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Effects of Chlorine Disinfection on DBPs Formation and Microbial Regrowth
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Abstract

This study elucidated the characteristics of DBP
formation in drinking water. The study was separated
into three parts: 1) effects of prechlorination on algae
cells and its impacts on DBP formation; 2) chlorination
of selected model compounds and DBP formation; 3)
degradation of DBPs in distribution system. The third
part of this study is still in progress, and this report
covers the first and the second parts. The first part
(chlorination of algal cells and impacts on DBP
formation) has been presented in 2007 ACS National
Meeting, and the second part has been submtted to 2008
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World Water Congress for possible presentaion.

The effect of pre-chlorination on the trihalomethanes
(THMs) and haloacetic acids (HAAs) formation from
Microcystis aeruginosa was investigated. M.
aeruginosa was cultivated under both batch and
chemostat modes and harvested at different growth
phases, and the formation of disinfection byproducts
(DBPs) from the algal suspensions and extracellular
organic matter (EOM) in the water treatment processes
with and without pre-chlorination were measured. The
results showed that pretreatment with 4 mg/L of chlorine
increased chloroform formation potential by 62~113
pg/L and 12~23 pg/L from M. aeruginosa cultivated in
batch culture and in chemostat, respectively. After
conventional treatment processes, the pre-chlorination
results in 10~50% decrease in overal DBPs precursor
removal. When 0.5 mg/L of bromide was spiked into
the algal suspension, the DBPs formation shifted from
chlorinated to brominated species. Furthermore, the
results of THM formation potential (THMFP) tests
showed that the algae cultivated at the lower temperature
water released less intracellular organic matter and less
amounts of THMs precursors after pre-chlorination than
that cultivated a the higher temperature water.
Chlorine reactivities with model compounds are aso
studied.  The results demonstrated that aromatic
precursors favor the chlorine-DBPs formation; however,
a major portion of bromine-DBPs was observed when
the aromatic precursors were oxidized by chlorine.

Keywords. Disinfection byproducts, prechlorination,
eutrophication, organic precursors.

INTRODUCTION

Chlorine is widely used as the primary disinfectant
in water treatment process for protection of public health.
In addition, chlorine may also be used as a pre-oxidant
for the oxidation of many reduced inorganic species and
organic pollutants in raw water. When eutrophicated
water is used as the raw water, algae cells and their
excreted metabolic products may be present in the water



and contribute to the formation of DBPs. In general,
factors affecting DBP formation include algae species,
algal growth phase, and reaction condition such as pH,
chlorine dose, and contact time. It has been reported
that algae cells and biomass play the major role in THM
production while the extracellular products (ECP)
produces only a small fraction of DBPs. The ECP of
algae may not be effectively removed by the traditional
water treatment processes while algae cells can be
removed in the coagulation and filtration units.

In this study, the effects of prechlorination on DBPs
formation from M. aeruginosa were assessed. The
specific objectives were (i) to determine the effects of
incubation modes on algal growth; (ii) to determine
DBPs formation from algal suspensions and EOM; (iii)
to determine the effects of prechlorination on DBPs
formation from algal suspensions after water treatment
processes. In addition, the structure of the organic
precursors also affects the THMs species distribution.
In general, aromatic precursors favor chlorine reactions
and aliphatic precursors favor bromine reactions. The
chlorine reactivity with different model compounds were
also evaluated.

EXPERIMENTAL

Algal Culturing

Axenic culture of M. aeruginosa (cyanobecterium,
strain 4044 ) obtained from Academic Sinica in Taiwan
was cultured and investigated in batch mode and
chemostat. In batch culture, M. aeruginosa was grown
in a 22-L custom-made cultivation tank containing 15 L
of the synthetic sterilized algal growth media that was
modified from M-11. Cultures received 1500~2000
Lux of light on a 14-h light/10-h dark cycle and the water
temperatures were maintained at 24+1°C. For
chemostat mode, M. aeruginosa was cultured in a
continuously mixed, 15-L custom-made cultivation tank.
The chemostat reactor was supplied with a constant
inflow of synthetic sterilized algal growth media, and
was cultivated at a dilution rate of 0.3/day at 24+1 °C,
supplied with filtered air, and provided with 1500~2000
Lux of illumination on a 14-h light/10-h dark cycle.
Simulation of Water Treatment Processes

For pre-chlorination treatment, 4 mg/L chlorine
(prepared with NaOCl) was added into 1500 mL of the
incubated algal suspensions (denoted as the raw water),
stirred evenly and kept still for thirty minutes. For
coagulation, reagent grade aluminum sulfate (Nacalai
Tesque, Kyoto, Japan) was used as coagulant in jar-test
experiments.  Prior to addition of the coagulants, the pH
of the samples was adjusted to 5 with H,SO, and/or
NaOH. Following the addition of the 20 mg/L of alum,
the jars were rapidly mixed at 100 rpm for 1 minute,
flocculation occurred while tirring at 20 rpm for 30
minutes and quiescent settling for thirty minutes. The

supernatant was withdrawn and filtered with 1 pum
membrane filter (denoted as the filtered water) for
further analysis. In order to differentiate the EOM
contribution to DBP precursors, the algal suspensions
were filtered with 0.45 um filters to remove the algal
cells.

Chlorine Reactivity with M odel Compounds

Four model organic precursors are used in this study to
represent the THMs precursors with different structures:
resorcinol, phloroglucinol, hydroquinone  and
1,7-heptanediol.  Although with similar structure, the
preliminary tests showed that the three aromatic
precursors have different THMs formation potentials.
The THMFP measurement follows the procedures
described in section 5710B of the Standard Methods.
Four THMs were quantified by a GC/MS (Agilent
6890GC/5973MSD) using a fused silica capillary
column. Bromide was spiked at 0 and 0.5 mg/L in
THMFP tests for comparisons.

RESULTS

Effect of Pre-chlorination on Algal Suspensions and
EOM

Table 1 shows the effect of pre-chlorination on the
NPDOC concentration of the bulk algal suspensions.
For M. aeruginosa growing in batch culture and
collected at the 10", 20", and 45" day, the treatment
processes resulted in a NPDOC removal from 1.96, 2.31,
and 4.10 mg/L to 0.83, 1.57, and 3.44 mg/L, respectively,
when pre-chlorination was not applied. On the other
hand, the pre-chlorination increased the NPDOC of raw
water to 3.53, 4.82 and 7.64 mg/L, respectively, at
different growth phase; and the NPDOC was 2.95, 3.51,
and 5.48 mg/L, respectively, after treatments. After
pre-chlorination, the NPDOC of raw water amost
doubled for M. aeruginosa growing in batch mode, and
similar results were observed for chemostat mode.
From the data in Table 2, it appeared that the increase of
NPDOC in raw water resulted from the liberation of the
intracellar organic matter from algal cells. The lysing
of algal cells due to chlorine oxidation will contribute to
the NPDOC and hence the DBP precursors in the
chlorinated raw water, in particular for algae in batch
culture.
THM s Formation from Algal Suspensions

THMFP from M. aeruginosa suspension in batch
culture with and without pre-chlorination is shown in
Figure 1. Without pre-chlorination, it is observed that
498, 1397 and 2623 pg/L of chloroform formation were
obtained from water samples taken on the 10", 20" and
45" day of cultravation in batch mode. A significant
increase of THM precursors accompanying the algal
growth was observed. After the coagulation and
sedimentation processes, a 70~90% reduction of
chloroform precursors was obtained. However, the



filtration process only exhibited a limited ability to
remove more THM precursors. When 4 mg/L of
pre-chlorine was applied in the raw water, the
chloroform formation was about the same as obtained
without pre-chlorination. However, a slight increase of
chloroform yield was noticed, especially in the filtered
water (discussed later).

Figure 2 shows the chloroform formation from the algal
suspensions in chemostat mode that was collected on the
10", 20" and 30" day of cultivation.  Without
pre-chlorination, the three raw water samples produced
80, 123, and 115 pg/L of chloroform, respectively.
Unlike that in the batch culture, the algae cultivated in
chemostat did not produce more chloroform precursors
with the increasing growth time. The coagulation and
sedimentation treatments reduces 53~77% of the
chloroform precursors for samples taken from the
chemostate.  For filtered water, however, additional
10% of THM precursors removal was obtained. On the
other hand, when the samples were pretreated with 4
mg/L of chlorine, the chloroform formation was about
the same as obtained without pre-chlorination in the raw
and settled water. But no additional THM precursor
removal was obtained after filtration when
pre-chlorination was applied.

THM s Formation from EOM

Figure 3 shows the chloroform formation from EOM
(ECP plus released intracellular products after
pre-chlorination) in batch culture treated with the same
processes as described in the previous section for algal
suspensions. The chloroform formation in raw water
were lower than that obtained from algal suspensions;
however, the chloroform formation in filtered water were
about the same as those obtained from algal suspensions
(see Figure 1). For comparison, Figure 4 shows the
chloroform formation from EOM in chemostat mode.
The effects of pre-chlorination on chloroform formation
are much more apparent in Figure 4.  Without
pre-chlorination, the EOM (ECP only) in chemostat
mode produced a nearly constant quantity of chloroform
throughout the treatment train. With 4 mg/L of
pre-chlorine addition in the raw water, however, the
chloroform formation was tripled for the raw water
samples. The sedimentation unit removed about 50%
of the chloroform formation potential, but no further
removal was found in filtration unit.

Results in Figures 1 to 4 indicate that the primary
source of chloroform precursors in the filtered water of
the algal suspensions comes from the EOM (ECP only)
of the alga cells, and the ECP can not be effectively
removed by the conventional water treatment process.
When raw water is treated with pre-chlorination, the
algal cells was oxidized and released the intracellular
organic matter into the water because of cell lysing.
The cell lysing contributes to the DBP precursors and
increase the THM formation potential in the treated

water.

Table 2 summarizes the percentage remova of
THM precursors for algal suspension and EOM samples
after treatment processes (filtered water THMFP vs. raw
water THMFP). For EOM in chemostat mode, the
treatment processes remove 23% of the THM precursors
when pre-chlorination was not applied; and the THM
precursors percentage remova increased to 45~48%
when samples were pre-chlorinated. It has been shown
that the intracellular matters comprised high molecular
weight organic compounds like humic acid while ECP
were composed of low molecular weight organic matter
(11). The high molecular weight intracellular organic
matters that produced from cell lysing after
pre-chlorination could be partialy removed by
coagulation and settling units when it is transferred into
water. After pre-chlorination, however, it should be
noted that the DBPFP is still higher than those without
pre-chlorination. For batch mode, the EOM didn’t
show this phenomenon since the 4 mg/L pre-chlorine
dosage is not high enough to oxidize the algal cells in
raw water. When the bulk algal suspensions were used
for treatments, essentially al of the samples without
pre-chlorination gave better percentage removal of THM
precursors than that of the samples with pre-chlorination.
Chlorine Reactivity with M odel Compounds
As examples of THMFP tests, Figures 5 and 6 give the
THMFP of resorcinol and 1,7-heptanediol. The
aromatic resorcinol gives a very high THMFP — as high
as 18,000 ug/L of THMFP when the concentration of
resorcinol is 8 mg/L as dissolved organic carbon (DOC).
For comparison, the THMFP of 1,7-heptanedial is quite
low — only 50 ug/L of chloroform when bromide is not
spiked. When bromide is spiked at 0.5 mg/L, a higher
THMFP was obtained for 1,7-heptanediol (no apparent
increase on total THMFP for resorcinol was observed
when bromide was spiked). For phloroglucinol and
hydroquinone, the THMFP tests give similar trends as
shown in Figure 1; however, a lower total THMFP were
obtained. The chlorine dosages in THMFP tests are
very high (100 mg/L) so that suitable chlorine residuals
after THMFP tests can be obtained. When chlorine
dosages are not enough, the THMFP tests may give
different results. As shown in Figure 3, the total
THMFP  decreases with increasing  resorcinol
concentrations; and no bromine-THMs are formed when
bromide was spiked in the solution. The result in
Figure 7 is consistent with general concept for DBP
characteristic of aromatic precursors — the aromatic
precursors favor chlorine reactions to form chloroform.
However, the addition of higher chlorine dosages will
change the resorcinol structure. Figure 8 showed that
resorcinol was degraded to some products when chlorine
was added, and higher chlorine dosage formed more
degradation products. The chlorine may break the
aromatic ring so that the degradation products can react



with chlorine/lbromine to form bromine-THMs when
bromide is spiked, as shownin Figures5 and 7.
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TABLE 1. NPDOC of algal suspensionswith and without pre-chlorination

Cultivation ~ Without pre-chlorination With pre-chlorination
time Raw Filtered Raw Filtered
Batch culture
10" day 1.96 0.83 3.53 2.95
20" day 231 157 4.82 351
45" day 4.10 3.44 7.64 5.48
Chemostat (24+1°C)
10" day 1.13 0.92 1.82 1.45
20" day 1.38 1.25 2.18 1.63
30" day 1.57 1.36 2.27 1.75

NOTE: The unit of NPDOC is mg/L.
The filtered water has gone through coagul ation/floccul ation and sedimentation units.

TABLE 2. THMFP percentage removal for algal suspensions after water treatment processes with and without

pre-chlorination

Cultivation EOM Algal suspensions
time Nopre-Cl, WithpreCl, NopreCl, WithpreCl,
Batch culture
10" day 94.3 43.7 97.6 49.3
20" day 68.6 69.3 924 88.5
45" day 71.2 70.3 80.7 79.5
Chemostat (24+1°C)
10" day 0.0 45.0 82.3 67.2
20" day 19.5 45.3 85.2 72.8
30" day 22.7 47.7 87.4 71.1

" No apparent THMFP removal was observed.
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Figurel Effect of prechlorination on chloroform formation for algal suspensions (in batch culture).
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Figure2 Effect of pre-chlorination on chloroform formation for algal suspensions (in chemostat).
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Figure 3 Effect of pre-chlorination on chloroform formation for EOM (in batch culture).
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