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Summary: Passage of the USEPA D/DBP Rule
is driving utilities to look for methods to re-
duce DBP formation, particularly TTHMs and
HAA5. On-site generated mixed oxidants have
been demonstrated to reduce DBPs in mul-
tiple installations. Features of mixed oxidants
contributing to decreased DBPs may include
chlorine residual maintenance with a reduced
oxidant dose, reduction of biofilms, and en-
hanced microflocculation effects.

W hile chemical disinfectant use
in drinking water has drasti-
cally reduced disease, these

disinfectants react with natural organic
material in the raw water to form disin-
fection by-products (DBPs) that are haz-
ardous to health. Chloroform, bromo-
dichloromethane, dibromochlorometh-
ane and bromoform are all components
of total trihalomethanes (TTHMs), which
have been found to cause liver, kidney,
or central nervous system problems, as
well as increased risk of cancer. In 1979,
the USEPA set a TTHM limit of 100 mi-
crograms per liter (mg/L) for systems
serving more than 10,000 people, defined
as “large surface water systems.”

Amendments to the Safe Drinking
Water Act (SDWA) in 1996 attempt to
further balance the risks between mi-
crobial pathogens and DBPs with the
passage of Stage 1 Disinfectants/Disin-
fection By-Product (D/DBP) Rule. This
lowers the permissible limit for TTHMs
to 80 mg/L and establishes a new limit
for the five haloacetic acids* (HAA5) of
60 mg/L. These limits will affect all pub-

lic water systems that add a disinfectant,
regardless of their size. The rule went
into effect in January 2002 for large sur-
face water systems and will apply in Janu-
ary 2004 to groundwater and small sur-
face water systems.1

Mixing up an alternative
One initiative aimed at reducing

DBPs is use of mixed oxidants as a disin-
fectant. On-site generation of a mixed-
oxidant solution, which consists prima-
rily of hypochlorous acid, utilizes a pro-
cess similar to on-site generation of so-
dium hypochlorite. A brine solution is
fed through an electrolytic cell, power is
applied, and the resulting oxidant solu-
tion is created. The style of electrolytic
cell and operating parameters determine
the formation of straight hypochlorite
vs. formation of mixed oxidants.

Mixed oxidants have
been documented by nu-
merous agencies to inacti-
vate even chlorine-resistant
microorganisms, perform-
ing much like ozone or chlo-
rine dioxide. The solution
also will leave a durable chlo-
rine residual in the distribu-
tion system; however, be-
cause of the presence of chlo-
rine in the mixed-oxidant so-
lution, the formation of
DBPs will still occur. Evi-
dence from a number of in-
stallations, though, shows
DBP reductions up to 50 per-

cent. Depending on the level of precur-
sors in the raw water, mixed oxidants
may be a viable alternative for DBP re-
duction while still providing the re-
quired chlorine residual.

Mixed-oxidant chemistry
Species other than chlorine in the

mixed-oxidant solution haven’t been di-
rectly verified due to the complexity and
interferences of multi-oxidant chemis-
try. Classical laboratory methods for de-
tection of oxidants don’t function prop-
erly in the presence of a large chlorine
matrix; thus, studies on mixed oxidants
have detected only chlorine when using
these methods.2 Yet, several perfor-
mance components demonstrate that
the solution contains other chloroxygen
species beyond free available chlorine.

The following species can poten-
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tially be formed when salt (NaCl) and
water (H2O) are combined in electroly-
sis.

From the low pH anode:
• Hypochlorous acid (HOCl),
• Chlorine dioxide (ClO2),
• Ozone (O3),
• Chlorine (Cl2),
• Oxygen (O2), and
• Various other hydroxyl radicals

(OHO, OH+).
From the high pH cathode:
• Sodium hypochlorite (NaOCl),
• Sodium hydroxide (NaOH), and
• Hydrogen gas (H2).
While the manufacturer doesn’t

claim these various components to be
present in the solution, the voltage po-
tential exists for their formation. If
formed, these individual components
could be recombined into other chloro-
xygen species.

Although the chemistry of the
mixed-oxidant solution is complex and
not completely known, the biological
evidence is compelling. The most dra-
matic evidence for the oxidant species is
in the ability of the mixed-oxidant solu-
tion to inactivate chlorine-resistant or-
ganisms, such as Cryptosporidium parvum
oocysts,3 or to achieve substantially
higher inactivation levels of other or-
ganisms at a lower dose and shorter con-
tact time than required with hypochlo-
rite. Superior inactivation capability
against a multitude of organisms using
the mixed-oxidant solution has been
demonstrated at a number of institu-
tions.

Another key indicator for the pres-
ence of oxidants other than chlorine in
the mixed-oxidant solution is reduction
in TTHMs and HAA5, as demonstrated
at a number of water utilities that re-
placed conventional chlorination with
mixed-oxidant technology. Although
this phenomenon isn’t seen at every site,
no installation ever observed DBP lev-
els with mixed oxidants above the levels
produced by chlorine. In fact, in the great
majority of mixed-oxidant installations,
both TTHMs and HAA5 are typically
reduced by 30-50 percent compared to
levels formed with chlorine (see Figure
2).4,5,6,7&8

Theories for behavioral
differences

Significant behavioral differences
between mixed oxidants and chlorine
have been observed both in laboratory
testing and field installations, although
only chlorine can be measured in the
mixed-oxidant solution. There are sev-

eral proposed explanations for the re-
duction in DBP formation in contrast to
hypochlorite. These theories include re-
duction of biofilm, improved chlorine
residual at a reduced dosage, and
microflocculation to remove precursors.

Biofilm reduction
Evidence on the ability of mixed oxi-

dants to help reduce biofilm and algae
from the distribution system and clarifi-
ers exists. Biogrowth able to survive
with chlorine as a disinfectant is typi-
cally eliminated shortly after conversion
to mixed oxidants. Within the first few
months of installation of a mixed-oxi-
dant generator, distribution system
flushing may be required to remove de-
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Figure 2. TTHM reduction at Greenfield Municipal Utilities
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tached biosolids until the system has stabilized. Once past the
stabilization process, surfaces remain free of biofilm or algae
as long as mixed oxidants are used.

The ultimate effect is the reduction of organic material
available to react with chlorine, thus reducing DBP formation.
Elimination of biofilms in the distribution system means DBP
levels in distribution wouldn’t be substantially higher than
levels seen at the treatment plant. Data from a study done by
H.R. Green Engineers demonstrates this effect.6 Over three
months of study utilizing mixed-oxidant disinfection, the lev-
els of TTHMs in distribution dropped more rapidly than the
levels at the plant. When the site first converted to mixed
oxidants, TTHMs in distribution were 36 percent higher than
levels at the plant. After three months of continuous opera-
tion, TTHMs in distribution were only 14 percent higher than
at the plant. Overall, the TTHM reduction in distribution was
twice as great as at the plant.

Biofilm reduction was also observed at Diana Water Sup-
ply Corporation in Texas where two pipelines needed simul-
taneous repair. At that time, chlorine gas was used to disinfect
one line and mixed oxidants were used to disinfect the other
line. The line disin-
fected with chlorine
contained biofilm
only 200 feet from
the disinfection sta-
tion. The line break
in the mixed-oxidant
line occurred about
half a mile from the
disinfection station,
so the expectation
was an even more
contaminated line. On the contrary, the pipe exposed to mixed-
oxidant treatment was spotless (see Figure 3), as though it had
never been used. Water from both sources was from the same
aquifer and both lines were installed decades ago.

Better residual at lower dose
The free available chlorine (FAC) residual from mixed

oxidants is more robust than the FAC residual from tradi-
tional chlorination. The mixed-oxidant FAC residual can en-
dure for very long distances and stays in the lines for a much
longer period of time. This is likely related to the removal of
substances such as biofilm, which creates oxidant demand
within the distribution system. Correspondingly, treatment
plants typically notice a reduction in the required dose at the
plant to maintain the same residual at the end of the line. After
the distribution system has stabilized, most mixed-oxidant us-
ers report a 30 percent reduction in dose at the clearwell, a
tank or reservoir of filtered water used to backwash a filter. A
secondary effect of the reduced dosage is a correlated reduc-
tion in DBP formation. Since chlorine requirements have de-
creased, there’s less chlorine in the system that can react with
organic matter.4,7,8,9,10&11

Microflocculation
Microflocculation is defined as enhanced flocculation pro-

ducing either a reduction in coagulant demand for the same
final (filtered water) turbidity or a reduction in final turbidity
at the same coagulant demand. An improved clarification pro-
cess will demonstrate reductions in turbidity, DBP formation
and chemical addition for such chemicals as alum and poly-
mer (See Table 1).

Figure 3. Pipe samples from
Diana WSC, Texas
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Previous Current % Previous Current %
doses doses down levels levels down

Crossville, TN 90 gpd 70 gpd 22 N/A

Greenfield, IA 14.7 mg/L 8.9 mg/L 40 0.107 ntu 0.065 ntu 39

Las Vegas, NM 10.5 mg/L 7.5 mg/L 29 0.07 ntu 0.03 ntu 57

Midwestern site Data not available 2.0 ntu 0.4 ntu 80

Santa Fe, NM 90 mg/L 54 mg/L 40  0.60 ntu 0.18 ntu 70

                                Reduced coagulant consumption           Reduced effluent turbidity

Table 1. Microflocculation effects using mixed oxidants

By enhancing the coagulation pro-
cess, greater removal of precursors for
DBP formation is achieved. A variety of
installations using mixed oxidants in pre-
treatment report a microflocculation ef-
fect and a reduction in TTHMs and HAA5
not seen with traditional chlo-
rination (See Figure 4). In fact,
these sites were unable to chlo-
rinate in pretreatment due to
excessive TTHM formation.
Although they’re adding more
oxidant overall—due to dual
injection points—they see an
overall decrease in DBP forma-
tion, as illustrated in Figure
2.4,5,7&10

Conclusion
As the USEPA enforces

implementation of new DBP
limits, utilities will need to in-
vestigate the best technology
for their site. Several behav-
ioral differences between
mixed oxidants and other chlo-
rine technologies, including su-
perior inactivation capability

and reduced formation of DBPs, indi-
cate the mixed-oxidant solution is more
than just hypochlorite generated on site.
There are a number of explanations for
decreased TTHM and HAA5 formation,
including elimination of biofilm, im-
proved chlorine residual at a reduced
dosage, and microflocculation to re-
move precursors. These explanations are
supported by operational evidence from
numerous field installations.

In implementation guidelines for
the Stage 1 D/DBP Rule, the USEPA de-
scribes a Best Available Technology
(BAT) for users of chlorine, chloramines
and chlorine dioxide as “control of treat-
ment processes to reduce disinfectant de-
mand and control of disinfection treat-
ment processes to reduce disinfectant lev-
els.”12 Mixed oxidants alone, without the
use of any other chemicals or treatment
techniques, are shown to both reduce

Figure 4. Dosage and residual comparisons—
Chlorine vs. mixed oxidants
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disinfectant demand and overall chemi-
cal usage. Although current analytical
techniques can detect only chlorine in
the mixed-oxidant solution, chlorine
alone cannot account for the elimination
of biofilm, reduced doses and lower lev-

els of DBPs that mixed-oxidant installa-
tions report. The operational improve-
ments of treatment with mixed oxidants
are well documented and should be
taken into consideration by any site de-
signing or redesigning their disinfection
process.

* The five regulated haloacetic acids include mono-,
di-, and trichloroacetic acids and mono- and
dibromoacetic acids.

References
1. U.S. Environmental Protection Agency,
Office of Water, “Stage 1 Disinfectants and
Disinfection Byproducts Rule,” (4607), EPA
815-F-98-010, December 1998.
2. Gordon, G., Electrochemical Mixed-Oxi-
dant Treatment: Chemical Detail of Electro-
lyzed Salt Brine Technology, Miami Univer-
sity, Oxford, Ohio, pp. 39-40, May 1998.
3. Venczel, L., et al., “Inactivation of Crypto-
sporidium parvum Oocysts and Clostridium
perfringens Spores by a Mixed-Oxidant Dis-

infectant and by Free Chlorine,” (Univer-
sity of North Carolina and Centers for Dis-
ease Control and Prevention), Applied and
Environmental Microbiology, Vol. 63, No. 4.,
pp. 1598-1601, April 1997.
4. Interview with Frank Armijo, Plant Man-
ager for City of Las Vegas, N.M., Nov. 14,

2000.
5. Memorandum from Jack-
son Brownfield, S.O.S. Inc.,
Cleveland, Tenn., RE:
Crossville Data, March 23,
2001.
6. Duben, M., Pilot Study Fi-
nal Report: Mixed-Oxidant
Disinfection System at
Greenfield, Iowa, Howard R.
Green Company Consulting
Engineers, Cedar Rapids,
Iowa, Dec. 5, 1996.
7. Herrington, R., et al. ,
“Performance of a Conven-
tional Surface Water Plant
Using Mixed Oxidants for
Microflocculation and Final
Disinfection,” MIOX Corp.,
Albuquerque, N.M., pre-
sented at AWWA Exposi-
tion, Denver, June 1999.
8. Memorandum from Rick
Jeschke, District Engineer
and Manager to the North
Table Mountain Water and
Sanitation District Board of
Directors, July 7, 2000.

9. Interview with Cas Ruybalid, Engineer
for the City of Bloomfield, N.M., June 1,
1999.
10. Herrington, R., et al., Pilot Study Report:
Mixed-Oxidant Disinfection System at
Greenfield, Iowa, MIOX Corp., Albuquerque,
N.M., p. 4, September 1997.
11. Shapard, R. “Swamp Things: Handling
local wetlands issues,” American City &
County, Atlanta, November 1997, http://
americancityandcounty.com/ar/govern-
ment_swamp_things_handling/index.htm
12. U.S. Environmental Protection Agency,
Office of Water, “Implementation Guidance
for the Stage 1 Disinfectants/Disinfection
Byproducts Rule,” (4606), EPA 816-R-01-
012, June 2001.

About the author
Beth Hamm, of Tetra Tech Inc., of Lexington,
Ky., has 14 years of experience in the drinking
water field—nine years as water quality su-
pervisor for Kentucky-American Water Com-
pany. She holds a Class IV-A Drinking Water
License, is actively involved in AWWA at
national and section levels, and heads up the
Tetra Tech Inc. SDWA Task Force. She’s also
a member of the AWWA National Disinfec-
tion Committee and the Coagulation & Filtra-
tion Committee. Hamm received her bachelor’s
degree in chemistry from Cumberland Col-
lege and her master’s degree in chemistry
from Eastern Kentucky University. She can
be reached at (859) 223-8000, email:
hamme@tetratech.com or website:
www.tetratech.com


