.)

Heal th and safety equi pnent;
On-site |l aboratory, (if necessary or cost effective); and

Secondary cont ai nnent of equi pnment, when treating hazardous
wast e.

Selection of a site to operate the pilot-plant should

consider the foll ow ng issues:

Accessibility to the wastewater source,

Uility requirenments (water, power, telephone),
Avai l ability of an effluent discharge |ocation,
Perm tting requirenents,

Truck access for deliveries,

Shelter/office space for operators, and
Security.

Speci al disposal requirenents for waste streans generated
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shoul d be identified prior to comencing testing. Sone
unat t ended operation may be possible for extended studies with
automated pilot-plants. Two operators are required during start
up and during unusually active test periods, e.g. during w de
swings in raw water quality. An observer representing the
interest of the governnent al so be required during start-up.

Process operating paraneters can be varied during the test
period to determ ne optimal performance. The paraneters which can
be varied are simlar to those |listed for the bench-scale testing
and can include one or nore of the follow ng:

hydr ogen peroxi de dosage rate (if used),
ozone gas flow (if used)

cat al yst dosage rate, (if used)
retention tine,

i nfluent pH

influent flow rate,

nunber of stages,

UXT | anmp wattage, and,

pretreat ment systens.

The ozone generator nust be capable of supplying the maxi mum
anount of ozone expected. An oversized generator may be
difficult to control unless excess gas is generated and wast ed.
A turndown ratio of 10:1 is typical in a small generator system

7.4 TREATABI LI TY TESTI NG DATA

When eval uating the effects of UV/ Oxi dation on treatnment of
aqueous streans, data fromthe entire process nust be coll ected,
recorded, and anal yzed. Sanpling data collected during
treatability testing should relate to the foll ow ng:

I Influent and effluent water sanples,
I Air emssions nonitoring, and
I Process control paraneters.

| f pretreatnent occurs, water sanples should be taken before
and after the pretreatnent stage of the pilot unit. Additional
sanpl es can be collected at m dpoint through the reactor, if
appropriate, based on the equi pnent supplier*s design. These
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sanpl es shoul d be anal yzed for the organic or inorganic
constituents requiring treatnment to neet a discharge or cleanup
criteria. The effluent should be anal yzed for residual ozone
and/ or hydrogen peroxi de.

Wher e hydrogen peroxide is used as the oxidant, sanples
shoul d be pretreated to destroy residual peroxide prior to
preserving the sanples using the EPA-approved guidelines.

Resi dual hydrogen peroxi de can cause background reactions to
occur during the tinme between sanple collection and anal ysis.

The residual hydrogen peroxide can be destroyed by the addition
of catalase, thio-sulfate, or sodiumsulfite. Were sodi um
sulfite is added, the sanple pH should be adjusted to 7.0 £+ 1 and
sodiumsulfite should be added in a 1:1 nolar ratio using either
a 10 percent solution or pure solid. Once the peroxide is
destroyed, appropriate EPA-approved sanple preservation should be
performed for the specific conpounds of concern.

Operating conditions should be nonitored and recorded during
the test period to provide data for use in the final evaluation
of performance and |ife cycle cost. The paraneters to be
monitored will include:

I Power consunption for reactor, ozonator, and auxiliary
equi pnent ;

Fl ow r at e;

Retention tine;

Hydr ogen peroxi de feed concentrati on and dosage if applicable;

Ozone flow rate, if applicable;

pH;

Acid consunption, if applicable;

Caustic consunption, if applicable;

Coagul ant usage;
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Tenperature of the effluent, cooling water for ozonator, and
deconposer heater

Cat al yst addition; and

O her factors specific to the pilot reactor (i.e. cooling
wat er, sludge generation frompretreatnent, etc.).

Em ssions nonitoring should be performed in the foll ow ng
| ocati ons:

I Reactor off-gas vent; and
I (Ozone destruction unit, if applicable.

I n conducting any | aboratory treatability or pilot-plant
study with ozone, nmeasuring both the ozone dosed and the anopunt
of ozone remaining in the off-gases fromthe reactor is
essential. The difference between the two values is the anount
of ozone actually consuned in the process. Additional air
nmoni toring should include the off-gas tenperature and volatile
organi ¢ conpounds where they are present in the feed water.

Sanpling should not be perforned until steady-state operation
is achieved. This can be estimated as three tinmes the hydraulic
retention tinme (HRT) within the reactor after the | anps are at
full power. The frequency of sanpling can vary dependi ng on the
l ength of the run but a mninum of three sanples should be taken
to ensure reproducibility.

Quality control sanples should be taken to verify sanple
results and may include the followng as outlined in the approved
treatability plan recognizing the need to bal ance cost vs data

qual ity:

I Split Sanples - Sanples that are collected as a single sanple,
honogeni zed, divided into two or nore equal parts, and placed
into separate containers. The sanple nmust be split in the
field prior to delivery to a |aboratory. Odinarily, split
sanpl es are anal yzed by two different | aboratories.
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I Replicate (duplicate, triplicate, etc.) Sanples - Multiple
grab sanples, collected separately that equally represent a
mediumat a given tinme and location. This is the required type
of collocated sanple for volatile organic anal yses and nost
groundwat er and surface water sanples.

I Rinsate Bl anks - Sanpl es consisting of reagent water collected
froma final rinse of sanpling equipnment after the
decont am nati on procedure has been perfornmed. The purpose of
rinsate blanks is to determ ne whet her the sanpling equi pnent is
causi ng cross contam nati on of sanples.

Trip blanks - Containers of organic-free reagent water that
are kept with the field sanple containers fromthe tinme they

| eave the laboratory until the time they are returned to the

| aboratory. The purpose of trip blanks is to determ ne whet her
sanpl es are being contam nated during transit or sanple
collection. Trip blanks pertain only to volatile organic

anal yses; therefore, the containers nust contain no headspace.
Only one trip blank is needed for one day*s sanpling and
satisfies trip blank requirenents for all matrices for that
day if the volatile sanples are shipped in the sanme cooler.

Refer to ER 1110-1-263 for additional details on howto
devel op an approved QA QC sanpling plan. Preprinted data sheets
are hel pful for recording field information. The data can be
transferred to a conputerized data base for easier data
mani pul ati on, data reduction or statistical analysis. For
extended studies, it may be desirable to provide on-line
monitoring and data collection and storage for specific
paraneters (e.g., feed-gas concentration, off-gas concentration,
liquid and gas flow rates, tenperatures, etc.).

The final report format for the pilot treatability testing
may contain the follow ng el enents:

Proj ect Description;

Actual waste stream characteristics;

Expected waste stream characteristics expected,;
Pilot Treatnent System Process Train and Setup
Test Qbj ectives;
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I Summary previous test results;
Pretreat ment Requirenents;
System Set up and Adj ustnent for:
power ,
fl ow Rat e,
process Water,
t emper at ure,
Chem cal and Catal yst Addition,
pH and Water Quality Paraneters, and
I nfluent/Effluent Chem cal Concentrations;

Deviate fromthe work plan;

Equi prent and Materi al s;

Sanpling and Anal ysi s;

Dat a Managenent ;

Data Anal ysis and Interpretation;

Resi dual s Managenent ;

Life Cycle Cost Conpari son;

Scal e-up Factors for each major conponent with Justification;
Compari son of Bench and Pilot Results (if applicable);
Study results; and

Reconmendat i ons.

7.5 | NDEPENDENT EVALUATI ON

When treatability testing is conducted by an equi pnent
supplier or contract |aboratory, independent eval uations may be
performed to validate the analytical data and study results. To
conduct an independent evaluation, it is essential that a
treatability study work plan be prepared prior to inplenenting
the test plan so that all parties are in agreenent with the study
protocols, procedures, and data to be generated fromthe testing.

The i ndependent eval uation should include the follow ng:

Revi ew of the study report for conformance to the work plan
requirenents;

QA QC data validation to confirm acceptable | aboratory
anal yses;
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' Athird-party observer in the |aboratory for bench-scal e work
or inthe field for a pilot-plant study; and

Conmparison of results to those fromexisting installations,
if avail able, which may have full-scale or pilot-plant
systens treating simlar water.

The third-party reviewer should be an unbiased, qualified

individual famliar with | aboratory procedures. UV/ Oxidation
processes, and treatability testing.
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8.0 SIZING CRITERIA

8.1 SIZING PARAMETERS
Prior to the sizing of an UV/ Oxi dation treatnent system the
treatability studies and/or on-site pilot-scale test should be
conducted. The data fromthese tests will allow for devel opnent
of specific design criteria for a full-scale UV/ Oxidation
treat nent system Equi pnent sizing should be based on Design
Anal ysis Cal cul ations presented in Appendix C. The follow ng
paraneters shoul d be considered in sizing equi pnent:

| nfl uent fl ow,

Hydraulic Retention Tine (HRT),

Structure and concentration of contam nants,
Ef fl uent characteristics,

Al r em ssion,

Si ze and project requirenents,

Sanpling requirenents, and

Aut omation | evel.

These paraneters are di scussed bel ow.

8.1.1 |Influent Flow
The size and volune of the follow ng equipment will depend on
the fl ow

Equal i zation tank (EQ wth em ssion control, if required,
Pretreatment system when required,

Oxi dant addi ti on,

UV reactor configuration,

Effluent tank, if required, and

Punpi ng equi pnment and process pi ping.

Reactor tank and the effluent tank volune is also a function
of influent flowrate and retention tinme, as already discussed in
Section 4.6.1. The latter is site-specific and should be
determ ned on a case-by-case basis.

8.1.2 Hydraulic Retention Tinme (HRT)

The hydraulic retention tinme (HRT) is the anount of contact
time between the contam nants with the oxidants and the UV |ight
in the reactor. HRT depends on the variations of the flow and
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the concentration of the feed water. The | onger the HRT, the

| arger the reactor volunme. The HRT is a function of the flowrate
into the reactor. Some AOP manufactures use catalysts to inprove
the reaction rate to reduce the HRT. H gh HRT woul d achieve a
hi gh renoval rate of all contam nants, but would also require a

| arge reactor, nmaking it nore costly.

8.1.3 Structure and Concentration of Contam nants

Structure and concentration of contam nant are discussed in
previous Section 4.2.1, Influent Characteristics. This section
di scusses what design aspects an AOP process structure &
concentration influences.

I nformation on the structure of a contam nant will be used
for:
I The selection of an AOP treatnent process,
I The choice of oxidizers (hydrogen peroxide and/ or ozone)
The off-gas treatnent, if required, and
I The selection and dosage of catalysts, if used.

| nformati on on the concentrati on of contam nants will be used
for:

Det erm ni ng UV dose, and

Si zing the oxidant feed system (e.g., ozonator and supporting
equi pnent such as air conpressor, cooling water)

8.1.4 Effluent Characteristics

The I evel of contam nant renoval is determ ned by the
effluent limtations set by the regulatory agency and is
dependent upon di scharge nethods, i.e., stream POIWetc.. or
user choice in the event an AOP is used as a pretreatnent step.
The cost of treatnent is a function of the level of treatnent and
may be several orders of nmagnitude hi gher when the | evel of
treatnent increases only one order (for exanple fromO0.1 ppmto
0.01 ppmor fromO0.01 ppmto 0.001 ppm . The condition of the
effluent will also dictate the design of the effluent disposal
facilities such as pipeline | ayout and control.

8.1.5 Air Em ssion Control
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Air em ssion control may include VOC*s destruction unit (for
EQ*s vent and reactor off-gas) and an ozone destruction unit.
Dependi ng on the AOP process sel ected, an UV/ Qzone treatnent
process may include off-gas treatnent techni ques such as
catalytic oxidation to destroy VOCs and an ozone deconposer for
ozone control. Ozone deconposers should be sized for the ful
capacity of the ozonator to account for system nal functions.
Current design practices include thermal ozone destruction or
catal ytic destruction systens. Thermal ozone destruction is
di scussed in Section 4.7.7.1 and 4.7.7. 2.

8.1.6 Sanpling Requirenents

Sanpling points nust be provided for the influent and at the
effluent lines; one sanpling tap at each reactor effluent should
be included if multiple reactors are used.

8.1.7 Automation Level

Process nonitoring and control for an AOP are discussed in
Chapter 5, UV/ Oxidation Process Control and Instrunmentation. Safe
operation of ozonization facilities requires the ability to
det ect any abnornmal phenonenon, and the ability to react quickly
to avoid any equi prent damage. Any UV/ Oxi dation treatnent plant
needs to be equipped with a mninmum/level of automation in order
to adequately performstart-up and shutdown in addition to
required alarms connected with the handling of ozone (if any) and
hi gh vol t ages.
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9.0 CONSTRUCTI ON MATERI ALS AND | NSTALLATI ON
The designer shoul d consider two cases when sel ecting
construction materials for an Advanced Oxi dation System

I Retrofitting existing equipnent, and
I New equi pnent and treatnent facility.

9.1 RETROFITTI NG EXI STI NG EQUI PVENT

In an existing facility, careful consideration should be
given to the conpatibility of the materials wth the wastewater,
if the designer desires to use existing equi pnent such as piping
systens or tank(s) for carrying or storing contam nated wastes.
Tanks used to hold raw water brought into the plant for treatnent
be covered to prevent escape of VOC into the work-place
at nosphere within the plant. In sone cases, the RCRA
requirenments for spill contai nment may apply. No existing tank
shoul d be reused for storage of chem cals except for the sane
chem cal as previously used.

9.2 NEWEQUI PVENT AND TREATMENT FACILITY
Desi gn consi derations regardi ng construction materials should
be given to the foll ow ng conponents:

9.2.1 Gas Preparation System

9.2.1.1 A r Feed Gas

The construction nmaterials for air feed gas should include
materials that would be used for conventional conpression,
drying, and conveyance for anbient air. The foll ow ng
construction materials may be used for air preparation system

Upstream of desiccant dryer:
Carbon steel, cast iron, alumnum conventional gasketing,
and pi pi ng coupling techniques.

Downstream of the desiccant dryer

Hi gh quality stainless steel stabilized with nolybdenum (type
316 L) piping fromthe isolation valve imediately upstream of
t he ozone generator.
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9.2.1.2 H gh-purity Oxygen Feed Gas
For high-purity oxygen piping in the feed gas systemthe
followng materials should be used:

Pi pi ng:
ASTM A-312 TP 304L for wel ded services
ASTM A-312 TP 304 when not wel ded.

Fittings & fl anges:
Conpati ble with piping materi al s.

Gate Val ves:
150-1b rating, bronze trimand virgin Tefl on packi ng

Butterfly valve:
125-1b rating, wafer type, cast iron body, stainless steel or
bronze seat, stainless steel stem bronze bushing, and Buna
“N' seat.

9.2.2 Ozone Cenerators

Ozone generators produce dry ozone gas which has a | ow dew
poi nt -60°C or -76°F. Material for surfaces in contact with dry
ozoni zed gas shoul d be selected for dry ozoni zed gas service.
Stainless steel in the ACE series 316 and 321 are acceptabl e.
Tungsten inert gas (TIG welding procedures are to be used(?V,
Gaskets shoul d be Hypalon, silicon or Teflon® or other ozone and
WV resistant materi al s.

9.2.3 Piping Systens for Ozonation Service
Design of piping systens for ozonation service nust consider
two cases:

I Dry-ozonized, and
I Wet-ozoni zed gas servi ces.

9.2.3.1 Dry-ozonized Gas Service

I Piping systens for dry ozone service, which is that upstream
of the reactor, should be a m ninmm stainless ACE 304 and 304L
(316L being nost common) with TIG wel ding and Teflon®filled
gasket s.
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I Val ves should be cast-iron body, Viton A body liner, 316 SS
body, disc, and Viton A seat and seals or 316 SS body, disc,
and shaft, with Tetrafl uoroethylene (TEE) -filled seat and
seal . Unplasticized polyvinylchloride (UPVC) or hard plastic

pi pi ng systens should not be used(?V,

9.2.3.2 Wet-o0zonized Gas Service

I Wet-ozonized gas service, which is that downstream of reactor
cont ai ning water vapor in the ozone off-gas, requires that al
construction material be stainless steel 316 and 316L because it

is the nost rigorous service in the system

I O her system conponents such as the dem ster and ozone
destructor nedi a cabi nets should al so be constructed of
stai nl ess steel 316 or 316L.

9.2.4 W/ Ozone Reaction Tank(s)

Reactor tank(s) for UV/Ozone should be treated as wet-
ozoni zed service. Al netal (for single or nultistage systens)
shoul d be nade of stainless steel 316 or 316L. WV | anps,
vertically or horizontally positioned wthin the reactor, are
encl osed within quartz tubes. A slight vacuum nust be applied to
t he oxi dation chanber to prevent ozone | eakage.

9.2.5 Punps

In general, punp design should conply with the USACE
Specification CEGS 11211. Punps to be used for ozonized water
shoul d be treated as wet-ozoni zed servi ce.

9.2.6 Ozone Destruction System

The ozone destruction systemfromthe dem ster through the
ozone destructor unit should be treated as wet ozone service,
whi ch neans all construction nmaterial should be stainless steel
316 or 316L.

9.2.6.1 Electrical Power Cable Protection

Arigid or flexible PVC or stainless steel shroud or covering
shoul d be provided to isolate the electrical cable fromthe
ozoni zed liquid of the contactor.
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9.2.6.2 NEMA Encl osures
NEMA encl osures shoul d be nade out of corrosion resistant
materials. As a mnimum NEMA 4 enclosure i s recomended.

9.2.7 Hydrogen Peroxi de-Resistant Construction Mterials

Hydr ogen peroxide is usually supplied in aqueous sol ution.
| ndustrial solutions range in strength from 30 percent to 70
percent. For specialized mlitary and industrial application,
hydrogen peroxide is used in limted quantities, ranging from 86
percent to 90 percent solution. H gher strengths from 99.5
percent to 100 percent have been produced for rocket propul sion.

Most applications for AOP, a 35% of hydrogen peroxide is
comonl y used.

To maintain | ow | evel s of deconposition, equipnent for
storing and handling hydrogen peroxi de nust be fabricated of
suitable materials. The surface of nost of these materials nust
be passivated (conditioned).

Passivation is a process in which a nitric acid solution is
allowed to react with a netal surface causing that surface to
forma nmetal oxide film This film protects the hydrogen peroxide
from being contam nated by the netal surface and protects the
metal surface from being corroded by the hydrogen peroxide. Thus
passi vati on ensures maxi mum peroxi de stability and quality(®9,

The following naterials are suitable for hydrogen peroxide
servi ce:

I Chem cal gl assware,

I Hgh-quality chem cal stoneware,

Hi gh-density pol yet hyl ene ( HDPE)

Pol yt et raf | uor oet hyl ene ( PTFE)

I Alum num al | oys,

Stainless steels (wth 304 and 316 bei ng nobst common)
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Ri gi d pol yvinyl chloride, and

Pl astici zed polyvinyl chlorides and synthetic el astonmers can
be used for tenporary service(®?,

9.2.7.1 Reaction Tank for UV/ Hydrogen Peroxide

I n nmost commercial systens, the reaction tank(s) for
UV/ Hydr ogen Per oxi de service are constructed of 316 stainless
steel, ceramc fittings and high quality optic quartz sl eeve
whi ch house the UV lanmp(s) . In certain acidic streanms, Tefl on,
hastal | oy and zirconi um have been selected as the material of
choi ces.

9.2.7.2 Punps

Hydr ogen peroxi de punps nust be constructed, internally and
external ly of hydrogen-peroxi de-conpatible materials. Punps for
hydr ogen peroxi de service are generally constructed of stainless
steel. Stainless steel 304, 316, and preferably 304L and 316L
Tefl on® (PTFE) are accept abl e(®?,

For mechanical seals, the followng naterials are acceptabl e:

Metallic Options:
St ai nl ess steel 316, 316L, 304, 304L.

Nonnetal lic options:
Tefl on®, gl ass-filled Teflon® Viton, A um num # 356, oxide
ceram c, and chem cal grade silicon carbide.

Gaskets, Diaphragns. 0O-rings, Seals. Packing. and Lining:

Virgin Tefl on® ( PTFE)
Vi t on,

PP363,

Vi nyl, and

Gyl on.
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Not e:
VI TON is a registered trade mark of the Dupont Conpany
TEFLON® is a registered trade mark of the Dupont Conpany
HYPALON is a registered trade mark of the Dupont Conpany
KYNAR is a registered trade mark of the Pennwalt Conpany
FLUORI L is a registered trade mark of the 3M Conpany

9.2.7.3 Storage Tanks for Hydrogen Peroxide

Hydr ogen peroxi de has hi gh vapor pressure (at 35% 23.3 mhHg
@ 30°C), therefore, it should not be stored in conpletely seal ed
cont ai ners. Hydrogen peroxide reacts violently with iron, thus,
non-ferrous-containing materials should be used for hydrogen
peroxi de service. All hydrogen peroxi de storage tanks nust have
a filtered vent sized for maxi mum punping to or fromthe tank.
The vent should include a dust filter with 50-m cron pore size
ceramic and stone. In addition to the vent, all storage tanks
shoul d have a free-floating manhol e cover to relieve excess
pressure produced by accel erated deconposition. A general rule
for calculating the mnimum area of the floating roof manway
cover is 1 square inch for every 100 gall ons of storage space,
for a systemcarrying |l ess than 52 percent by weight and 2 square
inches for a systemcarrying greater than 52 percent by
wei ght 59 St orage of high strength hydrogen peroxide (50
percent) should be | ocated outdoors. All applicable regul ations
shoul d be checked before storage tanks are placed. Storage tanks
shoul d be placed in a diked area separated from ot her di kes. D ke
area should have a volune equal to 110 percent of the total
vol une of the storage tank.

9.2.7.4 Transfer Systens for Hydrogen Peroxide Service

When a hydrogen peroxide transfer systemis designed,
appropriate materials nust be used, and several other guidelines
shoul d al so be foll owed:

I Hydrogen peroxide should never be confined to avoid gas buil d-
up;

I Water nust be | ocated near the transfer system
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Hydr ogen peroxi de piping should occupy the highest position in

the pipe rack to avoid contam nation from ot her systens;

Drai ns should be |l ocated at all | ow points;

Wel di ng and flanges are preferred over threaded connecti ons;
and

A flange bolt kit is recomended when joining dissimlar
nmet al s.

The materials |isted bel ow are unacceptabl e for hydrogen

per oxi de servi ces.

Br ass,

Copper,

Ni ckel ,

Iron and mld steel,
Bronze,

Synt hetic rubber, and
Pol ypr opyl ene.

The materials |isted bel ow are acceptable for hydrogen

per oxi de service(®9:

P

i nQ:

ASTM A312 G. TP 316 seanl ess or ASTM A-312 G. TP 316
El ectri c,

Fusi on-wel ded pipe, no filler material, and

Col d- Wr k- Anneal ed and passivated, hydrostatically-tested and

mlled certified.

1" - 4 Schedul e 10S (Wl ded construction only),
w - 1 Schedul e 40S (t hreaded),

Teflon-1ined carbon steel for |ow concentration el ectronic
grade only.
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Tubi ng:

Metallic Options: stainless steel 316, 316L, 304, 304L, and

I Nonnetallic options: high density polyethylene for |ow
pressure and tenporary applications.

Hose:

I Corrugated stainless steel 316, 3l6L, 304, 304L, and

I Braided reinforced heavy wall PVC for |ow pressure
appl i cations.

Val ves:

I Ball valves are preferred for peroxide service; and

' Relief nust be provided in the ball valve cavity by drilling
a small hole in the upstreamface of the ball to rel ease the

pressure build-up in the ball valve cavity.

| nstrunents:

1 Stainless steel 316, 316L, 304, 304L,
1 Tefl on® and
I Fluorolube-fill fluids.

Pi pe seal ants:

I Teflon® tape and fluorol ube |ubricant, and
I Locktite PST57.

All material should be passivated before it is put into
servi ce.
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10. 0 OPERATI NG CONDI TI ONS
The operating conditions devel oped for an ACP treat nment
system nust address the follow ng issues:

OQperation Safety,

Oper ati ng concerns,

System start-up

Trai ni ng, and

QOper ati on & Mai nt enance Manual

These issues are discussed in the follow ng sections.

10.1 OPERATI ON SAFETY

Equi pment shoul d be designed so operators of UV/ Oxidation
treatnent systenms will not be subject to UV radi ati on when
working in the proximty of the UV unit. Contractor and operator
trai ning and O&M manual s shoul d alert operators that each lanp in
the UV nodule is a powerful source of radiation. UV radiation can
cause serious danmage to unprotected skin and eyes, but is safe
when proper precautions are taken. The best protection is to
prevent exposure to radiation. The UV nodul es pose no health
t hreat when subnmerged and in their support racks, but the nodul es
must be turned off when renoved fromthe racks. If it becones
necessary to work within an open source of UV radiation, gloves,
protective clothing, and UV face shield should be worn. Safety
gl asses with plastic | enses, or goggles that do not cover the
entire face are not adequate. No part of the body should be
exposed to UV radiation. Looking into a burning UV | anp and or
exposi ng oneself to a burning UV | anp can danmage eyes and skin.

For the UV/ Ozone treatnent system the potential for on-site
personnel or community exposure to airborne contam nants (gaseous
exposure) should be nonitored. If a system nmal function occurs,
al arms nmust sound and all conponents of the system nust shut off
automatically. Protective canister-type respirators nust be kept
avai |l abl e. Rubber masks can be used for ozone concentration up to
5 ppm (10 ng/ n¥ NTP). Beyond that |evel, canister type respirator
Wi th supplied air cylinders nust be used. Personnel nust be
trai ned and practice handling and weari ng masks and respirators.
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Hydr ogen peroxi de solution, which is a reactive substance,
presents the greatest chem cal hazard associated with the system
However, when handl ed appropriately, the potential for exposure
to hydrogen peroxide by on-site personnel is |ow. Safe practices
for handling of hydrogen peroxide are as foll ows:

I Wear safety goggles and gl oves;

I Have eye baths avail able and safety showers;

Store H,O, in original container in a cool place;

Have water hoses available for fire fighting;

Keep area free of conbustible materials;

Use cl ean vessel s and equi pnent nmade of conpatible materials.

Wash away any spill age i nmedi ately;

Use only vessels or containers fitted with pressure relief
devi ces;

Prevent hydrogen peroxide contact with iron-containing
material, and carbonaceous/organic material; and

! keep area free fromstorage of all fuels and | ubricant.

10. 2 OPERATI NG CONCERNS

An AOP facility should be operated by a trained operator in
order to achieve desired renoval efficiencies. The foll ow ng
paraneters should be of concern to the AOP operator:

Fl ow vari ati ons,
Concentration vari ations,

Equi prent cal i brati on,

Mai nt enance requirenents, and
Tr ai ni ng.
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10.2.1 Flow Variations

Hi gh variations in influent floww || affect the renoval
efficiencies of the treatnent process. If the flowis too high,
t he operator has the option of increasing oxidant(s) and W
dosage or diverting part of the flowto an equalization tank (if
avai l able) or cutting back in flow fromthe influent supply Iine.

If the flowis too |ow, the UV dosage shoul d be reduced,;
ot herw se, the reactor may beconme overheated creating an
automatic stop of the operation or, in sonme cases, damaging the
system Systens that use | ow pressure nercury W |anps wll not
over heat the reactor.

10.2.2 Concentrations Variations

The operator may face unpredictable variations of contam nant
|l evels. As flow varies, contam nant concentration variations wll
al so affect the system performance. The operator nust adjust the
operating paraneters accordingly if a consistent perfornance is
to be expected.

At | ow concentrations, the demand for oxidant(s) and W
dosage wi Il be reduced. This can be achi eved by reducing
oxi dant (s) dosage and turning off one or nore of UV |anps. Sone
ACP systens provide options to change the UV dosage by
mani pul ating the W intensity itsel f(171®,

Hi gh concentrations will require a high dosage of oxidants
and/ or UV dosage. In this case, the operator should increase the
oxi dant (s) and UV dosage or to operate the systemin recycl e node
as discussed in Section 4.2.2.5.

If both flow and concentration vary sporadically, the
operator would not have any choi ce other than using an
equal i zation tank to equalize the feed.

10.2.3 Equipnent Calibration

Calibration is an inportant part of every nonitoring program
The instrunments used for nmeasurenents are custonarily correct to
within a certain percentage of the “true” value. This accuracy
is generally expressed by the instrunent*s manufacturer as the
“inherent error of the device.” Instrument calibration does not
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lead to elimnation of error; it does allow the equi pnent to
provi de representative nunbers for the subject nmeasurenent to the
best of the machinery*s ability. Qperators nust provide a
correction for instrunents “drift” over time. Calibrating
tenperature and flownonitoring devices is nore difficult than
calibrating constituent paraneter instruments and shoul d be done
as often as recommended by the manufacturer. Permanently
instal |l ed equi prent used for neasurenents of record should be
calibrated according to manufacture recommendations and quality
assurance program

10. 2.4 Maintenance Requirenents

Mai nt enance is conprised of a series of activities carried
out to ensure that equipnent, systens and facilities are able to
performas intended and/or to provide consistent perfornmance of
the treatnent equi pnent. Regul ar mai ntenance by trained
personnel is essential for a successful treatnent operation.

A brief summary of the mai ntenance requirenents for the
UV/ Oxi dation systens i s presented bel ow

10.2.4.1 WV Lanp Assenbly

Lanp depreciation is a natural phenonenon which occurs over a
period of time typically between 4,000 and 10,000 hours for |ow
pressure W lanps and from 3,000 to 4,000 hours for nedium
pressure |anps cited by nost manufacturers(28). During this
period of tinme, the UV | anp gradual ly overexposes its quartz tube
and restricts the UV emssion. At the end of the lamp*s |ife, the
UV em ssion could be reduced to approximately 70 percent of its
original output. To ensure adequate treatnment throughout the
| amp*s |life, all dosage cal cul ations are nmade at this “end-of -
[ife” output level. Once they reach this low |l evel of W
intensity, the |lanps nust be replaced. Sonme vendors nonitor W/
em ssion directly, others use el apsed non-resettable tiner.

U intensity decreases with fouling and with aging of the W
| anp; therefore, WV |lanps should be checked and t he nai ntenance
shoul d be perfornmed when it is due according to the O%M nmanual
Regul ar UV | anp assenbly mai ntenance includes periodically
cl eaning the quartz tubes housing the UV | anps. Eventually, the
lanmps will require replacenent. The frequency at which the
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quartz tubes should be cl eaned depends on the type of UV | anps
and the concentration of dissolved netals solids present in the
influent or precipitate formed during treatnent. Suppliers should
provi de a repl acenent set of bulbs prior to the one year warranty
expiration, preferably 30 days before the end of the warranty
peri od.

Conditions and materials that interfere with AOP process
i ncl ude chem cal and biol ogical fouling that devel op on the
surfaces of the WV | anps quartz tubes reducing their efficiency.
Therefore, keeping the transfer surface clean of scaling is
paranount to AOP system performance. Fromtinme to tine the quartz
sleeves will require cleaning. This cleaning is acconplished by
using a mld solution of citric acid or phosphoric acid®®, or
t hrough operation of nechani cal cleaning devices such as
autonmatic w pers equi pped in sone systens(l”1®,

10.2. 4.2 Ozone Unit
In the ozone unit, the foll ow ng points should be checked:

Air/water flow rate,

Cool i ng wat er punps,
Tenper at ur es,

Air/water pressures,

Process gas Dew poi nts,

Air filters (check/replace)
Ozone production rates (I bs/kW,
Ol pressure in conpressors,
Desi ccant unit sw tch-overs,

El ectrical transforner cooling devices,
Deconposer heater, and

Val ve operati on.

The deconposer heater nust be maintained in good working
condition. Regular testing should be carried out by manual |y
turning off the heater to check the alarmresponse.

Yearly conduct the follow ng:

Performance of the unit (percent ozone)
I Change parts where required, and
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I Cean the ozone generator thoroughly.

The mai nt enance program and frequency of preventive
mai nt enance will depend on the operating conditions at each
installation. The supplier of the AOP system usually recomends
t he mai nt enance program based on the specific equipnment they
supply. For normal operating environnents, the programincl udes:

Dai ly inspections,
Weekl y mai nt enance,
Mont hl y mai nt enance, and
3000- hour mai nt enance.

I nstrunment control devices such as sensors for tenperature,
pH, ORP and flow control elenents for air and water to the
ozonat or shoul d be maintained on a daily basis.

10.3 SYSTEM START- UP

System start-up procedures and sequences of operation wll
vary, dependi ng upon the type of AOP used. For exanple, if the
treatment systemused is UV/ Ozone, cooling water for the ozonator
shoul d be prepared first. The next step would be the activating
air conpressor and ozone deconposer before operating the
ozonator. The WV | anps can be turned on as soon as the infl uent
waters fill the reactor tank. However for specific types of
equi pnrent used, the manufacturer or equi pnent supplier*s start-up
procedures should be foll owed and coordinated with the use of
ot her equi prent .

10.4 TRAI NI NG

OQperation of an ACP treatnent systemrequires skilled
personnel trained to operate the equi pnent and the actual
process. Qperators should have attended 40 hour initial and 8
hour refresher training as recomended in the 29 CFR 1910. 120.
st andar d.

Site specific training should include those itens |listed
bel ow and shoul d al so include training as required by 29 CFR
1926. 1200 (Hazard Communi cati ons Standards) for the hazardous
material store in the facility.
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A start-up training programfor operation responses should be
provi ded by the supplier of the AOP system Qperator
participation at the tine the facility is conm ssioned enabl es
the operator to acquire detailed and practical know edge about
operating the facility.

The operator nust |earn the system check-out procedures,
performance testing, and various operating nethods for each piece
of equi pnent i ncluding manual, automatic, renote-controlled units
and acquire the ability to solve the nornmal problens that occur
during initial start-up.

The unit operator should al so have conpl eted an Cccupati ona
Safety and Health Act (OSHA) initial 40-hour health and safety
training course and an annual 8-hour refresher course, if
appl i cabl e, before operating the AOP system at a hazardous waste
site. The operator should also participate in a nedical
nmoni tori ng program as specified under OSHA requirenents.

Safety training should cover, anong other things, the nature
and danger of:

I WV radiation,

Ozone,

Hydr ogen per oxi de

O her chemcals (for AOP operation and | aboratory use)

H gh vol t age,

Hi gh tenperature surfaces,

First aid in case of accidental ozone gas inhalation, and
Precautions to be taken on prem ses where an exposure hazard
exi sts.

These safety features are neaningful only if the operator
strictly observes and follows all the rules and instructions
provided in the Health and Safety Plan and in the O%M manua
i ssued by the vendors.
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The owner of the facility may have a contract option to carry
out the operation and mai ntenance. In this case, training wll be
part of contractor responsibility.

10.5 OPERATI ON AND MAI NTENANCE ((O&M) MANUAL

The primary purpose of the Operation and Mii ntenance (O&M
Manual is to explain the functional operation of the treatnent
system to describe its capabilities and limtations, and to
outline procedures for control of the treatnent processes.

The O&M Manual is necessary for a proper operation of the
treatnent system The supplier is obligated to supply the
equi pnent with Q&M literature when the plant is comm ssioned.

The O&M Manual is intended for use by operating personnel and
adapted to the particular features of the equi pnent install ed;
therefore, the docunent nust be witten for the operator. Only
sinple descriptive literature should be given, and any materi al
or brochures that require a specialist or research should be
excl uded.

The manual shoul d i ncl ude:
I A general description of the treatnment process;

I A detailed description of equipnent, process flow and
i nstrunent ati on;

Certified drawi ngs for equi pnent conponents and equi prment
| ayout ;

I Practical operating procedures including performance testing,
influent, effluent concentrations and trend anal ysis of
i nfluent;

I A conplete description of control, instrunent interface and
mai nt enance procedures;

I Identify specialty itens such as type of oil and grease,
desiccants, etc.;
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Initial start-up procedures;

Emer gency shut down procedures,

Monitoring and quality control;

Equi prent speci fications;

Alist of faults and failures for each piece of equipnent;
Faul t/failure anal ysis, and trouble shooting guide;

Li st of spare parts;

Process safety and protective equi pnent requirenents, and
Records keeping (el ectronic/others)

In order to plan all the inspection and mai nt enance

operations required for plant operation, a naintenance schedul e
is essential. The nmai ntenance schedul e nust i ncl ude:

Mai nt enance schedul e,

Systemati c check-up operations for each piece of equipnent;
W | anp repl acenent frequency;

Sensor, and neasurenent devices calibration frequency;
Periodic reports regardi ng energy consunption by ozone
generators (if UV/ Ozone is used) and other supporting units
vital to production, ozone dissolution efficiency, ozone
destruction efficiency; and consunption of chem cals such as
hydr ogen peroxi de, acid, caustic and catalysts, if used;
Recordi ng data (el ectronic or others)

The personnel who carries out the job;

Personnel required for operation and mai ntenance;

A-160



ETL 1110-1-161
29 MAR 96

I The tinme required for each job;

I Shut down requirenents during naintenance/repair; and

Mot hbal I i ng and preservation procedures.

The entire schedule and the results of each job should be
recorded. This provides for easy anal ysis when preparing the
operating cost, Q&M statistics, and figures to be included in
operating cost determ nations.

The follow ng other itens shoul d be included:

Cost of spare parts and suppliers;

Plant utility requirenents such as electrical, air, drinking
wat er, service water and tel ephone;

I Safety around the UV/ Oxidation treating unit, nercury spills,
ozone | eaks, and safety procedures for chem cal handling; and

I Methods of disposal of old UV | anps and catal ysts, if used;
I Nane, address, and tel ephone nunber of technical personnel to
contact in case of an energency related to the treatnent

syst em

Fi nal acceptance of the plant should not be given until these
docunents have been supplied, received, and approved.
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11.0 DESI GN AND CONSTRUCTI ON PACKAGE

The design and construction package for an AOP system
normal Iy include a design analysis, draw ngs, plans and
specifications. This design and constructi on package can be used
as a stand-al one package or integrated into an overall wastewater
or water treatnent design and construction package. The sections
that follow provide a brief overview of the elenents of the
desi gn anal ysis, drawi ngs, and gui de specifications. In addition
to the information provided below, a description of general types
of design calculations required is presented in Appendix B and a
checkl i st of design docunents and associ ated el enents is
presented in Appendi x C.

This section describes the conplete contents of the
construction package. Depending on the procurenent strategy
sel ected, sone or all of the actual deliverables nmay be prepared
by the ACP system vendor.

11.1 DESIGN ANALYSI S

The design anal ysis serves as the docunent that justifies the
desi gn. The design analysis should be perfornmed in accordance
wi th the USACE Regul ati on ER 110- 345-700, Engi neering and Desi gn-
Desi gn Anal yses. For AOP applications, the design anal yses should
i nclude, but not be [imted to, the itens detailed in the
foll ow ng two subsecti ons:

11.1.1 Description of the Wastewater Characteristics

A tabul ar summary and/or description of the wastewater
characteristics should include influent characteristics, and
effluent characteristics. Influent characteristics are described
in Section 7.1, Wastewater Characterization. Process paraneters
shoul d be revised to prevent formation of undesirable
i nt er medi at es.

The effluent characteristics normally include the desired
performance requirenents (i.e., effluent limtations) and a
description of the nethods used for disposal of waste streans.
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11.1.2 Description of the AOP System

The tabul ar sunmary and description of the AOP should al so
i nclude a description of the principal process, auxiliary systens
and the supporting equi pnment used with the AOP. The process
description should have a discussion on how the system works, and
a di scussion on how kinetics could be used to estimate further
treat ment.

The description should include the foll ow ng:

I Alist of all equipnent supplied. The equipnment |ist nust
i ncl ude such details as descriptions of equi pnent, nanme tags
assigned to each piece of equi pnent, manufacturer, size,
di mrensi on and nodel. The extent of the AOP supplier
responsibility shall be specially indicated within the draw ng
and specification packages.

A description of controls, instrunentation, and proposed

oper ati ng sequence, addressing how the AOP equi pnent will be
interfaced wwthin the system and with other related treatnent
processes that generate wastewater or groundwater; and

Al'l cal cul ati ons necessary to support the design capacity,
equi pnent sizing, chem cal dosages, UV dosage, etc.

11. 2 PROCESS HAZARD ANALYSI S

The design and construction package should i nclude a process
hazard anal ysis. The process hazard anal ysis may influence the
system design in a manner to protect personnel safety. Process
hazards are discussed in Section 4.1, Safety.

11.3 DRAWNGS AND DETAILS FOR BI DDI NG AND CONSTRUCTI ON

Desi gn drawi ngs shoul d be provided for the conplete treatnent
systemincludi ng pretreatnent. Equi pnment described in the
specifications should have sufficient details to permt
construction. The design draw ngs should coordinate with other
di sci plines and include provisions for interfacing with other
treatment processes. In general, the drawings will include the
fol | ow ng:
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I Asite plan showi ng the major conponents of the AOP system and
their relationship to new or existing facilities;

A flow schematic di agram's) showi ng process flow, nass
bal ance, oxidant feed systens, etc.;

A piping and instrunmentation diagram (P& D) of the entire
process;

A building layout including a floor plan show ng equi pnent
| ayout and piping with tentative sizes;

A cross-section through each building show ng pertinent
el evati ons and pi pe | ocations;

A conpl ete equi pnment | ayout(s) that includes all major
equi pnment conponents, auxiliary and supporting systens, and
requi red piping, valves, neters, punps, etc.;

A diagramof utility routing and requirenents;

Coordi nati on between structural, electrical, architectural and
mechani cal plans; and

A Control Logic Diagram including interface with other
process equi pnent as well as specific process nonitoring
requirenents.

11.4 PROCESS FLOW DI AGRANS (PED) AND MASS BALANCE

The process flow diagrans should show all interrel ated
process equi pnent and a mass bal ance. Al process equi pnent
shoul d be | abel ed. The mass bal ance cal cul ati ons shoul d be
performed on liquid, solids, and gaseous conponents with standard
units. Both physical paraneters (such as pH, tenperature) and
chem cal conponents of each stream should al so be shown on the
mass bal ance. The cal cul ati ons are based on design hydraulic flow
rates, influent contam nant concentrations, unit process
performance, overall renoval efficiencies, and effluent |level to
determne the total mass flow rate of contam nants to be treated.
The mass bal ance shoul d al so show i nternedi ate products of the
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contamnants if this information is deened necessary to the
oper ati on.

11.5 ELECTRI CAL
The el ectrical drawings for all processes in the treatnent
unit should include, as a mnimum the follow ng itens:

One line diagranft;

Load anal ysi s

Controls and interl ocks;
Wring diagram

Power filter*; and

Panel | ayout.

Note: * Electrical drawings are not within the AOP vendor
package; however, interface points need to be identified.

11. 6 SPECI FI CATI ONS

Specifications should be prepared to include both general and
techni cal specifications for major equipnent, auxiliary and
supporting systens, accessories, special material, installation
requi renents, performance requirenents, and any references to
rel ated specifications. Care should be taken to provide
sufficient details as to specific construction conponents so that
a quality product may be constructed.
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12.0 1994 STATUS OF AOP TECHNOLOGY

The application of Advanced Oxi dation technology to the
treatnent of contam nated wastewaters continues to devel op
rapidly. Both the vendors and system operators are gaining in
experience and know edge. These devel opnents continue to nake
the technol ogy nore efficient and cost effective. In this
rapidly changing field, new AOP manufacturers energe while others
fade away. The data and information regardi ng AOP systens and
their process performance contained in this ETL are based on
systens installed between 1988 and 1994. Perfornmance of AOP
systens may be expected to inprove in the future due to
advancenent of the technol ogy and process devel opnent.
Currently, a nunber of vendors offer UV/ Oxidation systens and
rel ated equipnment. In the sections belowis a short discussion
of sonme of the active (1994) vendors/ manufacturers specializing
in equi pnment for the treatnment of hazardous-waste-rel ated agueous
streans and for water disinfection systens. Sone of these
processes and associ ated equi pnent are patented or contain
patented or proprietary features. Al so included are sone
manuf acturers of oxidants, UV |lanps and catalysts utilized in ACP
systens. The inclusion here of certain vendors does not inply
pre-approval of the vendors or their products. Simlarly
om ssion of a vendor does not inply that their products are
di sapproved. The authors tried to list all the vendors that
could be identified in 1993-1994. Any information about the
systens or products has been provided by the vendors and has not
been i ndependently verified. As stated above, this is a changing
field and potential users of AOP systens should carefully
eval uate the vendors in the marketpl ace when consi dering systens.

12.1 ACTIVE AOP VENDORS I N 1994

12.1.1 Mulcan/Peroxidation Systens. Inc.t

Per oxi dati on System Inc. devel oped a patented UV/ Oxi dati on
system cal | ed perox-pure™?®® in the |late 1970*s to destroy
di ssol ved organic contam nants in water. The process utilizes W
radi ati on, hydrogen peroxide and catal yst additives (if required)
to oxidize organi c conpounds present in water in parts per
mllion (ppm levels or less. The catalyst, if used, is either
destroyed or left in the effluent. The nost common catal yst used
is iron based at a concentration less than 10 ng/L. If iron at
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this level will present a downstream probl em post-treatnent for
iron renoval is necessary.

The perox-pure™system i ncludes the foll ow ng major
conponents: a chem cal oxidation unit, a hydrogen peroxide feed
nodul e, a W lanp drive, and a control panel unit. The perox-
pure™ Flow Diagramis presented in Figure A 24.

The perox-pure™system generates UV radi ati on by using
medi um pressure nercury-vapor high intensity UV | anps housed in
quartz sleeves. In the perox-pure™technol ogy, organic
contam nants are oxidized by OH' produced by UV radiation of
hydr ogen peroxi de. Subsequently, the organic contam nants are
broken down into carbon dioxide, water, halides and in sone
cases, organic acids.

The perox-pure™systemis equi pped with a patented tube
cl eaner call ed Mdul ar Sel f-cleaning Oxi dati on Chanber Patent
#5, 227,140 to clean both the surfaces of the quartz tubes and the
i nside of the oxidation chanber. The UV intensity supplied to the
contam nated water is nmaximzed with the effective use of the
tube cl eaners(18).

This fully commercialized technol ogy was successfully
denonstrated by the EPA SITE Programin 1992 on groundwater and
wast ewat er contam nated with chlorinated sol vents, pesticides,
pol ychl ori nated bi phenyls (PCBs), phenolics, fuel hydrocarbons
and ot her organi ¢ conpounds(%?,

12.1.2 Sol archem Environnmental Systens t

Sol archem Envi ronnmental Systens was incorporated in 1984
under the |aws of the Province of Ontario, Canada. It has
devel oped several UV/ Hydrogen peroxi de processes, called Rayox®
product |ine, covered by Rayox® A U.S. Patent #5, 266,214, Rayox®R
U. S. Patent #5, 258,124, Rayox® F U.S. Patent #5, 324,438 and
W/ OCzone process U. S. Patent #5,043,079, all of which are
directed at the destruction of waterborne organic
contam nants(17).

The Rayox® performance is based on the use of photons froma
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SCHEMATIC DIAGRAM OF PEROX-PURE ™
CHEMICAL OXIDATION SYSTEM
FIGURE A-24
(SOURCE 12)
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proprietary high-power lanp which emts UV radiation through a
gquartz sleeve into contam nated water. An oxidi zi ng agent,

hydr ogen peroxi de and, as necessary, a series of patented

catal yst additives are added. These are activated by the TN |ight
to form oxidizing species such as hydroxyl radicals. The attack
by hydroxyl radicals, in the presence of oxygen, initiates a
cascade of reactions, leading to mneralization (i.e., basic

el enments such as carbon dioxide, water, chlorides, sulfur,
arseni c or whatever the contam nant may contain) and, in sone
cases, |ow nol ecul ar wei ght carboxylic acids.

A typical Sol archem Rayox® systemis shown in Figure A-25.
Reagents are injected and m xed using netering punps and an in-
line static mxer. The contam nated water then fl ows
sequentially through one or nore TN reactors where treat nment
occurs. In certain applications, catalysts, which are photo
active are added to enhance the rate of reaction.

The proprietary catal ysts used in this process are used in
| ow concentrations and are not hazardous to the environnent. The
effluent fromwater treated with catal ysts passes aquatic
toxicity testing. It is possible to recycle catalysts but this is
not usually done because of their |ow cost and non-toxic
nat ur e(1?",

This technol ogy treats groundwater and wast ewater
contam nated with fuel hydrocarbon (FHC), aromatic conpounds
(ETEX), gasoline additive (MIBE), chlorinated sol vents,
pestici de, PCB, phenolics, and other toxic conpounds at
concentrations ranging frommlligrans per liter to m crograns
per liter. The technology is fully commercialized at this tine.

Sol archem al so hol ds several patented steel-brush assenblies,
Pat ent #5, 133, 945 and #5, 266, 280, that are driven over the
surface of the quartz tube with a pneumatically controlled
cylinder. The frequency of the cleaning action can be varied
dependi ng on the |evel of contamnation in the water, and the
Sol archent*s wi per may |last up to 3 years in regular service
before replacenent is required”,

Note: T denotes ETL s advisory board member
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TYPICAL RAYOX® FLOW SCHEMATIC
SOLARCHEM ENVIRONMENTAL SYSTEM

FIGURE A-25
(SOURCE 17)
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12.1.3 Utrox International ft

Utrox International was fornmed in 1984 to devel op and
commerci alize UV/ Oxi dation technol ogy for wastewater treatnent
and drinking water inprovenent. Between 1988 and 1990, four U. S
Pat ents #4, 941, 957, #4,849, 114, #4,792, 407, and #4, 780, 287 were
awarded to Utrox for their use of UV |ight, ozone, and hydrogen
peroxide to destroy organic contamnants in water. In the Utrox®
process, hydrogen peroxide is conbined with contam nated water;
ozone is generated and injected into the treatnent tank and
irradiated with UV light. The light reacts with ozone gas and
hydr ogen peroxi de, produci ng hydroxyl radicals which destroy
organi ¢ contam nants(*11®_  The U trox® process can be viewed as a
photol ytic ozonati on process and the oxidation of contam nants is
likely to occur either by direct reaction of the oxidants added
or by reaction of the hydroxyl radicals with the contam nants.
The U trox® system does not use a catalyst to enhance the rate of
reaction in the process.

The W lanps in the Utrox systemare lowintensity, |ow
pressure nercury vapor lanps with input wattage of approxi mately
70W per lanp and are nounted vertically in the reactor. The | ow
heat generation and scrubbing action of the bubbler mnimze | anp
fouling potential. If lanp cleaning is required, a weak acid
rinse is used in the tank. Lanps renoval is not required. U trox®
al so offers UV Ozone and UV/ Hydrogen peroxi de water treatnent
system

The process al so has been nodified by General Electric (GE)
Co., Fairfield, Conn. and Nucl ear Energy Division (San Jose,
Calif.) to renove organics fromradi oacti ve wastewat er treatnent
system at boiling water nuclear plant(63).

U trox® has al so devel oped a patented catal ytic systemcall ed
D TOX, Patent No. 4,792,407 for the destruction of air-borne VOCs
found in stripping off-gases, industrial off-gases, and soi
venting vapors(1®

A field-scale denonstration was conpleted in 1989 and the
report indicated that the Utrox systemrenoved the majority of

Note: T denotes ETL s advisory board member
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VOCs t hrough chem cal oxidation. However, for a few VOCs, such
as 1,1,1- trichloroethane (1,1,1-TCA), 1,1-dichloroethane (1, 1-
DCA) and Chlorof orm stripping also contributed to contam nant
renoval (19,

The U trox® treatnent system consists of the foll ow ng major
conponents: UV/ Oxi dation reactor nodul e, ozone generator nodul e,
hydr ogen peroxi de feed system catalytic ozone deconposer
(Deconpozon) unit for treating reactor off-gas, and catal ytic VOC
destruction D-TOX unit.

The technology is fully commercial at this tine. The U trox
process is illustrated in Figure A-26.

12.1.4 Purus, Inc.t

Purus, Inc., uses photolytic oxidation to destroy VOCs in air
streans. The system uses a pul sed-xenon-lanmp (flashlanp) which
emts short-wavelength UV light at very high intensities in the
sub 250 nmregion (< 250 nm) (606465

The difference between the Purus photol ytic oxidation process
and ot her UV/ Oxidation processes is that the hydroxyl radicals
are not formed. The | owwavel ength UV em ssions all ow direct
photol ysis of many VOCs, particularly chlorinated conpounds and
freons. Direct photolysis occurs when the contam nants absorb
light, transform ng electrons to higher energy states and
br eaki ng nol ecul ar bonds. The innovative feature of this
technology is its ability to shift the UV spectral output of a
single lamp sinply by changi ng the peak pul se power to optim ze
t he phot ol ysi s.

The process uses vacuumextraction or air stripping to renove
VOCs fromsoils or groundwater. The VOCs then enter the
photol ysis reactor, where a xenon flashlanp generates UV |ight.
The plasnma is produced by pul se discharge of electrical energy
across two el ectrodes in the | anp.

Typi cal contam nant cl asses destroyed by the Purus system are
VOCs including trichloroethene (TCE), dichloroethene (DCE)

Note: T denotes ETL s advisory board member
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COURTESY OF ULTROX
ISOMETRIC VIEW OF THE ULTROX SYSTEM
FIGURE A-26
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tetrachl oroethene (PCE), and vinyl chloride volatiles from soi
or groundwater. Destruction of other VOCs is currently under
i nvesti gation(®®,

The process was successfully denonstrated in the SITE Program
in 1991, but not being developed to full comrercialization.

The Purus UV/ Oxi dation process is presented in Figure A-27.

12.1.5 Magnum Water Technol ogy+

The CAV- OX® UV/ Oxi dation process, devel oped by Magnum WAt er
Technol ogy, al so uses hydroxyl radicals to oxidize organic
contam nant in water. However, unlike nost other UV/ Oxidation
processes, CAV-OX® uses, in addition to hydrogen peroxide,
hydr odynam ¢ cavitation to produce hydroxyl radicals from
i ncom ng wastewater. According to Magnum Technol ogy, this feature
reduces the quantity of hydrogen peroxide required in the
process.

In the CAV- OX® process, wastewater is punped to the
cavitation chanber, which is designed to cause pressure
variations in the flowng |iquid. The pressure transient causes
gas bubbles to suddenly devel op, grow, and then col |l apse. Wen
the m cro bubble coll apse occurs, instantaneous tenperatures up
to 5000 degrees K and pressures over 1000 at nbspheres are
produced. These short duration high tenperatures acconpanying
bubbl e collapse in water will cause nonentary di ssociation of
many |iquid nolecules. Short lived entities such as hydroxyl
radicals (OH) are intensely reactive. Lum nescence has been
observed (Journal of Physical Chem stry 1991, pp 95). The latter
wi |l oxidize any organic conpound in the water. The | ow pressure
mercury-vapor UV lanps within the reactor will oxidize the
remai ni ng organi ¢ conpounds and convert added hydrogen peroxi de
t o hydroxyl radical s*¥,

The CAV- OX® technol ogy is covered by two U S. Patents and one

Pat ent Application: “Water Renedi ation and Purification Method
and Appar at us” (69,

Note: T denotes ETL s advisory board member
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SCHEMATIC DIAGRAM OF THE PURUSADVANCED
UV FLASHLAMP REACTOR

FIGURE A-27
(SOURCE 13)
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Thi s technol ogy applies to groundwater renedi ation,
i ndustrial waste effluent, cooling tower and high purity
industrial water. Typical classes of contam nants destroyed by
t he CAV- OX® process include nonspecific organi c conpounds; the
process is not applicable to inorganic conpounds(14).

The CAV- OX® UV/ oxi dation process is fully comrercialized at
this time. The CAV- OX® process is shown Figure A-28.

12.1.6 Energy and Environnental Engineering, |nc.

Energy and Environnental Engineering, Inc. devel oped a
process called “Laser Induced Photochem cal Oxidative Destruction
(LI'POD)” to photochem cally oxidize organic conmpounds in
wast ewat er using a chem cal oxidant (hydrogen peroxide) and W
radi ation froman Exciner |aser. The beamenergy is
predom nantly absorbed by the organi c conpounds and the oxi dant.
The process is envisioned as a final treatnment step to reduce
organi c contam nation in groundwater and industrial wastewaters
to acceptable |imts(6068,

Laboratory-scal e testing has shown that the LI POD process is
capabl e of destroying 90 percent or nore of a variety of toxic
organi ¢ conpounds in dilute water solution. These include fuel
hydr ocar bon, BTEX, chlorinated solvents, pesticides, PCBs, and
phenol i ¢ conpounds at concentrations of 32 mlligrans per liter
at arate of 1 gallon per mnute. According to Energy and
Envi ronnent al Engi neering, by replacing the |aser with specially
designed WV | anps, flows can be increase to 100 gal |l ons per
m nut e,

A schematic of the LIPOD process is shown in Figure A-29.

12.1.7 Excalibur Enterprises. Inc.

Excal i bur Enterprises, Inc. was forned in 1973 to focus on
wat er purification. The conpany | ater expanded its service to
hazardous waste treatnment in 1983. The UV/ Ozone/ U trasoundsystem
termed Soil Washing/Catal ytic Ozone Oxidation unit is based on a
primary patent #4,548, 716 devel oped for water purification
process. The process is developed to treat soils with organic

Note: T denotes ETL s advisory board member
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SCHEMATIC OF CAV-OX™ ADVANCED OXIDATION PROCESS
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SCHEMATIC OF LASER INDUCED PHOTOCHEMICAL OXIDATIVE DESTRUCTION
ENERGY AND ENVIRONMENTAL ENGINEERING, INCORPORATED
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and i norganic contam nants. The technology is a two-stage
process:

I The first stage extracts the contam nants fromthe soil, and
I The second stage oxidizes contam nants present in the extract.

Contam nated soil is passed through a 1-inch screen prior to
being sent to the washer where ultra-pure water extracts the
contam nants fromthe screened soil. Utrasound acts as a
catal yst to enhance soil washing. After solid/liquid separation,
the water flows to a pretreatnment unit to renove fine particles
then to a carbon filter to reduce the contam nant | oad on the
mul ti-chanber reactor. In the nmulti-chanber reactor, ozone gas,
WV radi ation, and ultrasound are applied to the contam nated
wat er for the oxidation of contam nants. The treated water fl ows
out of the reactor to a storage tank and is reused to wash
anot her batch of soil. Of-gas fromthe reactor is sent to a
carbon filter to renove residual organics(®,

U trasound or ultrasonic sound refers to acoustic frequencies
bet ween 20 and 120 KHz. The mechani cal ultrasound action keeps
the UV | anps system cl ean and increases ozone transfer to |iquid.
Ozone/air mxtures instead of air in the Soil Washing/ Catal ytic
Ozone Oxidation unit show a notable inprovenent in the rates of
reduction of COD and TOC i n wast ewat ers.

Excal i bur does not have any units installed in the field, but
test conducted at EPA*s site indicated that this technol ogy can
be applied to soils, solids, sludges, |eachates, and groundwater
cont ai ni ng organi cs such as PCBs, pentachl orophenol (PCP)
pestici des and herbicides, dioxins, and inorganics including
cyani des at concentrations ranging from1l ppmto 20,000 ppn(63).

The process was accepted in the SITE Denonstration Programin
1989, but is not developed to full commercialization. Figure A-30
illustrates a Soil washing/Catalytic Ozone Oxidation unit.

12.1.8 Sun River lnnovations, Ltd ft.

Sun River Innovations Ltd. devel oped a process that conbines

air stripping, ozone and UV light in one conpact unit called

Note: T denotes ETL s advisory board member
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SCHEMATIC OF OZONE/AIR SONOCATALYTIC TREATMENT UNIT
EXCALIBUR ENTERPRISES, INC.

FIGURE A-30
(SOURCE 63)
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SR2000™t o destroy organi c conpounds in contam nated water.

Oxi dation of organic conpounds is achieved through m xing and the
addi tion of ozone into water stream and subsequent exposure of
both to high-pressure high intensity UV | anp of specific

wavel engt h(®®  The principle of operation is described as

fol |l ows:

Step 1. Water to be purified enters the 5R2000, cascades
t hrough stripper nedia, mxes with ozone gas prior to entering
the UV reaction chanber. It then either exits the system or
recircul ates for another pass.

Step 2. The air cools the UV reaction chanber, passes
t hrough the cascading water, strips contam nants and re-enters
the UV chanber, allow ng for air-phase destruct.

Step 3. The WV chanber*s elliptical shape refocuses the W
light directly into the transparent colum of noving water.

Step 4. A conputer with a hard di sk, keyboard and nonitor
| ocated inside the SR2000 operates the entire system and stores
hi storical performance data for subsequent reference.

The technol ogy is being developed to full conmercialization
at this tinme. Typical contam nant classes destroyed by SR2000™
are BTEX. A flow chart for the SR2000™ Advanced Oxi dati on process
is presented in Figure A 31.

12.1.9 Solar Kinetics. Inc.ft

The Sol ox of Solar Kinetics, Inc. offers two approaches to
the renedi ati on of contam nated water: the Sol ox-Solar (ST) and
the Sol ox-Electric (SE) . Both Sol ox processes utilize photon
energy to initiate the photo-chem cal reactions for destruction
of organic contam nants. The ST process receives photon energy
fromthe UV of solar collectors. The SE process utilizes custom
electric lanps to generate the required photon energy.

The process works by subjecting contam nated water to the
conbi ned forces of sunlight and a sem conductor catal yst, usually
titaniumdioxide (TiG). This catalyst may be m xed into the

Note: T denotes ETL s advisory board member
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water, creating a slurry or fixed onto a lattice-type structure
t hrough which the water flows. The solar detoxification process
treats water at roomtenperatures. The titani um di oxide
concentration required is in the range of 1,000 ng/L. Hydroxyl
radi cals are created by the photon energy that causes the organic
materials to break down to carbon di oxi de and water. The VOCs
t hat escape the solution are sent through activated carbon
filters and/or a special gas reactor that uses W/ light to
oxi dize in the gas phase(®®. A schematic of the Sol ox advanced
oxi dation process is presented in Figure A-32.

Sol ar Kinetics technol ogy can be applied to treat
groundwat er, industrial wastewater contam nated wth BTEX,
chl orinated sol vents, cyani des, explosive waste, PAHs, phenol s,
pestici des and PCBs.

12.1.10 VM Technol ogy

VM Technol ogy devel ops a variety of environnmental equipnment
and new technol ogi es. The VM system known as UVOX®, uses WV
light, ozone and activated carbon. Two separate systens are
of fered: one for treating contam nated waters and the other for
air-pollution control.

In the UVOX® system for groundwater treatnent, ozone is
gener ated by exposing conpressed air between 80 and 100 60-watt
W |l anps. Ozone is mixed with inconmng water in the UVOXR Aqua
Reactor to renove contam nants. Unreacted ozone and ot her gases
exit the top of the reactor, pass through a coal escer which
separates water fromair prior to its entering into the activated
carbon beds. The systemuses two alternating carbon beds. Wile
one carbon bed is adsorbing VOCs, the other is regenerated with
ozone. Recycl ed ozone is fed back into the Agua Reactor, and
treated air is vented to the atnosphere. Since the carbon is
regenerated within the unit, the vendor clains the life of the
carbon is affected only by the durability of the carbon itself.
The carbon beds | ast between 5 and 10 years("™. The VM technol ogy
process is presented in Figure A-33.

12.1.11 Matrix Photocatalytic |Inc.
Matrix Photocatalytic Inc., has devel oped Photocatal ytic
Treatnent Systens to renbve organic contam nants in air and water

Note: T denotes ETL s advisory board member
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COURTESY OF SOLOX
SCHEMATIC OF THE SOLOX ADVANCED OXIDATION PROCESS

FIGURE A-32
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SCHEMATIC OF UVOX SYSTEM
FIGURE A-33
(SOURCE 70)
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at anbient tenperature, using an illumnated titani um di oxi de
(TiQ) catalytic matrix. Basic conponents of this systemare the
photocatal ytic reactor cells. The reactor cell is conprised of an
outer stainless steel jacket which contains a photocatal ytic
matrix and a | owpressure W |lanp (< 400nm for illum nation.

Around the lanp lies a multi-layered sl eeve of special fiberglass
mesh bonded with titaniumdioxide to formthe catal yst matri x.
The titani um di oxi de, when excited by |ight, generates excess
el ectrons in the conduction band (e-5) and positive holes (h*y)
in the valence band. At the surface of the holes, the positive
holes (h*y) either react wth adsorbed water or surface OH
groups to form hydroxyl radicals (OH'). Excess electrons in the
conduction band probably react with nol ecul ar oxygen to form
superoxide ions (G°) , which can further disproportionate to
form nore hydroxyl radicals. These effects will break down and
m neralize organi c nol ecul es, which break the carbon bonds of
hazar dous organi ¢ conpounds(®*”. The Photocatal yti c Reactor cel
is illustrated in Figure A-34.

The titani um di oxi de photocatal ytic technology can be used to
destroy chlorinated or unchlorinated organic contam nants and to
reduce total organic carbon in water and in air. The systens are
nmodul ar in construction and wll treat air streams of 1 to 1,000
CFM and water streanms of 1 to 100 gpm I norganic pollutants such
as cyanide, sulfide, and nitrite ions can be oxidized to cyanate
ions, sulphate ions, and nitrate ions, respectively. The
t echnol ogy has been used successfully to treat highly turbid
ef fl uent and dye wastes in plant operations®”. The technology is
bei ng devel oped to fully commercialization at this tine.

Tabl e A-7 summarizes ACP applicability.

12.2 ACTI VE OZONATOR VENDORS | N 1994
12.2.1 Capital Controls Conpany. Inc. Capital Controls
Conmpany offers three type of ozonators:

I Megos® Ozone Gener ator
Capacity: up to 2600 pound per day (PPD), water cool ed

Note: T denotes ETL s advisory board member
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COURTESY OF MATRIX PHOTOCATALYTIC INC.
PHOTOCATALYTIC REACTOR CELL
FIGURE A-34
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TABLE A-7
Summary of UV/Oxidation Processes and Applicability

Waste Applicable Contaminants
Daveloper Technology UV/H,0, uv/o, UV/0,/H,0, Ultrasound Media Tnorganic Organics
“Peroxidation UV/Oxidat- Ground- VOC, SVOCs,
System ion X X water N/A* TNT
perox- Leachate Halogenerated
pure™ Waste- Hydrocarbon
water Pasticide,
PCBs
Solarchem UV/Oxidat- Ground- i VOC, SVOCs,
Environmental ion X X water N/A TNT
Systems Rayox® Leachate Halogenerated
Waste- Hydrocarbon,
water Pesticide.
PCBs
Ultrox UV/Oxidat- Ground- VOC, SVOCs
international ion X X X water Cyanide Halogenerated
Ultrox® Leachate Hydrocarbon,
Waste- Pesticide,
water PCBs. TNT
Purus Xenon Ground- TCE
Plasma X water N/A DCE
Air-3 VOC in PCE
Purlux 5 soil Vinyl Chloride
VOC in air
Phase
Magnum Hydrocavit- X Ground- Non-Specific
Technology ation water N/A Organic
UV/Oxidat- Cooling Compounds
jon Water
CAV-OX® Waste-
water
Energy and Excimer " Ground- BTEX
Environmental Laser X ‘ water N/A PCBs
Engineering LIPOD I Waste- Phenols
‘ water
Excalibur Ozone/Air i Ground- PCP
Enterprises Sono X X  water Cyanide PCBs
Catalytic Soil Pesticide
Oxidation i sludges Herbicide
Sun River Solar/Elec- T B ‘ ) "BTEX
tric X X water N/A
Photochem- VOC in air
ical Phase
SR 2000
VM Technology | UV/Ozone o Ground- BTEX
GAC X water Cynanide Halogenerated
uUvox® Waste- PAH
water Phenol, TNT
VOC in air
Phase
Matrix Photo- Semicondu- ) Ground- BTEX
catalytic, Inc. ctor water Cynanide VOC, SVOCs
Photocata- Waste- Sulfide TINT
lytic water Nitrate
VOC in air
Phase
*N/A Not Applicable
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1 Capozone® Ozone Generator
Capacity: From 800 PPD (15kg/h), air-feed gas systens
1,600 PPD (30kg/ h), oxygen-feed system

I Monozone® Ozone Cenerator
Capacity: fromO0.5 to 6 PPD (9 to 114 g/h) air-feed
system
1 to 10 PPD (19 to 190 g/ h) oxygen-feed gas
system

12.2.2 Giffin Technics Inc. t
Giffin Technics Inc. offers a wide range of ozonators from 2
g/ hour to over 1,000 PPD

I Uoto 5 PPD, ozonators are air-cooled plate design type
' From 7 PPD and up, ozonators are water-cool ed design type

12.2.3 OREC (Gsnonics* Ozone Research & Equi pnent Corporation)
OREC markets a w de range of ozone generators:

1 0.25 PPD to 1000 PPD at 8 percent by weight, oxygen feed
system and

1 0.13 PPD to 500 PPD at 4 percent by weight, air feed system

12.2.4 QTlI Orone Technol ogy. Inc.
O Tl markets different sizes of ozonators

' P Series 1 PPD at 1.5 percent by weight for snall
installation, air feed, water cool ed, and

I N Series 26.4 PPD for larger installation, air feed, water
cool ed.

12.2.5 03 Associ ates

0, Associates offers six different nodels of air-cooled
corona-type ozonators. They have one-quarter flat-plate
dielectrics with capacities of “4to 8 pounds per day:

Note: T denotes ETL s advisory board member
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' From0.25 to 0.85 PPD, air feed gas system
' From0.58 to 8 PPD, oxygen feed gas system

12.3 U.S. HYDROGEN PEROXI DE MANUFACTURERS
The followi ng are sone of the U S. hydrogen peroxide
manuf act ur ers:

I FMCY
I Sol vay | nterox
I Degussa, Inc.

12. 4 CATALYST MANUFACTURERS

The foll ow ng conpani es are sone of the conpanies that are
active in 1994 in the manufacture of various types of catalyst
used in AOP processes.

12.4.1 Commercial Hydrogen Peroxide Catalysts
Active ion catal ysts are often used for hydrogen peroxide
deconposition. The ions commonly used incl ude:

Ferric, Ferrous
Cupric, Cuprous
Tungst at e

Vanadat e

Chromat e, di chronate
Mol ybdat e

Brom de, 1 odide

Ti t ani um di oxi de

12.4.2 Proprietary Hydrogen Peroxide Catal ysts

The follow ng are sonme of the conpanies that manufacture or
offer proprietary catalysts for their hydrogen peroxi de systens
in 1994. The suppliers claimthat these proprietary catalysts
enhance the degradation of organic conpounds. Sone systens al so
operate w thout catal yst enhancenent.

! Peroxidation Systens, Inc.T,
! Sol archem Envi ronnent al Systens’,
I Degussa.

Note: T denotes ETL s advisory board member
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12. 4.3 Ozone Destruction Catal yst
I Utrox,
! European manufact urers(?)

12.5 WV _LAVP MANUFACTURERS
UV | anps avail able on the market in 1994 include comrercia W
| anps and proprietary | anps.

12.5.1 Comercial UV Lanps
Comrercial UV |anps are nmade by the foll ow ng nanufactures

Hanovi a,

Enerson El ectric Co.,
Vol tarc Tubes, Inc.,
Li ght Sources, Inc.,
CGeneral Electric.

12.5.2 Proprietary UV Lanps
The follow ng conpanies claimto offer or manufacture
proprietary W/ | anps to be used on their own equi pnent:

Per oxi dati on Systens, Inc.",

Sol ar chem Envi ronnment al Syst ens’,
U trox'

Magnum Technol ogy ( CAV- OX) .

Note: T denotes ETL s advisory board member
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13.0 ACQUI SITI ON

13.1 | NTRODUCTI ON

Acquisition Planning is the termused to define the interface
bet ween the project*s requirenents for equipnment to carry out
defined functions and the suppliers or manufacturers of the
equi pnent. The procurenent cycle includes the activities listed
bel ow that are normally required to acquire the advanced
oxi dation equi prent:

Potential supplier identification;
Potential supplier pre-qualification;
Treatability study procurenent;
Equi prrent suppl y bi ddi ng;

Supply contract award;

Expedi ti ng;

| nspecti ng;

Recei vi ng;

Over, short and damage resol ution;
Suppl i er services;

Accept ance testing;

Contract close-out; and

Warranty cl ai ns.

Solicitation Methods are discussed in the Federal Acquisition
Regul ation (FAR) Subpart 16 and 17. Acquisition planning
requi renents are defined in FAR SubPart 7. \Wen determ ni ng what
type of solicitation nmethod to use, representatives from
contracting, |legal, engineering, managenent, real estate and
ot her departnents shoul d be consulted as appropriate.

13.2 ACQUI SI TI ON PLANNI NG CONSI DERATI ONS

AOPs and commercial systens are still being devel oped. For
this reason, the acquisition or procurenment process is reasonably
conpl ex.

Li ke several other unit operations commonly used for water
treatnment, treatability studies are often required to:

Note: T denotes ETL s advisory board member
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I Determne that the process can neet the effluent requirenents,
and

! Provide design data that can be scal ed-up to the project size.

The technical uncertainty that exists before treatability is
successfully conpleted adds to the conplexity of the project.

Typi cal of a newy devel opi ng technol ogy, sone w dely
differing technologies are still conpeting in the AOP market.
This situation makes it difficult to prepare nmechanical
specifications and requires careful analysis to procure the best
equi pnment over the projected life of the equipnent. In this
regard, a realistic life-cycle for the equipnment (considering
potential technical advances) and a flexible installation and
infrastructure (foundation) should be considered to all ow
repl acenent of equiprment with m ni num di sruption when repl acenent
beconmes econom cal ly vi abl e.

A nunber of other considerations nust be addressed during the
acquisition planning process. |If a trade nane or proprietary
specification is to be used, the requirenments of FAR Subpart 6 ER
1110- 345-720 nust al so be satisfied. A brand nanme or equal
specification is a proprietary specification unless two or
preferably three vendors can neet the specification requirenents.
Brand nanme or equal specifications nmust contain the technical
informati on that makes anot her vendor*s product equal to the
brand nanmed. Wen proprietary specifications are used, the
desi gner must be certain that the equi pnment wll operate
correctly since the general contractor is absolved of this
responsibility. An evaluation of the applicability of the Federal
| nformati on Procurenent (PIP) requirenents as identified in the
Federal | nformation Resource Managenent Regul ations nust be
acconpl i shed. Consult your |ocal contracting specialists
regardi ng applicable procedures. The acquisition planning board
shoul d consi der scheduling constraints that could potentially
i npact the method of procurenent which includes such factors as
Compl i ance Orders, Notices of Violation, Interagency or Federal
Facility Agreenents. Itens related to treatability studies are
summarized in Sections 13.3, 13.6, and 13.7

Note: T denotes ETL s advisory board member
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A key acquisition consideration is to start the planning
process by clearly identifying all design decisions that nust be
made. M stakes usually occur when considerations that are open
to deci sion making are assuned to be fixed. Sonme of these
considerations and the options avail able are as foll ows:

Scope of Work for the Equi pnent Supplier:

I Design;

I Design and Fabri cat e;

I Design, Fabricate, Deliver & Install; and

! Design, Fabricate, Deliver, Install, or Operate; and Training

13.3 TREATABILITY STUDI ES

The treatability study scope and work plan nmust be carefully
devel oped to ensure successful conpletion of the study. The
study may be a bench-scale or pilot-scale study, depending on the
study objectives, as identified in Section 13.5. As with any
USACE effort that requires data collection and analysis, the
USACE | ab val idation process, as identified in ER 1110-1-263 nust
be conpleted prior to commencing the actual study. The health
and safety requirenents identified in 29 CFR 1910.120 and ER 385-
1-92 nust al so be satisfi ed.

13.3.1 Type of Study

The type of treatability study is discussed in Section 7.0.
Keep in mnd there are nultiple vendors with different equi pnent.
| f pilot studies are done, there nust be a conscious effort to
give all vendors an equal opportunity to participate in the pilot
phase. |If a single vendor is chosen to do a pilot study, results
shoul d be reported in a manner that would allow as many qualified
vendors as possible to bid on the equi pnent supply. For
instance, if a systemwth | ow wattage | anps using ozone as the
oxi dant was used for the treatability study, the nost inportant
paraneters should be identified such as detention tine, ozone
dosage, WV |light dosage, and catalyst addition. A life-cycle
cost analysis may be required to identify if one vendor has a
much nore cost effective systemover the entire life of the
project. However, data obtained fromsuch a test would not be
appl i cable for high wattage UV HO, system Procedures for
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performng a life cycle cost analysis is discussed in Section
13. 6.

13.3.2 Mobilization Requirenents

When conducting on-site pilot testing wwth a single vendor,
or when nultivendor, “head to head” vendor |ife-cycle cost
conpari sons are acconplished, extensive planning is required.
Vendors nust be given anple tine to set up and optim ze the plant
operation, and site coordination issues defined in Section
13.3.3. nmust be conpleted. These requirenents will vary based on
the type of study planned. During the optim zation period, the
vendor is generally allowed to use | aboratory and anal yti cal
screeni ng techni ques at the vendor*s discretion. Aliquots of
water are normally provided to vendors prior to pilot testing to
all ow the vendors to establish their initial setup. During the
actual treatability study, vendors are nonitored for a variety of
inputs and outputs as identified in Section 13.4.6. These itens
W ll determ ne the actual system operation costs. During the
actual treatability study, a USACE-validated lab is required.
Al sanpling and anal ytical nethods nust be identified in the
Qual ity Assurance Project Plan.

13.3.3 Treatability Study Coordination

13.3.3.1 Uility Requirenents

Uility requirenents nust be identified for on-site
treatability studies, and access to all utilities required by the
vendors nust be provided. |In addition utilities are required to
be nonitored to develop life-cycle costs, reference Section
13.4.6.

13.3.3.2 Staging Area

A staging area for vendors doing on-site treatability studies
is needed to set up their equipnment and nmake all utility
connecti ons.

13.3.3.3 On-Site Treatability Study Wrk Plans

On-site treatability study work plans nmust identify proper
di sposal of plant effluents, including coordination with the
proper regulatory authorities.
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13.3.3.4 Waste Source

Consi deration of the source water is especially inportant to
insure that representative water is treated in the pilot test.
The hot spot is not necessarily desired.

The waste source used during the treatability study nust be
representative of the waste to be treated over the life of the
project. A waste that is either nore dilute or nore concentrated
than the waste the equi pnment is expected to treat can seriously
skew the results, especially when a life-cycle cost anal ysis
eval uation is being acconpli shed.

13.3.3.5 Pilot Studies

Pil ot studies should be coordinated with well installation,
devel opnent, and/or punp testing if logistically possible, to
l[imt the quantity of water requiring storage and di sposal.

13.3.3.6 Monitoring Treatnent Process | nputs/Qutputs
The foll ow ng inputs/outputs should be nonitored:

Power consunption should be nonitored through a separate neter
upstreamof any load to the unit. Itens such as ozone
generators, and cooling units simlar to those units to be
used at full scale should be used. Be aware when the |ife-
cycle cost analysis is perforned, the scale up of the
auxiliary equi pnment as well as the primary treatnent equi pnent
must be properly acconplished.

Chem cal s such as hydrogen peroxide, and catal ysts, or other
chem cal s should be nmetered and usage recorded on an hourly
basi s throughout the actual treatability study. D sposal costs
of catalysts or used | anps nust also be addressed in the life
cycle cost conparison for both water and air phase as well.

Pretreatment requirenents such as netals precipitation, pH
adjustnent, and filtration should be identified and costs

al l ocated appropriately. Renmenber all UV Oxidation vendors do
not require the sane degree of pretreatnent.
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I Auxiliary systemrequirenents such as cooling units and ozone
generation equi pnent, ozone destruction units, and volatile
organic catalytic destruction units, should be included in the
treatability testing to identify efficiencies of the
processes, off-gas concentrations, operational problens during
the test, and provide a basis for establishing |ife-cycle
costs.

13.3.3.7 Special D sposal Requirenents

Speci al disposal requirenents for waste streans generated
shoul d be identified prior to comencing testing. Quantities of
sl udges generated, off gases treated and storage of the treated
wat er shoul d be nonitored for each participating vendor to ensure
mass bal ance cal cul ati ons can be perforned. The catal yst for
of f-gas control nust also be considered in life cycle cost
esti mati ng.

13.3.3.8 Shipping Sanples Of-Site

Shi ppi ng sanples off site should be addressed in the field
sanpling plan. The treatability exclusion allowed in the federal
or applicable state RCRA regul ations should be evaluated to
ascertai n whet her special precautions need to be taken.

13.3.3.9 QA/QC

Each vendor, the consultant, or district process engi neer
must check or provide calculations for each unit to determ ne
whet her all inputs and outputs identified in Section 13.3.3.6 are
accounted for in the mass bal ance cal cul ati ons.

13.3.3.10 Reporting
The report format for the pilot treatability testing and/or

LCCC should contain the el enents addressed in Section 7.4.

13.4 ACQUI SI T1 ON PLANNI NG STRATEGY

Overview of potential solicitation options are contained in
Federal Acquisition Regulations (FAR). Users should consult with
their contracting specialists for additional information. |ssues
relating to the particular type of acquisition strategy that wl|
be used shoul d be eval uated during the Acquisition Planning
Strategy prior to the commencenent of design. The acquisition
pl anni ng strategy requirenents are identified in FAR Subpart 7,
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and Section 13.7 of this docunment. The four major categories of
solicitation options that can be used for procuring equi pnment
i ncl ude:

I Performance Specifications which may be nost suitable for
short-term |lowflowrate projects;

Proprietary Specifications which may be used for systens that
treat high-flow rates over an extended tine period. In

addi tion to the requirement of special approvals as
identified el sewhere in this section of the ETL. A
justification and approval (J&A) action is also required for
this contracting step;

Gover nment Fur ni shed Equi pnment which is not used that
frequently due to issues relating to warranties and
instal |l ation.

Proprietary Request for Proposal (RFP) which nust go through
the justification and approval process at the headquarters of
USACE Pri nci pal Assistant Responsible for Contracting.

The factors identified in Sections 13 should be wei ghed
agai nst the advantages and di sadvant ages of each of the
procurenent options. The procurenent process should be eval uated
on a case-by-case basis.

13.5 SELECTI ON FACTORS FOR PROCURENMENT

13.5.1 Process Effectiveness

Based on the information in this ETL and results of
treatability studies, if one process cannot neet the treatnent
goals it should be elimnated fromconsideration. |If one process
gener ates excessive waste products due to pretreatnent
requi renents, then these should be factored heavily into the
overall treatnment effectiveness and operating costs. The primary
objective of the treatability testing is to show the
ef fectiveness of the technology. Cost is a secondary objective
to be addressed in the test. A nore accurate estimate of the
life-cycle cost is another benefit of treatability testing.

13.5.2 Relative Size
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Rel ative size of the TN system conpared to the overal
proj ect should be considered: If the TN systemcapital cost is a
| arge percentage of the overall project cost, it may be necessary
to reconsider the nmethod of solicitation. If the cost of the TN
systemis a relatively small percentage of the total construction
package, the TN system procurenent is not likely to alter the
met hod of solicitation. Special attention should be given to the
specifications to ensure they are consistent with the type of TN
system solicited.

13.5.3 Overall Size

The overall size (footprint) of the TN Oxi dation and
auxiliary equi pment will vary significantly anong vendors. If the
equi pnent nust be placed in an enclosed facility, the inpacts to
the overall building size and associated site features nust be
taken into account, should a perfornmance specification be used.

13.5.4 Duration

The longer a treatnent facility is to operate magnifies the
need for and inportance of performng a LCCC. On the basis of
first cost alone, there are certain TN systens that are not
conpetitive. When a LCCC is perforned, a systemw th a higher
first cost may provide significant savings over the project life,
especially in systens treating high-flow rates, greater than 250
gpm over extended tine periods.

13.5.5 Capital Cost

|f capital cost is the only or primary consideration, an
invitation for bid (IFB) with a performance specification often
results in the | owest capital cost to the user

13.5.6 Life Cycle Cost

If the lowest |ife-cycle cost is your primary consideration,
a LCCC wll be needed to justify use of a nane brand or equal
specification, Proprietary Specification, or Governnent Furnished
Equi prent .
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13.5.7 Schedul e and Resources

If a treatability study and/or a LCCC is required,
adj ustnents to the schedul e nust be nmade early in the design
phase. Likew se suitable resources nust be allocated to ensure
the LCCC and associ ated work plans are properly devel oped. A
properly conducted pilot scale treatability study may cost
approxi mately $250, 0000 to $500, 000. Bench-scal e studies
typically cost one order of magnitude | ess. Procedures in FAR
subpart 6 and additionally for Mlitary Construction projects ER
1110- 345-720 nmust be foll owed when devel opi ng specifications that
may be proprietary based on the results of a LCCC

13.5.8 Availability of Resources to do a Proper Eval uation

An engineering staff with process experience and famliarity
with the UV oxidation technol ogy should be available along with
cost engineering staff to properly evaluate and/ or prepare the
LCCC report.

13.6 LIFE-CYCLE COST EVALUATI ON

13.6.1 Definition of Study

Determne if a bench- or pilot-scale evaluation will be done,
(refer to the SONVWP)as identified in Section 13.3.

13.6.2 Evaluation Report
To prepare the Evaluation Report, refer to itens in Sections
13.4 and 13.5.

13.6.3 Design. Devel opnent, and Construction Limts

Construction limts of proprietary equi pnent nmust be defined
on the drawings and in the specifications for the follow ng
itens:

I Piping: The end points of piping systens not to be provided by
the UV/ Oxi dation system supplied, including auxiliary systens
should be identified. Clearly specify and enphasize that the
UV/ Oxi dation vendor is responsible for coordinating the
hydraulic requirenents for all equi pnent which include sizing
pi ping to the various equi pnent, based on information provided
in the plans and specifications.
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Controls: Control interfaces between the UV/ Oxi dation system
and auxiliary conponents and other unit processes in the
treatnent train or overall treatnent system naster contro
system shoul d be indicated. Cearly indicate the TN Oxi dati on
vendor is responsible for interfacing the controls with the

ot her process units based on information provided in the plans
and specifications.

Auxiliary Equipnent: Locations of auxiliary equipnment if
possi bl e should be identified. Limts of work for water,

power, and control interfaces that nmust be provided by the

UV/ Oxi dati on system vendor should be identified. The
capacities available to the UV/ Oxidation vendor should al so be
def i ned.

13.6.4 Proprietary Supplier

If a proprietary supplier is selected, the district
contracting representative is encouraged to negotiate and enter
into a pricing agreenent with the supplier, fixing the cost of
the proprietary equipnment. This agreenent allows the governnent
toinclude it as aline itemon the bid form providing the
limts of the work are clearly defined in the contract docunents,
whi ch obligates the supplier to the sanme quoted price to al
contractors, and elimnates the supplier*s ability to inpact the
selection of the prime contractor by giving higher bids to
certain contractors. The pricing agreenent shoul d include
provi sions for other services that the suppliers would normally
provi de such as shop drawi ng submttals, operation and
mai nt enance manual s and systens start up.

13.7 CONTRACTI NG AND LEGAL CONSI DERATI ONS

13.7.1 Strategy Pl anning

During acquisition strategy planning, potential issues
relating to but not limted to the foll ow ng:

real estate;

Site access;

permt requirenents for the study;
FARS and suppl enents thereto;

t he Buy Anerican Act;

FI P/ FI RVR applicability;
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I potential proprietary specifications requiring approval; and
I how each of these inpacts procurenent.

13.7.2 Proprietary Specification Approval

ER 1110-345-720 shoul d be consulted regardi ng case-by-case
approval authority for proprietary specifications. In nost
cases, this requires a LCCC, consisting of the conponents
identified in paragraph 13.6. To acconplish this, it generally
requires a conpetitive LCCC anong the responsive vendors replying
to a market survey. The market survey consists of two phases, an
identification of potential vendors through a Commerce Busi ness
Daily (CBD) or other sources sought announcenent, and a nethod to
determ ne qualified vendors from anong those that responded to
the market survey. After the vendors have been sel ected, the
treatability study should be perforned in accordance with the
requirenents identified in this section. The ability to neet the
treatnment goals is the primary selection factor; cost and
mai ntai nability are other factors to be considered.

Bench-scal e studies are generally used to determ ne whet her
the streamis treatable using a particular AOP, although for al
but the nost unusual or conplex streans, a bench-scale test wll
al so supply sufficient design data to proceed. Bench-scal e
studi es can be “generic” i.e. carried out in an independent
| aboratory carried out by a vendor (sonetines at no cost).
Pilot-scale studies are nornally conducted on-site because of the
relatively large anounts of affected water required. Again there
are several types. Sone pilot studies are carried out by one
vendor pre-selected on the basis of bench studies. Oher cases
use the “treat-off” concept and use nultiple vendors to conduct
conparative pilot studies.

The sel ection of an appropriate treatability strategy is an
inportant mlestone for the project. The strategy nust
conpl enment and support the larger acquisitions strategy sel ected.
The nost inportant design consideration is to identify the
deci sions to be made and then to nmake them based on the best
criteria available to the team
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