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Bench-Scale Evaluation of
Chlorine-Ammonia Process for
Bromate Control During Ozonation

Hongxia Lei, Dustin W. Bales, and Jon S. Docs

he David L. Tippin Water Treatment
I Facility (Facility), located in Tampa, is
an advanced ozonation water treatment
plant with a capacity of up to 120 mil gal per
day (mgd), consisting of coagulation, floccu-
lation, sedimentation, ozonation, and biofil-
tration. Its source water comes from the
Hillsborough River. During the wet season
(June-September), excess water is treated and
pumped into a series of aquifer storage and re-
covery (ASR) wells. The ASR water is then
pumped back out during the dry season (Oc-
tober-May) to supplement water supply. The
high dissolved oxygen content of finished
water pumped into the ASR wells frees bro-
mide from the geological formation. The in-
creased bromide from the ASR wells increases
the total bromide in the water to a level where
bromate formation during ozonation nears or
exceeds the U.S. Environmental Protection
Agency (EPA) maximum contaminant level
(MCL) of 10pg/L on an annual average. Cur-
rently, pH is used as the primary control strat-
egy. A decrease in pH inhibits bromate
formation; however, pH depression prior to
ozonation is operationally challenging and
also costly at the Facility.

A bench-scale study of an alternative bro-
mate control strategy, i.e., the chlorine-am-
monia process, was performed to evaluate the
efficacy of the process to reduce bromate for-
mation. The study was conducted simulating
full-scale conditions using Hillsborough River
water. The chlorine-ammonia process involves
first adding chlorine, and, after a 5-min delay,
ammonia is added, quickly followed by ozona-
tion. The process forms hypobromite from
hypochlorite, which then reacts with the
added ammonia to form bromamines. Bro-
mate formation is hence effectively minimized
as hypobromite is consumed and becomes less
available for bromate formation during the
ozonation process. The bromamines created
can react with organics present in the water in
a similar way to chloramines, providing a neg-
ligible amount of disinfection prior to conver-
sion back to bromide. This bromate control
strategy allows water treated by ozone at a

higher pH, or with a longer ozone contact time
if needed, for meeting Cryptosporidium inac-
tivation requirements and assisting taste and
odor reduction.

Background

Potassium bromate (KBrQOs) was identi-
fied as a possible carcinogen in the early 1980s.
It was first reported that oral administration
of potassium bromate led to renal cell tumors
in rats (Kurokawa et al., 1982) and further re-
search showed that it was a probable carcino-
gen to humans (Kurokawa, 1990). As a result
of this research, the U.S. Environmental Pro-
tection Agency (EPA) added bromate to a list
of contaminants for consideration of regula-
tion in 1994. In 1998, EPA’s Stage 1 Disinfec-
tion and Disinfection Byproducts Rule went
into effect under the Safe Drinking Water Act,
placing byproducts such as trihalomethanes
and haloacetic acids under more stringent reg-
ulation (EPA, 1998).

Bromate is a disinfection byproduct
(DBP) associated with ozonation. Ozone as a
disinfection method is becoming more popu-
lar in the United States to meet higher disin-
fection requirements, as well as increase taste
and odor control, going from 40 ozone instal-
lations in 1991 to close to 280 in 2012 (Leob
et al., 2013; EPA, 1999). The increasing mar-
ket penetration of ozone combined with the
new EPA regulations made bromate mini-
mization increasingly important.

The bromate formation mechanism dur-
ing ozonation is well studied and primarily
consists of three pathways. The first is a direct
pathway involving molecular ozone; the sec-
ond is a direct-indirect pathway involving first
molecular ozone and then hydroxyl radicals
from ozone decomposition; and the third is an
indirect-direct pathway where the hydroxyl
radicals react first, then the molecular ozone
(Song et al., 1997; von Gunten and Hoigné,
1994; Haag and Hoigné, 1983). Von Gunten
and Oliveras (1998) incorporated additional
reactions and successfully confirmed the
model based on laboratory experiments and
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kinetic modeling. Based on bromate forma-
tion mechanism, a novel approach using a
chlorine-ammonia process was developed
using a bench-scale ozonation system and its
efficiency evaluated at varying pH, ozone ex-
posure, and chlorine concentrations (Buffle et
al., 2004). Wert et al. (2007) confirmed the ef-
ficacy of the chlorine-ammonia process for
bromate reduction in a pilot-scale ozonation
system using Colorado River water and vali-
dated the pilot results with full-scale imple-
mentation.

The water from the Hillsborough River
is dramatically different from the Colorado
River. During the wet season, total organic
carbon (TOC) could spike up to 45 mg/L due
to the large amount of organic matter flushed
out of the swamp and tributaries by heavy
rains into the river. Color and other water
quality characteristics vary seasonally as well,
which poses a unique challenge in treating the
Hillsborough River water. The purpose of this
study was to evaluate the chlorine-ammonia
approach for bromate control using the Hills-
borough River water, and determine the opti-
mal doses and the associated financial benefit.
As illustrated in Figure 1 of the general treat-
ment process at the Facility, pH is controlled
at 4.5 for enhanced coagulation. After coagu-
lation/flocculation, pH is raised to 6.5 by
adding lime or Ca(OH): (calcium hydroxide)
before the bromide-containing water is
treated by ozone. After ozonation, lime can no
longer be used for pH adjustment as it will
cause a turbidity issue. As a result, caustic
soda or sodium hydroxide (NaOH) has to be
added at two locations downstream of the
ozone to further increase pH to around 7.8



before the water is sent to customers. This pH
control strategy is costly as only limited
amounts of lime can be used. Lime has a four-
fold advantage over caustic soda as it costs
half as much, and its bivalent nature makes it
twice as effective. For this reason, the chlo-
rine-ammonia process was investigated, as
this will allow ozone to occur at higher pH
without violating bromate MCL, which will
result in more lime usage and less caustic soda
consumption.

Materials and Methods

Reagents

The Indigo Stock Solution consisted of
0.770 g of ACS-grade potassium indigo
trisulfonate and 1 millilitre (mL) of 85 per-
cent high-performance liquid chromatogra-
phy (HLPC)-grade concentrated phosphoric
acid per 1 liter of solution. The stock was
stored in an amber bottle for less than four
months. The Indigo Reagent Solution con-
sisted of 50 mL of the Indigo Stock Solution,
11.5 g of sodium phosphate monobasic
monohydrate, and 7.0 mL of HPLC-grade
concentrated phosphoric acid. It was stored
in an amber bottle for less than one week.
The 100-mg/L bromide stock was created by
diluting 1000 parts per mil (ppm) bromide
stock solution. The 400 ppm ammonia stock
contained 1529 milligrams (mg) of ammo-
nium chloride per liter of solution. Chlorine
stock had a target concentration of 600 ppm,
and was made by adding 11 mL of 5-6 per-
cent hypochlorite stock solution to 1 liter of
water. Chlorine stock solution concentration
was tested weekly to determine if the concen-
tration remained steady. All solutions were
prepared with distilled deionized water (DDI
water).

Ozone stock solution was created by dis-
solving a mixture of ozone and oxygen gas
generated by an ozone generator operated at
50 percent capacity and 1 liter per min oxygen
flow rate into DDI water using a coarse gas
wash bottle. Off-gas was treated with a sodium
thiosulfate solution for quenching. The gas
wash bottle was placed in an ice bath prior to
generation. The generator was run for 30 min
to achieve a steady state solution.

Experimental Methods

A 100-ml gastight syringe was used as the
reactor vessel in all experiments. The syringe
was placed inside of a water bath, which was
maintained at 20°C. The syringe was con-
nected to the outside of the water bath using
1/16-in. diameter 316 stainless steel tubing
with a control valve for sampling and chemi-
cal dosing (Figure 2).
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Figure 1. Current Treatment Process at the Facility.
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Figure 2. Experimental Setup for the Bench-Scale Ozonation Apparatus.

Prior to each experiment, the pH of the
test water was adjusted to pH 7 using hy-
drochloric acid or sodium hydroxide, fol-
lowed by a bromide spike. Afterwards, the
sample was placed in the reactor with the
plunger removed. The syringe was filled to
the top, and the plunger was then pushed in
to ensure no air was in the syringe. A stir
bar placed inside the reactor was stirred by
a waterproof stir plate inside the water bath.
The volume inside the reactor was adjusted
to 85 mL. Some of the sample was retained
in a 5-ml syringe for final volume adjust-
ment. After approximately 10 min (allow-
ing temperature to adjust from room
temperature), chlorine was added in the ap-
propriate dose using a 500-pl gastight sy-
ringe.

Approximately 1 mL of the retained sam-
ple in the second syringe was used to flush the
chlorine from the tubing into the reactor. After
5 min, the ammonia was added in the appro-
priate dose and flushed into the reactor using
the same syringes and process. One min after
the ammonia dosing, 7-8 mL of ozone stock
solution was added to the reactor. The stock
was then flushed out of the tubing and the vol-
ume adjusted to exactly 100 mL using the 5-
ml syringe. The 5-ml gastight syringes were
used to pull ozone samples from the reactor.
They were prefilled with 3 mL of indigo
reagent solution. Samples were taken every
min for the first 10 min, and less frequently
after 10 min until the ozone concentration was
0.1 mg/L or below.

Continued on page30
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Analytical Methods

Dissolved ozone was measured with a
spectrophotometer using a method similar to
the Standard Method 4500-Ozone (Chiou et
al., 1995; Bader and Hoigne, 1981) in order to
be able to follow the rapid ozone decay. Bro-
mate analysis was performed on an ion chro-
matography system using EPA Method 300C.
The CT values (ozone concentration X contact
time) were obtained by integrating the ozone
decay curve generated in each experiment.

Experimental Design

Table 1 shows the labeling identification
used for each condition and the associated pH,
bromide concentration, chlorine concentra-
tion, and ammonia concentration. Three dif-
ferent chlorine concentrations were used with
ammonia varying for each chlorine concen-
tration.

A pH value of 7.0 was selected as an im-
provement of the pH of 6.5 currently imple-
mented at the full-scale plant in order to lower
the cost of caustic soda, in addition to the ben-
efit of better bromate control. The testing

Table 1. Experimental Matrix Used for
Bromide Concentrations of 273 pg/L and pH 7.
Bromide
ID pH Concentration Chlorine Ammonia
(pH-NH3-Cl-Br) (ug/L) (mg/L as Cl;) (mg/L as NHs-N)
7-0-0-200 7 273 0 0
7-0.1-.25-200 7 273 0.25 0.10
7-0.2-0.25-200 7 273 0.25 0.20
7-0.3-0.25-200 7 273 0.25 0.30
7-0.1-0.5-200 7 273 0.50 0.10
7-0.3-0.5-200 7 273 0.50 0.30
7-0.5-0.5-200 7 273 0.50 0.50
7-0.15-0.75-
200 7 273 0.75 0.15
7-0.3-0.75-200 7 273 0.75 0.30
7-0.45-0.75-
200 7 273 0.75 0.45
7-0.6-0.75-200 7 273 0.75 0.60
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Figure 3. Full-Scale Ozone Demand, Bromide,
and Bromate at the Facility: 2009-2011.
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water was collected before ozonation from the
full-scale plant. The water was analyzed for
TOC (4.1 mg/L), bromide (73 pg/L), bromate
(non-detect), calcium hardness (124 mg/L),
ammonia (0.1 mg/L NH;-N), UV-254 (0.06),
and alkalinity (48 mg/L as CaCO:s).

Baseline conditions at pH 7.0 without any
chlorine or ammonia addition and bromide
spiked at 0, 100, 150, 200, and 250 pg/L and
were studied first to establish the initial bro-
mate formation without any optimization.
Since the background bromide was 73 pg/L,
the actual bromide concentrations were ad-
justed accordingly, as reflected in Table 1. The
rest of the matrix varied ammonia for three
distinct groups of chlorine concentrations
using ratios similar to Wert et al. (2007) with
bromide fixed at 273 pg/L, a number repre-
sentative of the full-scale conditions during
the dry season. Similarly, the initial ozone dose
was selected to achieve a target CT in the range
of 4 to 7 min-mg/L, typically encountered at
the full-scale system.

Results and Discussion

The general relationship among bro-
mate, bromide, and ozone demand is pre-
sented in Figure 3 based on three years of
full-scale data from the Facility. The full-
scale ozone contactor has internal baffles
that separate the contactor into eight cells,
with water going in from cell No. 1 and leav-
ing from cell No. 8. Ozone demand is the dif-
ference between the ozone dosed and the
ozone concentration in cell 5, which is typi-
cally close to non-detect. Clearly, bromate
increases with either bromide concentrations
or ozone demand. Ozone demand increases
during high TOC and high color events (data
not shown). While pH has a large effect on
bromate production, it is not included in the
graph because it is fixed to a tightly con-
trolled range (6.2-6.5) to prevent bromate
formation at the full-scale plant, making it
difficult to see any relationship between pH
and bromate formation. Before the water is
treated by ozone, TOC ranges from 1-5
mg/L, cycling seasonally, with the highest
range occurring during the rainy summer
season and lowest during the drier winter.
Flow rate also exhibits a seasonal trend, rang-
ing from a dry season low of around 60 mgd
to a wet season high of 100 mgd. Bromide
conversion to bromate averages 1.8 percent
during the dry season and 3 percent during
the wet season.

Bromate formation in all conditions must
be compared with the same CT in order to
identify the best chlorine and ammonia dos-

Continued on page 32
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Figure 4. Example of Adjusted Bromate Calculation.
Table 2. Bromate Formation Under Various CT Values
in Bench-Scale Experiments.
Ammonia CT Adjusted
ID pH Final Bromide Chlorine (mg/L as Bromate . SI' L
(PH-NH,-Cl,-Br) Conc(ug/l) (mg/LasCh) NHy-N)  (ug/t)  (Min*me/L)
7-0-0-200 7 273 ] 0 7.58 5.8
7-0.1-.25-200 7 273 0.25 0.10 3.66 5.3
7-0.2-0.25-200 7 273 0.25 0.20 2.81 5.3
7-0.3-0.25-200 7 273 0.25 0.30 2.36 5.3
7-0.1-0.5-200 7 273 0.50 0.10 3.27 6.2
7-0.3-0.5-200 7 273 0.50 0.30 3.53 6.2
7-0.5-0.5-200 7 273 0.50 0.50 3.18 6.2
7-0.15-0.75-200 7 273 0.75 0.15 2.90 6.0
7-0.3-0.75-200 7 273 0.75 0.30 1.05 5.0
7-0.45-0.75-200 7 273 0.75 0.45 1.09 6.8
7-0.6-0.75-200 7 273 0.75 0.60 1.60 5.9
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Figure 5. Bromate Formation at Varying NHs :Cl2 Ratios.
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Continued from page 30
ing for bromate control. However, the actual

CT achieved in the bench-scale experiments
could be different depending on the ozone
decay kinetics and initial ozone stock solution.
To compare results between replications, bro-
mate values had to be normalized using CT
with linear regressions. An example of this
process is illustrated in Figure 4. A CT inside
the range of CTs for each replicate was used to
predict the bromate at a target CT that can
easily be compared to other sets. All the nor-
malized bromate formation is presented in
Table 2 as “CT-adjusted bromate” with its as-
sociated CT used for interpolation. Note that
only interpolation was used, but not the ex-
trapolation, because the relationship between
CT and bromate formation is nonlinear, and
thus extrapolation is inaccurate. As a result,
only interpolation was used and limited by the
CT range achieved under each condition and
bromate numbers could not be always ad-
justed to the same CT.

After adjusting each data set to a target
CT within the range, a CT-adjusted bromate
value can be calculated; all the variations of the
experiment can then be compared, to a certain
extent. The groups at 0.25 mg/L and 0.5 mg/L
Cl, all had CTs within a certain range, and
were able to be adjusted to 5.3 min-mg/L and
6.2 min-mg/L, respectively. The data for 0.75
mg/L CL did not have consistent enough CTs
to allow for this, so a CT for each condition
had to be used. A higher CT leads to a higher
bromate concentration. Because of this, set ID
#7-0.45-0.75-200 in Table 2 is likely a signifi-
cantly better control measure compared to set
ID# 7-0.3-0.75-200 due the nearly identical
bromate value, but has a significantly higher
CT value.

The least effective ammonia-chlorine
dosing regimen (ID# 7-0.1-.25-200) resulted
in an over 50 percent reduction in bromate
formation. The most effective (the last three in
Table 2) resulted in an 86 percent reduction in
bromate formation. At typical plant condi-
tions, this represents a near-zero risk of ever
exceeding the MCL for bromate. Overall, hav-
ing ammonia in excess causes an improvement
in bromate prevention throughout all condi-
tions, except when chlorine was dosed at 0.75
mg/L where no additional benefit was ob-
served with 0.6 mg/L ammonia. The best bro-
mate formation reduction was achieved when
chlorine was dosed at 0.75 mg/L and ammonia
at 0.45 mg/L (Figure 5).

The optimal chlorine and ammonia doses
for bromate control presented is somewhat
different from the results presented by Wert et
al. (2007), apparently due to the difference in
water quality parameters between the Col-



orado River in Nevada and Hillsborough River
in Florida. The Wert study utilized Lake Mead
water with the following characteristics: alka-
linity (137 mg/L), total hardness (288 mg/L
CaCO:s), TOC (2.59 mg/L), and pH (7.95).
The optimal ratio found in that study was 0.5
mg/L NH; to 0.5 mg/L Cl,, which was the
highest concentration of both used in the
study. This ratio produced less than 1 pg/L
bromate at a CT of 4.41 min-mg/L. For com-
parison, the best ratio in this study is 0.45
mg/L NHs to 0.75 mg/L Cl,, which produced
1.09 pg/L bromate at a CT of 6.8 min-mg/L.
The results in this study demonstrated again
the impact of source water and the necessity
of running bench- or pilot-scale studies before
full-scale implementation. However, results in
Figure 5 do suggest that any of the chlorine
and ammonia combinations investigated in
this study would work well with at least 50 per-
cent bromate reduction.

To determine the cost/benefit of switch-
ing to an increased ozonation pH, the buffer
capacity of the water was determined by ex-
periments (Figure 6), which was almost iden-
tical to the theoretical buffer curve. Currently,
lime is used to increase the water’s pH from
4.5 to 6.5 and caustic soda from 6.5 to 7.5.
With the chlorine-ammonia bromate control
approach, lime can be used to increase pH to
7.0 and caustic soda from 7.0 to 7.5. As a re-
sult of this alternative practice, based on Fig-
ure 6, lime usage would increase by about 21
percent of the total required pH increase, and
caustic would decrease by 11 percent.

Because the Facility typically has no bro-
mate concerns outside of the months of Janu-
ary-May, the decision was made to increase the
ozonation pH prior to completion of the full-
scale plant’s ammonia and chlorine pre-
ozonation dosing facilities, which will be
completed in early 2014, when bromate will
again be an issue. On May 22, 2012, the pH of
ozonation was increased to 7.0; the change im-
mediately resulted in cost savings in the fol-
lowing months. To determine the benefit of
the change, costs for lime and caustic soda
from the previous year were compared to the
current year. Because of the bivalent nature of
lime, combined with its significantly lower
cost over caustic soda, the treatment plant has
saved $495,500 in a four-month period com-
pared to the same period of 2010 and 2011.
The month-by-month costs can be seen in
Figure 7. Once the capital improvement proj-
ect is complete, allowing chlorine-ammonia
approach to control bromate and ozonation
occurring at pH 7.0 year round, the estimated
annual chemical savings will be over $1 mil-
lion.

Continued on page 34

Florida Water Resources Journal « November 2013 33



Continued from page 33
Conclusions

Bromate control using the chlorine-am-
monia process is very effective, resulting in a 50
percent reduction in bromate over the control
group in the worst case and an 86 percent re-
duction in the best case. A ratio of around 1:2
NH;:Cl, with ammonia concentration of 0.45
mg/L appears to be the most effective. While
the ideal ratio between chlorine and ammonia
does vary and could be different for untested
water quality matrices, this study has shown this
approach is very tolerant. Under any of the
studied conditions, bromate was reduced by at

least 50 percent. This implies that if a utility
doesn’t have the resources to perform its own
bench- or pilot-scale tests, this ratio could be
directly applied and further optimized at the
full-scale plant due to the efficacy of the process.
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