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Treatment of Organic-Laden
Surface Water for Total Organic Carbon

any drinking water plants use
water from rivers, reservoirs, or
lakes as their raw water sources.

These surface waters invariably contain some
levels of pathogens that must be inactivated
prior to distribution, as well as organic ma-
terial (such as decaying plant matter). To en-
sure that water is safe to drink, the U.S.
Environmental Protection Agency (EPA)
mandates that a sufficient quantity of disin-
fectant be added to generate a residual con-
centration at the customer’s tap.
Disinfectants can react with the organic ma-
terial in drinking water to form disinfectant
byproducts (DBPs), and epidemiological
studies have identified that certain classes of
DBPs are human carcinogens. The DBPs
form when water that contains total organic
carbon (TOC), also referred to as natural or-
ganic matter (NOM), is mixed with certain
forms of chlorine. The DBP precursor com-
pounds are a subset of NOM and are found
in natural waters. The NOM is most com-
monly found in surface water where organic
matter frequently enters the water body from
runoff, and also from aquatic organisms.
Public water systems using surface water
must disinfect the water prior to delivery to
the first customer.

Steven J. Duranceau

What is Total Organic Carbon?

The amount of carbon bound in an or-
ganic compound is known as TOC and is
often used as a nonspecific indicator of water
quality. With passage of EPA’s Safe Drinking
Water Act, TOC analysis emerges as a quick
and accurate alternative to the classical bio-
chemical oxygen demand (BOD) and chemi-
cal oxygen demand (COD) tests traditionally
reserved for assessing the pollution potential
of wastewaters. The TOC is determined by re-
moving inorganic carbon, oxidizing the re-
maining carbon to carbon dioxide using
combustion or chemical oxidation with per-
sulfate, and measuring the carbon dioxide
produced using a conductivity detector or
nondispersive infrared detector. Dissolved or-
ganic carbon (DOC) is determined similarly
to TOC, but the sample is filtered through a
0.45 pm filter prior to oxidation. The ultravi-
olet absorbance (UVA) is measured by filter-
ing a sample with a 0.45 pm filter and
measuring absorbance at 254 nm. The specific
ultraviolet absorbance (SUVA) is calculated by
dividing UVA by DOC and multiplying by an
appropriate unit correction factor.

Surface waters are found to contain ap-
preciable amounts of TOC, and the removal

Figure 1. Representative Structure of Humic Acid, a Component of Total Organic Carbon
Source: Stevenson (1994)
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of color and DBPs can be related to TOC re-
moval. The natural organic content of Florida
surface water is typically high, with TOC val-
ues often greater than 15 mg/L and true color
values as high as 700 platinum-cobalt units
(PCU). Historically, surface water treatment
facility costs and performance decision mak-
ing procedures were primarily based on tur-
bidity and pH. With the implementation of
EPA’s Stage 2 DBP Rule, TOC must now be in-
tegrated into the decision making process
when it comes to treatment selection
processes.

Figure 1 illustrates a representation of
humic acid, a DBP precursor, and one com-
ponent of natural organic matter. Instead of
volumetric size, NOM is commonly charac-
terized by molecular weight (MW ), molecular
weight fractionation, and resin isolation into
hydrophobic, intermediate, and hydrophilic
fractions (Fabris et al, 2008; Kim et al, 2010).
Polysaccharides and peptidoglycans are con-
sidered high MW compounds, whereas aro-
matics (i.e., lignin and tannin derivatives) are
abundant in the intermediate-high MW frac-
tions of NOM. Nonhumic, aromatic and
aliphatic amines, amino acids, polysaccha-
rides, and proteins are considered hydropho-
bic low molecular weight compounds.

Regulatory Considerations

Regulations drive the need to treat or-
ganic-laden surface waters. In December 1998,
EPA published the Stage 1 Disinfectant/Disin-
fection Byproducts Rule (D/DBPR) that es-
tablished treatment techniques for the control
of precursors to disinfectant byproducts. This
section requires enhanced coagulation or en-
hanced softening to remove a certain percent-
age of organic carbon based on the source
water’s TOC and alkalinity for all public water
systems using surface water or groundwater



under the direct influence of surface. In Janu-
ary 2006, EPA published the Stage 2 D/DBPR
that required water utilities to comply with a
reduced maximum contaminant level (MCL)
of 80 pg/L for total trihalomethanes (TTHMs:
chloroform, bromoform, and dibromochloro-
and dichlorobromo-methane) and a new
MCL of 60 pg/L for the sum of five haloacetic
acids (HAA5: monochloro-, dichloro-,
trichloro-, monobromo, and dibromo-acetic
acid) at each individual monitoring location in
a distribution system (i.e., locational running
annual averages).

The rule sets up several alternatives to re-
moval, one of which is SUVA of source or fin-
ished water. The SUVA is an analysis of water
that uses UV absorbance and DOC levels. Pre-
vious studies established a relationship be-
tween SUVA and the levels of humic
substances that are removed during enhanced
coagulation and/or enhanced softening. If
SUVA levels meet certain requirements, it is
logical for the enhanced coagulation or soft-
ening to be unnecessary. Stage 1 D/DBPR al-
lows an exemption from costly TOC removal
requirements if SUVA levels for source or fin-
ished water are below 2.0 L/mg-m. It also pro-
vides for SUVA-level substitutions when
calculating TOC removal compliance.

The EPA has set required TOC removal
levels for water systems that use conventional
treatment, as shown in Table 1. Water systems
that use surface water and conventional filtra-
tion treatment are required to remove speci-
fied percentages of organic materials,
measured as TOC, that may react with disin-
fectants to form DBPs. Removal is to be
achieved through a treatment technique (en-
hanced coagulation or enhanced softening).
Enhanced coagulation has been identified as
one of the most effective treatment methods
for lowering TOC concentrations, and subse-
quently, DBP formation potential.

As a result of the D/DBP Rule, there has
been increasing emphasis by the water com-
munity on the removal of NOM from water
supplies; important NOM removal options are
coagulation, granular activated carbon (GAC)
adsorption, membrane filtration, and anion
exchange. Of these processes, coagulation is
the most widely used in the water industry.
But, when coagulation cannot remove ade-
quate concentrations of NOM so that DBPs
can be controlled, other treatment technolo-
gies, such as GAC, nanofiltration, and anion
exchange may need to be used. Chemical soft-
ening has been used with variable success.
Also, ozone and advanced oxidation may also
be utilized, but typically must be combined
with another unit operation.

Table1. Required Total Organic Carbon Removal Requirements

for Conventional Treatment Plants1, 2
Source: EPA, June 2001. Stage 1 Disinfectants and Disinfection Byproducts Rule Fact Sheet. EPA 816-F-01-014

Required Removal of Total Organic Carbon by Enhanced Coagulation and Enhanced Softening for
Subpart H Systems Using Conventional Treatment

Source Water TOC Source Water Alkalinity (mg/L as CaCOj)
(mg/L) 0-60 >60-120 >120?
»2.0-4.0 35.0% 25.0% 15.0%
>4.0-8.0 45.0% 35.0% 25.0%

>§.0 50.0% 40.0% 30.0%

1-Systems meeting at least one of the alternative compliance criteria in the rule are not required to meet the removals in this table.
2-Systems practicing softening must meet the TOC removal requirements in the last colunm to the right.

Total Organic Carbon
Removal by Softening

Removal of NOM is significant to the
drinking water community in that color, TOC,
and DBPs are NOM subsets and controlled by
water treatment due to regulatory and/or aes-
thetic constraints. Not all NOM or TOC pro-
duces color or regulated DBPs; hence, TOC is
a more universal measure of organic material
in drinking water. Most if not all of the TOC
removed during lime softening is in the form
of nonpurgeable dissolved organic carbon
(NPDOC). The TOC can be in a suspended or
gaseous form in some drinking water sources;
however, these TOC forms are either easily re-
moved during drinking water treatment or are
not DBP precursors, which prior to disinfec-
tion are in the form of NPDOC.

Bench-scale tests demonstrate the impor-
tance of magnesium hydroxide precipitation
and NOM characteristics on precursor re-
moval by softening. The maximum percentage
TOC removal achieved for lime and soda ash
dosages evaluated for nine waters examined
ranged from 23 to 50 percent (Thompson,
1997).

Investigators have found that softening
removed TOC, but was less effective for TOC
removal than coagulation; addition of coagu-
lants during softening enhanced TOC removal
and the chemical structure affected TOC re-
moval. A survey of water treatment plants par-
ticipating in the information collection rule
(ICR) found that 30 to 40 percent of TOC was
removed during lime softening in the 2=4
mg/L and 4-8 mg/L TOC groups, respectively.
They suggested additional TOC removal
should not be required by regulation after 0.2
meq/L Mg removal, 0.8-1.2 meq/L alkalinity
removal, or if major changes of existing facil-
ities were required to accommodate the more
slowly settling magnesium hydroxide, or

Mg(OH),, floc, or the additional sludge (Clark
and Lawler, 1996). Increasing doses of ferric
sulfate to 9.5 mg/L Fe** were observed to in-
crease TOC removal to 75 percent, as softening
pH increased to 10.3 (Quinn et al, 1992).

Bench-scale jar testing using waters from
nine utilities found that TOC removal was cor-
related with increasing TOC concentration,
hydrophobic TOC fraction, and the magne-
sium removed during softening. A significant
relationship between the TOC removed and
magnesium removed was observed (Thomp-
son et al, 1997). Softening of Mississippi River
water was found to remove less TOC than co-
agulation, although higher molecular weight
hydrophobic organic solutes were removed by
both processes (Semmens and Staples, 1986).
Liao and Randtke (1986) suggested coprecip-
itation was the primary mechanism for re-
moval of organic solutes during softening, and
organic removal was limited to anionic com-
pounds, which could absorb onto calcium car-
bonate (CaCOs3) solids.

Calcium and Magnesium
Precipitation

During lime softening, calcium removal
due to CaCO;s precipitation increases with pH
to pH 10.3. At pH 10.3, nearly all of the cal-
cium or carbonate alkalinity has been precip-
itated as CaCOs because of equilibrium (Ko,
Ksp). Removal of calcium hardness is typically
optimized at pH 10.3 in lime softening. Past
pH 10.3, there is not enough carbonate alka-
linity to precipitate the calcium solubilized
from lime. Some slight additional calcium re-
moval will be realized in a caustic softening
process, but typically the vast majority of
CaCO;s precipitation is complete at pH 10.3.
Because of Mg(OH): equilibrium, adequate
magnesium removal is typically not achieved

Continued on page 48
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until pH 2 10.8. The exact pH for optimized
CaCOs and desired Mg(OH): precipitation
may differ slightly from 10.3 and 10.8 due to
calcium and magnesium interactions with
other solutes. However, CaCOs and Mg(OH).
precipitation occurs in different pH ranges
and can be related to TOC removal.

The EPA and Water Research Foundation
have investigated the removal of color, TOC,
and DBP precursors (Taylor, 1984; Taylor,
1986; Randtke, 1999). The studied waters vary
from a soft water with low magnesium con-
tent and low TOC concentration (Lawrence,
Kan.) to a hard water with high magnesium
content and high TOC concentration (Grand
Forks, N.D.). The TOC varied directly with
both calcium and magnesium hardness for
these three waters and the TOC removal in-
creased with pH for each. Prior to pH 10.3,
the TOC removal varies from approximately
20 to 30 percent. The initial total hardness re-
duction of approximately 50 percent at pH
10.3 is due to CaCO; precipitation and occurs
simultaneously with 20 to 30 percent TOC re-
ductions. Past pH 10.3 TOC reduction is in-
creased by approximately 25 percent and is
associated with approximately 30 percent re-
duction of initial total hardness, which is due
to Mg(OH): precipitation. The TOC removal
due to CaCO:s precipitation was limited to 30
percent and the TOC removal was increased
to 55 percent when Mg(OH). was precipi-
tated, which indicates that removal of mag-
nesium hardness in a softening process will
increase TOC removal.

Coagulation

Coagulation is a treatment process that
includes chemical addition, rapid mixing, and
flocculation. The TOC removal can be influ-
enced by the type of coagulant dosage, pH,
mixing, water quality change, and the order of
chemical addition. Maximum TOC removal
tends to occur at pH values between 5 and 6
and low alkalinity water may require the addi-
tion of lime to maintain the pH in this range.
Full-scale treatment plants have demonstrated
that moving the location of the disinfection
process to a point following coagulation and
sedimentation, or modifying the coagulation
process for increased removal of organic ma-
terials (or both), can result in substantial re-
ductions in DBP formation. Coagulation can
be an effective pretreatment technique subse-
quent to GAC or membrane filtration in that
it removes particles that might clog GAC beds,
which reduces the frequency of carbon regen-
eration and replacement, and it removes TOC,
notorious for shortening membrane lives.

Typically, magnesium coagulation at pH 11.3
to 12.0 accompanied 80 to 98 percent color re-
moval, 20 to 40 percent TOC removal, and 40
to 65 percent trihalomethane formation po-
tential (THMFP) removal. Optimum THMFP
reduction was always accompanied by opti-
mum TOC and color reduction (Taylor, 1984).
Alum used as a coagulant aid at pH 11.5 in-
creases THMFP, TOC, and color removal by
about 10 percent.

Enhanced coagulation and enhanced
softening were developed specifically for con-
ventional filtration treatment systems where
rapid mix and flocculation were followed by
gravity sedimentation; this is the normal treat-
ment scheme for most surface water plants.
However, some plants that do not use this con-
ventional scheme can be adversely affected by
practicing enhanced coagulation or enhanced
softening, as these treatment techniques were
not intended to be utilized in nonconventional
filtration treatment systems. For example,
some systems do not use gravity sedimenta-
tion for particulate removal; instead, liquid
alum and a polymer chemical are dosed at op-
timum conditions to create pin floc, which is
removed through a pressurized clarifying fil-
ter. Enhanced coagulation in this treatment
scheme could easily lead to floc particle for-
mation larger than what the system is designed
to filter. Prematurely clogged filters and
shorter filter runs are likely to result under en-
hanced coagulation conditions. Similar oper-
ating problems are anticipated for other forms
of alternate treatment technologies or filtra-
tion systems.

Granular Activated Carbon

The EPA has identified the best available
technology (BAT) for achieving compliance
with the maximum contaminant levels for
both TTHMs and HAAS as treatment with
GAC having a 10-minute empty bed contact
time (EBCT) and a 180-day replacement fre-
quency with chlorine as the primary and sec-
ondary residual disinfectant. The GAC
adsorption is an effective technology em-
ployed for the removal of NOM, and is typi-
cally used as a medium as a filter-adsorber in
many water treatment plants (Babi et al, 2007).
Normally, 80 to 90 percent of the NOM meas-
ured in raw water sources can be removed by
GAC adsorption (Roberts and Summers, 1982;
Karanfil et al, 2007). Research by Owen and
colleagues (1998) has shown that rapid small-
scale column tests (RSSCTs) can be success-
fully used to predict NOM
breakthrough-behavior GAC columns in
terms of TOC and UV 254; additionally, it has
been determined that several RSSCTs should
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be performed with differing batches of influ-
ent waters that represent the seasons of inter-
est. The GACs with large surface areas and
pore volumes in pores >1 nm and basic
pHPZC values should be selected for DBP pre-
cursor control. Removal of high molecular
weight NOM during conventional treatment
processes prior to filtration significantly in-
creases the operational time of GAC for DBP
formation control. Therefore, the impact of
conventional treatment processes on GAC ad-
sorption and DBP formation control should
be evaluated in designing and operating GAC
adsorption systems.

Membranes

Membrane processes have been demon-
strated to effectively and economically remove
DBP precursors in water containing high con-
centrations of organic matter. There are four
kinds of membranes: reverse osmosis (RO),
nanofiltration (NF), ultrafiltration (UF) and
microfiltration (MF). Table 2 presents an
overview of TOC and DBP precursor removal
using membranes. In general, membranes
with a molecular weight cutoff (MWCO) of
less than 1,000 daltons are necessary to remove
substantial levels of NOM (Taylor, Thompson,
and Carwell, 1987); a MWCO of less than 500
is usually necessary to reject greater than 90
percent of DBP precursors (Duranceau and
Taylor, 2010; Metsamuuronen et al, 2014).

Low pH and high ionic strength can de-
crease the apparent molecular size of organic
matter and its electrostatic repulsion from the
membrane surface and then decrease its re-
moval. Bromide has been shown to have a sig-
nificant effect on the formation of DBPs after
chlorination of membrane permeates; in gen-
eral, its removal by membranes is 20 to 70 per-
cent. As the membrane MWCO decreases, the
TOC removal increases. The resulting increase
in the bromide-to-TOC ratio favors the for-
mation of brominated DBPs after chlorina-
tion. However, if enough of the TOC is
removed by the membrane, the absolute con-
centrations of the DBPs will be limited, re-
gardless of relatively high bromide levels.

Yoon and researchers (2005) have re-
ported significant NOM removal of 70 to 86
percent with hydrophobic polyethersulfone
(PES) and sulfonated PES membranes, al-
though less than 10 percent rejection would
have been expected when the average MW of
NOM and membrane pore sizes is considered.
This is attributed to hydrophobic interaction
and electrostatic exclusion between the hy-
drophobic and charged membrane surface
and the NOM molecules.

The NF membranes are able to remove



compounds from macromolecular size to
multivalent ions, but at higher transmem-
brane pressure as compared to UFE. Almost
complete NOM rejections were achieved with
NF membranes having cut-off values in the
range of 100-400 daltons (Duranceau and
Taylor, 2010). However, NF is more susceptible
to fouling when treating surface water sup-
plies, as was noted by Reiss and colleagues
(1999).

Because of the larger pore sizes (0.005 to
5um), the removal of NOM with MF and UF
is substantially less than that observed with ei-
ther NF or RO. By polypropylene 0.2um MF
membrane, it demonstrated a 15 percent re-
moval of TOC and total THMFP from a flow-
ing stream. By 0.05pm ceramic tubular
membrane on blended river waters with an av-
erage TOC concentration of 8.2mg/L, it was
reported reduced to approximately 30 percent
removal of TOC and the THMFP was reduced
by 10 to 20 percent by both the 0.05um and
0.2um ceramic tubular membrane. The re-
moval of DBP precursors can be improved by
the feedwater pretreatment of UF and ME. The
two most common types of pretreatment are
coagulant and polyaluminum chloride (PAC)
addition. Using MF, with the addition of 10 to
15 mg/L of ferric chloride, the removal of
THMEP from surface water could be increased
from 15 to 60 percent. Using 0.05um ceramic
tubular membranes, the removal of TOC was
from 30 to 60 percent and the removal of
THMEFP improved approximately 30 percent.
Table 3 lists TOC removals for treatment using
adsorbents such as PAC or iron oxide particles
in combination with MF and UFE.

Anion Exchange

The NOM in water contains significant
amounts of high-molecular-weight soluble
and colloidal humic and fulvic acid anions,
which are often associated with the soluble
and colloidal iron, manganese, and silica in the
water. In the 1960s, macroporous weak-base
anion (WBA) resins were used to remove color
from river water, and in the 1970s, macrop-
orous strong-base anion (SBA) resins were
used to successfully treat highly colored
groundwater. Also in the 1970s, polyacrylic
strong-base resins were developed, which were
less prone to irreversible fouling compared
with the standard polystyene resins in univer-
sal use. Following the discovery of the forma-
tion of THMs and other DBPs in water in the
mid-1970s, various strong- and weak-base
anoin exchange resins were found to be capa-
ble of removing DBP precursors from water.
Experimental use of resins for TOC removal

Continued on page 50

Table 2. Summary of Trihalomethane Formation Potential Removal
by Membrane Technology, Water Source, and Pretreatment

Feed Percent
Water Pretreatment Membrane | Water Treated THMFP
Citation Source Technology | THMFP | THMFP | Removal
(ng/L) (ng/L) (percent)
Taylor, Thompson and Ground Anti scalant, NF 961 28-32 97
Carswell, 1987
Prefiltration NF 961 31-39 96-97
Secreening UF 961 326-947 2-66
Amy Alleman and Cluff, 1990 Surface Prefiltration NF 157-182 55-84 49-70
Ground Prefiltration NF 176-472 6-95 78-98
Parker, 1991 Surface None MF 60-630 40-420 20
Coagulation MF 70-80 30-40 40-60
Tan and Amy, 1991 Ground Prefiltration NF 259 39 85
Duranceau, Taylor and Ground pH adjustment, NF 120 6 95
Mulford, 1992 prefiltration
Laine, Clarke, and Surface Prefiltration UF 40-460 NR =10
Mallevialle, 1993
Prefiltration NF 40-460 NR 30-90
UF NF 40-460 NR 90
Kouadio and Madeleine, 2005 Surface Media filtration NF 155 20 87
Surface Media filtration NF 117 19 84
Surface Media filtration NF 170 24 86
Table 3. Removal of Total Organic Carbon by Ultrafiltration
and Microfiltration with Adsorbent Pretreatment
Reference Process Influent Percent TOC Adsorbent Percent TOC
TOC (mg/L) | Removal (UF or MF | Dose (mg/L.) Removal (UF or
Only) MF with adsorbent)
Lainé, 1990 UF+PAC 3.0 40 250 85
Adham et al, 1991 UF+PAC 2.8-3.1 5-10 25 32-47
Jacangelo et al, UF+PAC 1.1-11 12-14 10-200 17-82
1995
Chang and UF+I1OP 4.5 10-23 170 47-85
Benjamin, 1996
Scanlan et al, 1997 | MF+PAC 45 6.5 20 11
Kang and Choo, UF+PAC 48 30 367 70
2010

Table 3 Notes:
MF=microfiltration
PAC=powered activated carbon
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continued through the mechanism of NOM
removal by strong-base resins. Magnetic ion-
exchange resins have emerged as an effective
method for treating surface water for organic
matter (Comstock and Boyer 2014; Drikas et
al, 2011; Mergen et al, 2008).

In slightly acidic, neutral, and alkaline
water, the acidic functional groups on NOM
are negatively charged. Thus, TOC molecules
are naturally attracted to anion exchange
resins, which contain positively charged amine
functional groups attached to a polystyrene or
polyacrylic polymer matrix. Karpinska and
colleagues (2013) have shown that a propri-
etary resin (MIEX) can remove over 89 per-
cent of the DOC from the surface water. Anion
exchange has been used to remove DOC and
hardness simultaneously (Phetrak et al, 2014;
Apell and Boyer, 2014).

Weak-base anion resins contain weakly
basic-primary, secondary, or tertiary amine-
functional (exchange) groups, which are pos-
itively charged (protonated) only in acidic
solution. These resins function as anion ex-
changers only when the solution is pH < 6.
When pH is above 6, the amine functional
groups are neutral and do not exchange ions.
But, some WBA resins can function as adsor-
bents for TOC at pH 2 6.

Strong-base anion resins contain quater-
nary amine functional groups typically at-
tached to a polystyrene or polyacrylic matrix.
The more common macroporous polyacrylic
resin types, unlike the microporous polystyene
resin types, are often used because of their
lower organic fouling potential. Both resins
have quaternary amine functional groups that
are ionized (positively charged) and function
as anion exchangers throughout the 3 to 13 pH
range. Regarding porosity, macroporous resins
have measurable Brunauer-Emmett-Teller
(BET) surface area (measured by N adsorp-
tion), whereas microporous (or gel) resins
have no measurable BET surface area. In aque-
ous solution, both types of resins have appar-
ent porosity because they are swollen with
water and readily allow hydrated ions to enter
the hydrated polymer (Singer, 1999).

Compared with GAC, WBA, or SBA,
resins have greater sorption capacity for NOM,
remove NOM faster, and are easier to regener-
ate (Boening, Beckman, and Snoeyink, 1980).
When operated at pH 6.5 to 8.5, the WBA
resins adsorb the NOM, whereas SBA resins
operate by the mechanism of ion exchange.
Various studies reported by Singer (1999) have
demonstrated that it is not possible to reliably
predict THMFP removal based on the surro-
gates of color or TOC removal.

Ozone Oxidation

Ozone has been used in the treatment of
drinking water since the end of the 19th cen-
tury (Langlas, Reckow, and Brink, 1991). Al-
though the original applications of ozone were
disinfection, as experience increased, and since
the mid-1970s, ozone has also been recognized
as an important tool in controlling halo-
genated DBPs. Ozone is powerful and can
react with many organic and inorganic solutes
in water. By preozonation, followed by chlori-
nation at low pH, it can reach the greatest net
decrease in THM formation (Singer, 1999).
High bicarbonate concentration can also help
to improve THM control by ozone. Because
ozone itself can decompose to form secondary
oxidant species, one of which is hydroxyl rad-
ical (*\OH), bicarbonate can act as a free radi-
cal scavenger that consumes hydroxyl radicals;
then, the decomposition of ozone is slowed
down, and the chance of solutes reacting with
ozone is increased. On the other hand, with
the reaction of hydroxyl radicals, bicarbonate
can form bicarbonate radicals, which are more
moderate radicals and may help to destroy
DBP precursor sites (Malley, Edzwald, and
Ram, 1986; Legube et al, 1985). Weiner (1995)
had shown that ozone destroys the fast-react-
ing THM precursors, which are mainly acti-
vated aromatic structures and can react with
ozone easily; then, the THM formation is
slowed. Among the HAAs, trichloroacetic acid
(TCAA) can be destructed by ozone easily,
while dichloroacetic acid (DCAA) is unaf-
fected. Some compounds, such as halogenated
ketones and aldehydes, will form at greater
concentrations as a result of prior ozonation.
In general, ozone can reduce HAAs, total or-
ganic halides (TOX), and THMs to a great ex-
tent until the time that the water is consumed.

There are many advantages to applying
ozone as an alternative to chlorine at the head
of the treatment plant. It can delay or even
avoid the formation of DBPs from free chlori-
nation. It can also increase the biodegradation,
as well as better control tastes and odors, and
remove turbidity or filtration effect. Ozone
may react with bromide to form hypobro-
mous acid; then, hypobromous can continue
to react with NOM to form brominated DBPs:

Br~—2 5 (0Br <» 0Br~ )2 BrO;
BrO3; + NOM — BrominatedDBPs

Lowering the Os dosage may minimize
the formation of BrO;- but increase the for-
mation of other DBPs. On the other hand,
higher Os dosages can lead to significant BrOs
formation, particularly at high Br- levels and at
ambient pH.
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Ozonation converts humic and hy-
drophobic organic compounds into smaller
fragments, but as it does not lead to full min-
eralization of most compounds, the initial
DOC concentration decreases only slightly.
Oxidation may produce harmful byproducts
and increases assimilable organic carbon
(AOC) content, and thus, the potential for bac-
terial regrowth in the distribution systems.
However, these problems can be avoided by
combining oxidation with a downstream bio-
logical activated carbon (BAC) process prior to
the membranes. The granular media filters are
widely used prefilters for membrane processes.
The media filters capture particles of large-size
distribution and, may reduce fouling of the
downstream membrane, if employed.

Advanced Oxidation

Advanced oxidation processes (AOPs)
have been studied intensively for decades. Var-
ious combinations of oxidants, radiation, and
catalyst have been developed for the removal
of TOC, NOM, and organic pollutants; for ex-
ample, O3/H202, UV/H202, UV/O3,
UV/TiO2, Fe2+/H202, Fe2+/H202 + hv, vac-
uum ultraviolet radiation, or ionizing radiation
(Fujishima, 1971; Glaze et al, 1987; Legrini et
al, 1993; Frimmel, 1994; Nagata et al, 1996;
Fukushima et al, 2001; Thomson et al, 2002).
These processes involve the generation of
highly reactive radical intermediates, especially
the OH radical (Glaze et al, 1987). The appeal
of AOPs is the possibility to gain complete ox-
idation or mineralization of organic contami-
nants through a process that operates near
ambient temperature and pressure. Sit-
nichenko and researchers (2011) reported that
greater than 90 percent of fulvic acids could be
destroyed using a photocatalytic oxidation by
oxygen using UV light and titanium dioxide in
surface water over a wide range of pH (3-8).

Summary and Suggested
Disinfection Byproduct
Water Quality Goals

Removal of organic solutes using a variety
of unit operation processes is unique to a given
water source. However, some generalizations
can be made regarding softening:

6 Calcium Carbonate Precipitation - Generally
removes from 10 to 30 percent of the color,
TOC, and DBP precursors. Has the least ca-
pacity for organic removal of solids gener-
ally precipitated in precipitative softening.

& Magnesium Hydroxide Precipitation - Gen-
erally removes from 30 to 60 percent of the
TOC and DBP precursors, and 50 to 80 per-
cent of the color. Requires primary recar-



bonation to remove excess calcium if lime is
used, produces excess magnesium and cal-
cium sludge, and requires either additional
sedimentation basins or solids loading on
filters if excess calcium is removed.

& Iron and Aluminum Augmentation - Gener-
ally removes an additional 5 to 15 percent
of the color, TOC, and DBP precursors in
either calcium or magnesium precipitation.
Will cause excess sludge formation. Alu-
minum may be passed through the process
and postprecipitate in distribution system.

6 Sequential Treatment - Coagulation following
softening will remove additional color, TOC,
and DBP precursors; however no additional
color, TOC, and DBP precursors will be re-
moved if softening precedes coagulation.

é GAC - Normally, 80 to 90 percent of the
NOM measured in raw water sources can
be removed by GAC adsorption.

¢ Oxidation - Various combinations of oxi-
dants, radiation, and catalyst have been de-
veloped for the removal of TOC, NOM, and
organic pollutants.

The TOC removal must now be taken into
account when evaluating treatment technolo-
gies for treatment of surface water supplies.
Table 4 provides a recommended listing of sug-

gested water quality goals for DBPs for com-
munities seeking to establish treatment targets.

References

* Adham, S. et al (1991). “Ultrafiltration of
Groundwater with Powdered Activated Car-
bon Pretreatment for Organics Removal.” In
proceedings of the AWWA Membrane Tech-
nology Conference, Orlando, Fla.

Amy, G.; Alleman, B.C.; and Cluff, C.B.
(1990). “Removal of Dissolved Organic Mat-
ter by Nanofiltration,” Journal of Environ-
menal Engineering, vol.116, no.1, pp. 200-205.
Apell, J.N.and T.H. Boyer (2010). Combined
ion exchange treatment for removal of dis-

solved organic matter and hardness. Water
Research. 44 (8); 2419-2430.
Babi, R.G. et al (2007). Pilot Study of the Re-
moval of THMs, HAA spend DOC from
drinking water by GAC adsorption. Desali-
nation. 210, 215-224.
Clark S. G. and Lawler D. F. (1996). “En-
hanced Softening: Calcium, Magnesium,
and TOC Removal by Geography.” Proceed-
ings of AWWA Water Quality Technology
Conference, Nov. 1996.
Comstock, S.E. and Boyer, T.H. (2014). Com-
bined magnetic ion exchange and cation ex-
change for removal of DOC and hardness.
Chemical Engineering Journal. 241, 366-375.
Continued on page 52

Table 4. Suggested Water Quality Goals for Disinfection Byproducts

Water Quality Goals for DBPs (pg/L)

Example Targets
DBP LRAA MCL
Annual Average Peak
TTHM 80 40 64
HAA; 60 30 48

Florida Water Resources Journal « November 2014 5 1



Continued from page 51

e Drikas, M.; Dixon, M.; and Morran, J.
(2011). Long-term case study of MIEX pre-
treatment in drinking water-understanding
NOM removal. Water Research. 45(4), 1539-
1548.

Duranceau, S.J. and Taylor, J.S. “Chapter 11
Membrane Processes.” In Water Quality and
Treatment, 6th Edition. Ed., J. K. Edzwald.
New York: McGraw-Hill; pages 11-1 to 11-
106 (2010).

Fabris, R.; Chow, C.W.K,; Drikas, M.; and
Eikebrokk, B. (2008). Comparison of NOM
character in selected Australian and Norwe-
gian drinking waters. Water Research, 42:
4188-4196.

Frimmel, EH. (1994). Photochemical as-
pects related to humic substances. Environ.
Int., 20, 373-385.

Fujishima, A. (1971). Electrochem photoly-
sis of water at a semiconductor electrode.
Nature, 238, 37-38.

Fukushima, M.; Tatsumi, K.; and Nagao, S.
(2001). Degradation characteristics of
humic acid during photo-Fenton processes.
Environ. Sci. Technol., 35, 3683-3690.
Glaze, W.G.; Kang, J.W.; and Chapin, D.H.
(1987). The chemistry of water treatment
processes involving ozone, hydrogen perox-
ide and ultraviolet radiation. Ozone Sci. Eng.,
9, 335-352.

Kang, S. and K. Choo (2010). Why Does a
Mineral Oxide Adsorbent Control Fouling
Better than Powdered Activated Carbon in
Hybrid Ultrafiltration Water Treatment? J.
Membrane Science. 355: 69-77.

Karanfil, T.; Cheng, W.; Guo, Y.; Dastgheib,
S.A; and Song, H. (2007). DBP Formation
Control by Modified Activated Carbons.
AWWAREF Project 91181. AWWARE, Denver,
Colo.

Karpinska, A.M.; Boaventure, R.A.R.; Vilar,
V.J.P; Bilyk, A.; and Molezan, M. Applicabil-
ity of (MIEX-DOC)-D-A process for organ-
ics removal from NOM-laden water. Env.
Science and Pollution Research. 20 (6):
3890-3899.

Kim, D.H.; Shon, H.K.; Phuntsho, S.; and
Cho, J. (2010). Determination of the appar-
ent charge of natural organic matter. Sep.
Sci. Technol., 45: 339-345.

Langlais, B.; Reckow, D.A.; and Brink, D.R.
1991. Ozone in Water Treatment: Applica-
tion and Engineering. Chelsea, Mich.: Lewis
Publishers.

Legrini, O.; Oliveros, E.; and Braun, A.M.
(1993). Photochemical processes for water
treatment. Chem. Rev., 83, 671-698.

Liao, M. Y. and Randtke, S. J. (1986). “Pre-
dicting Removal of Soluble Organic Con-
taminants by Lime Softteing,” Water

Research, Vol. 20, 1, 27-35.

Malley, J.P. Jr.; Edzwald, J.K.; and Ram, N.M.
1986. Preoxidant Adsorption of Organic
Halide Formation and Granular Activated
Carbon Adsorption of Organic Halide Pre-
cursors. In Proc. 1986 AWWA Annual Con-
ference. Denver, Colo.: American Water
Works Association.

Mergen, M.R.; Jefferson, B.; and Parsons,
S.A. (2008). Magnetic ion-exchange resin
treatment: impact of water type and resin
use. Water Research. 42 (8-9), 1977-1988.
Metsamuuironen, S. et al (2014). Natural
Organic Removal from Drinking Water by
Membrane Technology. Separation and Pu-
rification Reviews. 43, 1-61.

Nagata, Y.; Hirai, K.; Bandow, H.; and
Maeda, Y. (1996). Decomposition of hy-
drobencoic and humic acids in water by ul-
trasonic irradiation. Environ. Sci. Technol.,
30,1133-1138.

Oliver, B.G. and Thurman, E.M. 1983. Influ-
ence of Aquatic humic substance properties
on trihalomethane potential. Water chlori-
nation: Environmental Impact and Health
Effects Volume 4, Ann Arbor, Mich.: Ann
Arbor Science Publishers Inc.

Owen, D.M.; Chowdhury, Z.K.; Summers,
R.S.; Hooper, S.M.; Solarik, G.; and Gray, K.
(1998). Removal of DBP Precursors by GAC
Adsorption. AWWARF Project 90744.
AWWARE, Denver Colorado.

Phetrak, A. et al (2014). Simultaneous re-
moval of dissolved organic matter and bro-
mide from drinking water source by anion
exchange resins for controlling disinfection
byproducts. J. Env. Sciences China. 26 (6),
1294-1300.

Quinn S. R.; Hashsam, S. A.; and Ansari, N.
L. (1992) “TOC Removal by Coagulation and
Softening,” Journal of Environmental Engi-
neering, 118 (3), 432-436.

Randtke S. . et al (1999) “Precursor Removal
by Coagulation and Softening,” AWWARF
Project 814. AWWARE, Denver ,Colo.

Reiss, C.R.; Taylor, J.S.; and Robert, C.
(1999). Surface water treatment using
nanofiltration—pilot testing results and de-
sign considerations. Desalination, 125: 97—
112.

Roberts, P. V., and Summers, R.S. (1982).
Granular Activated Carbon Performance for
Organic Carbon Removal. Journal AWWA.
74(2):113-118.

Semmens, M. J. and Staples, A. B. “The Na-
ture of Organics Removal During Treatment
of Mississippi River Water.” Journal AWWA,
Vol. 78, 2, 76-81, Feb. 1986.

Singer, P.C. (1999). Formation and Control
for Disinfection Byproducts in Drinking
Water. Denver, Colo.: AWWA.

52 Novemlber 2014 ¢ Florida Water Resources Journal

« Sitnichienko, T.N.; Vakulenko, V.F; and
Goncharuk, V.V. (2011). “Photocatalytic De-
struction of Fulvic Acids by Oxygen in a
TiO2 Suspension.” Journal of Water Chem-
istry and Technology. 33(4), 236-247.
Stevenson, EJ. (1994). Humus Chemistry:
Genesis, Composition, Reactions. New York:
John Wiley & Sons.

Taylor J. S.; Snyder B. R.; Ciliax, B.; Ferraro,
C.; Fisher, A.; Muller, P.; and Thompson, D.
“Trihalomethane Precursor Removal by the
Magnesium Carbonate Process,”
EPA/600/52-84/090, Water Engineering Re-
search Laboratory, Cincinnati, Ohio, Sept.
1984.

Taylor J. S.; Thompson D.; Snyder B. R.; Less
J.; and Mulford L. “Cost and Performance
Evaluation of In-Plant Trihalomethane Con-
trol Techniques,” EPA/600/S2-85/138, Water
Engineering Research Laboratory, Cincin-
nati, Ohio, Jan. 1986.

Taylor, J.S.; Thompson, D.M.; and Carwell,
J.K. (1987). Applying Membrane Processes
to Groundwater Sources for Trihalomethane
Precursor Control. Journal AWWA, 79(8):72.
Taylor, J.S.; Snyder, B.R,; Ciliax, B.; Ferraro,
C.; Fisher, A.; Herr, J.; Muller, P.; and
Thompson, D. 1984. Project Summary: Tri-
halomethane Precursor Removal by the
Magnesium Carbonate Process. USEPA Re-
search and Development. EPA-600/S2-84-
090.

Taylor, J.S.; Soyden, S.M.; Lyn, T.L.; and Mul-
ford, L.A. (1992). Investigation and Analysis
of Contaminants in the Potable Water Sup-
ply of Pinellas County, Final Report on Dis-
infectant Residual and Byproduct Modelling
to Pinellas County, Florida. Environmental
Systems Engineering Institute, Civil and En-
vironmental Department, University of
Central Florida.

Thompson, J.D.; White, M.C.; Harrington,
G.W.; Singer, P.C. (1997). Enhanced Soften-
ing: Factors Influencing DBP Precursor Re-
moval. Journal AWWA, 89(6):94-105.
Thomson, J.; Roddick, FA.; Drikas, M.
(2002). Natural organic matter removal by
enhanced photo-oxidation using low pres-
sure mercury vapour lamps. Water Sci. Tech-
nol.: Water Supply, 2 (5-6), 435—443.
Weiner J.M. (1995). Effects of Ozone on Tri-
halomethane Formation: Pilot Plant Process
and Kinetics. MS thesis. Amherst, Mass.:
University of Massachusetts at Amherst.
Yoon, Y.; Amy, G.; Cho, J.; and Her, N.
(2005). Effects of retained natural organic
matter (NOM) on NOM rejection and
membrane flux decline with nanofiltration
and ultrafiltration. Desalination, 173: 209—
221. o



