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a b s t r a c t

The major objective of the present study was to investigate the role of iron and manganese on the for-
mation of haloacetic acids (HAAs) when algae are chlorinated at different pHs. The results showed that
both iron and manganese can reduce the yields of dichloroacetic acid (DCAA) and trichloroacetic acid
(TCAA) on chlorinating green alga Chlorella vulgaris (C. vulgaris) at a pH range of 6.0–9.0, and the decline
vailable online 1 March 2011

eywords:
AAs
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hlorination

of DCAA and TCAA was shown to be more significant at the low pH range. At pH 6.0, DCAA and TCAA
yields decreased by 44.5% and 57.3%, respectively with the addition of 0.5 mg L−1 iron, and decreased
39.5% and 49.4%, respectively with the addition of 0.5 mg L−1 manganese. The main reason for decreasing
the yields of HAAs as shown by scanning electron microscope (SEM) is that Fe(OH)3(am) or MnO2(am) coat
the algal cells, which then improves their agglomeration of algal cells which is also revealed by the laser

A).
ron
anganese

particle size analysis (LPS

. Introduction

Algae, which are ubiquitous in rivers, reservoirs and lakes, may
ause a series of problems in water treatment in algal blooming
easons. This includes poor settling, clogging filters, breakthrough
f small-size algae through sand filters, obnoxious taste and odors
nd the release of algal toxins [1,2]. In addition, algae can serve as
recursors to form disinfection by-products (DBPs) during chlori-
ation. Among these DBPs, trihalomethanes (THMs) and HAAs have
rawn particular attention because of their dominant occurrence
nd potential carcinogenic effects [3,4]. The influences of chlo-
ination condition (including reaction time, chlorine dosage and
H), algal species, algal growth phase, biochemical composition
nd extracellular organic matter (EOM) on total DBPs formation,
pecific DBPs yields and DBPs species distribution have been exten-
ively studied in drinking water treatment [5–8].

It is known that some metal compounds (e.g., iron and man-
anese), which are considered to be indispensable microelements
n the growth of algae, are generally detected in source water,
specially in eutrophic lakes and reservoirs [9–11]. For example,
otal iron and manganese concentrations were reported to range

rom 0.28 to 0.89 mg L−1 and from 0.20 to 0.56 mg L−1, respec-
ively in Taihu Lake of China [12]. Furthermore, the water supply
ipes are commonly made with metal materials, e.g., iron and cop-
er. The inner surface of metal pipe can be eroded gradually by

∗ Corresponding author. Tel.: +86 731 58298290; fax: +86 731 58298172.
E-mail address: gefei@xtu.edu.cn (F. Ge).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.02.076
© 2011 Elsevier B.V. All rights reserved.

residual chlorine and thus dissolved metal may increase [13,14].
Therefore, the influence of metal on the formation of DBPs cannot
be ignored in drinking water treatment. Blatchley et al. [13] first
investigated the effect of copper on chloroform formation during
water chlorination and found that copper enhanced CHCl3 forma-
tion on chlorination of humic acid. Navalon et al. [15] found that
the presence of Mg2+ and Ca2+ enhanced THM formation in polyols
(particularly maltopentaose), citric and humic acids. Li et al. [16]
also observed that DCAA formation increased with the increase of
dissolved copper concentration, while TCAA formation decreased.
Zhu et al. [17] investigated the effect of ferric ions on the formation
of THMs during the disinfection of drinking water. They discovered
that in the presence of bromide, THM formation was inhibited by
the ferric ions in acidic conditions, but was enhanced in basic media.
However, the above investigations were conducted by considering
humic acid as the model precursor of DBPs, but few studies have
focused on the effects of metal on the formation of DBPs from algae
in chlorination process.

In the water treatment processes, some metal compounds have
been generally used to preoxidize and remove algae. Ma et al. [18]
conducted the efficiency and mechanism of potassium ferrate (VI)
preoxidation for algae removal by coagulation and observed that
Fe(OH)3(am), which was formed after decomposition of potassium
ferrate, possibly precipitated on the algal surface. Chen et al. [19,20]

investigated the mechanism of algae removal by potassium per-
manganate and showed that MnO2(am) was adsorbed on the surface
of algae, which then promoted the aggregation of algal cells. Hence,
the morphology and particle sizes of algal cells could be alternated
due to the binding of metal flocculants on the surface of electroneg-

dx.doi.org/10.1016/j.jhazmat.2011.02.076
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:gefei@xtu.edu.cn
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tive algal cells, which might further lead to the variation of DBPs
ormation in chlorination.

Based on above background, C. vulgaris, a unicellular green alga
enerally detected in surface water [21], was selected as a represen-
ative of alga. HAAs, typical DBPs with high carcinogenic activities
o human health [22], were chosen as model DBPs. The effects of
ron and manganese on the formation of HAAs from algae in chlori-
ation process were investigated. The main objectives of this work
ere: (1) to investigate how iron and manganese influence HAAs

ormation upon the chlorination of C. vulgaris at different pHs, and
2) to explore the possible mechanisms for the results in above
rocesses.

. Materials and methods

.1. Materials

C. vulgaris (FACHB-6) was obtained from Freshwater Algae
ulture Collection of the Institute of Hydrobiology, the Chinese
cademy of Sciences. Two HAAs, DCAA with the purity greater than
8% and TCAA with the purity greater than 99%, were both obtained
rom Acros Organics. 1000 mg L−1 DCAA, TCAA stock solutions were
repared in tert-Butyl methyl ether (MtBE, Acros Organics). A stock
f free chlorine solution was prepared from commercial sodium
ypochlorite (NaClO, 10% active chlorine) and then diluted with
illi-Q pure water (Mill-Q SP VOC, Millipore Co., Bedford, MA).

he acute concentration of sodium hypochlorite solution was stan-
ardized by sodium thiosulfate titration. Iron and manganese used

n the experiments were added in the form of iron (III) nitrate
Fe(NO3)3·9H2O), and manganese (II) nitrate (Mn(NO3)2). All solu-
ions were prepared using Milli-Q pure water.

.2. Cultivation of algae

C. vulgaris was illuminated at the light intensity of 2500 lx from
uorescent lamp for a 14 h light/10 h dark regime at 25 ◦C according
o OECD (The Organisation for Economic Co-operation and Devel-
pment) [23] and maintained in OECD medium with pH adjusted
o 8.0 by NaOH or HCl. The cell concentration of C. vulgaris was cul-
ured in the late log growth phase (96 h). Then, the algal cells were
ollected by centrifuging (4000 rpm, 10 min) twice and prepared
or chlorination procedure. Duplicate algae samples were taken for
otal organic carbon determination under different concentration
TOC 5000, Shimadzu, Japan).

.3. Chlorination

Chlorination of the model samples in the present study has been
arried out at least twice according to the following procedures.

In the experiment of chlorination of algae, sodium hypochlorite
as added with the concentration of 10 mg L−1 free chlorine (as
l2) solution into 500 mL glass bottle, and then pH of the solution
ere adjusted to 6.0, 7.0, 8.0, 9.0 using HCl and NaOH and buffered
ith phosphate (50 mL) to maintain the pH. After that, the centrifu-

ated algae solution was quickly added to the glass bottle at initial
oncentration of 1.75 × 105 cell mL−1, and no significant change of
H value was observed during this process. And the 500 mL sam-
le was kept in oscillation and was quickly subpackaged into 25 mL
ials which were placed in air bath with temperature maintained at
5 ± 1 ◦C with reciprocating rate at 120 rpm. Samples of 25 mL were
aken out at 0.083, 0.167, 0.5, 1, 2, 4, 8, 12, 24, 36, 48 h, respectively.
In the experiments of the effects of iron and manganese on
he chlorination of algae, 500 mL sample which contained algae
nd sodium hypochlorite was kept in oscillation incubator and
as quickly subpackaged into 25 mL vials. These 25 mL vials were
laced in an air bath at 25 ± 1 ◦C and with a reciprocating rate of
Fig. 1. The yields of HAAs under different pH upon the chlorination of C. vul-
garis. Initial concentration of algae: 1.75 × 105 cell mL−1, initial concentration of Cl2:
10 mg L−1.

120 rpm. Different concentrations of iron or manganese (0, 0.1, 0.2,
0.3, 0.5, 0.8 and 1.0 mg L−1) were added into the 25 mL glass vials,
respectively. Samples of 25 mL were taken out at 24 h.

The residual sodium hypochlorite in samples was decomposed
by adding excess sodium thiosulfate, and then the samples were
analyzed with USEPA Method 552.3 [24].

2.4. HAAs analysis

HAAs were quantified by liquid/liquid extraction with MtBE,
followed by derivatisation with acidic methanol and by GC/ECD
analysis (GC-14 C, Shimazu, Japan) in accordance with USEPA
Method 552.3. To avoid degradation of HAAs, all samples were
processed within 2 days of collection. All analyses were carried
out in duplicate. Calibration was made by comparing the HAA
concentrations with an external standard commercial kit with
known HAAs concentration. The correlation coefficient of calibra-
tion curves were greater than 0.99. In addition, the potential impact
of the growth medium in terms of HAAs formation can be neglected
since the yield of HAA compounds produced by the medium alone
was found to be very low compared to those by algae samples.
2.5. Algal cells surface morphology analysis by SEM

Algal samples for SEM analysis were placed in phosphate buffer
solution (pH 7.0) and fixed with 2.5% glutaraldehyde at 4 ◦C over
night. After that, samples were washed by phosphate buffer solu-



542 F. Ge et al. / Journal of Hazardous Materials 189 (2011) 540–545

1.00.80.60.40.20.0
0

15

30

45

60

    (b)  TCAA  pH=6.0          pH=7.0

 pH=8.0          pH=9.0

1.00.80.60.40.20.0
0

15

30

45

60

    (a)  DCAA  pH=6.0          pH=7.0

 pH=8.0          pH=9.0

iron, mg L
-1

C
o
n
ce

n
tr

at
io

n
, 
µ

g
 m

g
-1

 C
C

o
n
ce

n
tr

at
io

n
,
µ

g
 m

g
-1

 C

F
g
1

t
e
p
o
a

2

(
t
[
i
i
r
e
t
d
s

3

3

F
u

1.00.80.60.40.20.0
0

15

30

45

60

    (b)  TCAA  pH=6.0          pH=7.0

 pH=8.0          pH=9.0

1.00.80.60.40.20.0
0

15

30

45

60

    (a)  DCAA  pH=6.0          pH=7.0

 pH=8.0          pH=9.0

C
o
n
ce

n
tr

at
io

n
,
µ

g
 m

g
-1

 C

manganese, mg L 
-1

C
o
n
ce

n
tr

at
io

n
,
µ

g
 m

g
-1

 C
ig. 2. Effect of iron on the formation of HAAs upon the chlorination of C. vul-
aris. Initial concentration of algae: 1.75 × 105 cell mL−1, initial concentration of Cl2:
0 mg L−1, T: 24 h.

ion, and dehydrated successively with different concentrations of
thanol. Then they were dried by critical point drying. Dried sam-
les were mounted on conductive adhesive. The specimens were
bserved and photographed using a SEM (QUANTA 400, FEI, U.S.A.)
t 20 kV.

.6. Algal particle sizes distribution analysis by LPSA

The particle sizes of the algal samples were measured by LPSA
Malvern Mastersizer 2000®, Malvern Instruments Ltd., U.K.) with
he small volume sample presentation unit (capacity of 1000 mL)
25]. Approximately 1000 mL of algal samples were centrifugated
nto 25 mL after 24 h chlorination, and then were added dropwise
nto sample cell containing 850 mL of distilled water until an obscu-
ation between 4.5% was obtained. Particle size measurement of
ach sample was performed using 2000 sweeps and analyzed with
he reference refractive index of distilled water. The particle size
istribution was calculated by averaging the results of the three
amples.

. Results and discussion
.1. HAAs yields from C. vulgaris

HAAs yields from C. vulgaris under different pH are shown in
ig. 1. Two predominant HAAs, DCAA and TCAA, could be detected
pon the chlorination of C. vulgaris under experimental conditions,
Fig. 3. Effect of manganese on the formation of HAAs upon the chlorination of C.
vulgaris. Initial concentration of algae: 1.75 × 105 cell mL−1, initial concentration of
Cl2: 10 mg L−1, T: 24 h.

which was in accordance with the results from the chlorination of
green alga Chlamydomonas sp. [26]. The yields of DCAA were less
than those of TCAA under the same conditions, e.g., 25 �g mg−1 C
for DCAA vs 30 �g mg−1 C for TCAA at pH 6.0 after 24 h. This might
be ascribed to the different precursor components of DCAA and
TCAA in the algal cells. Hong et al. [5] compared model compounds
in the formation of HAAs, including bovine serum albumin (BSA),
starch and fish oil, as surrogates of algal-derived proteins, car-
bohydrates and lipids, and the results showed that DCAA yield
(28.9 �g mg−1 C) was less than TCAA yield (32.9 �g mg−1 C). BSA
was shown to have higher reactivity (49 �g mg−1 C) than fish oil
and starch (5 �g mg−1 C) in the formation of HAAs.

DCAA and TCAA could be detected in five minutes with the val-
ues of 3.84 �g mg−1 C and 4.12 �g mg−1 C at pH 6.0, respectively.
Then, their yields gradually increased with reaction time. In the pH
range 6.0–7.0, the yields of DCAA and TCAA could reach a maximum
at 12 h. However, in the pH range 8.0–9.0, 24 h was needed to reach
the maximum yields. Meanwhile, the yields of HAAs increased
with the increase of pH. When pH increased from 6.0 to 9.0, DCAA
and TCAA varied from 25.4 �g mg−1 C to 39.4 �g mg−1 C and from
32.5 �g mg−1 C to 45.8 �g mg−1 C, respectively at 24 h, which was
similar to the results from the chlorination of Microcystis aeruginosa
reported by Fang and Ma [27].
3.2. HAAs yields from C. vulgaris with iron and manganese

Fig. 2 shows the yields of HAAs upon chlorinating C. vulgaris
with iron in the pH range of 6.0–9.0 after 24 h. Comparing with
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ig. 4. SEM micrographs of algal cell surface morphology with and without iron or m
E) Algae with Fe(OH)3(am) (F) Algae with MnO2(am) (G) Algae with iron in chlorinati

he control samples (where no iron or manganese was added),
he yields of DCAA and TCAA were reduced in the presence of
ron (0.1–1.0 mg L−1). With increasing amount of iron, the yields

f DCAA and TCAA gradually decreased and then reached min-
mum values where iron concentrations ≥0.5 mg L−1. DCAA and
CAA declined to 21.0 �g mg−1 C and 20.9 �g mg−1 C with the addi-
ion of 0.1 mg L−1 iron, and further declined to 13.7 �g mg−1 C and
2.4 �g mg−1 C with iron ≥0.5 mg L−1 at pH 6.0, respectively. The
nese in chlorination. (A) Algae (B) Algae in chlorination (C) Fe(OH)3(am) (D) MnO2(am)

Algae with manganese in chlorination. Initial pH: 6.0, T: 24 h.

decline of HAAs was more significant at a low pH range, and the total
amounts of HAAs decreased 27.7 �g mg−1 C (11.0 �g mg−1 C for
DCAA and 16.7 �g mg−1 C for TCAA) with the addition of 0.5 mg L−1
iron at pH 6.0. In other words, DCAA and TCAA decreased 44.5% and
57.3% compared to the control, respectively. However, the amounts
of HAAs decreased by only 9.3 �g mg−1 C at pH 9.0.

The yields of HAAs upon chlorinating C. vulgaris with the addi-
tion of manganese at pH 6.0–9.0 for 24 h are shown in Fig. 3.
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hen the addition of manganese was ≥0.5 mg L−1, the yields of
CAA and TCAA did not decline continuously with the increase of
anganese amount and reached minimum values. The total HAAs

roduced decreased 24.0 �g mg−1 C (9.4 �g mg−1 C for DCAA and
4.6 �g mg−1 C for TCAA) with the addition of 0.5 mg L−1 man-
anese at pH 6.0, corresponding to 39.5% decrease for DCAA and
9.4% decrease for TCAA at pH 6.0. However, the yield of HAAs only
ecreased 10.1 �g mg−1 C at pH 9.0.

The above results showed that both iron and manganese
educed the yields of DCAA and TCAA in the pH range 6.0–9.0,
nd the decline of DCAA and TCAA was more significant at the low
H. This indicated that the effects of iron and manganese on HAAs
ormation were similar.

.3. Algal cells surface morphology characterization by SEM

Possible mechanisms of the effects of iron and manganese on the
hlorination were investigated using SEM to analysis the change of
lgal cells surface morphology. Fig. 4 shows the SEM micrographs
f C. vulgaris with and without iron or manganese at pH 6.0 on
hlorination after 24 h. Fig. 4A and B shows the image of the algae
nd algae on chlorination, respectively. Fig. 4C is micrograph of
e(OH)3(am) and Fig. 4D is micrograph of MnO2(am), which were
enerated by the hydrolysis of iron (III) and by reacting manganese
II) and chlorine stoichiometrically, respectively. Fig. 4E and F are
EM micrographs of algal cells taken after iron (III) and MnO2 (am) in
lgal suspension, respectively. Fig. 4G and H are SEM micrographs of
lgal cells taken after iron (III) and manganese (II) on chlorination,
espectively.

It is known that when sodium hypochlorite is dissolved in water,
t hydrolyzes rapidly according to Eq. (1) and combined with H+

ccording to Eq. (2).

aClO � ClO− + Na+ (1)

lO− + H+ � HClO (2)

In the presence of strong oxidants such as ClO−, manganese
II) will be oxidized to either � -MnO2 or � -MnO2. These condi-
ions provide a porous blackish-brown product which is a mixture
f manganese oxides. The principal reaction is given below in the
resence of manganese [28]:

Mn2+ + 4ClO− + H2O → MnO2 + 2H+ + 2Cl2 (3)

Iron (III) does not have similar reactions as manganese (II) in
he presence of ClO− and exists in different forms under various pH
n aqueous solution conditions. The hydrolysis reaction of iron (III)
an be depicted as follows:

Fe3+ + yH2O � Fex(OH)y
(3x−y)+ + yH+ (4)

It is generally considered that Fe3+ exists when pH < 4, Fe(OH)2+

nd Fe(OH)2
+ exist in pH 4–6. The main hydrolysis products are

e(OH)3(am) gel-precipitation in pH 6–8 and Fe(OH)4
− when pH > 8

29].
In Fig. 4A, the algal cells were shown to be present in single

nd/or in agglomerates. In Fig. 4B, the addition of chlorine to the
lgal suspension caused significant alteration of the algal cell mor-
hology and in some instances induced algal cell lysis. In Fig. 4C,

t was observed that Fe(OH)3(am) colloids were generated by the
ydrolysis of iron (III), and MnO2(am) was generated by the reac-
ion of manganese (II) with chlorine in Fig. 4D. These phenomena
emonstrated that similar reactions would occur with the addition

f iron(III) or manganese (II) on chlorination of algae. A significant
ifference was noticed for the surface of algal cells in Fig. 4E and
in contrast to that in Fig. 4A. With the addition of iron (III) or
nO2(am) to algal suspension, the algal cells retained morpholog-

cal integrity, however the surface of some algal cells were coated
Particle size, µm 

Fig. 5. Effects of iron and manganese on the particle size distribution of algae in
chlorination (A) Effect of iron (B) Effect of manganese. Initial pH: 6.0, T: 24 h.

with a thick layer of material. In Fig. 4G and H, some of the algal cells
deflated and the inclusion might outflow, which indicated that the
strong oxdiation of chlorine caused the damage of algal cells. While
other algal cells were still coated with a thick layer of hydrolyzed
materials resulting from the formation of Fe(OH)3(am) and MnO2(am)
colloids in this process.

The effect of iron and manganese in the chlorination is that the
MnO2(am) or Fe(OH)3(am) colloids might attach to the algal surface
and obviously change the property of algal surface. In addition, the
colloid increases the concentration of particles in water. As a result,
the weight of the algal cells increase, and thus the algae settling
ability is greatly enhanced [18,19]. The film covering the algal cells
reduces contact with chlorine, and hence we propose that this is the
reason that in the presence of iron and manganese, Fe(OH)3(am) or
MnO2(am) on the surface of C. vulgaris decreases the yields of HAAs
during the chlorination.

3.4. Algal particle sizes distribution characterization by LPSA

The particle sizes of algal cells after different treatments at pH
6.0 were measured by LPAS, and the results are given in Fig. 5. The
coating of Fe(OH)3(am) or MnO2(am) results in the increase of the
particle sizes of algal cells after chlorination. Fig. 5A shows two
main peaks with a maximum particle size of 6 �m and 100 �m in

a bimodal distribution, which ranged from 2 to 20 �m and from
20 to 300 �m, respectively. The former peak corresponds to algal
cells in single, and the latter peak corresponds to the algal cells
in an agglomeration. In contrast to the control algal suspension, it
was observed that the maximum volume fraction of particle size
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n 2–20 �m rose from 4.6% to 7.5% with the addition of chlorine,
hile the maximum volume fraction of particle size in 20–300 �m
eclined from 3.9% to 1.9%. This could be the destroying of chlo-
ine on the agglomeration of algal cells. When iron was added
o algal suspension the particle size distribution changed from a
imodal distribution to a multi-modal distribution. A new distri-
ution peak in the multi-modal distribution occurred in the range
f 300–2000 �m, which demonstrated that the addition of iron
mproved the agglomerate of algal cells. Furthermore, the maxi-

um volume fraction of particle size in 300–2000 �m increased
rom 0.6% to 1.9% in the presence of iron, due to the enhancement
n the agglomeration of algal cells in the chlorination process.

In Fig. 5B, in contrast to the results of the algal suspension
n chlorination, it was observed that the addition of manganese
mproved the agglomeration of algal cells, which could be proved
y the decline of the maximum volume fraction of particle size in
–20 �m (from 7.5% to 4.9%) and the increase of the particle size of
aximum volume fraction in range of 20–300 �m (from 80 �m to

20 �m).
The results of Sections 3.3 and 3.4 suggest that the coating of

e(OH)3(am) or MnO2(am) on the surface of algal cells inhibits the
lgal cells to contact with chlorine which therefore leads to the
ecline of HAAs yields in chlorination process.

. Conclusion

The presence of both iron and manganese significantly reduced
he yields of DCAA and TCAA over the pH range of 6.0–9.0 upon
hlorination of green alga C. vulgaris, and the decline of DCAA and
CAA was more significant in the low pH range. Based on the results
f SEM, the surface of algal cells were coated with Fe(OH)3(am) or
nO2(am) on chlorination, which then led to the agglomeration of

lgal cells on chlorination. This was also supported by the LPAS
esults. The coating of algal cells by the hydrolysis materials is
he main reason for the decline of HAAs yields on chlorination by
nhibiting algal cell to contact with chlorine. These results indicate
hat the effects of metal ions should be concerned on the formation
f DBPs in the drinking water disinfection process.
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