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a b s t r a c t
A novel disinfection by-product (DBP) control process focused on modifying the initial formation 
rate of these compounds to reduce 7-day formation concentrations when chlorine is used as a dis-
infectant has been developed and evaluated. The novel treatment process utilizes sulfate, ultravio-
let irradiation, pH, and aeration to enhance the initial formation and subsequent removal of total 
trihalomethane (TTHM), while also suppressing the initial formation of haloacetic acids (HAAs). 
The novel treatment process was evaluated for four different surface waters that ranged between 9.8 
and 135 mg/L calcium (as CaCO3), 7.0 and 36 mg/L bicarbonate alkalinity (as CaCO3), and 1.9 and 
2.9 mg/L dissolved organic carbon representative of specific ultraviolet absorbance values between 
1.7 and 3.3. It was determined that 7-day TTHM and HAA formation potential reductions ranged 
from 36% to 57% and 20% to 47%, respectively, for the four waters studied. The primary factor gov-
erning DBP control was found to be the initial contact time at an elevated pH. A linear relationship 
between compressing the TTHM and HAA formation time and each DBP’s corresponding decrease 
in 7-day TTHM ultimate formation concentration was identified. The research reported in this study 
describes a novel approach to DBP control which could be evaluated by water purveyors to pro-
vide treatment for organic-laden surface water supplies through the incorporation of pH adjustment 
chemicals and a recirculating spray aeration system.

Keywords:  Disinfection by-products; Formation rate; Surface water; Sulfate; Specific ultraviolet 
absorbance

1. Introduction

Total trihalomethanes (TTHM) and haloacetic acids
(HAA) are disinfection by-products (DBPs) regulated 
per the U.S. Environmental Protection Agency’s Stage 2 
disinfectants and disinfection by-products (D/DBP) Rule 
component of the Safe Drinking Water Act [1]. TTHM and 
HAAs are two groups of regulated DBPs produced as a 
result of chemical reactions that occur when a water source 
containing dissolved natural organic matter (NOM) is dis-
infected for potable water use. The type of disinfectant 
and NOM in water determines the type of DBP formed 
and parameters such as contact time, temperature, pH 

and bromide content influence the rate and quantity of 
by-products formed in water systems [2–4].

The control of DBP formation in potable water systems 
can be categorized into three distinct strategies: change the 
disinfectant type; pre-formation control; or post- formation 
control. The research described herein presents a novel 
pre- and post-formation control approach based on the 
use of chlorine as the primary and secondary disinfectant 
type. Hence, details regarding changing disinfectants to 
control DBP formation are not discussed. For further infor-
mation regarding changing disinfectant type, the reader is 
referred to others [5–8].
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1.1. Pre-formation control

Many unit process operations that target the removal or 
transformation of NOM to control DBP formation have been 
widely reported and utilized by water purveyors [2,9,10]. 
These approaches include precursor removal by coagula-
tion, granular activated carbon, anion exchange, biofiltra-
tion, membrane filtration, and advanced oxidation processes 
[9–16].

Although research evaluating the enhancement or 
suppression of TTHM and HAA formation is less prev-
alent, several investigations have been performed over 
the years. For example, Liang and Singer [17] found that 
HAA formation was favored in low pH conditions while 
TTHM formation was favored in high pH conditions. In 
addition, the study found that coagulation can preferen-
tially remove HAA precursors over THM precursors for 
the conditions studied and that HAA precursors are more 
aromatic in nature. Additionally, Obolensky and Singer 
[18] documented that temperature was the most signifi-
cant variable in chloroform formation, and that pH had a 
strong positive influence on chloroform formation but an 
opposite influence on the formation of trichloroacetic acid. 
While the removal of TTHM by aeration and HAA through 
biological filtration has been shown to be viable treatment 
methods, current chlorinated by-product post-formation 
control technologies are limited by the DBP re-formation 
rate within the distribution system due to contact time. 
Another study showed that the formation of trihalometh-
anes (THMs) and haloacetic acids (HAAs) in chlorinated 
water distribution systems were positively correlated with 
residence time, chlorine dosage, water temperature, and 
bromide concentration during chlorine disinfection pro-
cesses; additionally, the research confirmed the findings of 
others that elevated pH promoted THM formation while 
inhibiting HAA production [19]. Lemus-Pérez et al. [20] 
studied the effect of operating conditions such as biofilm 
age, water velocity, chlorine and pipeline length on bio-
film-disinfectant interactions and showed that exopoly-
meric substances could contribute to DBP formation.

Ultraviolet (UV) irradiation is a technology that itself 
does not affect DBP formation potential directly but is often 
integrated into advanced oxidation processes to be effective 
[21]. Although UV irradiation does not affect DBP formation 
directly, it was reported however that UV can affect NOM 
characteristics, and thus indirectly affect DBP formation 
potential [22]. Also, it was found that typical disinfection 
doses of UV irradiation (40–186 mJ/cm2) did not influ-
ence DBP formation potential, although higher UV doses 
(1,000 mJ/cm2) increased TTHM formation potential by 
30%–40% [23]. Other researchers have noted that UV irra-
diation can decrease protein/tryptophan-like and humic-like 
fluorescence in waters which are n-Nitrosodimethylamine 
and TTHM precursors, respectively [22,24]. A more recent 
study found that TTHM formation potential increased 
during UV irradiation followed by chlorine disinfection; 
as the UV irradiation dose increased, the DBP formation 
potential increased, and TTHM concentrations decreased 
with increasing pH [25].

Additionally, the effect of metal ions on TTHM and 
HAA formation has also been researched. In the presence 

of copper, magnesium, or calcium ions, TTHM formation 
potentials are increased with copper having the largest 
impact followed by magnesium and then calcium [26,27]. 
Zhang and Andrews [28] found that exposure to solid 
corrosion products can also increase disinfectant decay 
and HAA formation potential. A more recent study found 
that iron corrosion products, such as goethite, could inter-
act with NOM to suppress the initial rate of formation for 
HAA and prolong the reaction times required for HAA for-
mation [29]. This same study suggested that metal oxides 
could catalyze the reactions responsible for brominated 
DBPs. While this study also found that metal ions can 
increase DBP formation potential rates in synthetic waters, 
the phenomenon was not seen in experiments with nat-
ural waters [29]. Zhao et al. [30] had previously noted an 
increase in TTHM and a decrease in HAAs due to the cat-
alytic effect of cupric ions in natural and synthetic waters; 
however, the effects of calcium, ferrous and ferric ions on 
DBP formation for natural water yielded no relationship.

Sulfate radical-based advanced oxidation processes 
represent a relatively new concept for refractory organics 
control [31,32]. As in the case of hydroxyl radical, the inor-
ganic constituents of waters are believed to be competing 
scavengers of sulfate radicals [32]. A review of sulfate rad-
ical-based oxidation processes and their impacts on bro-
mate formation can be found elsewhere [33,34]. Others sug-
gested that that DBP alteration in a UV-persulfate process 
depended on the reactivity between the sulfate radical and 
organic nitrogen precursors [35]. Additionally, a method 
that is based on the UV-persulfate process was shown to 
be an effective method for degrading isopropyl alcohol 
in an aqueous solution [36]. Although the effectiveness as 
an advanced oxidation process for TTHM and HAA con-
trol through NOM transformation remains unclear, a sul-
fate-radical-based oxidation process concept does show 
promise for precursor control [37].

1.2. Post-formation control

Post-formation control strategies target DBP physico-
chemical properties such as biodegradability (HAA) and 
volatilization (TTHM). For example, GAC can be used to 
remove TTHM directly from chlorinated water [38,39]. 
On the other hand, the control of TTHM concentrations 
in distribution systems through aeration has proven to 
be a popular strategy in the industry that is based on the 
semi-volatility of chloroform, bromoform, dichlorobromo-
methane and dibromochloromethane. Work completed by 
Cecchetti et al. [40] found that the efficiency of spray aera-
tion systems for removing TTHM was primarily influenced 
by spray configuration (droplet size, travel distance, spray 
pattern) and magnitude (percent recycle) as opposed to tem-
perature, spray angle, and TTHM species. The study also 
showed that spray aeration can remove brominated TTHM 
species, even though they have lower Henry’s Law constants 
[40]. Smith and Duranceau [41] found that one pass aera-
tion systems could control TTHM formation potentials in 
bromide-free waters and that nozzle type affected the effi-
ciency of the system. Yoakum and Duranceau [42] expanded 
on those findings by showing that multiple-pass spray 
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and tray aeration could compress TTHM formation poten-
tial as well as remove bromide from water by volatilizing  
bromoform.

1.3. Identified knowledge gap – DBP formation control

Previous research has shown that there are multiple 
ways to suppress DBP formation either through change of 
disinfectant, post-formation constituent removal (aeration 
for TTHM), water quality changes (pH), or NOM trans-
formations (UV irradiation and sulfate radical oxidation). 
Yet previous research has either utilized synthetic waters 
to elucidate the effects of these techniques on DBP forma-
tion or investigated these techniques as standalone systems. 
The examination of the impact of incorporating sulfate, UV 
irradiation, pH, and aeration on DBP formation in surface 
waters has not been fully explored. The research reported 
in this paper examined the effect of each component utiliz-
ing a stepwise-cumulative experimental structure to study 
the incorporation of UV, pH adjustment and aeration for 
TTHM formation and HAA suppression in four surface 
water supplies.

2. Materials and methods

2.1. Experimental set-up: DBP formation potential

A bench-scale post-treatment process was designed and 
constructed for use in conducting the experiments and a 
picture of the set-up can be found in Fig. 1. The set-up con-
sists of a 5-gallon Nalgene tank with a magnetic stir bar on 
top of a stir plate. The water (2-gallons) was recirculated at 
1 gpm through the system utilizing a magnetic drive pump 
and flowmeter. Water re-entered the Nalgene tank either 
after passing through a spray nozzle or by flowing through a 
tube with the outlet beneath the water level inside the tank. 
A chemical addition port and pH meter port were drilled 
into the lid of the tank. A UV irradiation system (Vitapur 

VUV-S645B) was also incorporated into the unit, with the 
system operated in either on or off mode depending on 
treatment scheme.

Table 1 summarizes the post-treatment scenarios inves-
tigated using the bench-scale unit. The varying pH scheme 
investigated the effect of no pH adjustment, pH adjust-
ment to 8.8, and pH adjustment to 10 during the first 3 h 
of contact time with chlorine along with 2 h of aeration on 
DBP formation potentials. The varying SO4 scheme investi-
gated the addition of 16.5, 50, 100 and 200 mg/L of sulfate 
on DBP formation potentials while using the previously 
established optimum pH for DBP control as identified in 
the varying pH experiments. The UV irradiation experi-
ments investigated the effect of using UV before chlorine 
dosing or after chlorine dosing on DBP formation potentials 
while using the optimum initial incubation pH and sulfate 
concentration identified in previous experiments. The final 
process incorporated the addition of 50 mg/L of sulfate, 1-h 
of UV treatment pre-chlorine addition, 3-h incubation at pH 
10 post-chlorine addition, and a 2-h post-incubation aeration 
step. This treatment process, referred to as the novel treat-
ment process in this manuscript, was utilized on the four 
water sources investigated in this study to determine its 
applicability to surface waters of various starting qualities.

Two Hawaii and two Florida surface waters were uti-
lized for this study. Table 2 presents basic water quality 
parameters for the four waters relied on for this evaluation 
that includes basic inorganic content (calcium and alkalin-
ity) and organic content such as dissolved organic carbon 
(DOC), ultraviolet absorbance at 254 nm (UV254) and specific 
ultraviolet absorbance (SUVA). Since aromatic organics have 
a greater tendency to react with chlorine to create DBPs, a 
higher SUVA indicates there is a greater potential for the 
formation of by-products than a lower value.

While the Hawaii surface waters received the sulfate 
boost, the Florida surface waters did not as they already 
contained at least 50 mg/L of sulfate. The chlorine dose and 

 

Fig. 1. Bench-scale DBP control process set-up.
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post-aeration pH adjustment target were specific for each 
water and reflected typical full-scale conditions.

2.2. Equipment, reagents, and sample preparation

Bulk water for the experiments for each of the four sur-
face water supplies was collected at available treatment 
process sample taps prior to disinfection in 15-gallon blue 
Nalgene drums and stored at 4°C until use. The bench-top 
disinfection and pH adjustment processes were carried out 
using a sodium hypochlorite solution and a lime solution. 
Throughout the treatment and formation potential exper-
iments, additional water quality parameters such as pH, 
temperature, conductivity, turbidity, and UV254 were moni-
tored. Water quality analyses were conducted in accordance 
with sample preparation and methods outlined in Standard 
Methods for the Examination of Water and Wastewater [43]. 
The TTHM and HAA formation potentials were developed 
using 60, 125, and 250 mL amber glass bottles that were 
incubated at room temperature (approximately 25°C). Free 
chlorine residuals were monitored throughout the 7-day 
DBP formation potential test for each experiment. TTHM 
measurements during the treatment process (final process) 
were taken after 1 h of UV irradiation, 3 h of pH 10 incu-
bation, and 2 h of aeration, and the following bottle incu-
bation times – 10, 24, 72, and 168 h. HAA measurements 
during the treatment process (final process) were taken after 
1 h of UV irradiation, and the following bottle incubation 
times – 10, 24, 48, 96, and 168 h. Duplicate 7-day TTHM and 

HAA samples were taken for each run, with duplicate runs 
conducted for each water.

2.3. Data analysis

The DBP experimental data was analyzed using 
Microsoft® Excel to build formation potential models using 
logarithmic trendlines fitted to the collected water qual-
ity information. Statistical parameters used for analysis 
included average and relative percent difference for each 
water source investigated. Formation potential models were 
used to compare the calculated rates to each of the treatment 
scenario with each other and the baseline. The logarithmic 
trendlines were used to develop relationships that related 
the reductions in the 7-day DBP formation potentials to 
the changes in initial DBP formation rates. The 7-day DBP 
data was further analyzed to determine the effectiveness of 
the novel process at controlling DBP formation for the dif-
ferent surface waters investigated.

3. Results and discussion

The purpose of this study was to develop and assess 
a novel post-treatment DBP control process that would 
enhance stripping of formed TTHM while suppressing 
concomitant HAA formation. The method was established 
by analyzing the initial formation rate, aeration efficiency, 
post-treatment formation rate, and 7-day concentration 
for TTHM as well as the initial formation rate and 7-day 

Table 1
Bench scale alternative treatment strategy matrix

Sequence or step Baseline Varying pH Varying SO4 Pre-UV Post-UV Novel process

1. Dose Cl2 pH Adj. SO4 addition SO4 addition SO4 addition 50 mg/L SO4 addition
2. pH Adj. Dose Cl2 pH Adj. UV irradiation 1 h pH Adj. UV irradiation 1 h
3. Bottle & 

incubate
Incubate 3 h Dose Cl2 pH Adj. Dose Cl2 pH Adj. 10

4. Aerate 2 h Incubate 3 h Dose Cl2 Incubate 3 h Dose Cl2

5. pH Adj. Aerate 2 h Incubate 3 h UV irradiation 1 h Incubate 3 h
6. Bottle & 

incubate
pH Adj. Aerate 2 h pH Adj. Aerate 2 h

7. Bottle & incu-
bate

pH Adj. Dose Cl2 pH Adj.

8. Bottle & incubate Aerate 2 h Bottle & incubate
9. pH Adj.
10. Bottle & incubate

Table 2
Water quality comparison for surface water supplies evaluated

Surface water type Calcium (mg/L as CaCO3) Alkalinity (mg/L as CaCO3) UV254 (cm–1) DOC (mg/L) SUVA (L/mg-m)

Hawaii-A 9.8 7.0 0.055 2.8 2.0
Hawaii-B 17.5 20 0.032 1.9 1.7
Florida-A 135 36 0.078 2.9 2.7
Florida-B 125 32 0.080 2.4 3.3
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concentration for HAA. The TTHM and HAA initial forma-
tion rates were associated with the first 3 h of contact time 
with chlorine. An “optimum” option for each treatment 
scheme was selected and incorporated into the subsequent 
treatment scenarios investigated. The novel post-treatment 
DBP control process was first developed using one of the 
Hawaii surface waters (Hawaii-A). Once the treatment 
process was confirmed, the experiments were repeated on 
an alternative Hawaiian water supply (Hawaii-B) and two 
additional Florida surface water supplies (Florida-A and 
Florida-B) of varying qualities. The goal was to evaluate the 
effectiveness of the developed treatment process on differ-
ent surface waters to determine whether the process was 
a site-specific solution or a viable treatment alternative for 
surface waters in general.

3.1. Novel post-treatment DBP control process development

Results for each process treatment scheme evaluated 
that was first developed using the Hawaiian-A water is 
summarized in Table 3. Under baseline conditions, the first 
Hawaiian surface water yielded TTHM and HAA forma-
tion potentials of 206 and 191 ppb, respectively. Subsequent 
treatment scenarios achieved a reduction in HAA 7-day 

concentrations, with the most significant reduction occur-
ring by elevating the pH to 10 during the first 3 h of con-
tact time with chlorine. Although sulfate addition and UV 
irradiation did not significantly affect the 7-day formation 
concentration for TTHM, changes with the initial formation 
rate and aeration efficiency were noted. The most significant 
reduction in 7-day TTHM content was a result of elevating 
the pH to 10 for the first 3 h of chlorine contact. Treatment 
with the novel process increased 7-day chlorine consump-
tion by 1.0 mg/L, most likely a result of an increase car-
bon demand due to more favorable reaction conditions, as 
has been described previously by [9]. The developed novel 
treatment process achieved a 7-day formation concentration 
reduction of 36% for TTHM and 39% for HAA (Fig. 2).

3.2. Novel post-treatment DBP control process assessment

The developed novel treatment process was further 
assessed for its applicability as a general DBP control 
method for surface waters using three additional surface 
waters. The results of the experiments with the Hawaii-B 
water are summarized in Table 4. The treatment enhanced 
the initial TTHM formation by a factor of approximately 
1.6 and suppressed initial HAA formation by a factor 
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Fig. 2. Hawaii-A 7-day DBP formation potential results.

Table 3
Hawaii-A formation results for each optimal treatment scenario

Parameter Baseline Varying pH scenario 
(pH 10 incubation)

Varying SO4 scenario 
(50 mg/L addition)

UV scenario (Pre-UV)

TTHM

Initial formation rate (ppb/h) 30.5 40.6 39.7 51.4
Aeration efficiency (ppb/h) N/A 43.0 41.7 57.1
Post-aeration formation rate (ppb/h) N/A 5.2 5.3 5.6
7-day formation concentration (ppb) 206 132 138 131

HAA
Initial formation rate (ppb/h) 33.6 23.6 23.7 16.1
7-day formation concentration (ppb) 191 131 124 116

N/A – Not applicable
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of about 2.0. The treatment successfully reduced TTHM 
concentrations via aeration to approximately 10 ppb 
and reduced the post-aeration formation potential rate. 
Treatment with the novel process, however, did not affect 
the 7-day chlorine consumption for this specific water that 
contained a greater amount of alkalinity and calcium than 
Hawaii-A. The developed novel post-treatment DBP control 
process achieved a 7-day concentration reduction of 40% for 
TTHM and 25% for HAA (Fig. 3).

A significant background concentration of HAA 
(~50 ppb) was identified to be present in the Florida-A 

water, theorized to be due to the pre-chlorination practice 
for plant algal growth control. To better assess the treat-
ment process’s impact on DBP formation control, the back-
ground HAA level was removed prior to data analysis by 
treating the baseline value as a new “0” datum. The exper-
imental results for the Florida-A water have been sum-
marized in Table 5. The treatment enhanced initial TTHM 
formation by a factor of approximately 1.8 and suppressed 
initial HAA formation by a factor of about 1.6. The treat-
ment successfully reduced TTHM concentrations via aera-
tion to approximately 10 ppb and reduced the post-aeration 
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Fig. 3. Hawaii-B 7-day DBP formation potential results.

Table 4
Hawaii-B formation results for the novel treatment scenario

Parameter Baseline Novel treatment process

TTHM

Initial formation rate (ppb/h) 15.8 24.5
Aeration efficiency (ppb/h) N/A 31.2
Post-aeration formation rate (ppb/h) N/A 2.9
7-day formation concentration (ppb) 145.5 86.8

HAA
Initial formation rate (ppb/h) 16.1 7.8
7-day formation concentration (ppb) 91.9 68.6

N/A – Not applicable

Table 5
Florida-A formation results for the novel treatment scenario

Parameter Baseline Novel treatment process

TTHM

Initial formation rate (ppb/h) 29.4 54.1
Aeration efficiency (ppb/h) N/A 81.4
Post-aeration formation rate (ppb/h) N/A 3.7
7-day formation concentration (ppb) 249 106

HAA
Initial formation rate (ppb/h) 37.0 22.7
7-day formation concentration (ppb) 218 114

N/A – Not applicable
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formation potential rate. Treatment with the novel pro-
cess increased 7-day chlorine consumption by 1.0 mg/L. 
The developed novel treatment process achieved a 7-day 
formation concentration reduction of 57% for TTHM and 
47% for HAA (Fig. 4).

Although the Florida-B water also employs pre-chlo-
rination for algal growth control, no significant back-
ground level of HAA was found. The experimental results 
for the Florida-B water have been summarized in Table 6. 
The treatment enhanced initial TTHM formation by a factor 
of approximately 2.2 and suppressed initial HAA formation 
by a factor of about 1.5. The treatment successfully reduced 
TTHM concentrations via aeration to approximately 10 ppb 
and reduced the post-aeration formation potential rate. 
Treatment with the novel process decreased 7-day chlorine 
consumption by 1.0 mg/L, unlike what was found for the 
low alkalinity, low-hardness Hawaii-A water. The devel-
oped novel post-treatment DBP control process achieved a 
7-day formation concentration reduction of 41% for TTHM 
and 20% for HAA (Fig. 5).

3.3. Initial formation rate analysis

The novel treatment process was found to reduce both 
7-day TTHM and HAA formation concentrations by at 

least 20% for the four surface waters evaluated. Formation 
potential data for each surface water was analyzed to deter-
mine the percentage of DBP formed within the first 24 h 
and the subsequent 144 h of the 7-day incubation period 
for baseline and treatment conditions. Regardless of water 
type, 65%–75% of TTHM formation and 58%–77% of HAA 
formation occurred within the first 24 h of incubation for 
the baseline scenario. This non-linear formation would be 
expected; however, the shift in rate was revealed to change to 
some degree, depending on the water tested. Treatment with 
the new process shifted the formation of TTHM and HAA 
within the first 24 h to 43%–49% and 77%–98%, respectively. 
The shift in TTHM indicated that the treatment was able to 
reduce the fraction of rapidly reacting organics through the 
enhanced formation and subsequent TTHM stripping, 
leaving what is believed to be more recalcitrant organics 
remaining which would be expected to slow down over-
all formation rates, as has been suggested by [9]. The shift 
in HAA formation demonstrated that if adequate control 
and levels are achieved within the first 24 h, then compli-
ance could be possible in a distribution system that has 
less than a 7-day water age. Additional study would have 
to be performed for any specific water supply to determine 
if the novel process would provide an alternative treatment 
opportunity considering site-specific regulatory needs.

0

50

100

150

200

250

300

TTHM (ppb) HAA (ppb)

C
o
n

ce
n

tr
at

io
n

 (
p

p
b
)

Baseline Treatment

Fig. 4. Florida-A 7-day DBP formation potential results.

Table 6
Florida-B formation results for the novel treatment scenario

Parameter Baseline Novel treatment process

TTHM

Initial formation rate (ppb/h) 32.7 71.1
Aeration efficiency (ppb/h) N/A 90.2
Post-aeration formation rate (ppb/h) N/A 5.8
7-day concentration (ppb) 296 176

HAA
Initial formation rate (ppb/h) 22.1 14.8
7-day concentration (ppb) 132 110

N/A – Not applicable
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Fig. 6 presents an observed and apparent overall linear 
relationship between TTHM formation time compression 
and decrease in 7-day TTHM concentration with 89% cer-
tainty’s. TTHM formation time compression refers to the 
enhancement of the initial TTHM formation rate by the 
novel treatment process. TTHM formation time compres-
sion was calculated by measuring the peak pre-aeration 
novel treatment process TTHM concentration (in this case 
t = 3 h), determining the time required for the baseline pro-
cess to achieve the same TTHM concentration (e.g., t = 8 h), 
and calculating the difference in the times (how much faster 
the TTHM concentration was achieved due to treatment). 
Additional studies varying formation time compression 
could help identify an optimum formation compression 
time for adequate TTHM control.

Fig. 7 presents an observed overall linear relationship 
between initial HAA formation rate reduction and decrease 
in 7-day HAA concentration. Initial HAA formation rate 
reduction refers to the suppression of the HAA formation 

rate by the novel treatment process within the first 3 h of 
elevated pH chlorine contact time. The initial HAA forma-
tion rate reduction value was calculated by subtracting the 
HAA formation rate during the first 3 h of contact time of 
the baseline (e.g., r = 20.0 ppb/h) from the novel treatment 
process (e.g., r = 15.0 ppb/h). Additional studies varying 
the duration of the elevated pH chlorine contact time could 
help identify an ideal suppression duration for adequate 
HAA control.

4. Conclusions

TTHM and HAA are two types of regulated DBPs 
that are commonly associated with chlorine disinfection. 
Traditional methods for controlling the formation of these 
compounds may include the removal of organic matter 
through GAC or membranes, removal of TTHM via aera-
tion, and removal of HAA via biodegradation. This study 
focused on developing and evaluating a novel treatment 
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Fig. 5. Florida-B 7-day DBP formation potential results.
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process which utilized sulfate, UV irradiation, pH, and aer-
ation to suppress HAA formation while enhancing TTHM 
formation and subsequent stripping of TTHM to compress 
7-day DBP formation potentials for four differing qual-
ity surface waters. The process utilized 50 mg/L of sulfate 
addition, 1 h of UV irradiation, 3 h of pH 10 incubation and 
2 h of air stripping followed by room temperature incuba-
tion to assess the process’s effect on 7-day TTHM and HAA 
formation potentials. For the Hawaii-A water, the process 
was able to reduce TTHM by 36% and HAA by 39%. For 
the Hawaii-B water, the process was able to reduce TTHM 
by 40% and HAA by 25%. For the Florida-A water, the pro-
cess was able to reduce TTHM by 57% and HAA by 47%. 
Finally, for the Florida-B water the process was able to 
reduce TTHM by 41% and HAA by 20%.

Findings suggest that the two most significant steps in 
the process in terms of DBP control were the 3 h of pH 10 
incubation and 2 h of aeration. Analysis of the formation 
curve data indicate that if DBP control could be achieved 
within the first 24 h, continued control should also be pos-
sible over a 7-day water age. The process could be modified 
to include increased aeration time, or additional aeration 
cycles to reduce 7-day TTHM formation concentrations. 
Additional technologies that focus on organic removal, lon-
ger elevated pH incubation time, or a combination of both 
may be considered to further reduce 7-day HAA concentra-
tions. Nevertheless, implementation of the pH and aeration 
process could provide an optional treatment regime with 
ng minimal infrastructure modifications within an existing 
WTP process (chemical addition location(s) and aeration 
system) as compared to incorporation of technologies such 
as GAC or membranes.
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