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Control of disinfection by products formation potential by
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ABSTRACT: Jar-test experiments were conducted to study enhanced coagulation effectiveness in removal of disinfection
by products (DBPs) from Zayandehrud River at Isfahan Province-the center part of Iran- in 2004. In this study, the
removal of suspended and colloidal particles and natural organic matter (NOM) at various coagulant doses and coagulation
pHs was assessed through raw and treated water measurements of turbidity, UV,,, absorbance, TOC, and dissolved
organic carbon (DOC). The trihalomethane formation potential (THMFP) was also determined by a mathematical
relationship with TOC. Results indicated that NOM removal was a function of coagulant type, coagulant dose, and pH
of coagulation. In general, TOC, DOC, and UV, absorbance removal enhanced with increasing coagulant dose. However,
further increases in coagulant dosage had little effect on disinfection by-products precursors removal. Ferric chloride was
consistently more effective than alum in removing NOM. Coagulation pH was appeared to be a determining factor for
maximum NOM removal and the removal of DBPs precursors by enhanced coagulation was significantly enhanced at pH
5.5 in comparison with initial pH of water. Furthermore, it is specified that preadjustment of pH with sulfuric acid
reduced the coagulant dosage and thus, production of sludge. The reduction in THMFP was consistent with the trends

observed for DBPs precursors removal data (i.e. UV,,, and TOC data).
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INTRODUCTION

Chemical coagulation with metallic salts has
traditionally been used in water treatment for turbidity
removal. However, coagulation is also capable of some
degree of NOM removal, with NOM functioning as a
precursor to disinfection by-products (DBPs)
formation. (Krasner et al., 1995 and Singer et al., 2002).
NOM is primarily composes of humic substances, such
as humic acids (HA) and fulvic acids (FA) that result
from decomposition of terrestrial and aquatic biomass,
but it may also contain a range of organic species and
microorganisms and their discharges (Gao et al., 2005
and Letterman et al., 1999). In recent years, process
optimization with respect to NOM removal has gained
a lot of attention. The main motivation for this is
primarily concerns regarding unpleasant color, taste
and odor, increased coagulant and disinfectant
demands, known and unknown DBPs, re-growth in
water distribution systems, and availability of
hydrophobic organic and inorganic micropollutants

associated with NOM (Black et al., 1996; White et al.,
1997 and Gao et al., 2005). The yellow/orange color
alone makes these waters unacceptable for drinking
purposes, but the most concern with this has been the
formation of halogenated by—products. Only some of
these by-products have been identified, such as
trihalomethanes (THMs) and haloacetic acids (HAAS),
which are suspected to be human carcinogens (Black
etal., 1996; Crozeset al., 1995 and Greyor et al., 1997).
So attention to the removal of NOM from surface waters
hasincreased in recent years. The coagulation process,
as has been operated in many water treatment plantsin
Iran, is used primarily for the removal of turbidity,
however, it is an essential method to reduce the
concentration of NOM in surface waters and
coagulants most commonly used are aluminum or iron
salts. But removal efficiency is variable, depending on
the physical and chemical characteristics of the water
and the operating conditions. Optimum conditions for
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turbidity removal are not always the same as those for
NOM removal (Gao et al., 2005). Generally, the
coagulant dosage required for NOM removal is the
controlling factor, and effective turbidity removal must
still be provided during enhanced coagulation. The
removal of NOM from water occurs by several
mechanisms. The three mechanisms of NOM removal
most commonly referred to are: (1) charge neutralization,
(2) precipitation of metal — humic complexes and (3)
adsorption onto metallic hydroxides floc (Cheng et al.,
1995; Crozes et al., 1995 and Greyor etal., 1997). The
mechanism that occurs is dependent on the operational
conditions (pH of the system and coagulant dose). In
practice, it is likely that these operational conditions
will overlap and that more than one mechanism will be
responsible for NOM removal (Greyor et al., 1997 and
Edzwald et al., 1999). Enhanced coagulation is the term
used to define the process of obtaining improved
removal of DBPs precursors by conventional treatment.
The purpose of treatment technique for DBPs
precursors removal is to reduce the formation of
identified and unidentified DBPs. The concept of
enhanced coagulation involves broadening
coagulation objectives from turbidity removal to both
turbidity and NOM removals. These dual objectives
require modifying coagulation conditions for type of
coagulant, coagulant dosage, and coagulation pH.
(Childress etal., 1999; Krasner et al., 1995; Anonymous,
1999 and White et al., 1997). But in the proposed D/
DBP Rule, enhanced coagulation is defined as the
addition of excess coagulant for improved removal of
DBP precursors by conventional treatment (Crozes et
al., 1995 and Singer et al., 2002).

The Anonymous uses a two step process to determine
enhanced coagulation requirements for a water work
system. Step 1 defines the percentage of influent TOC
a plant must remove based on the raw water TOC and
alkalinity levels, where TOC serves as a surrogate for
the identified and nonidentified DBP precursors (Table
1). Systems with good control of DBPs do not have to
meet the matrix requirements, i.e., there are alternative
compliance criteria to step 1. These are based on other
water quality measures indicative of DBP precursors
control and include: source water TOC <2.0mg/I , treated
water TOC <2.0 mg/l TTHM not >40 pLg/l and HAA,
not >30 LLg/l with the use of chlorine, Source water
specific ultraviolet absorption (SUVA)< 2.0 I/mg.m, and
finished water SUVA< 2.0 I/mg.m. (Anonymous, 1999)
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Table 1: Enhanced coagulation: required TOC
percent removals (USEPA, 1999)

water alkalinity
(mg/l as CaCOs)
Source water TOC

(mg/l) 060  >60-120 >120
>2.0-4.0 35 25 15
>4.0-8.0 45 35 25

>8.0 50 40 30

If a water system can not meet the step 1 criteria because
of the nature of its precursor, it must perform jar tests
to determine how much TOC removal can be achieved,
i.e., they must define alternative performance criteria.
This is termed step 2. During the jar tests in step 2,
alum (or an equivalent dose of ferric coagulant) isadded
in 10 mg/l increments until the pH is lowered to a target
pH value (based on the alkalinity of the raw water) and
TOC measurements made on raw and settled waters.
The alternative (Step 2) TOC removal criteria is
established by determining the alum dosage when an
additional 10 mg/l (or equivalent dosage for ferric
coagulants) dose not decrease the TOC by at least 0.3
mg/l or the settled water SUVAis less than 2.0 (Cheng
etal., 1995; Crozes et al., 1995 and Letterman et al.,
1999). The current investigation explores the use of
enhanced coagulation with alum and ferric chloride in
removing both turbidity and DBPs precursors. During
this research which has been conducted at the
Environmental Health Engineering Department of the
Public Health School of Tehran University of Medical
Science in 2004, NOM removal was examined in terms
of the removal of TOC, DOC, and UV absorption at a
wavelength of 254 nm (UV,).
MATERIALS AND METHODS

Raw water used in this investigation was sampled
from the surface water of Zayandehrud River in
November 2004. The water is relatively of good quality
and one of the major sources of drinking water in
several larg cities in Iran. The original samples were
stored at 4°C. The water had approximately neutral pH,
low levels of TOC, relatively high levels of alkalinity,
and low levels of turbidity (Table 2). The sampled raw
water was initially mixed thoroughly and then allowed
to settle and finally the supernatant was used as the
test water for coagulation experiments.



Table 2: Raw water quality characteristics

Parameter Value (as average)
TOC (mg /l) 3.15
DOC (mg /1) 2.7
Turbidity (NTU) 6.5
pH 7.8
Alkalinity (mg/l as CaCQs) 116
UV54 (1/cm) 0.09
SUVA (I/mg.m) 3.33
THMFP (ug/l) 187

Reagent—grade alum and ferric chloride were used as
the coagulants. To conduct a jar test, raw water samples
were brought to room temperature (20°C) prior to jar
testing. In order to remove any organic matter, all
beakers, bottles, glasswares used in experiments and
paddles of stirrer (Jar- test equipment) were submerged
in sulfochromic acid solution for one day and then
rinsed with water and deionized water (EC<3 ps/cm),
respectively. 1000 ml of the test water was added to
each of the 6 one-liter beakers and a sedimentation Jar
test (AZTEC Environmental control LTD) was used for
mixing. Different amounts of coagulant (5-80 mg/l) were
then added to each of the beakers. The solutions were
stirred rapidly at 100 rpm for 1min after chemical
addition, followed by two 7.5 min mixing periods at 40
and 20 rpm, respectively. Then the floc was allowed to
settle for 30 min. Supernatant was collected from the
depth 10 cm below the surface of the each beaker water
by a wide tip pipette and then analyzed for TOC, DOC,
UV,.,, pH, alkalinity and turbidity. Coagulant doses
were evaluated at two pH conditions: initial pH of water
(unadjusted) and pH 5.5 (adjusted). Adjustment of the
lower pH was performed by addition of 1N sulfuric
acid prior to rapid mixing and pH measurement was
done by use of a pH- meter (Model E520). Analyses of
TOC and DOC were conducted at the Research
Institute of Petroleum Industry in Tehran and other
parameters were determined at the Environmental
Health Engineering Department of the Public Health
School of Tehran University of Medical Science. Water
samples were preserved with sulfuric acid at pH< 2.
TOC and DOC were measured using a TOC analyzer
(SM5310B Combustion —Infrared) (Anonymose, 1998).
UV absorbance was measured using a 1 cm quartz cell
and a UV isible spectrometer (Lambda 25 PerkinElmer-
Shelton) at a wavelength of 254 nm. Before DOC and
UV,,, analyses, all the samples were filtered through
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pre-rinsed 0.45 um membrane filters (@47 mm- Schleicher
and Schuell Micro Science). SUVA at 254 nm is an
indicator of the humic content of water. It is a calculated
parameter equal to UV absorption at 254 nm (expressed
in 1/m) divided by DOC (measured as mg/l) [SUVA=
UVA (I/ecm) x 100 /DOC (mg/l) (Edzwald et al., 1985). A
Hach turbidimeter was used to measure turbidity.
Determination of trihalomethane formation potential
(THMFP) has been accomplished after TOC
measurement. In this way, a highly significant
correlation between the TOC and THMFP that is:
THMFP=43.78 TOC 2, where THMFP isin g/l and
TOC is in mgC/l, has been reported by various
researchers (Letterman et al., 1999) and is used in this
study.

RESULTS

The effect of alum and Fe CI, doses at initial pH of
water on the turbidity is shown in Fig.1. As shown,
residual turbidity generally decreases with increasing
coagulant dose, and Fe Cl, was superior in terms of
turbidity removal at similar coagulant dosages. The
results shown in Fig. 2 indicates that good TOC
removal has been achieved at coagulant doses below
15 mg/l and relatively less additional TOC removals
with increasing dose is observed for dosages greater
than 15 mg/I. Furthermore, the alum and Fe Cl, doses
needed to meet the TOC removal requirements are
illustrated in Fig. 2. The absorbance of ultraviolet
radiation at 254 nm by natural waters is a good indicator
of the concentration of NOM in water. The results of
this measurement as a function of coagulant dose are
presented in Fig. 3. It can be seen that, with some
exceptions, the removal of UV, absorbance increases
as the coagulant dose increases.

The removal efficiencies of DOC at different pHs
could be considered in Figs. 4 and 5. According to
these Figs, the maximum removal rates attained for DOC
at initial pH of water by use of alum and Fe Cl_ are 50
and 61%, respectively, whereas the similar rates at pH
5.5are 62% and 67 %, respectively. The mean value of
SUVA in this source water is 3.33 mg/l. (Table 2) and
SUVA values of the settled water as a function of
coagulant dose are reported in Fig. 6. In Fig. 7, THMFP
and UV, values were sketched as a function of Fe Cl,
dose. As shown, the decrease in THM formation
potential appears to track the removal of UV-absorbing
substances and both of them were reduced as Fe Cl,
dose increased.
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DISCUSSION AND CONCLUSION

According to Fig. 1, residual turbidity levels are
below 1 NTU at FeCl, doses more than 5 and alum
doses more than 20 mg/l. At thesedoses, thedominant
mechanism of aggregation is sweep-floc coagulation
(Randtke, 1988). For both coagulants, the residual
turbidity spikesslightlywith increasing coagulant dose.
As the Fe Cl, dose is increased from 45 to 80 mg/I, the
residual turbidity increases from 0.7 to 0.8 NTU. The
most likely explanation for this observation is the
formation of insoluble colloidal ferric and aluminum
hydroxides and humate precipitates (asDOC in the raw

water is converted to non-settling particulate forms) in
the sub micrometer size range. Adsorption of NOM to
the colloidal precipitates enhances their colloidal
stability and thus increases the residual turbidity. As
mentioned in the literature, the superiority of Fe Cl, in
removing of turbidity at similar coagulant dosages as
compared with alum is probably due to the fact that
ferric chloride presents more active positive charges
per dry weight unit of coagulant than hydrated
aluminum sulfate. Thus, colloid destabilization and the
formation of settleable flocs can both be expected to be
achieved with ferric chloride at lower dosage than alum.
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Fig. 3: Ultraviolet absorbance as a function of coagulant dose

Improvementin TOC removal and UV, absorbance
reduction is realized as coagulant dose increases. This
is clearly illustrated in Figs. 2 and 3. An exception to
this occurs for doses between 45 and 60 mg/I of Fe Cl,
for which the reduction of UV, absorbance decreases
with increasing the dose (Fig. 3). This provides further
support to the earlier supposition that small colloidal
precipitates are formed during coagulation. These
small precipitates scatter light in the filtered water and
thus increase the UV, absorbance reading. This same
phenomenon was considered to be responsible for
increased turbidity levels too. At similar coagulant
dosages, ferric chloride consistently outperformed
alum, although the shapes of the curves are quite
similar. This is probably due to the high cationic charge
of Fe Cl, in contrast toalum. Furthermore, ferric chloride
solution is more acidic than alum solution. Also, the
alkalinity consumed during the formation of the metal
hydroxides is higher for ferric chloride than alum. Asa
result, for a similar coagulant dosage, the coagulation
pH would be lower with ferric chloride than with alum.
The lower pH by increasing the positive charge of the
coagulant species, favors the adsorption of organics
onto metal hydroxides. Thus, higher removal
efficiencies for TOC and UV, were achieved by Fe CI,
at the same condition. The required doses of alum and
ferric chloride needed to meet the TOC removal
requirement were 14 and 8 mg/l, respectively, whereas
to reach the settled water turbidity of 2 NTU
(conventional treatment), 12 mg/I of alum or 4.5 mg/1 of
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Fe Cl,were needed for this particular sampling date.
Thus, it is the coagulant dosage required for precursor
removal that controls the coagulation process.
Coagulation pH is dependent of the coagulant type
and treated water sample. Because the optimal pH for
NOM removal is around 5 (Randtke, 1988; Greyor et
al., 1997; Childress et al., 1999 and Gao et al., 2005),
lowering the pH to 5.5 enhanced the removal of TOC,
DOC, and UV, absorbance. Coagulation pH appeared
to be a determining factor for maximum NOM removal
and better removal was obtained at pH 5.5 than at initial
pH of water. Thus, it could be concluded that
preadjustment of the coagulation pH to 5.5 reduces
the required coagulant dose and hence the production
of sludge. Results of other researches are also similar,
for example Volk et al., (2000), reported the TOC removal
improvement at lower pH values with alum and ferric
chloride except in cold, low alkalinity, low TOC water.
DOC and UV,,, reduction by coagulation is highly
dependent on the humic fraction of NOM in the source
water. The humic fraction, which absorbs UV light at
254 nm, is more effectively removed by coagulation
than the non humic fraction. The SUVA represents the
amount of NOM considered to be humic in nature
(Krasner etal., 1995; Edzwald et al., 1999 and Letterman
etal., 1999). Edzwald (1994) reported that SUVA values
higher than 4-5 describe a relatively hydrophobic
fraction which is likely to be effectively removed during
coagulation. SUVA values of less than 3 indicate the
hydrophilic fraction which is only slightly affected by
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coagulation (Edzwald et al., 1999 and Volk et al., 2000).
For this water source SUVA value was determined to
be 3.33 (mg/l.m), suggesting that the organic matter is
a mixture of aquatic humics and other NOM, either
hydrophobic or hydrophilic with molecular weights
(MWs) ranging from low to high. Therefore, DOC
removals accomplishes well and NOM influences

coagulation. The SUVA in the samples generally
decreases slightly with increasing coagulant dose (Fig.
6.) indicating that this source water NOM is amenable
to chemical coagulation. Therefore, enhanced
coagulation can be utilized as an efficient and
inexpensive practice at reducing DBPs precursors for
this source water.
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Fig. 7: THMFP and UV, as a function of FeCl, dose

THMFP as a function of Fe Cl, dose is shown in Fig. 7.
As shown in this Fig, the removal of UV absorbing
substances for this source water appears to track the
decrease in THMFP. Thus, reduction in THMFP can
be attributed to removal of THM precursors. This is
consistent with the published literature which indicates
that UV,,, is a good surrogate for THM formation
potential (Edzwald et al., 1985). In general, results of
this study indicate that compared to conventional
treatment, enhanced coagulation lead to additional
removal of TOC, DOC, UV, absorbance and THMFP.
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The removal of NOM by enhanced coagulation
depends on the type and dosage of coagulant, pH of
coagulation and the nature of NOM. Generally, TOC
and DOC removal and reduction in UV,,, absorbance
increased with increasing coagulant dose. However,
ferric chloride proved to be consistently more effective
than alum in removing NOM. Coagulation pH appeared
to be a determining factor for maximum NOM removal
and better removal was obtained at pH 5.5 than at initial
pH of water. Thus it could be mentioned that
coagulation pH adjustment can reduce the required
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coagulant dose and hence decrease the amount of
produced sludge. The organic matter in this source
water is a mixture of NOM with heterogeneous nature
that is amenable to chemical coagulation and so, by
influencing coagulation would be the determining
factor in selecting coagulant dose, rather than turbidity.
As a final conclusion, it could be concluded that
enhanced coagulation can be utilized as an efficient
and inexpensive tool in control of NOM and thus,
reducing DBP formation potential in this source water.
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