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Overview
Ultraviolet (UV) disinfection and advanced oxidation
have played an increasingly important role in the overall
treatment process for full advanced treatment as potable
reuse regulations have evolved. California regulations
currently require advanced oxidation enough to achieve a
minimum 0.5-log reduction of 1,4-dioxane, and this serves
as an indicator for other constituents of emerging concern
(CECs). Additionally, the overall treatment process must
be capable of reducing or preventing the formation of
n-nitrosodimethylamine (NDMA) below a 10 nanogram per
liter (ng/L) notification level.
The Leo J. Vander Lans Water Treatment Facility (LVL WTF)
in Long Beach, California, expanded from a production
capacity of three million gallons per day (mgd), up to 8
mgd in December 2014. The Facility provides advanced
treated recycled water to the Alamitos Barrier to protect the
inland aquifers against seawater intrusion. The expansion
of the facility will allow the Water Replenishment District
of Southern California (WRD) to fully replace the use of
imported, potable water, which has historically been used for
the barrier injection.
California’s Groundwater Replenishment Reuse Regulations,
implemented by the State Water Resource Control Board
(SWRCB) Division of Drinking Water (DDW), govern the
injection of recycled water into potable water supply aquifers.
The regulations require the use of advanced oxidation
achieving a minimum 0.5-log reduction of 1,4-dioxane, as
well as additional requirements for pathogen reduction. As
a result, full-scale demonstration testing was conducted at
the LVLWTF to confirm the log reductions achieved for
1,4-dioxane through a series of spiking tests. Additionally,
this full-scale testing was completed to evaluate the use of
UV with free chlorine as an alternative advanced oxidation
process. The results from the full-scale testing, including the
comparison of UV/peroxide with UV/chlorine for efficiency
of 1,4-dioxane reduction, is detailed below.
Advanced oxidation chemistry
Advanced oxidation processes involve the production of
hydroxyl radicals (HO•), which are strong oxidizing agents that
target organic compounds, that are often poorly removed by

weaker oxidants. Hydroxyl radicals can form through a variety
of known reactions, including Fenton reactions between iron
and hydrogen peroxide, the reaction of ozone with hydrogen
peroxide or natural organic matter (NOM), or the reaction of
UV light with hydrogen peroxide or chlorine (dissolved in
water as hypochlorous acid). While the use of ozone, peroxone
and UV/peroxide for hydroxyl radical production is well
established and frequently used for control of taste and odor
compounds and the removal of CECs, UV/chlorine has only
recently been discussed as a potential treatment alternative.
It has long been known that excessive consumption of
chlorine can occur as the result of direct sunlight; however,
studies within the last decade (Jin et al., 2011, Sichel et al.,
2011) have demonstrated that this photolytic destruction of
chlorine results in significant formation of hydroxyl radicals,
as defined in the following reactions:
HOCl + UV photons → HO• + Cl•			 (1)

(2)
OCl- + UV photons → O•- + Cl•
			
(3)
O•- + H2O → HO• + OH			
While both hypochlorous acid (HOCl) and hypochlorite ion
(OCl-) can form hydroxyl radicals when exposed to UV light,
studies have found that the hypochlorite ion also acts as a
strong scavenger of hydroxyl radicals, reducing the ability
to accumulate significant concentrations of hydroxyl radicals
at higher pH (> 7.0) where hypochlorite ions predominate
(Wang et al., 2012). As such, it has been determined that UV/
chlorine is most efficient at lower pH (< 6.0), typically below
the levels seen in natural waters.
Additionally, hydroxyl radical formation has not been seen in
the photolytic destruction of chloramines. While chloramines
are light sensitive and will break down when exposed to UV
light, the resultant compounds are most commonly nitrate
or nitrite, with smaller concentrations of nitrous oxide and
ammonium (Li and Blatchley, 2009). As such, the use of
UV/chlorine as an AOP requires the presence of significant
free chlorine residual rather than the chloramine residuals
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commonly maintained in advanced water purification facilities
(AWPFs) treating wastewater sources.
UV/chlorine for AOP
Numerous evaluations have studied the potential benefits of
UV/chlorine for water and wastewater treatment compared
with existing AOPs. Sichel (Sichel et al., 2011) compared the
efficiency in the removal of eight CECs from a neutral pH tap
water (pH = 7.0). The study found that UV/chlorine achieved
a 60% chlorine reaction rate (or a 60% loss in chlorine
residual) with 0.32 kilowatt hours per cubic meter (kWh/m3)
electrical energy consumption (EEC), compared with only a
14% hydrogen peroxide reaction rate with an equivalent EEC
and equivalent UV dose. This higher rate of oxidant reactions
resulted in a higher yield of hydroxyl radicals and a more
efficient destruction of CECs.
UV/chlorine was more efficient than UV/peroxide at
reducing all eight CECs, when comparable oxidant doses
were employed. The resulting EEO (the EEC required for
one log reduction of the contaminant) for the UV/chlorine
process was generally 30 to 50% lower than the EEO with
UV/peroxide, suggesting that UV/chlorine has potential to
provide the same or better treatment effectiveness as UV/
peroxide with a lower overall energy use. Additionally,
because sodium hypochlorite is typically already used at
AWPFs for other purposes, UV/chlorine could provide an
opportunity to eliminate a chemical storage and feed facility
needed with the UV/peroxide process.
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In 2012, a study from the University of Toronto (Wang et al.,
2012) looked more specifically at the impact of pH and total
organic carbon (TOC) on the efficiency of the UV/chlorine
process and the destruction of trichloroethylene (TCE). As
noted earlier, higher pH water will result in hypochlorite ions
as the predominant free chlorine species. These ions act as
scavengers of hydroxyl radicals, making it more difficult
to achieve significant hydroxyl radical concentrations. In a
similar fashion, natural organic matter, measured as TOC,
can also serve as a hydroxyl radical scavenger in both UV/
peroxide and UV/chlorine, making both processes less
efficient at increasing TOC concentrations.
The 2012 University of Toronto study found that at pH 5, UV/
chlorine resulted in a hydroxyl radical yield more than 2.5
times the yield seen with UV/peroxide, resulting in a TCE
decay rate constant more than twice the rate constant with
UV/peroxide. In contrast, at pH 7.5, the hydroxyl radical yield
for UV/peroxide was unchanged but had decreased 97% with
UV/chlorine. This resulted in a TCE decay rate constant that

was only a quarter of the rate constant with UV/peroxide.
Similarly, a study conducted by the Greater Cincinnati Water
Works (Rosenfeldt et al., 2013), found that the destruction of
the taste and odor compound 2-methylisoborneol (MIB) at a
UV dose of 250 mJ/cm2 and chlorine dose of 5 mg/L decreased
from 90% at pH 6 to less than 10% at pH 7.5. In contrast, MIB
destruction with UV/peroxide was not impacted by pH and
was approximately 75% with the same UV and oxidant dose.
The implication of these findings is that while UV/chlorine can
provide significant savings over UV/peroxide, its efficiency is
highly pH dependent, as it is impacted significantly by the
ionic form of the dissolved chlorine (hypochlorous acid at low
pH and hypochlorite ion at higher pH).
Additionally, the University of Toronto study modeled the
impact that differing TOC levels would have on the pH at
which UV/peroxide and UV/chlorine are equally efficient at
TCE destruction. Since TOC is a hydroxyl radical scavenger,
both AOPs are less efficient when higher TOC concentrations
are present. The impact of TOC, however, was projected to be
more significant with UV/peroxide, since peroxide does not
already serve as a scavenger, and the hydroxyl radical yields
with UV/peroxide are relatively small.
Demonstration testing
Demonstration testing of UV/peroxide for 1,4-dioxane
reduction was conducted at the Leo Vander Lans Water
Treatment Facility during initial plant startup. The test was
accomplished by directly injecting 99% pure 1,4-dioxane
solution into the RO permeate upstream of hydrogen
peroxide injection. To study the combined effects of hydrogen
peroxide plus UV on the destruction of 1,4-dioxane, hydrogen
peroxide was added upstream of the UV process. The test was
conducted by varying the UV system power, UV transmittance
of the RO permeate and hydrogen peroxide concentrations to
determine the minimum UV lamp power, UV transmittance
and hydrogen peroxide concentration necessary to achieve
the required 0.5-log reduction of 1,4-dioxane.
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Demonstration testing was conducted for both the original UV
train (which contained nine Trojan 30AL50 UVPhox reactors)
and one of the two new UV trains (which contained five Trojan
72AL75 UVPhox reactors). 1,4-dioxane was spiked into the
RO permeate at a target concentration of 100 micrograms per
liter (µg/L). The electrical energy dose (EED) was varied from
0.07 to 0.61 kilowatt hours per thousand gallons (kWh/kgal).
The peroxide dose also was varied from 1 to 4 mg/L.
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The demonstration testing of UV/chlorine was conducted
with conditions like the previous hydrogen peroxide testing,
although the flowrate through the 72AL75 UV train was
increased from 3 mgd to 5 mgd. The EED was varied from
0.09 to 0.81 kWh/kgal by varying the power setting from 60
to 100% and by operating between one and five reactors at a
fixed flowrate of 3,500 gallons per minute (gpm). Free chlorine
residual was also varied between 1.2 and 3.7 milligrams mg/L
to identify the correlation between 1,4-dioxane log reduction
and the product of the EED and the oxidant dose, referred to as
the energy-oxidant dose product.

80% power setting at the design flow rate, a minimum 2 mg/L
hydrogen peroxide dose would be required. For the lower
UV transmittance testing (95%), Train 1 required a slightly
higher energy-oxidant dose product of 1.2 kWh/kgal*mg/L.
To achieve this dose product with 80% power setting at the

Samples were collected of the UV feed downstream of the
oxidant injection and the UV product water. The UV feed
samples were used to represent initial conditions with log
reductions calculated from the ratio of 1,4-dioxane in the UV
feed and UV product.
Figure 2. 1,4-dioxane reduction at varying UV/hydrogen
peroxide dose products

current lamp age and the design flow rate, a minimum 2.4
mg/L hydrogen peroxide dose would be required.

Figure 1. Demonstration testing of UV reactors at Vander
Lans AWTF

Figure 3 presents the results of the UV/chlorine testing,
compared against the Train 3 results from the UV/peroxide
testing (96% UV-T). The figure includes best fit linear plots for
each oxidant, indicating that the minimum energy-oxidant dose
product required for 0.5-log reduction was 0.74 kWh/kgal*mg/L
with hydrogen peroxide, but only 0.24 kWh/kgal*mg/L with
free chlorine. These results confirmed that UV/chlorine was
significantly more effective than UV/peroxide at reduction of
1,4-dioxane with the water quality conditions seen in the Vander
Lans reverse osmosis permeate (pH 5.6, 96% UV-T).

Demonstration testing results
Total RO permeate flow remained constant during the UV/
peroxide testing at 5.1 mgd (3,550 gpm), with the flow to UV
Train 1 set at 2.1 mgd (1,470 gpm) and Train 3 at 3.0 mgd
(2,080 gpm). The term energy-oxidant dose product is used
here to represent the product of the electrical dose (EED)
and the oxidant dose, representing a total advanced oxidation
dose applied to the water.
Figure 2 presents the 1,4-dioxane reduction results as a
function of the energy-oxidant dose product. The results show
a good correlation between log reduction and the dose product,
demonstrating that a dose product of 1.0 kWh/kgal*mg/L was
enough to achieve a 0.5-log reduction of 1,4-dioxane with
either of the two reactors when the UV transmittance was 96%
or higher. To achieve this energy-oxidant dose product with an
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Figure 3. Reduction of 1,4-dioxane with UV/peroxide and
UV/chlorine

Conclusions
The testing results from the LVL WTF full-scale spiking study

demonstrated that an energy-oxidant dose product of 1.0
kWh/kgal*mg/L was sufficient to achieve a 0.5-log reduction
of 1,4-dioxane with hydrogen peroxide as the oxidant. To
achieve this energy-oxidant dose product with an 80% power
setting and maximum design flow rates, a minimum of 2 mg/L
hydrogen peroxide dose would be required. The newer 72 lamp
reactors proved to be more efficient than the original reactors
at the plant and achieved 0.5-log reduction of 1,4-dioxane at a
dose product of 0.74 kWh/kgal*mg/L, corresponding to a 1.5
mg/L peroxide dose at 80% reactor power.
UV/chlorine demonstrated considerable promise as an
advanced oxidation process for use in the treatment of
water and wastewater with difficult to remove trace organic
compounds. The process has been demonstrated to be more
efficient than UV/peroxide at low pH conditions (less than
a pH of six), with chlorine conversion to hydroxyl radicals
exceeding 50%, compared with 10 to 20% conversion rates
typical in UV/peroxide applications. This higher yield has
resulted in increased removal rates for CECs and lower
power demands for the UV system.
Results from the LVL WTF testing demonstrated that 0.5-log
reduction of 1,4-dioxane was achieved with free chlorine at
an energy-oxidant dose product of only 0.24 kWh/kgal*mg/L.
These results indicated that the same level of 1,4-dioxane
reduction can be achieved with UV/chlorine at roughly one
third the dose as UV/peroxide, allowing for either a significant
reduction in oxidant dose or a significantly smaller UV system.
It should be noted that the residual chloramines in the RO
product water created a chlorine demand of approximately
1.0 mg/L before a free chlorine residual could be reached. As
a result, the total dose of applied chlorine was higher than the
residual required for advanced oxidation. n
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