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Initial Considerations

Today, the most commonly used disinfec-
tants for potable water are chlorine and chlo-
ramine. The use of chlorine is increasingly
subject to criticism due to its numerous reac-
tions with organics and the respective regula-
tions. Chlorine represents both safety- and
health-related risks and effects and reacts
quickly with organic matter to form disinfection
byproducts (DBPs). Such effects can be miti-
gated by applying a disinfectant with different
characteristics. 

As a potential alternative, chlorine dioxide
(ClO2) is a strong and selective oxidizer and of-
fers several advantages in treatment and distri-
bution of drinking water. The ClO2 forms fewer
halogenated DBPs and can be used at lower con-
centrations with shorter contact times to
achieve equivalent disinfection than the con-
centrations and contact time required for chlo-
rine and chloramine disinfection. It’s also less
reactive to changes in pH than chlorine and has
been proven more effective over a broader range
of pH than free chlorine [1]. 

Since the 1970s, ClO2 has been imple-
mented in distribution systems after the discov-
ery of total trihalomethanes (TTHMs) and
other DBPs that are still being discovered to
date. It has been utilized in Europe and in the
United States as both the primary disinfectant
and pre-oxidant, with around 1,200 plants cur-
rently implementing its disinfection [1]. The se-
lective reactivity enables ClO2 to control
waterborne pathogens without reacting with or-
ganic DPB precursors. Unlike chlorine, ClO2 re-
actions in water do not result in the formation
of TTHMs and haloacetic acids (HAA5) be-
cause “when ClO2 oxidizes organic material it’s
reduced to chlorite, but does not chlorinate the
resulting organics” [2]. It  can be applied for a va-
riety of water quality issues, including DBP for-
mation control, taste and odor issues, or
nitrification in the distribution system, espe-
cially in distribution systems where water age
with long dead-end mains are a concern [2]. 

The use of ClO2 can be tailored to a specific
facility’s need, and can be used for the primary
disinfectant or as a preliminary oxidant, fol-

lowed by chlorine or chloramines. It has been
shown to have five times stronger oxidation po-
tential and disinfection efficacy than chlorine [3].
Realizing the impact of ClO2 on the regulatory
challenges faced today, its applicability becomes
very broad with potable water treatment and
other means of disinfection.

Recent studies have identified results indi-
cating that ClO2 has significant potential to pro-
vide preliminary oxidation of organics prior to
sodium hypochlorite disinfection, which has
shown to reduce DBPs formed in the potable
water distribution system. The ClO2 disinfection
is an acceptable method of treatment within
U.S. Environmental Protection Agency (EPA)
regulations, as well as the Florida Administra-
tive Code (F.A.C.), pursuant to the following:
“All suppliers of water shall maintain a mini-
mum free chlorine residual of 0.2 milligrams
per liter, or a minimum combined chlorine
residual of 0.6 milligrams per liter, or an equiv-
alent ClO2 residual throughout their drinking
water distribution system at all times.” 

Regulatory guidelines identify ClO2 as an
acceptable method of inactivating viruses and
bacteria to achieve 4-log virus inactivation and
residual disinfection. The EPA regulates ClO2 as
a primary disinfectant with a maximum resid-
ual disinfectant level (MRDL) of 0.8 mg/L.
When dosed, ClO2 dissociates in water to form
chlorite, which has a maximum contaminant
level (MCL) of 1 mg/L. Controlling chlorite lev-
els to comply with the MCL is one of the keys
to successfully implementing ClO2. 

Chlorine Dioxide Generation Overview
There are multiple ways to produce ClO2.

Traditionally, it’s generated from the reaction of
chlorine gas with sodium chlorite. Chlorine gas
is not common to most municipalities due to
the extensive safety risks associated with opera-
tion and storage. Accordingly, chlorine gas-
based ClO2 generation is not applicable due to
the aversion to the chlorine gas operational and
safety concerns. Recently, alternative methods
of generation have hit the market for ClO2

through the reaction of sodium chlorite with
sodium hypochlorite and an acid, such as hy-
drochloric or sulfuric acid. The primary meth-

ods of ClO2 production are through a vacuum
eduction generator, or through combining pow-
der components to generate batch solutions,
which contain stabilizers to minimize off-
gassing of ClO2 while stored. Regardless of the
production method, ClO2 should be produced
within a 0.1-0.5 percent solution, to reduce risk
of an exothermic reaction. The ClO2 used in the
pilot study was produced from vacuum educ-
tion of three liquid components (sodium
hypochlorite, hydrochloric acid, and sodium
chlorite) through an onsite generator in a side-
stream of water forming a 0.2-0.3 percent ClO2

solution.  The equipment provided by this pilot
testing application was supplied by Evoqua.

Pilot Study

Pilot Overview
Utilities Inc. of Florida (UIF) currently

owns and operates the Lake Groves Water Treat-
ment Plant (Lake Groves WTP) in the LUSI
South service area in South Lake County. With
the onset of the Stage 2 Disinfectant/Disinfec-
tant Byproducts (D/DBP) Rule, UIF has made
efforts to maintain compliance with DBPs
through well blending, which places better-
quality wells in service with high-organic wells
to offset or minimize the DBP impact when the
poorer quality wells are in service. This strategy
lowered the TTHM levels, but the system has
still periodically exceeded the regulatory limit
of 80 parts per bil (ppb). The UIF currently uti-
lizes sodium hypochlorite as the sole disinfec-
tant for its storage and distribution system; as a
result, the sodium hypochlorite reacts with the
naturally occurring organics that produce
TTHMs and HAA5. As such, UIF has sought al-
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ternative methods of treatment, as well as dis-
infectants to achieve compliance with the Stage
2 D/DBP Rule.

Utilizing the results from the laboratory
testing to establish dosing parameters, UIF pro-
ceeded with 10 weeks of pilot testing at Lake
Groves WTP utilizing ClO2 as a pre-oxidant
within the water treatment process to achieve
reduction of TTHMs formed in the distribution
system. The results of this piloting effort con-
firm the overall reduction of TTHMs, as well as
the system’s ability to maintain chlorite levels
below the MCLs. During the full-scale pilot test-
ing, laboratory data were collected for develop-
ment of this report and subsequent verification
for permit approval of the full-scale pilot test-
ing implementation. 

The next step in the process was to demon-
strate the laboratory effects on the full-scale util-
ity system. A pilot testing approval package was
completed and submitted to the Florida De-
partment of Environmental Protection (FDEP).
While the chemical has been used in the utility
industry, a small number of utilities throughout
the U.S. have used ClO2 for color, odor, and taste
removal, with only a handful of utilities using it
as a primary disinfectant. Accordingly, several
questions and comments were discussed with
FDEP prior to garnering the approval to pro-
ceed with the pilot. Following approval from
FDEP, the full-scale pilot test was implemented
at Lake Groves WTP.

The overarching goals of the full-scale pilot
study included a dosing of ClO2 and a gradual
increase in concentration to determine the gen-
eral range of effectiveness and vigorous field and
laboratory testing of the treatment process, both
during the pre-oxidant dosage and after, to en-
sure public safety, as well as compliance with the
regulations. The utility and onsite staff com-
pleted routine efforts to operate, adjust dosages,
and use the field work to obtain all the required
samples. The staff ’s thorough analysis and con-
sideration of the results proved very helpful in
concluding the effect of each process adjust-
ment.

Upon approval from FDEP, the pilot was
initiated at the Lake Groves facility for 10 weeks
of testing and monitoring. The duration was se-
lected to determine the optimum dosing rate to
reliably maintain TTHMs and HAA5 below reg-
ulatory limits. The ClO2 was used in conjunc-
tion with sodium hypochlorite, which served as
the primary and residual disinfectant within the
utility distribution system. The sampling period
allowed for a biweekly adjustment in dosing rate
to determine the optimal dosage of ClO2 for
each location. At the end of the pilot testing, the
data were analyzed to confirm that the antici-
pated TTHM and HAA5 reduction in the dis-

tribution system was recognized, including the
impacts of a varied dosage. 

Pilot Setup and Equipment
The full-scale pilot injected ClO2 into the

clearwell immediately following the forced draft
aerators, and a parallel sodium hypochlorite in-
jection was dosed within the same clearwell. The
water was then pumped to the ground storage
tanks (GST) where approximately 20 hours of
storage resides under normal operational con-
ditions. From the GST, finished water is
pumped into the distribution system via the
high-service pumps. Prior to the point of entry
(POE), the water is continuously sampled for
ClO2 residual and chlorite. The pilot program
included the physical components to generate
and inject ClO2 oxidant into the process stream.
The physical equipment required to complete
this pilot test includes the components as fol-
lows for the Lake Groves WTP site: 
S ClO2 Generation System – A ClO2 generation

system rated for a maximum of 50 lb of ClO2

produced/hour was utilized for ClO2 pro-
duction and injection. The generator system
educts three chemical components into a
potable water stream for safe and continuous
ClO2 production. The generator was
equipped with a control panel to adjust and
monitor the dosage rate and was located in
an enclosed area. The ClO2 is formed within
the generator and was injected as a dilute so-
lution. The ClO2 generation system was
mounted on a stainless steel skid and consists
of the following major components:
•  Water booster pump with downstream

pressure regulating valve and water ro-
tameter to control the input water flow.

•  Three chemical feeds for sodium
hypochlorite, sodium chlorite, and hy-
drochloric acid, each with rotameter for
flow control. Chemical feed tubes were di-
rectly attached to chemical storage totes for
vacuum suction. 

•  Liquid jet venturi pump inductor (in situ).
•  Control panel to adjust and monitor

dosage rate. 
S ClO2 Chemical Precursors – 25 percent sodi-

um chlorite, 12.5 percent sodium hypochlo-
rite, and 15 percent hydrochloric acid were
the three chemical precursors, which were
vacuum-fed to the generation system to
safely control the reaction and prevent un-
wanted byproduct formation. Sodium
hypochlorite was already stored and used
onsite. The sodium chlorite and hydrochlo-
ric acid were delivered in 265-gal chemical
totes, which were attached to the generator
feed by tubing inserted into the chemical
tote.

S Sampling Stations – Several sampling taps 
located within the process stream were iden-
tified to pull grab samples of the treated water. 

S Grab Sample Analyzer – One handheld an-
alyzer for routine monitoring of ClO2 resid-
ual and chlorite (Palin-Test Analyzer was
utilized for daily samples, as well as to con-
firm the online analyzer readings).

S Online Chlorite Sample Analyzer – One an-
alyzer for continuous monitoring of chlorite
levels at the POE to the distribution system.

Figure 1. Chlorine Dioxide Pilot Test Schematic

Continued on page 18
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S Online ClO2 Residual Sample Analyzer – One
analyzer for continuous monitoring of ClO2

residual at POE.
S Online ClO2 Monitoring and Control System

– One control panel capable of receiving the
analog signals from the online analyzers,
pump controls, and operator interface with
the control system

The dosage of ClO2 was initiated at 0.8
parts per mil (ppm) dosing rate for the distri-
bution system to achieve the desired TTHM and
HAA5 reduction; it was then decreased to 0.6
ppm for two weeks and tested for the final four
weeks at 1.0 ppm. Downstream of the injection
point, both before and after storage, the ClO2

residual was monitored using a handheld ClO2

analyzer. Further monitoring in the distribution
system included the POE, the average water age
within the distribution system, and the extents

of the distribution system. The ClO2 generation
system started and stopped in conjunction with
Well #3, which has a 3,000-gal-per-minute
(gpm) capacity and is the primary source of
TTHM formation in the water from the Lake
Groves WTP. Since the well pumping rate is
fixed, the chemical dosing was paced on the
constant flow rate and initiated directly with the
well run times.

The ClO2 levels were monitored a mini-
mum of once per day within the eight hours of
staffed operation of the treatment plant. The
handheld probe identified the ClO2 levels that
were used to confirm/regulate the feed rate of
the ClO2. The online ClO2 residual analyzer,
which sampled from the POE and was tied into
the Lake Groves supervisory control and data
acquisition (SCADA) system, had a predeter-
mined maximum alarm set point of 0.6 ppm of
ClO2 residual to ensure that the MRDL of 0.8
ppm was not exceeded. If the residual ppm level

reached 0.6 ppm of ClO2 residual, its generation
system was programmed to turn off until man-
ually reset by the operations staff. Due to the low
initial dosage rate ClO2 residual at POE, it did
not reach the 0.6 ppm maximum level. Figure 1
displays the pilot study process flow diagram for
the Lake Groves WTP highlighting the chemi-
cal dosing and sample points within the treat-
ment process.

While the pilot operations were ongoing, it
was imperative to monitor the performance, as
well as any concerning parameters within the
treatment plant and throughout the distribu-
tion system. A monitoring and sampling plan
was implemented throughout to study to ensure
that the performance could be quantified and
public health protected. 

Distribution System Sampling
Distribution system samples were con-

ducted weekly throughout the pilot study and
were analyzed in the Orlando Utilities Com-
mission (OUC) Water Quality Laboratory for
TTHM and HAA5 concentrations. The distri-
bution system DBP samples are imperative to
the pilot study because they measured the abil-
ity of ClO2 to delay/eliminate DBP formation.
The distribution system locations were selected
to provide a DBP formation curve demonstrat-
ing the beginning to the extents of the distribu-
tion system. The average water age of each
location was used to compare the distribution
system results to the baseline chlorinated
TTHM formation curve. Water age was deter-
mined from performing an analysis in the dis-
tribution system hydraulic model during
existing average daily demand (ADD) condi-
tions. The following sampling locations were
utilized for the TTHM and HAA5 distribution
system analysis:
S POE – Represents the point that the disinfec-

ted and treated water enters the distribution
system. (Approximate water age = 1 day/24
hours)

S Residual Site 1 (R1) – Represents the average
residence time location, and was taken off a
potable water sample tap at the entrance to
the Savannas neighborhood, north of the
Lake Groves WTP. (Approximate water age =
1.7 days/40 hours)

S Residual Site 2 (R2) – Represents the maxi-
mum residence time location, and is one of
the FDEP Stage 2 D/DBP Rule compliance
locations. (Approximate water age = 2.25
days/54 hours)

S Lake Louisa WTP (Connected Consecutive

Water System) – Represents the point where
the water from Lake Groves WTP enters the
LUSI North service area by feeding into the

Figure 2. Sample Location Map

Continued from page 17
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Lake Louisa GST. (Approximate water age =
2 days/48 hours)

The distribution system analysis sample lo-
cations are displayed in Figure 2.

Results and Observations

Baseline Formation Potential
The University of Central Florida (UCF)

Environmental Systems Engineering Institute
(ESEI) conducted an evaluation in April 2016
of the byproduct formation for all the wells sup-
plying the LUSI North and South service area.
From the testing, a sample was pulled from Well
#3, which identified it as the biggest contribu-
tor to the facility’s water quality challenges;
specifically, Well #3 testing revealed high TTHM
formation potential, as shown in Figure 3. The
Well #3 TTHM concentrations reached 130 ppb
at a disinfection contact time of 96 hours (~4
days), which is expected to be above the Stage 2
D/DBP Rule limit set when blended with the
other wells supplying this facility. The 80-ppb
MCL is exceeded at a low water age of approxi-
mately one day. The ESEI also reported an
HAA5 concentration of 50.95 ppb at a disinfec-
tion contact time of 96 hours. The Well #3 for-
mation curve serves as a baseline for
comparison with the delayed formation when
utilizing ClO2 pre-oxidation within the pilot
testing. 

Chlorine Dioxide Demand Testing
Preliminary onsite testing was completed

to determine the ClO2 demand on the aerated
raw water on June 21, 2017. Since ClO2 was
planned to be injected downstream of the
packed tower aerators during full-scale pilot
testing, the preliminary sample was aerated in
the laboratory before demand testing was con-
ducted. The sample was divided and dosed with
five different concentrations of ClO2, ranging
from 0.5 to 1.5 ppm. The samples were stored
in a dark container to prevent ultraviolet degra-
dation for 45 minutes. The ClO2 demand (cal-
culated from subtracting the ClO2 residual after
45 minutes from the initial dosage rate) leveled
off at approximately 0.86 ppm at an initial
dosage of 1.2 ppm. The demand versus dosage
curve that resulted from the ClO2 demand test-
ing is shown in Figure 4. This set the standard
for the pilot testing to begin at an initial dosage
of about 0.8 ppm. 

Disinfection Byproduct Reduction
The full-scale pilot TTHM concentrations

are compared to the chlorinated formation po-
tential (containing no ClO2) in Figure 5. At a

Figure 3. Well #3 Raw Total Trihalomethane Formation Potential

Figure 4. Chlorine Dioxide Dosage Versus Demand Curve

Figure 5. Total Trihalomethane Results

Continued from page 18
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time of approximately 24 hours, the POE
ranged from 24-40 ppb, as compared to the for-
mation curve that did not contain ClO2, which
had already exceeded the 80 ppb limit. The 40-
hour time was represented in the distribution
system by site R1, and ranged between 27-50
ppb. The results at site R2 ranged from 37–52
ppb, a 50 percent reduction from the baseline
formation curve. These data confirm the effec-
tiveness of using ClO2 as a preliminary oxidant
to deter the formation of TTHMs. At the mini-
mum 0.6 ppm dosage tested during the pilot,
the TTHM concentrations were approximately
10 percent lower than the maximum dosage of
1.0 ppm, showing a small difference in forma-
tion for the minimum and maximum dosing
rates. 

The HAA5 distribution system results, dis-
played in Figure 6, showed a range of 12-22 ppb
at the POE, 14-22 ppb at the average residence
time location, and 21-30 ppb at the maximum
residence time location. The HAA5 remained at
least 50 percent below the 60 ppb limit through
the duration of the pilot. The HAA5 concentra-
tions were approximately 40 percent lower than
the baseline comparison value of 50.95 ppb re-
ported by ESEI. 

Regulatory Compliance Sampling
Throughout the pilot study, the ClO2 resid-

ual at the POE remained at 0.06 mg/L and less,
as shown in Figure 7, which is near zero and sig-
nificantly below the MRDL of 0.8 mg/L. Many
ClO2 residual readings were recorded at 0.01
mg/L, which is the lower detection limit of the
online analyzer. These results confirm the hy-
pothesis that a majority of the ClO2 was con-
sumed prior to reaching the entrance of the
distribution system. Minimal ClO2 residual is
expected with pre-oxidation due to the small
initial dosage needed and the relatively high or-
ganics found in the raw water. 

The chlorite levels, displayed in Figure 8,
were maintained at less than 0.25 mg/L, well
below the 1.0 mg/L MCL. Since chlorite is
formed from the aqueous dissolution of ClO2,
the chlorite concentration increases as ClO2 de-
mand is consumed. The POE samples tested
were the maximum amount of chlorite recorded
within the testing analysis.  

Conclusions

Based on the full-scale pilot study, the fol-
lowing improvements are recommended:
S Install pre-oxidation ClO2 generation system

to reduce TTHM and HAA5 concentrations
in conjunction with the current disinfectant
used.

Figure 6. Haloacetic Acids Results

Figure 7. Chlorine Dioxide Residual at Point of Entry

Figure 8. Chlorite at Point of Entry
Continued on page 22



S Initiate the ClO2 generation system at a de-
sign dosage of 0.8 ppm (26.67 lb/day). 

S The generator for permanent installation can
be wall-mounted in the existing sodium
hypochlorite building, with the hydrochloric
acid and sodium chlorite bulk storage tanks
stored outside of the building under a cov-
ered structure. 

The following timeline is recommended
for full-scale installation:
S May – June 2018: Construction permit ap-

plication and approval
S June – December 2018: Construction
S January 2019 – Stage 2 D/DBP Rule compli-

ance with all production wells 

The estimated capital cost for construction
of a permanent system is approximately
$200,000. The yearly operating costs include
three chemical generation components: sodium
hypochlorite, hydrochloric acid, and sodium

chlorite. The estimated annual cost of a perma-
nent ClO2 generation system is approximately
$66,000 per year if the system were to run con-
stantly at the 4.32-mil-gal-per-day (mgd) or
3,000-gpm well capacity, which equates to an
annual operating cost of $15,600 per mgd, or
$0.0428/1,000 gal of water produced. 

Table 1 compares the approximate cost of a
ClO2 system to three other DBP precursor re-
moval methods: granular activated carbon
(GAC), ion exchange, and reverse osmosis (RO)
membranes. The costs for the three additional
options are consistent with the information pre-
sented in the 2016 “Lake Groves Disinfection
Reduction Report.” An average daily flow (ADF)
of 3 mgd based on planned demands for the
service area was used for annual cost projec-
tions; the capital cost differential for ClO2 versus
the treatment identified is significantly less. In
addition, ClO2 operating costs are also approx-
imately 25 percent of the cost for RO mem-
branes, which is the next cost-effective option.

The cost projections over a 20-year period

are shown in Figure 9. The long-term cost of
ClO2 is $12 million less than the next lowest op-
tion; furthermore, the system only requires Well
#3 for operation, and Wells #1 and #2 can return
to backup operation.

Recommendations 
The ClO2 proved to be highly effective at

minimizing DBP formation, while saving capi-
tal costs compared to other treatment upgrades;
however, ClO2 is sparsely used for potable water
applications, so it’s imperative to fully under-
stand the process before investigating its use.
The following recommendations are based on
lessons learned from the pilot study and exten-
sive efforts of ClO2 testing at other facilities
prior to this full-scale study. 
S The ClO2 is proven to be an effective tool to

maintain compliance with the Stage 2 D/DBP
Rule, but it’s still recommended to perform
field and laboratory testing to verify the com-
patibility with the water characteristics. A full-
or pilot-scale study is recommended prior to
installation of a permanent ClO2 system to
evaluate the effects within the distribution
system. The goals of the pilot study would be
to reveal the effects of ClO2 on a system’s spe-
cific water quality and identify optimal ClO2

dosing for maximum cost savings. 
S It’s important to gain understanding and

consensus from state and local regulators and
to remain in compliance with all water qual-
ity regulations while performing a ClO2 pilot
study. Chlorite levels in the distribution must
be monitored regularly and maintained
below the MCL. It’s recommended to ensure
that the ClO2 and chlorite samples are being
accurately assessed from either a laboratory
or a handheld sample analyzer. Inaccurate
test results and wrongly reported concentra-
tions can affect regulatory compliance and
cause unnecessary public concern. 

S It’s recommended that the available options
for ClO2 generation be reviewed and under-
stood. Several factors are important when
understanding generation options, including
operator training and availability, goal usage
of ClO2, redundancy needs, and chemical
safety. Moreover, the aspects of each genera-
tion system need to be compatible with the
process application and utility production
conditions. Generators often produce ClO2

on demand; however, ClO2 storage is not
often recommended for these in situ genera-
tion units.

S Proactive and direct public communication
is recommended before ClO2 is used in treat-
ment processes. If utilizing ClO2 as a disin-
fectant, proper notification is required,
similar to the transition from chloramine to

Table 1. Chlorine Dioxide System Cost Comparison

Figure 9. Capital and Operational Cost Comparison
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chlorine disinfection. Although ClO2

technology is not “new,” the public may be
concerned hearing about the use of an
unfamiliar chemical.  It’s important to
emphasize the benefits of ClO2 and com-
pare its safety to typical disinfectants.

Final Considerations
All in all, careful consideration should

be given to the implementation of ClO2

within a water production or distribution fa-
cility. While the chemical is effective in main-
taining disinfectant residuals, as well as
improving aesthetics in distribution system
water quality, the appropriate process addi-
tion may be as a pre-oxidant, rather than as
the primary disinfectant.

The use of ClO2 has shown promise as a
strong disinfectant chemical for other utili-
ties aspiring to reduce DBPs without incur-
ring significant capital cost associated with
high-end treatment or the routine distribu-
tion system maintenance challenges associ-
ated with chloramines.  As a viable
pre-oxidant or alternative disinfectant, it
should be considered when these DBP or
distribution system challenges are present.
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