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Introduction

Modern wastewater and drinking water facilities face

an array of complex and sometimes contradictory
problems. On one hand, they need to treat
microorganisms that are becoming increasingly chlorine
tolerant while driving down the disinfection byproducts
caused by high doses of chlorine. While on the other,
treat the new contaminants that are emerging, such as
pesticides caused by intensive land use, pharmaceutical
products consumed in increasing quantities by an aging
population, or synthetic organics washing into the
aquifer. These emerging contaminants are referred to as
Compounds of Emerging Concern (CEC).

Water scarcity will lead to relying more on the reuse of
water and has accelerated the urgency to develop and
add process barriers to remove these contaminants
from the water supply without exacerbating this issue.
Few conventional drinking water treatment processes
can address these emerging issues and almost no
conventional municipal wastewater processes are
capable of targeting these problematic compounds.

Metabolized and un-metabolized Pharmaceutical and
Personal Care Products (PPCPs) are not new, however
their potential to cause effects on living tissue is now
subject to scrutiny. A study by the U.S. Geological
Survey published in 2002 brought attention to PPCPs
in water (USGS, 2002). Following sampling of 139
susceptible streams in 30 states, detectable quantities
of PPCPs were found in 80 percent of the streams.

PPCPs Include:

*  Sun-screen products
*  Prescription, over-the counter, and veterinary drugs
* Diagnostic agents

*  Fragrances and cosmetics
*  Nutraceuticals (e.g., vitamins)

Sources of PPCPs:

= Agribusiness

*  Residues from hospitals and pharmaceutical
manufacturing

*  Human activity

* llicit drugs
*  Veterinary drug use, especially antibiotics and
steroids

The USEPA maintains an active program called

the Contaminant Candidate List (CCL) to identify
contaminants in public drinking water that warrant
detailed study and may require regulation under the
Safe Drinking Water Act (SDWA). The most recent
Contaminant Candidate List, CCL4 was finalized on
November 17, 2016, and contained 97 chemicals or
chemical groups, 12 microbiological contaminants, and
10 pharmaceutical compounds.

The list includes antibiotic pharmaceuticals such as
erythromycin, and nine hormones: 17 alpha-estradiol, 17
beta-estradiol, equilenin, equilin, estriol, estrone, ethinyl
estradiol, mestranol, and norethindrone.

Ultraviolet (UV) alone or in combination with selected
chemical oxidants has the ability to produce large amounts
of the hydroxyl radical ¢ OH) or chlorine (CI-) radical from
hypochlorite (CIO"). These species aggressively attack
organic compounds, either by the abstraction of hydrogen
atoms from water, (alkanes and alcohols), or it can add
itself to the compound (olefins and aromatic compounds).
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RELATIVE OXIDATION POWER OF PRINCIPAL OXIDIZING
SPECIES

Species Relative Oxidation Power
Chlorine 1.00
Hypochlorous Acid 110
Permanganate 1.24
Hydrogen Peroxide 1.31
Ozone 1.52
Atomic Oxygen 1.78
Hydroxyl Radical 2.05

Positively charged hole on
2.35
Titanium Dioxide, TiO,+

Table 1. lllustrates how powerful the hydroxyl radical is. It is non-
selective and initiates a complex cascade of oxidation reactions leading
to mineralization of the organic compound.

History

Advanced Oxidation Processes (AOP) can be usefully
defined as “near ambient temperature and pressure
water treatment processes which involve the generation
of hydroxyl radicals in sufficient quantities to effect
water purification” (Glaze et al, 1987).

The earliest evidence of this phenomenon was
recorded by Bach (1889), who observed the photolysis
of carbonic acid. The decomposition of H,O, by UV
was later observed by Thiele (1907). Kornfeld (1922)
developed the reaction products from the photolysis of
H,O,. Therefore, the basic concepts of the modern AOP
technologies are over 100 years old.

Today these processes are an essential tool in the
removal of a number of microconstituent compounds
such as N-nitrosodimethylamine (NDMA). NDMA is

a known carcinogen and is effectively removed using
only UV light. UV light at or close to 228 nm is used

to photolyze this compound - effectively breaking

the bonds within the molecule. In the United States,
California has established a notification level of 10-ng/L
for NDMA, which will likely serve as a future regulation
in the state.

In the north of Holland, the PWN Water Supply
Company successfully replaced breakpoint chlorination
at their Andijk drinking water treatment plant by

using the UV/H,O, process. The plant wanted to
provide control against emerging organisms that are

chlorine tolerant while reducing by-product formation
and controlling organic contaminants. The effect of
UV and H,O, on 12 pesticides was studied. For an
electric energy of 1kWh/m? degradation varied from
18% for trichloroacetic acid to 70% for atrazine. For

a combination of <1 kWh/m?and <15 g/m* H,0, all
pesticides could be degraded by more than 80%
(Kruithof et al., 2005).

In the UK, operators at the Mid Southern Water
drinking water plant at Boxall's Lane used UV light to
effectively remove a wide variety of pesticide species
from well water being abstracted from chalk aquifers
(McClean, 2000). Atrazine, simazine and diuron in
concentrations 0.1to 0.5 ug/L were successfully
removed using UV light alone and a higher removal rate
was achieved when UV was combined with of H,O,.

A 12-month study undertaken at Greater Cincinnati
Water Works examined the ability of a low pressure and
medium pressure UV system to reduce 7 contaminants
of interest (Atrazine, Metolachlor, MTBE, MIB,
Ibuprofen, Gemfibrozil and 17-a-ethynylestradiol),
some of which have been found in the Ohio River (Metz,
2011).

Figure 1. ETS-UV™ systems used as part of an AOP pilot study at the
Greater Cincinnati Public Water Works

The study examined the addition of up to 10 mg/L of
H,0O, in conjunction with the UV systems, and recorded
encouraging degradations under different process
conditions (Meyer, 2009). This facility also compared
UV-mediated AOP using chlorine (CI,) rather than the
conventional H,0,. The improvement in performance and
probable cost savings they measured were striking at this
facility.
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Studies carried out by Watts and Linden (2007) and
Watts et al. (2012) have shown that UV/CI, AOP is
significantly more cost effective than UV/H,0, as an
AOP (Watts et al., 2012). Additional studies undertaken
by Rosenfeldt et al. (2013) at Greater Cincinnati Water
Works, using the ETS-UV™ system, showed that UV/
Cl, AOP is capable of reducing MIB by up to 90%, and
that this combination out performs UV/H,0, at low
oxidant concentrations with significantly lower costs by
avoiding the need for quenching agents. Interestingly,
the study showed no evidence of disinfection by-
products formation; this is likely due to the highly
reactive nature of the oxidizing species within the AOP
environment.

The Science of Photolysis

Conventional ozonation or H,O, oxidation of organic
compounds does not completely oxidize many species to
CO2 and HZO. In a number of reactions, the intermediate
oxidation products can be more toxic than the initial
compound. Completion of the oxidation reactions is
regularly achieved using UV light.

Ozone readily absorbs UV light to form -:OH from a
H,0, intermediate, as shown below:

0, + hv > O, + O(D)
O(D) + H,0 > H,0, + hv > 2 -OH

The molar absorption coefficient of H,O, for UV light

at 254 nm (the wavelength produced by low pressure)
is very low. The H,O, absorbance increased when
polychromatic lamps (medium pressure lamps with
broader spectral output) are used and further increased
when high quality synthetic quartz is selected with
enhanced UV transmittance below 240 nm. The
process is however still inefficient due to the low
absorbance of UV above 220 nm.

The direct photolysis of hydrogen peroxide leads to the
formation of hydroxyl radicals.

H,0, + hv - 2-OH

The -OH radicals are unselective and so react quickly.
At H,0O, concentrations over 100 mg/L, the species are
scavenged by H,O,.

These reaction mechanisms are complex and varied.
The illustration below highlights some of the potential
breakdown pathways.

OXIDATION OF ORGANIC CONTAMINENTS
PHOTO-OXIDATION REACTIONS

HOCI

hv

Organic Cpmpounds'
OH* + ClI*
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20H*

Figure 2. Potential reaction pathways

The active chlorine species, and indeed chlorine
mediated AOP processes are gaining traction.
Operating cost, ease of chemical handling, and
safety are essential considerations. The conventional
practice of dosing H,0,,
expensive chemicals looks to be obsolete.

to then need to quench it with

A Better Way

The Evoqua approach to UV-mediated AOP is to
combine an advanced electrode arrangement upstream
of the UV lamps into the AOP system. The electrode
consists of anode and cathode plates that are highly
efficient in converting TDS and other mineral salts
found in most ground or surface water into the active
chlorine species and cleaving the water into -OH, via
the formation of H,O..

2H,0 > H,0,+H,

The anode and cathode work together to produce trace
amounts of -OH and CIO/HOCI (the ratio depends

on the pH of the water), which are formed in situ
immediately upstream of the UV lamps. The electrodes
use a switching power supply to remove any hard water
deposits off them. This has the obvious benefit of not
requiring the bulk storage of H,O, on site nor does it
require the addition of quenching agents due to the
inherent inefficiency of the conventional H,O, AOP.

I H,0,

hv
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Figure 3. Electrode assembly being inserted into an ETS-UV™ AOP
system, directly upstream of the UV lamps

Initial testing of the electrode/UV technology has
shown great success. The first study occurred at

a drinking water facility in New York to show the
effectiveness of MIB destruction. The results showed
a greater than 75% reduction (testing analysis only
showed <9.8 ng/L in the effluent concentration,

so reduction could have been much higher). The
second study was performed at a direct potable
reuse demonstration facility in California targeting
1,4-dioxane. Once again, the technology showed to
be effective providing a >0.5-log reduction which is
industry standard for 1,4-dioxane. Results of pilot are
shown below. Additional pilot/testing is scheduled to
begin by the end of 2017 with additional data expected
in 2018.
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Figure 4. Electrode based AOP removal of 1, 4 dixoane

UV will continue to play an active role as a disinfection
barrier against the chlorine tolerant organisms. As the
available water supply dwindles, and we are forced to
use and eventually reuse water, so the removal of micro-
contaminants, CECs and PPCPs will become more
pressing. Conventional wastewater plants were not built
as a barrier to these nuisance compounds so cannot be
expected to effectively remove them. Oxidation using
UV light and a number of oxidants would seem to be a
logical next step.

Hydrogen Peroxide alone probably isn't the answer to
AOP process, and UV mediated AOP using chlorine and
the active chlorine species offers significant operational
and safety benefits (Rosenfeldt et al., 2013).
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