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A cause for celebration—you just graduated with a bachelor’s degree in environmental 
engineering! At the end of the summer, you will join the water quality staff of a large 
water utility. You are the third generation in your family to work in the drinking water 
business, and you are excited about the chance to make a contribution. 

But you also are worried that everything has already been done; nothing is new, and 
all of the great discoveries are in the past. For example, 40 years after the discovery of 
trihalomethanes (THMs) in drinking water, we know everything about disinfection 
by-products (DBPs), right? You decide to spend some time this summer looking at the 
literature and interviewing your professors, dad, and granddad to find out if there are 
any challenges left in the drinking water field, especially with respect to DBPs. You have 
a goal to publish articles in Journal AWWA during your career, and maybe this is a 
topic in which the Journal might be interested.

Emerging DBP problems and the control challenges 
they pose promise to keep environmental engineers 
and scientists occupied for years to come.
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You know from your courses and two 
internships with consulting firms that 
THMs were discovered in 1974 by two 
research teams (Bellar et al, 1974; Rook, 
1974), and after a lot of investigations and 
several surveys of occurrence, the first 
THM rule was adopted by the US Environ-
mental Protection Agency (USEPA) in 1979. 
Okay, but you know that the regulations 
are now a lot tougher and more compli-
cated, so you need to find out what hap-
pened with DBP regulations in the 1990s.

You know the simple chemistry: Add 
chlorine to water containing bromide and 
natural organic matter (NOM), and poof! 
You get THMs and haloacetic acids (HAAs) 
at part-per-billion concentrations. Nothing 
new to learn here. But wait—you heard that 
other DBPs can form. That might be new. 
Do we know how to control them? 

You have also heard from your grand-
dad that there are only three ways to con-
trol the more conventional DBPs (THMs 
and HAAs):

• Remove precursors before using 
chlorine. 

• Use alternative disinfectants to replace 
chlorine.

• Remove DBPs after they are formed.
That seems pretty simple, but Granddad 

said that no one uses the third approach. 
This is great—it will take only a couple of 
hours to knock out an article about all of the 
changes in DBPs from the history of regula-
tions through the various ways to control 
them. You can’t wait to get started!

DBP REGULATORY HISTORY
Your first glimpse into the history of 

DBP regulations, however, is a jaw-drop-
per. Maybe this isn’t going to be so easy 
after all. You have to learn a whole new 
language of government-speak, and you 
have to spend brain-numbing hours read-
ing the Federal Register. 

The first DBP regulation is not so hard. 
Gramps was running a large water utility 
when that rule hit the streets in 1979. Then 
things got a lot more complicated when 

Dad had to fly to Washington, D.C., in the 
1990s to be part of negotiating the follow-
on rules with USEPA and other stakehold-
ers. What happened?

The US regulation of DBPs started with 
the Total Trihalomethane (TTHM) Rule in 
1979 for drinking water systems serving 
more than 10,000 people (44 FR 686624; 
information in this format refers to the vol-
ume of the Federal Register and the page 
number of the regulation). In the late 1980s, 

USEPA initiated discussions on how to 
strengthen that regulation, recognizing the 
inherent challenges in balancing acute 
microbial risks with the potential chronic 
cancer risks from DBPs. Disinfection of 
drinking water is the greatest public health 
success story of the 20th century, and every-
one knew that it would be important not to 
compromise its benefits. Consequently, this 
risk-balancing needed a different regulatory 
approach compared with the typical drink-
ing water regulation that addressed risks 
one contaminant at a time, such as the one 
that established a maximum contaminant 
level (MCL) for atrazine. 

The need to balance these risks (and 
also bring systems serving fewer than 
10,000 people into the DBP regulatory 
framework) led USEPA to conduct a reg-
ulatory negotiation process under Federal 
Advisory Committee Act and to develop 
the two sets of paired regulations known 
as the Microbial/Disinfection By-product 
(M/DBP) Cluster:

You know the simple chemistry: Add chlorine to water containing 

bromide and natural organic matter (NOM) and poof! You get 

THMs and haloacetic acids (HAAs) at part-per-billion concentrations. 

Nothing new to learn here. But wait—you heard that other DBPs 

can form. That might be new. Do we know how to control them? 
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• The 1998 Stage 1 Disinfectants and 
DBP Rule (D/DBPR, 63 FR 69389), paired 
with both the 1998 Interim Enhanced Sur-
face Water Treatment Rule (IESWTR, 63 
FR 69477) and the 2002 Long-Term 1 
Enhanced Surface Water Treatment Rule 
(LT1ESWTR, 67 FR 1844).

• The 2006 Stage 2 D/DBPR (71 FR 
387) and the Long-Term 2 ESWTR 
(LT2ESWTR, 71 FR 653).

The time frame from 1992 to 2000 
marked an intensive effort by the drinking 
water community—including federal and 
state regulators, water systems, consulting 
engineers, equipment manufacturers, pub-
lic health officials, environmental advo-
cates, consumer advocates, researchers, 
and technical assistance providers—to 
develop these regulations and to ensure the 
appropriate risk-balancing was upheld in 
these regulations. The wide range of per-
spectives at the negotiating table was nec-

essary to ensure that all voices were heard 
and taken into account in developing these 
regulations. Many thousands of hours 
were invested in collecting and analyzing 
the available data and debating and ana-
lyzing potential regulatory options (Rob-
erson et al, 1995). Without this intensive 
collaborative effort, it’s not clear how 
these regulations might have been com-
pleted and implemented, if at all. 

Looking back at this period, three 
important events were critical in shaping 
the negotiations and the development of 
these regulations:

• The 1993 Cryptosporidium outbreak 
in Milwaukee. The timing of this outbreak 
during the negotiations led to the tighter 
turbidity standards and the risk-based 
“bin” treatment requirements at the same 
time DBP standards were tightened.

• The 1996 Information Collection 
Rule (ICR, 61 FR 24354). This rulemaking 
provided the detailed occurrence and treat-
ment information for the negotiations of 
the Stage 2 D/DBPR and the LT2ESWTR; 
it was the finding of very high concentra-
tions of THMs in systems that were sup-
posedly meeting the original 100-µg/L 
MCL that drove much of the Stage 2 D/
DBPR rulemaking (Figure 1).

• The 1996 Safe Drinking Water Act 
(SDWA) Amendments. Congress required 
USEPA to promulgate the Stage 2 D/DBPR 
in Section 1412(b)(2)(C) of the 1996 
SDWA Amendments. These rulemakings 
were in progress as the 1996 SDWA 
Amendments worked their way through 
Congress from 1993 to 1996.

A few interesting observations can be 
made about the M/DBP Cluster from the 
regulatory development perspective. First, 
progress was steady and continuous on 
these rulemakings for almost 20 years. The 
SDWA and USEPA were the drivers behind 
the regulations, but it took a collective 
effort by the entire drinking water com-
munity to make that progress possible. A 
comprehensive M/DBP research agenda 
was developed and implemented through 
the M/DBP Research Council. Water sys-
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FIGURE 1 Box-and-whisker plots of preliminary ICR THM 
 concentrations presented to the FACA negotiating committee

FACA—Federal Advisory Committee Act, ICR—Information Collection Rule, 
THM—trihalomethane

The red line circling the data points highlights the high concentrations (> 100 µg/L 
maximum contaminant level).
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tems spent hundreds of millions of dollars 
to collect and report the occurrence and 
treatment information required by the 
ICR. The Technical Work Group spent 
thousands of hours analyzing the data and 
using the results to formulate potential 
regulatory options. 

Second, the regulatory compliance 
costs from the six regulations (the five in 
the M/DBP Cluster plus the TTHM Rule) 
previously discussed are significant. This 
is logical considering that these regula-
tions apply to all systems regulated by the 
SDWA that apply a disinfectant, which is 
most of them. The national compliance 
cost from these six regulations is approx-
imately one-third of the total costs for the 
18 national regulations (Reiling et al, 
2009). The Stage 1 D/DBPR and the 
IESWTR are the third and fourth most 
ex    pensive regulations, respectively, be -
hind the Lead and Copper Rule (LCR, 56 
FR 26460) and the Surface Water Treat-
ment Rule (SWTR, 54 FR 27846). 

Third, compliance with the new and 
improved DBP regulations continues to be 
a struggle. Noncompliance with the Stage 
1 D/DBPR peaked in 2006, with 1,534 
systems registering 4,327 violations 
(USEPA, 2006). These noncompliance 
numbers are slowly decreasing, but 1,026 
systems registered 2,599 Stage 1 D/DBPR 
violations in 2011, and 690 systems regis-
tered 1,930 Stage 1 D/DBPR violations in 
2013 (USEPA, 2014, 2011). That’s still a 
lot of violations for a rule that was pub-
lished in 1998. 

The systems with Stage 1 D/DBPR vio-
lations are primarily (93.5%) those serv-
ing fewer than 10,000 people, which is not 
surprising considering that the 1979 
TTHM Rule did not apply to them. Viola-
tions in very small systems serving 
between 25 and 500 people comprise 
almost half (47%) of the violations for 
systems complying with DBP regulations 
for the first time. 

Looking at the Stage 2 D/DBPR, the 
noncompliance data are just starting to be 
reported to USEPA, with 11 systems reg-

istering 16 violations in 2013 (USEPA, 
2014). The shift to the locational running 
annual average (LRAA) approach to com-
pliance monitoring is likely going to con-
tinue to pose future compliance challenges 
with the Stage 2 D/DBPR. In fact, comput-
ing LRAAs (quarterly averages in one year 

at each sampling location) is having a pro-
found impact on compliance choices that 
utilities are making. 

Fourth, more work is left to do on DBPs 
and the paired microbial risks. USEPA is 
evaluating the Stage 2 D/DBPR and 
LT2ESWTR as part of its Third Six-Year 
Review of existing drinking water regula-
tions that is scheduled to be published in 
2016. Several nitrosamines were included on 
the Second Unregulated Contaminant Mon-
itoring Rule (UCMR2, 77 FR 26072), and 
chlorate was included in the Third UCMR 
(UCMR3, 72 FR 368), so these DBPs are 
clearly on USEPA’s regulatory agenda. It’s 
not completely clear if or how these regula-
tions might be revised. Specifically, the regu-
lation of NDMA would be difficult for 
USEPA to justify. One estimate of the oral 
intake of NDMA from drinking water is 
about 0.02% of the total intake from all 
sources (Fristachi & Rice, 2007), and lower 
contributions from drinking water as a per-
cent of total contributions have been 
recently estimated (Hrudey et al, 2013). 
Regulating NDMA could also endanger the 
use of chloramines as a secondary disinfec-
tant and of the most widely used cationic 
polymer coagulant (polyDADMAC).

Looking ahead, the course for future 
DBP regulations is not clear. USEPA might 
make a determination to regulate chlorate 
and nitrosamines in its preliminary third 

Looking ahead, the course for future DBP regulations is not clear. 

USEPA might make a determination to regulate chlorate  

and nitrosamines in its preliminary third regulatory  

determination that is scheduled to emerge later this year.
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regulatory determination that is scheduled 
to emerge later this year. Alternatively, the 
agency might decide to take a more com-
prehensive DBP approach and start the 
process for a potential “Stage 3 D/DPBR,” 
which would require a significant invest-
ment in time and resources by USEPA and 
others in the drinking water community. 

EMERGING DBPS—MORE COMPLEXITY 
ON THE HORIZON

Now you understand what trihalometh-
anes and haloacetic acids are, but what 
about the other “emerging” (and unregu-
lated) DBPs that have been mentioned in 
the recent literature? It is a bewildering 
array of organic alphabet soup. Are these 
contaminants something that you will have 
to worry about when you join the utility in 
the fall? Your granddad certainly did not 
have to worry about them. Many of them 
have been found only because of improve-
ments in analytical methods. Put in per-
spective, it seems to be all about relative 
risks and occurrence concentrations.

Recent research on the cytotoxicity and 
genotoxicity of emerging DBPs indicates 
that many of these are of greater health 
concern than those of regulated DBPs 
(Wagner et al, 2012; Plewa & Wagner, 
2009). Some of the emerging DBP classes 
of concern include haloacetonitriles, halo-
nitromethanes, haloacetamides, haloacet-
aldehydes, and nitrosamines. Moreover, 
within each class of halogenated DBPs, 
iodine-containing species are reportedly 
the most toxic, followed in order by bro-
mine-containing DBPs and chlorine-con-
taining analogues. In addition, recent epi-
demiology studies have shown a stronger 
association between exposure to THMs 
and bladder cancer in which bromine-
containing THMs have been implicated 
(Cantor et al, 2010). Studies have shown 
that in some waters with elevated bromide 
levels, the concentration of the bromine-
containing HAAs can be appreciably 
greater than the concentration of the chlo-
rine-containing HAAs, such that regulat-
ing only HAA5 does not effectively regu-

late exposure to all nine HAAs in water. 
Thus, there is a need to understand how 
best to cost-effectively control the forma-
tion of emerging DBPs of health concern 
while continuing to comply with the 
MCLs for regulated DBPs.

The occurrence, formation, and control 
of emerging DBPs have been studied in the 
United States, Canada, Europe, Australia, 
and Asia (Goslan et al, 2013; Krasner et 
al, 2013; Karanfil et al, 2011; Krasner et 
al, 2006). In particular, there are emerging 
concerns over iodine-containing DBPs and 
nitrosamines. Both classes of DBPs are 
preferentially formed by chloramines (the 
alternative secondary disinfectant we will 
discuss more later). In addition to inor-
ganic iodide being a precursor to the for-
mation of iodine-containing DBPs, iodin-
ated X-ray contrast media were also 
shown to produce iodine-containing DBPs 
upon reaction with chlorine or monochlo-
ramine (Duirk et al, 2011). Sources of pre-
cursors for N-nitrosodimethylamine 
(NDMA) include effluent organic matter 
from wastewater treatment plant dis-
charges, certain pharmaceuticals and per-
sonal care products, and certain polymers 
(e.g., polyDADMAC coagulant). Thus, 
traditional precursors for regulated DBPs 
(i.e., NOM, bromide) may not be the only 
precursors for emerging DBPs.

Preoxidation will control to varying 
extents the formation of some of these 
emerging DBPs, whereas chlorine or ozone 
will oxidize iodide to iodate (an unreactive 
form of iodine), and chlorine, ozone, or 
medium-pressure ultraviolet (UV) light 
will destroy/transform precursors for 
NDMA and other nitrosamines. However, 
there is a tradeoff associated with preoxi-
dation from the formation of regulated or 
emerging DBPs during the preoxidation 
and/or postchloramination process. Alter-
natively, powdered or granular activated 
carbon (GAC) has been shown to remove 
wastewater-derived NDMA precursors 
better than the bulk NOM. In addition, 
riverbank filtration has shown a similar 
selectivity for NDMA precursors.
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It is useful to understand that what 
works for one class of compounds may 
aggravate production of other classes. This 
is something that your dad began to learn 
about in the 1990s, and newer data con-
tinue to demonstrate the trade-offs, mak-
ing treatment selection complex. 

Table 1 provides a summary of the 
impact of selective treatment/disinfection 
processes on a number of the emerging and 
regulated DBPs. Later sections explore a 
wider range of processes and DBP impacts. 
In some cases, the use of certain disinfec-
tants promotes the formation of some 
DBPs whereas they may minimize the for-
mation of others. Although ozonation can 
increase the formation potential (FP) of 
some DBPs, biofiltration may reduce the 
FP of some of these DBPs. Alternatively, 
biofiltration may increase the FP of 
NDMA, caused by bacteria being sloughed 
off the biofilter or owing to the presence of 
soluble microbial products, which may be 
a source of precursors. Treatment processes 
in place to control the formation of regu-
lated DBPs may not control certain emerg-
ing DBPs. Thus, utilities will have to decide 
if they want to balance different treatment 
and disinfection processes to best control 
the formation of regulated versus emerging 
DBPs of concern in their water.

DBP ORGANIC PRECURSOR CONTROL 
During the development of the regula-

tions in the M/DBP Cluster, three tech-
nologies for the control of organic DBP 
precursors were evaluated (Roberson et al, 
1995). The first was coagulation at doses 
typically higher than those used for the 
control of particulate matter. This was 
termed enhanced coagulation. Working 
from full-, pilot- and bench-scale data, 
total organic carbon (TOC) removal crite-
ria were developed based on the source 
water TOC, alkalinity, and specific ultra-
violet absorbance (SUVA). In addition, 
about 100 bench- and pilot-scale studies 
of GAC and nanofiltration were carried 
out to evaluate the use of these technolo-
gies for controlling organic DBP precur-
sors (Allgeier et al, 1998). 

Further evaluation of bench-, pilot- and 
full-scale DBP precursor technologies has 
been carried out during the past 20 years. 
Some of these technologies are listed in 
Table 2. Most of these technologies are not 
“new,” but their applicability for controlling 
DBP organic precursors was not well estab-
lished when the TTHM rule was adopted in 
1979. The technologies are listed in the 
table based on increasing ability to remove 
dissolved organic matter (DOM), which is 
also associated with increasing cost. 

TABLE 1 Impact of selective treatment and disinfection processes on emerging and regulated DBPs

DBP Chlorine Chloramines Ozone Coagulation BiologicallFiltration

THMs Forms Minimizes 
 formation

Destroys 
 some FP

Removes FP Small impact

HANs Forms May minimize 
 formation

Destroys 
 some FP

Removes FP Small impact

Chloropicrin Forms May minimize  
 formation

Increases FP Removes FP May decrease FP

Trihaloacetaldehydes Forms Minimizes 
 formation

Increases FP Removes FP May decrease FP

Iodine-containing DBPs Oxidizes 
 iodide to  
 odate

Preferentially 
 forms

Oxidizes 
 iodide to  
 iodate

Removes FP Small impact

NDMA Destroys FP Preferentially 
 forms

Destroys FP Certain 
 polymers 
 increase FP

May be a source of FP

DBPs—disinfection by-products, FP—formation potential, HANs—haloacetonitriles, NDMA—N,N-dimethylsulfamide, THMs—trihalomethanes
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Because of cost considerations, the deci-
sion about which technology to apply for 
DBP control is often linked to the capabil-
ity of the technology to control other 
water quality problems. For example, ozo-
nation has the ability to oxidize organic 
DBP precursors yielding lower THMs and 
HAAs after chlorination. Ozone is also a 
good disinfectant and can oxidize trace 
organic, taste and odor, and inorganic 
compounds. Thus, ozonation may be a 
good choice if utilities look for compre-
hensive solutions to these water quality 
problems. Of course, there are potential 
negative secondary issues, such as bromate 
formation from ozone, that must be con-
sidered with all technologies. Some of 
these are listed in Table 2 and need to be 
taken into account during the process-
selection phase. As always, it is good engi-
neering practice to pilot-test these tech-
nologies when they are being applied to 
unique source water qualities. 

One useful approach to evaluating tech-
nologies is the use of DBP yields or DBP 
reactivities—the ratio of DBPs formed 
after chlorination to the TOC (or DOC) 
of the water as it is chlorinated. Additional 
TOC (or DOC) removal may not directly 
translate to a 1:1 decrease in DBPs formed. 
So a process may remove 20% of the 
TOC, but that may result in a higher 
decrease in DBP formation—e.g., a 25% 
decrease gives lower reactivity. Alterna-
tively, a process may result in a smaller 
decrease in DBP formation—e.g., a 15% 
decrease gives higher reactivity.

DOM-optimized coagulation. Most utili-
ties are using enhanced coagulation to 
meet the TOC-removal requirements of 
the Stage 1 D/DBPR. The TOC treatment 
part of the regulation does not require that 
all coagulable DOM be removed. Thus, 
there is the potential for additional DOM 
removal beyond that required by enhanced 
coagulation. Sometimes this can be 

TABLE 2 More recent THM and HAA precursor control approaches

Dor  
Control 

Technologyy Approach Other Benefits
Potential Secondary  

Impacts

Added 
Precursor 
Removal

%

DOM optimized  
 coagulation

Move beyond enhanced  
 coagulation requirements

Color removal more complete Turbidity control, increased 
 sludge production, need for pH  
 control

5–10

Biofiltration Using inert media (e.g.,  
 anthracite, sand)

Augmented taste and odor  
 control, other trace organic  
 removals, better HAA control

Turbidity control, control of  
 biomass release downstream 
 of biofilters

5–10

Oxidation before 
 chlorination

Ozone, chlorine dioxide Oxidation of precursors,
 additional disinfection barrier

Enhanced production or control 
 of other regulated DBPs, 
 production of biodegradable  
 DOM

5–25

Activated carbon PAC slurry Augmented taste and odor  
 control, other trace organic  
 removals

Additional sludge production 10–25

GAC filter adsorbers Augmented taste and odor 
control, other trace organic  
 removals

15–50

GAC post-filter adsorbers Augmented taste and odor  
 control, other trace organic 
 removals, chemical spill 
 protection

15–80

Anion exchange Pretreatment Lower coagulant  
 doses needed 

Brine disposal especially in inland  
 areas

20–40

DBP—disinfection by-products, DOM—dissolved organic matter, GAC—granular activated carbon, HAA—haloacetic acids, PAC—powdered activated carbon, THM—
trihalomethane 
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achieved through increased coagulant 
addition or by decreasing the coagulation 
pH. DOM-optimized coagulation is usu-
ally evaluated using bench-scale jar tests 
and by calibrating jar test results to full-
scale operating results. Negative secondary 
impacts (e.g., elevated corrosivity, greater 
sludge production) and cost evaluations 
need to be a part of this assessment.

Biofiltration with inert media. A conven-
tional filter with inert media, such as sand 
or anthracite coal, can be operated in a 
biological mode. In the absence of a disin-
fectant residual, indigenous microorgan-
isms will grow and some will attach to the 
filter media. In most surface water plants, 
the microorganisms will use the biode-
gradable fraction of the background DOM 
as the primary substrate. The biodegrad-
able fraction, typically 5–20% of the total 
TOC, is dependent on the source water 
and pretreatment processes. Biofiltration 
is used to control this biodegradable frac-
tion, especially after ozonation, thus creat-
ing a biostable water that will minimize 
microbial regrowth in the distribution sys-
tem. Biodegradable DOM has been shown 
to include precursors for organic DBPs, 
and biofiltration has been demonstrated to 
remove these precursors. Biofiltration 
effectiveness for DBP control is dependent 
on the initial amount of the biodegradable 
DOM, and the process efficiency is highly 
dependent on water temperature and the 
empty bed contact time (EBCT), or resi-
dence time, in the filter—typically 3–9 min 
(Servais et al, 2005).

Other factors, such as disinfectant resid-
ual in the backwash water, can negatively 
affect the performance. Biofilters have also 
been demonstrated to remove preformed 
HAAs and trace organic compounds, such 
as naturally occurring earthy/musty odor-
ants (2-methylisoborneol and geosmin) 
and compounds associated with wastewa-
ter discharges and runoff. Although biofil-
ters do not require additional capital 
investments, their operation must be opti-
mized such that particulate control is not 
negatively affected.

Oxidation prior to chlorination. When 
your dad was spending time in the 1990s 
in Washington, D.C., while the regulations 
were being negotiated, the primary influ-
ence of ozone was to substitute for chlo-
rine disinfection followed by chloramines 
as a residual disinfectant to reduce THMs 
and HAAs. Although the ability of ozona-
tion to directly oxidize THM and HAA 
precursors is well established, recent stud-
ies have suggested that the beneficial 
effects of ozonation on DBP precursors are 
limited largely to waters with SUVA values 
greater than 2 L/mg/m (Hua & Reckhow, 
2013). Not surprisingly, ozonation leads 
to elevated bromine substitution regardless 
of the level of impact on the total DBP 
formation (Hua & Reckhow, 2013; Wert 
& Rosario-Ortiz, 2011). Although it has 
long been noted that preozonation can 
enhance chloropicrin formation after sub-
sequent addition of free chlorine, this does 
not appear to be the case when postchlo-
ramination is used (Yang et al, 2012). 

Chlorine dioxide is also a strong oxidant 
and disinfectant. The use of chlorine diox-
ide will result in oxidation of organic DBP 
precursors yielding lower reactivities to 
chorine and lower DBPs (Lagerquist & 
Summers, 2004; Werdehoff & Singer, 
1987). Chlorine dioxide does directly 
destroy dihaloacetonitrile precursors but 
not those that produce chloropicrin (Yang 
et al, 2012). In contrast to ozone, chlorine 
dioxide does not appear to be very effec-
tive at controlling NDMA precursors 
(Shah et al, 2012).

Many researchers have been examining 
the impacts of ferrate [Fe(+VI)] oxidation 
on NOM with the expectation that it may 
soon be used in potable water treatment. 
Results to date have shown this oxidant to 
alter DBP precursors in much the same way 
ozone does—i.e., similar percent destruc-
tion for the THM and HAA precursors at 
similar molar doses (Jiang et al, 2014).

Activated carbon. GAC filtration for DBP 
precursor control is in use at several treat-
ment plants and it is in the master plans for 
several other utilities (Chowdhury et al, 
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2013). In addition to this, post-filter-
adsorber, applications of activated carbon 
can be used in other less capital-intensive 
ways. GAC can be used as media in a filter-
adsorber, and activated carbon, can be used 
in the powdered form (powdered activated 
carbon, or PAC). 

PAC has a long history of use in the 
United States as a means of controlling epi-
sodic problems such as taste and odor 
events, spring pesticide runoff, and indus-
trial spills. In evaluating the use of PAC for 
these objectives, it has been determined that 
PAC will also remove some DOM. PAC 
doses in the range of 5 to 30 mg/L have 
been shown to remove DOC by 5–25% 
(Chowdhury et al, 2013). Although these 
PAC doses may not be economical for year-
round use, many utilities that experience 
high levels of DBP precursors on an episodic 
basis (e.g., spring runoff) use PAC to control 
DBPs without having to make a major cap-
ital investment.

Like PAC, use of GAC in filter-adsorb-
ers also has a long history of use in the 
United States as a means of controlling 
episodic problems. Because the EBCTs of 
filter-adsorbers (3–9 min) are much 
shorter than those of post-filter-adsorbers 
(15–20 min), the time between GAC 
replacements after adsorption break-
through is far shorter. Many utilities face 
seasonal DBP issues—e.g., high levels of 
DBPs in summer as a result of high tem-
peratures and DBP precursor concentra-
tions. One operational strategy is to 
replace the GAC in these short EBCT fil-
ter-adsorbers just before the maximum 
DBP production season. Thus, the GAC is 
fresh and is able to better adsorb the pre-
cursors during the critical period (Corwin 
& Summers, 2012). GAC in filter-adsorb-
ers also benefits from biological removal 
of DBP precursors because bio-acclima-
tion to DOM typically takes a few weeks, 
especially at low temperatures. Thus, dur-
ing the first few months of operation, 
adsorption dominates, and then, after a 
few months, biological removal is the 
dominant precursor-removal mechanism, 

with a residual adsorption capacity for 
certain trace organic compounds. 

Cincinnati, Ohio, has the first claim in 
the United States to installing a modern 
post-filter-adsorber GAC treatment system 
(with regeneration on site and a capacity 
of 215 mgd), and there are now nearly a 
dozen post-filter GAC plants in the Ohio 
Valley, Texas, Arizona, and elsewhere. 
Some of these applications were not orig-
inally installed to remove NOM for DBP 
control, but utilities are realizing that ben-
efit in addition to the original purposes. 
Granddad never expected this to happen!

A possible new approach to GAC prechlo-
rination. Granddad knew that chlorine 
should not be introduced before GAC 
filtration because chlorine oxidizes the 
carbon surface and reduces the ability of 
the carbon to adsorb organic compounds 
(McGuire & Suffet, 1978b). Prechlorina-
tion shortly before GAC filtration re -
cently has shown promising results in 
preliminary bench- and demonstration-
scale testing. Prechlorination at the GAC 
influent has yielded lower THMs in the 
distribution system compared with the 
use of GAC without prechlorination 
(Ghosh et al, 2011). 

No one is sure why this happens or how 
real the effect might be. Speculation has 
centered on the oxidation of bromide dur-
ing prechlorination and the subsequent 
incorporation of bromide into normally 
hydrophilic NOM molecules, thus making 
them more adsorbable because of their 
higher molecular weight and reduced 
polarity. Organic precursors that form 
THMs and are typically difficult to adsorb 
using GAC appear to be preferentially 
transformed into molecules that are more 
readily adsorbed.

Anion exchange. The ability of anion 
exchange resins to remove negatively 
charged DOM fractions has been recog-
nized for many years (Snoeyink & Sum-
mers, 1998). However, recent anion 
exchange systems using a proprietary tech-
nology1 have shown promise in a number 
of locations as a method to control DBP 
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organic precursors (Hammann et al, 2004; 
Mergen et al, 2008). Anion exchange has 
been shown to decrease subsequent coagu-
lant demand, allowing use of lower doses, 
and at the same time it removes a DBP frac-
tion that is not easily removed by coagula-
tion or adsorption (Singer & Bilyk, 2002).

ALTERNATIVE DISINFECTANTS
Disinfectants other than chlorine have 

always been part of a utility’s regulatory 
compliance bag of tricks. However, 
because of stringent requirements of the 
Stage 2 D/DBPR, water utilities have 
looked even more closely at alternative 
oxidation/disinfection options. Gramps 
surely never heard of some of these ideas. 

Chloramines. Between 2007 and 2010, 
the number of US water utilities adding 
chloramines to their drinking water sup-
plies increased by nearly 37%, from 944 
to 1,298 (Li, 2011). The largest number of 
utilities using chloramines are in Texas, 
Florida, and California, with increases of 
54%, 43%, and 20%, respectively. Conse-
quently, nearly 70 million customers in the 
United States now use water with chlora-
mines, a number that was only 54 million 
a few years ago (Li, 2011). Monochlora-
mine, the dominant form of chloramines 
used in many water systems, is a weak 
oxidant and disinfectant that is not as 
reactive with organics as free chlorine 
(Valentine et al, 1998). Therefore, chlora-
mines can result in relatively stable disin-
fectant residuals in distribution systems 
with long residence times. Chloramines 
are also effective in reducing the formation 
of regulated halogenated DBPs (i.e., 
THMs, HAAs) and the amount of total 
organic halides (Karanfil et al, 2007). 
Numerous studies over the years have con-
firmed that chloramines are effective in 
controlling biofilms because of their abil-
ity to penetrate those films, have lower 
capital and annual operation and manage-
ment expense and fewer taste and odor 
issues, as compared with other secondary 
disinfectants (Wahman et al, 2009; Brandt-
Edwards et al, 2007).

The use of chloramines also poses a 
number of challenges. As mentioned previ-
ously, chloramines can preferentially form 
N-nitrosamines and iodine-substituted 
DBPs. They also produce higher levels of 
some unregulated dihalo-DBPs, the public 
health implications of which are unknown.

It is well known that the presence of free 
ammonia from chloramine degradation 
can cause nitrification problems in distri-
bution systems through nitrite and nitrate 
formation via biological oxidation, which 
catalyzes the decomposition of chlora-
mines. Nitrification was not identified as 
a serious problem when chloramines were 
first considered as a THM-control tech-

nique after the 1979 regulation. More 
recently, many utilities have instituted 
nitrification-control plans as part of an 
overall chloramine use strategy. In fact, 
such plans are required in California for 
all utilities that chloraminate. 

To minimize nitrification, some utilities 
use auto flushers or localized flushing along 
with reservoir-level cycling to minimize 
water age, while others practice a “chlorine 
burn” period (switching from chloramines 
to free chlorine for a few weeks to several 
months) (Carrico et al, 2008). The use of 
chlorine dioxide before chloramination can 
also reduce nitrification through the action 
of chlorite, the inorganic by-product of 
chlorine dioxide, which inhibits ammonia-
oxidizing bacteria in distribution systems 
(McGuire et al, 1999). Some reports indi-
cate that switching from chlorine to chlo-
ramines results in higher lead levels in 

Post-DBP-formation control was not supposed to happen in a major 

way to comply with DBP regulations. Conventional wisdom said it was 

a waste of time and money. Not all THMs are easily removed by air-

stripping, and HAAs are not strippable at all. How about using GAC 

treatment for hot spots? Granddad would be surprised to hear about 

this, but it seems to be working for some utilities.
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premise plumbing (Boyd et al, 2008), but 
most utilities making the switch have not 
reported such consequences.

Ozone. There is a growing trend in the use 
of ozone in US water treatment facilities 
over the last four decades (Thompson et al, 
2013). In 2013, there were 284 drinking 
water ozonation facilities ranging in size 
from 1 to 900 mgd (median = 16 mgd), 
with others planned or under construction 
over the next five years. Most of these facil-
ities are located in California (n = 56) fol-
lowed by Florida (n = 28), Texas (n = 24) 
and Massachusetts (n = 15). Ozonation 
facilities are most commonly located as 
pre- or intermediate processes in water 
treatment plants. Ten plants use ozone to 
satisfy both the Giardia and virus com-
bined removal and inactivation regulatory 
requirements through ozone disinfection 
only. By 2016, the Metropolitan Water Dis-
trict of Southern California will have an 
ozone/peroxone installed capacity of 2.6 
bgd, easily making that collective treatment 
capacity the largest in the United States 
(McGuire, 2014).

Based on surveys by Thompson et al 
(2013), most treatment plants indicate 
more than one reason for implementing 
ozone. Approximately two-thirds of those 
surveyed indicated their preference for 
using ozone for taste and odor control 
and/or Giardia and/or virus disinfection. 
Approximately half of all respondents also 
stated a preference for using ozone as part 
of a DBP-control program. Similar trends 
have been reported worldwide. For exam-
ple, in Japan between 1973 and 1993, 
approximately 15 ozonation facilities 
came on-line, followed by an additional 
35 over the last two decades (Mizuno et 
al, 2014). A survey of these facilities 
showed that ozone was selected primarily 
to enhance the taste of drinking water and 
to reduce chlorine odor (35%) while 29% 
used ozonation for THM control. 

Ozonation of water containing inorganic 
bromide can produce bromate, a regulated 
DBP, and by-products that affect the bio-
stability of water (e.g., aldehydes and 

organic acids) (Wert et al, 2011; Farre et al, 
2011; Yang et al, 2012; Shukairy et al, 
1994; Sohn et al, 2004; Carlson & Amy, 
2001). Additionally, ozonation can form 
other unregulated by-products directly or 
alter organic precursors in ways to make 
them more likely to form DBPs upon chlo-
rination or chloramination (Shah & Mitch, 
2012; Richardson, 2002; Weinberg, 2009). 
As mentioned previously, ozonation gener-
ally reduces the THM and HAA formation 
upon subsequent chlorination. The pres-
ence of various precursors has also yielded 
contrasting findings on the role of ozona-
tion-forming nitrosamines. For example, 
the ozonation of N,N-dimethylsulfamide (a 
by-product of the fungicide tolylfunide) 
directly forms NDMA at a high yield of 
52% (Schmidt & Brauch, 2008), but 
decreases NDMA formation upon subse-
quent chloramination, as ozone oxidizes 
N-organic precursors effectively (e.g., 
amines; Krasner et al, 2013). 

Although our ability to predict and con-
trol bromate formation using prechloram-
ination, ammonia addition and pH reduc-
tion has matured (Heeb et al, 2014; Buffle 
et al, 2004), our knowledge and practice 
for managing formation of other ozona-
tion by-products are still in the early stages 
of our collective understanding. As a result 
of the recent research on bromate control, 
ozonation has been found to be more 
attractive as an alternative disinfectant as 
compared with the period just following 
the proposal of the Stage 1 D/DBPR, when 
the bromate MCL of 10 µg/L was set.

Chlorine dioxide. Chlorine dioxide can 
form small amounts of dihalogenated 
HAAs while significantly eliminating 
THM and trihalogenated HAA formation 
(Gates et al, 2009). Consequently, there 
has been a renewed focus on using chlo-
rine dioxide as an alternative oxidant in 
preoxidation processes. The results of 
studies have been somewhat mixed, how-
ever. When applied before chloramines, 
chlorine dioxide has been shown to con-
trol NDMA formation in some studies 
(Lee et al, 2007), but another study re -
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sulted in an increase in overall NDMA 
formation (Shah et al, 2012). 

Although Gates et al (2009) estimated 
that between 500 and 1,200 drinking 
water treatment plants in the United States 
have incorporated chlorine dioxide into 
their systems, these are likely to be high 
estimates because some plants use it sea-
sonally, some year-round, and some in con-
junction with chlorine. Chlorate and chlo-
rite are formed from the decay of chlorine 
dioxide, with a 30–70% conversion rate to 
chlorite. Chlorite is currently regulated 
under the Stage 1 D/DBPR. Chlorate is on 
the list of contaminants that USEPA may 
regulate in the future. It has also been 
shown recently that cupric oxide and 
nickel oxide released as a result of pipe 
corrosion can increase the decay of chlo-
rine dioxide, leading to higher levels of 
chlorate and chlorite (Liu et al, 2013). In 
addition, iodine-substituted THM forma-
tion is possible from chlorine dioxide addi-
tion alone (Hua & Reckhow, 2007). At 
typical bromide-to-iodide ratios of natural 
waters, preoxidation with chlorine dioxide 
sometimes reduces iodine-substituted 
THM formation (Jones et al, 2012).

Ultraviolet light. From the first discovery 
of its inactivation mechanism, the imple-
mentation of ultraviolet (UV) disinfection 
in drinking water has been increasing, 
mostly for targeting Cryptosporidium inac-
tivation in response to the LT2ESWTR 
(Clancy et al, 2000; Nicholson et al, 2011). 
Besides targeting pathogens, the use of UV 
disinfection eliminates concerns over DBPs 
produced by other primary disinfectants. 
A recent study by Linden et al (2012) has 
indicated that there are 24 drinking water 
treatment plants in the United States that 
currently have UV disinfection installed, 
are installing it, or are conducting pilot 
tests. Both medium-pressure (MP) and 
low-pressure, high-output (LPHO) UV sys-
tems are typically installed followed by 
postchlorination or postchloramination. 
For surface water treatment, two of the 
most recent and largest UV installations 
are on the Catskill-Delaware system of the 

unfiltered New York City supply (LPHO, 
2020-mgd design capacity in 2012) and the 
Los Angeles Aqueduct Filtration Plant (MP, 
600-mgd capacity in 2014). 

Research has shown that UV light has 
little to no effect on the required postdis-
infectant dosages nor on the formation of 
regulated DBPs (THMs and HAAs) (Reck-
how et al, 2010; Linden et al, 2012). 
However, the broad-emission spectrum of 
MP UV makes the reactivity of inorganic 
nitrogen a concern as it can cause the for-
mation of emerging nitrogenous-DBPs 
(nitrated or nitrosated). MP UV treatment 
followed by chloramination can also 
increase halonitromethane and chloral 
hydrate formation by about 20–50% 
(Reckhow et al, 2010; Linden et al, 2012). 
In addition, UV treatment can lead to 
N-nitrosamine formation without the 
necessity of a sequential chloramination 
step. Although it is well known that UV 
light is effective for breaking down the 
N-nitrosamine molecule (Sedlak & Kava-
naugh, 2006), it is possible to detect net 
nitrosamine formation through the nitro-
sation pathway, depending on the poten-
tial precursors and inorganic nitrogen 
levels (Soltermann et al, 2013).

CONTROL AFTER DBPS ARE FORMED—
LRAA, HOT SPOTS, AND SHAVING PEAKS

Post-DBP-formation control was not 
supposed to happen in a major way to 
comply with DBP regulations. Conven-
tional wisdom said it was a waste of time 
and money. Not all THMs are easily 
removed by air-stripping, and HAAs are 
not strippable at all. How about using 
GAC treatment for hot spots? Granddad 
would be surprised to hear about this, but 
it seems to be working for some utilities.

As described earlier, precursor removal 
and alternative oxidants and disinfectants 
are the two most effective DBP-control 
strategies. However, these control tech-
nologies may not be appropriate in some 
water systems, especially consecutive sys-
tems that do not have control of treatment 
processes (USEPA, 2010). In large distribu-
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tion systems with DBP hot spots, a local-
ized treatment may be more cost-effective 
for DBP regulatory compliance because 
only a portion of the water is treated. Even 
those utilities using GAC for organic pre-
cursor removal are considering hot-spot 
treatment to extend the life of GAC 
between regenerations (Talabi, 2014).

Water-age management. In oversized dis-
tribution systems or storage tanks, dead 
ends or dead volumes may result in high 
water age and high levels of DBPs, espe-
cially THMs. When water from these areas 
is sampled for regulatory compliance, peak 
DBP levels may be observed and may result 
in DBP noncompliance. The objective of 
water-age management is to reduce dead 
volume and reduce water age—and thus 
reduce DBP production. This can be done 
by pipe-looping, bypassing oversized pipes, 
installing dedicated transmission mains, 
improving tank mixing and turnovers, and 
eliminating excess tank storage (USEPA, 
2010). However, eliminating dead ends by 
pipe-looping or eliminating dead volumes 
by improving mixing in storage tanks in 
some cases only reduces the variability of 
DBP concentration. These actions may 
make the transmission main or storage 
tank a more efficient reactor for DBP for-
mation (Crittenden et al, 2012). 

Localized water treatment. Localized water 
treatment includes storage tank aeration, 
GAC adsorption, and biologically active 
carbon (BAC) filtration (Brooke & Collins 
2011; Johnson et al, 2009; Sherant et al, 
2007). These treatment processes can be 
used for treating DBP hot spots in large 
distribution systems and consecutive sys-
tems. Unlike enhanced coagulation, which 
removes a broad spectrum of DBP precur-
sors, these treatment processes generally are 
effective in removing a specific group of 
DBPs that share similar physical, chemical, 
or biological characteristics. For example, 
aeration generally is effective in removing 
volatile DBPs (e.g., THMs) but does not 
remove nonvolatile DBPs (e.g., HAAs). By 
removing THMs, which are known to have 
low health risks, aeration may not lower 

overall risks from other DBPs. Nevertheless, 
many water utilities are treating a small 
portion of water in distribution systems to 
achieve DBP regulatory compliance.

Storage tank aeration. Air-stripping tow-
ers have been used to remove volatile 
organic compounds from drinking water 
since the early 1980s. Air-stripping is also 
effective in removing THMs (Bilello & 
Singley, 1986). To meet the 1979 TTHM 
Rule, the City of Chesapeake, Va., 
installed air-stripping towers before dis-
tribution to remove THMs in its North-
west River Treatment Plant (Supreme 
Court of Virginia, 2004). Prior to air-
stripping treatment, the average THM 
levels were 200–350 µg/L. Because of the 
stringent standard of 80 µg/L under the 
Stage 1 D/DBPR, the city replaced air-
stripping towers with a reverse-osmosis 
system in February 1998. The replace-
ment was partially triggered by the con-
tinued formation of THMs in the distribu-
tion system, which resulted in high levels 
of THMs in air-stripping-treated water.

Water storage tanks with high water age 
are prone to having high THM and HAA 
levels. Storage tank aeration can be an 
effective treatment option for THM 
removal. Both diffused aeration and spray 
aeration can be used for this purpose 
(Brooke & Collins 2011; Fiske et al, 2010; 
Sherant et al, 2007). A field study in the 
Twin Rocks storage tank at Blacklick 
Township, Pa., indicated that a simple dif-
fused aeration system reduced the chloro-
form concentration in its water from as 
high as 140 µg/L to below 80 µg/L (Sher-
ant et al, 2007; Xie et al, 2008), as shown 
in Figure 2.

A main design and operating parameter 
for storage tank aeration is air flow or, 
more precisely, air-to-water ratio. This 
parameter can be calculated based on water 
flow, influent concentration, desired efflu-
ent concentration, and the Henry’s law con-
stant of the target compound. Increasing 
water temperature increases the Henry’s 
law constant, resulting in a high aeration 
efficacy. Therefore, aeration is more effec-
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tive in summer and fall when high THM 
levels coincide with warmer temperatures. 
In many cases, high THM levels were 
caused by reduced water use in an over-
sized storage tank. The reduced water use 
also increased the effectiveness of storage 
tank aeration because of the increase of the 
air-to-water ratio. Another advantage of 
storage tank aeration is that it can be oper-
ated seasonally, only when high THM lev-
els are expected (Fiske et al, 2010). 

Carbon adsorption and BAC degradation. 
GAC can be effective in removing various 
DBPs after they are formed. Some utilities 
have considered installation of satellite 
GAC or BAC facilities to control areas of 
high DBPs that threaten regulatory compli-
ance. On the basis of the carbon type and 
EBCT, GAC has a bed life of 3–6 months 
for THMs (Johnson et al, 2009; McGuire 
& Suffet, 1978a; Tung et al, 2006). For 
HAAs, much shorter bed lives are expected 
for monochloroacetic acid (MCAA) and 
dichloroacetic acid (DCAA). The bed lives 
for MCAA, DCAA, trichloroacetic acid, 
and chloroform were reported at 2, 20, 
200, and 100 days, respectively, at an 
EBCT of 20 min (Tung et al, 2006). These 
results were similar to those reported by 
Johnson et al (2009). These short bed lives 
imply that it is generally impractical for 
water systems to adopt the carbon adsorp-
tion technique because of too-frequent 
carbon regeneration. For water systems 
with high THM levels occurring only dur-
ing a portion of each year, carbon adsorp-
tion could be used with a carbon regenera-
tion frequency of once a year. 

GAC generally becomes biologically 
active in one or two months. This process 
can be expedited by adding a small por-
tion of acclimated carbon (Xie et al, 2004). 
BAC is effective in removing HAAs but 
not THMs. Water temperature and EBCT 
are two major parameters that affect BAC 
design and operation. Increasing water 
temperature or EBCT increases HAA 
removal (Wu & Xie, 2005). HAA removal 
at a low temperature can be compensated 
with a longer EBCT. However, formation 

of HAAs at a low temperature generally is 
not a big concern for regulatory compli-
ance. BAC is also effective in removing 
chloral hydrate and other biodegradable 
chlorination or ozonation DBPs.

WHAT DOES IT ALL MEAN?
The drinking water community has 

learned a lot during the past 40 years. How 
have all of these changes improved public 
health? Your granddad and dad don’t 
know the answer to that question. All they 
talk about are reductions in risk and expo-
sure. You would like to at least see a study 
that catalogues how the DBP regulations 
have lowered the concentrations the public 
is exposed to. You would want to see a 
comparison of THM data collected under 
the National Organics Reconnaissance 
Survey (NORS) survey in 1975 to data 
from the post-Stage 2 D/DBPR. Ah, it 
doesn’t exist. Seems kind of important.

The only long-term comparison of 
changes in US DBP exposure is one that 
compares 1975 NORS with 1997–98 ICR 
data. Although the median THM con-
centration does drop from 41 to 23 µg/L 
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(a 44% reduction for median finished 
water concentrations), it is the change in 
high THM concentrations that is most 
striking. Existing DBP regulations and the 
prospect of tougher regulations really 
knocked the top off of the elevated con-
centrations that people were exposed to, 
as seen in Figure 3. Dropping the P90 by 
60%, from 150 µg/L to 60 µg/L, was a 
major improvement (McGuire, 2014; 
McGuire & Graziano, 2002). 

With the emphasis on LRAA compliance 
and distribution system control of both 
elevated THMs and HAA5, another sig-
nificant reduction in the P90 value must be 
occurring now in the United States. The 
AWWA Government Affairs office dis-
cussed plans at the 2014 AWWA Annual 
Conference to do a survey of DBPs in US 
water systems, perhaps beginning in late 
2014 (Via, 2014). That will be something 
worth looking at. 

You are still troubled, however, that we 
do not have a clear measure of increased 

public health protection with lower DBPs. 
Are the treatment processes with their 
tradeoffs enhancing or compromising pub-
lic health? With the state of our current 
knowledge, only speculation will be able 
to address that important question in the 
short term. In the long term, you know 
that your generation will have to provide 
the answers. Your granddad will not be 
able to help much.

SUMMARY AND CONCLUSION
Three months later, you are exhausted 

and a lot wiser. It seems that nothing is 
simple in the field of DBP control. You lost 
your summer but you learned a lot about 
one of the most important topics in your 
field. You also figured out that there are 
tremendous opportunities for a young 
woman like yourself entering the field to use 
the findings from the top researchers to 
discover entirely new areas of DBP research 
and control technologies. You have a chance 
to make contributions to DBP control that 
your granddad never dreamed of.

• Regulation of DBPs is complex, and 
no one knows the total effect that the 
regulations have had in reducing overall 
exposure to DBPs and the impact that 
lowered exposure has had on public 
health. Will Stage 3 be something you 
want to participate in?

• There are emerging DBPs for which 
cost-effective control methodologies are 
needed that don’t cause other compliance 
problems.

• Organic precursor removal has taken 
on a life beyond enhanced coagulation, 
with PAC, GAC, and anion exchange resins 
providing interesting treatment options.

• Hot spots and removing DBPs after they 
are formed seem to be areas with lots of 
opportunities to be innovative.

• Will you be the one who puts the con-
trol of DBPs into the proper public health–
protection framework?

Obviously, you have chosen the right 
career path. You get a chance to work in 
the drinking water community. There is 
always something important to learn. You 
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wonder about the emerging pathogens 
that you ran across during the DBP 
research. That might be an interesting 
topic to investigate.
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Editor’s note: When I stepped into the 
job of interim editor-in-chief of this 
journal, much of the 100th anniversary 
issue had already been planned. One 
topic that was not covered was the 
occurrence and control of disinfection 
by-products—an issue that has domi-
nated drinking water research and 
Journal AWWA over the last 40 years. 
Within a matter of days a group of busy, 
distinguished experts agreed to meet 
challenging deadlines so that we could 
memorialize DBPs in this special issue. 
Without their incredible efforts, this 
article would not have been possible.

—Michael J. McGuire
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