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Abstract

Microcystis aeruginosa was used to study the effect of KMnO, pre-oxidation on algal removal through coagulation with polyaluminium
chloride (PAC). KMnO, pre-oxidation improved the coagulation efficiency of algal at a low dosage of PAC. The optimal KMnO, feeding
period was in the stationary growth phase of Microcystis aeruginosa. KMnQ, traumatized the algal cells and stimulated cellular release
of organic matter, contributing to the pool of extra-cellular organic matter (EOM). KMnO, also decomposed EOM, especially small
molecular weight EOM. Lower concentrations of KMnQy, such as 2 mg/L, induced algae cells to produce moderate amounts of new
EOM with molecular weights of 11, 280, and 1500 kDa. These relatively large molecules combined easily with PAC, promoting
coagulation and removal of algae. High concentrations of KMnO, lysed algae cells and produced much high-molecular-weight EOM

that did not enhance flocculation by PAC at lower dosages.
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Introduction

As a result of human activities, nutrients like nitrogen
and phosphorus are poured into water bodies continuously,
causing eutrophication (Wang, 2005). Eutrophication may
lead excessive growth of some kinds of algae such as
blue algae, green algae, and diatoms, creating “water
blooms”. Water blooms lead to oxygen depletion, phyco-
toxin production, and high water turbidity. These factors
can inhibit growth of fish, aquatic plants, and tiny aquatic
organisms, eventually causing the aquatic ecosystem to
fail and harm human health (Klemas, 2012). Physical,
biological, and chemical methods are used to deal with
water blooms. Physical methods include water diversion
to solve eutrophication, gravity vibration, whirling, cen-
trifugation to collect algae, removal of the algal after
concentration and gradual dehydration (Shen et al., 2004),
and ultrasonic irradiation to control cyanobacterial blooms.
Physical methods involve a long processing period, large
workload, high disposal cost, and can only be applied
to small water bodies. Biological methods mainly make

* Corresponding author. E-mail: qiaogiao @tongji.edu.cn

use of aquatic organisms to compete with algae. This
biomanipulation method includes controlling algae with
hydrophytes and fish (Drenner et al., 1997) and algal
removal by efficient microorganism. Lambert et al. (1994)
discovered that some microorganisms in water play an
important role in biodegradation of algae and its poisonous
byproducts. However, use of biological methods is rare due
to their difficulty and risk of creating greater pollution.
Although this pollution is not the traditional chemical
pollution, it may harm the biotic structure and biodiversity
of lakes.

Chemical methods are the most widely used algal
inhibition technique around the world with a long and
relatively complete history of development. The main
merits of chemical methods are ease of operation, low
cost, rapid killing of algae, and high efficiency. Qiao et
al. (2011) indicated that chemical algae removal methods
are considered cost-effective and user-friendly because the
existing workflow is not significantly changed, and there

is no increase in the amount of large-sfale equipment
(Shen et al., 2011). Chemical methods can| be divided into
coagulative precipitation (Pieterse and Cloot, 1997) and
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chemical oxidation methods. As a contingency measure
for algae removal, coagulation is one of the most cost-
effective methods to treat water blooms. Chen et al. (2009)
concluded that coagulation is the key step in the water
treatment process for algae removal. Currently the study
on coagulation is mainly concentrated in the development
of efficient, harmless, and economical coagulants. Wu
et al. (2011) used diatomite as a coagulant aid and got
good removal efficiency for algae. Polyaluminium chloride
(PAC) has a better effect on the removal of organic matter
than traditional aluminum coagulants, and consumes less
alkalinity (Sinha et al., 2004). Use of PAC can cut the cost
and production of sludge (Van Benschoten and Edzwald,
1990). In addition, the mechanism and influencing factors
of algal coagulation have been investigated, such as the
effect of algal extra-cellular organic matter (EOM) on algal
removal (Qiao et al., 2011).

Coagulation together with chemical pre-oxidation with
ferrate, Cl;, O3, KMnQy, and so on can promote the
coagulation and sedimentation, improving the filtration
efficiency. Therefore, pre-oxidation is a common method
for water treatment plants during high algal growth pe-
riods. Some scholars hold that pre-oxidation inactivates
algae cells, making the algae easier to sediment (Wang
et al., 2005). Others think that oxidizers oxidize organic
matter that would otherwise obstruct flocculation (such as
humic acid), and in this way the coagulation efficiency is
improved. There are also some people who believe that
agents like hydrated MnO, arising from KMnOy treatment
can adhere on the surface of algae cells to increase the
coagulation efficiency (Chen and Yeh, 2005).

KMnOy is usually used as an algaecide and disinfectant,
but now more attention is paid to use it as a pre-oxidizer
at low concentration to enhance coagulation. Petrusevski
et al. (1996) found that KMnQO, pre-oxidation can improve
the clearance of algae and particulate matter compared to
traditional methods with a coagulant only. He also found
that during this process, the MnO,, which is the reduction
product from KMnOy, plays an important role in adsorbing
natural organic matter and some kinds of minerals. Chen
and Yeh (2005) using scanning electron microscopy to
study pre-oxidation of algae by KMnO, found that MnO,
adheres to the surface of algae cells and increases the
specific gravity of the cells, so the ability of flocs to
sediment increases. However, a systematic study of the
effect of pre-oxidation on coagulation of algae has not been
performed. In particular, effects on EOM concentration,
the molecular weight after pre-oxidation, and flocculation
efficiency are poorly understood.

In this study, Microcystis aeruginosa was used as sample
to investigate the optimal treatment conditions of KMnOy4
as a pre-oxidant for efficient coagulation of algae with
PAC as the coagulating agent. This is because currently
cyanobacterial bloom happens very frequently, especially
the bloom whose preponderant algae is Microcystis aerugi-

nosa draws people’s attention most (Mohebbi et al., 2012).
In addition, the effect of KMnO, pre-oxidation on the
concentration, molecular weight of EOM, and coagulation
efficiency of algae were examined.

1 Materials and methods

1.1 Materials

Microcystis aeruginosa (FACHB-912) was obtained from
the Wuhan Institute of Hydrobiology (China) and cul-
tivated by BG11. The components of BG11 medium
are as follows (in g/L): NaNO;1.5, K,HPO4-3H,0 0.04,
MgS0,4-7H,0 0.075, CaCl,-2H, 0O 0.036, citric acid 0.006,
ferric ammonia citrate 0.006, Na-EDTA 0.001, Na,CO3
0.02, and A5 solution 1 mL/L. While the formula-
tions of A5 solution are as follow (in g/L): H3BOs;
2.86, MnCl,-H,0 1.81, ZnSO4-7H,0 0.222, CuSO4-5H,0
0.079, Na;Mo00O4-2H,0 0.39, and Co(NH3),-6H,0 0.049.
Mother liquors of Microcystis aeruginosa were produced
by cultivation in a constant temperature incubator at 25 +
1°C. llumination intensity in the incubator was 1500 Lux
with a light-dark cycle of 12 hr:12 hr.

The KMnO, solution was prepared by dissolving
KMnO, in distilled water at a concentration of 0.25
mg/mL. Fresh solutions were used. Because 680 nm is
the maximal absorbance band of Microcystis aeruginosa
cell suspensions (Liang et al., 2005), the concentration
of protococcus cultures were determined by spectropho-
tometer (UV-1800, Shanghai Science Instrument Company
Limited, China) at 680 nm. Algae were grown to stationary
phase at a concentration of 2.32 x 10? cells/L, correspond-
ing to optical density of algal culture suspension at 680 nm
(ODggo) = 0.1, which concentration is extremely equal to
the concentration of algae that causes bloom.

For preparation of EOM and EOM-free algal sus-
pensionscells, the algal cells in stationary phase were
centrifuged at 12,000 r/min for 5 min to separate algal
cells from EOM. The supernatant containing EOM was
collected and diluted with distilled water to a concentration
appropriate for subsequent characterization techniques.
The pelleted cells, free of EOM, were resuspended in 0.5%
NaCl to ODggy = 0.1.

1.2 Pre-oxidation procedure and algal coagulation

For coagulation only, a flocculating agent was added to a
500 mL algae suspension in a 600 mL beaker. The mixture
was stirred at 250 r/min for 3 min, and then at a slower
speed of 30 r/min for 10 min. After static deflection for
1 hr, a sample was collected 2 cm below the surface for
analysis.

For pre-oxidation only, to the 500 mL suspension, a

specified amount of KMnO4 was added. fFie—suspension
was stirred at 250 r/min for several minut¢s, and then left
to pre-oxidize for specified time.
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For coagulation with pre-oxidation, to the 500 mL
suspension, 2 mg/L. KMnO,4 was added firstly, after 1 hr
of pre-oxidation, 30 mg/L. PAC was add. Then follow the
procedure of coagulation showed above.

1.3 Analysis methods

ODggp before and after flocculation, and the clearance
of algae (r, %) was calculated according to following
equation.

_ (ODggor — ODsgoa)
ODsgo

x 100% (1)

where, ODggop and ODggoa Were the optical density values
before and after flocculation, respectively.

A fluorometer (PAM, WALZ, Germany) was used to
measure the amount of chlorophyll a (Ou et al., 2012).
Dissolved organic carbon (DOC) was used as a measure of
the EOM (Sugiyama et al., 2005). Stock solutions of algae
and supernatants from algal cultures after flocculation were
filtered through 0.45 pm membranes, and a TOC analyzer
(V-CPN, Shimadzu, Japan) was used to measure the DOC.
Samples were filtered through 0.45 pm membranes, and
the molecular weight distribution of EOM was determined
by gel chromatography (Lc-10ADVP, Shimadzu, Japan)
(Dzherayan et al., 2008). A scanning electron microscope
(SEMS515, Royal Dutch Philips Electronics Ltd., Holland)
was used to observe the effects of KMnOy on algae cells
(Saruwatari et al., 2011).

2 Results and discussion

2.1 Coagulation removal of KMnQ, pre-oxidized Mi-
crocystis aeruginosa

In preliminary experiments, PAC at different concentra-
tions was used as a coagulant with algae in different
growth periods (Fig. 1). The highest removal efficiency
was obtained with PAC at 60 mg/L, delivered in the

—&— 10 mg/L PAC
1001 e 20 mg/L PAC
L —A&—30mg/L PAC
< ol —v— 40 mg/L PAC
= —— 60 mg/L PAC
2
L0
S 60+
5]
8
g
E 40
©]
20+
0 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L
0 5 10 15 20 25 30 35 40
Time (day)
Fig.1 Removal efficiency of algae with different concentrations of

polyaluminium chloride (PAC) in different vegetation periods.

stationary growth phase (day 21). At low concentrations
of PAC, algae were not effectively removed. Therefore,
PAC at a concentration of 30 mg/LL was chosen to study
how KMnQO, pre-oxidation promotes the coagulation and
removal of algae at low PAC concentrations.

In addition, a strange phenomenon deserves special
attention. At high concentrations of PAC, the removal
efficiency of algal cells in the later period of algal growth
decreased markedly, but at low concentrations of PAC, the
decrease was not marked, even a rise could be seen. This
may because that in the later period of algal growth, a lot
of EOM will be secreted, EOM has two different kinds
of functions on algal coagulation, one is to promote the
coagulation as coagulant aid, the other one is to restrain
the coagulation by battling for PAC with algae (Lei et
al., 2010). We infer that for PAC with concentrations 10,
20 and 30 mg/L, the function of promoting works more
than the function of restraining, so the removal efficiency
of algae shows a increasing trend, but for 40 and 60
mg/L, the function of restraining surpasses the function of
promoting. The detailed reasons still need further study.

Figure 2 shows the coagulation removal efficiency of
algae and chlorophyll a in different vegetation periods with
30 mg/L PAC with or without pretreatment with 2 mg/L
KMnOy,. Pre-oxidation improved the coagulation efficien-
cy, especially during day 6 to day 36. On day 21, which
was the stationary growth phase, the removal efficiency of
algae and chlorophyll a reached 100% with pre-oxidation.
In addition, the removal efficiency with 30 mg/LL PAC
was highest on day 21 day with or without KMnO, pre-
oxidation. This result indicated that pre-oxidation can
reduce the dosage of PAC greatly and improve the efficien-
cy of coagulation. Zhou et al. (1997) used blue algae to
carry out coagulation experiments and found that in the
stationary growth phase, the flocculating agent strongly
accelerated coagulation, and algal organic material played
an important role. Therefore, we hypothesized that algal
organic matter such as EOM may also play an important
role in the pre-oxidation and coagulation processes.

2.2 Effect of KMnO, pre-oxidation on EOM concentra-
tion and molecular weight of algae solution

In order to clarify the how pre-oxidation affects the EOM
pool to improve the coagulation and removal efficiency
of algal cells, the concentration and molecular weight
distribution of EOM after pre-oxidation were analyzed.
Figure 3 shows the change in EOM concentration (rep-
resented by DOC) of Protococcus solutions pre-oxidized
with different KMnOy4 concentrations. At KMnOy4 concen-
trations below 4 mg/L, changes in the EOM concentration
were not apparent as the KMnO, concentration increased.
However, with KMnO4 at 6 mg/L. or higher, the EOM

apnalar trond 1o

concentration increased substantially. A
EOM concentration occurred when the dxidation period
was varied.

Hra—a oot
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Fig. 2 Effect of KMnOy pre-oxidation on algae coagulation removal efficiency with 30 mg/L PAC in different vegetation periods.

9 A
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Fig. 3 Change curve of extra-cellular organic matter (EOM) concen-
tration (represented by DOC) of protococcus solution pre-oxidized with
different KMnOy4 concentrations.

KMnO4 may impair algal cells and stimulate the secre-
tion of EOM, leading to increased DOC. However, KMnOy4
also oxidizes EOM and decomposes the micro-molecular
matter in EOM which may decrease the DOC. At low
concentrations of KMnQOy, the DOC changes little. This
may be the two contrasting effects of KMnQOy, promoting
EOM secretion and decomposing EOM, cause the EOM
concentration to fluctuate, thus when concentration of
KMnO, change from 1 to 4 mg/L, change curve of DOC
concentration shows no certain trend. To test this conjec-
ture, we further analyzed the effect of KMnO, on algal
cells without EOM and on pure EOM. In addition, here
we should pay attention to the probability of the release
of microcystin during the stimulating secretion of EOM
by KMnOy, although Ou et al. (2012) found appropriate
dosage KMnOj, can degrade the extra-cellular micorcystin.
Therefore, studying the best amount of KMnOy to keep the
relative integrity of algal cells to avoid secretion of large
molecular microcystin should be carried out.

Figures 4 shows the change in DOC in algal solutions

without EOM and in pure EOM solutions, pre-oxidized
with different KMnQO,4 concentrations. The concentration
of DOC increased as the concentration of KMnQ, in-
creased (Fig. 4a). Because the EOM coating algal cells
was removed in that experiment, the predominant func-
tion of KMnQO,4 was to stimulate cells to secrete EOM.
Thus, the more KMnO,4 was added, the more EOM was
secreted, causing a corresponding increase in the DOC. In
contrast, under different oxidation periods (1, 2, 3, 4 hr),
the DOC steadily decreased as the KMnQOy4 concentration
increased (Fig. 4b). KMnO, contributes to degradation
of EOM, especially degradation of the small molecular
weight DOC, which can be oxidized to CO, causing a
decrease in the DOC concentration. Because the molecular
weight of EOM secreted by normal cells is probably small,
the EOM can be oxidized to CO, easily. When treated
with KMnO,4, damaged algae cells may release higher
molecular weight EOM that is not thoroughly oxidized
to CO;. This would account for the results in Fig. 4a,
where the DOC concentration increases with the KMnQOy,
concentration.

The results of Fig. 4 show that KMnQO, acts on cells
and EOM at the same time. When the dosage of KMnO4
is low, the balance between stimulation of cells to secrete
EOM and decomposition of EOM keeps the total amount
of EOM almost unchanged. However, when the dosage of
KMnOy is high, damage to algal cells is probably compar-
atively large, leading to greater secretion of EOM. As the
amount of EOM secreted exceeds the amount oxidized, the
total concentration of EOM begins to increase.

Numerous studies have indicated that the efficiency of
coagulation relates to EOM, but it is not beneficial for
coagulation if cells suffer serious damage and secrete
superfluous EOM. Pivokonsky et al. (2006) reported that
the influence of EOM on the efficiency of coagulation

manifests itself in a manner similar to pom=Tomcpoty=
mers or anionic polyelectrolytes. At low|concentrations,
these compounds enhance particle removpl efficiency by
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Fig. 4 Variation of DOC concentration in algae without EOM (a) and in pure EOM (b) solutions pre-oxidized with different KMnO4 concentrations.

forming inter-particle bridges. In contrast, at higher con-
centrations, EOM inhibits coagulation of particles by
increasing the negative charge on their surface, and hence,
reduces contacts between particles. In the experiment, the
concentration of EOM did not substantially change at
low dosages of KMnOQy, but the efficiency of coagulation
increased a lot. This is an interesting phenomenon. Some
researchers have shown that hydrated MnO, from KMnO4
acts synergistically with coagulants to improve the removal
efficiency of algae. But considering the coagulating mech-
anism, the molecular weight of organic matter also can
influence the coagulation efficiency (Pivokonsky et al.,
2006; Bernhardt et al., 1985). Pivokonsky et al. (2006)
pointed out that EOM with a molecular weight of 60 kDa
appears to form complexes with AI(II) and Fe(III)-based
coagulants, increasing the coagulant demand. Bernhardt
demonstrated that higher molecular weight EOM com-
pares with 10 kDa played a role in flocculation by reducing
the required coagulant dose (Bernhardt et al., 1985). Based
on these observations, we expect that although there is no

gk 2.2 kDa 200 Da
a
7 -
p I Without pre-oxidation
= N
S st
X 1500 kDa 280 kDa 11 kDa
g |
]
©
>
1 L 1
13 14

Time (min)

remarkable change for EOM after pre-oxidization by low
concentrations of KMnQy,, the molecular weight of EOM
may change, thus influencing the coagulation efficiency. To
evaluate this possibility, we further studied the molecular
weight distribution of EOM after pre-oxidization with
different concentrations of KMnQ;.

Figure 5 shows the molecular weight distribution of
EOM from algae in the stationary phase before and after
pre-oxidation with 2 and 6 mg/L KMnO4. The EOM of
algae in stationary phase comprised five fractions with
molecular weights of about 200 Da, 2.2 kDa, 11 kDa,
280 kDa, and 1500 kDa (Fig. 5a). After pre-oxidation, the
five EOM fractions in stationary phase persisted, but the
relative abundance of the fractions changed. The relative
abundance of the fractions with molecular weights of
200 Da and 2.2 kDa decreased from 27.6% and 42.1%,
respectively, to 18.6% and 19.9%. The change may have
arisen from KMnQOy-induced oxidation and decomposition
of these two fractions to inorganic carbon. In contrast, the
relative abundance of fractions with molecular weights of

4 b 11 kDa,2.2 kDa
3r Without pre-oxidation
s
b o 200 Da
2 2k Pre-oxidation
[
&
°
>
1+
>1x10° kDa >1000 kDa
0 ./«‘) PR R R | .M f TR A

5 6 7 8 9 10 11 1p 13 14
Time (min)

Fig. 5 Distribution of molecular weight of EOM before and after pre-oxidation by 2 mg/L (a) or 6 mg/L (b) KMn{j.
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11 kDa, 280 kDa, and 1500 kDa increased substantial-
ly. In particular, the 280 kDa molecular weight fraction
increased from 5.3% to 21.8%. The increase of EOM
fractions with relatively large molecular weights may have
resulted from KMnO4-induced damage to algal cells re-
sulting in secretion of large molecular weight compounds.
These larger molecules of EOM with molecular weight
above 200 kDa easily combine with PAC, aiding coagula-
tion (Henderson et al., 2006) and improving the efficiency
of algae removal, possibly through adsorptive bridging.

After pre-oxidation with 6 mg/L. KMnO,, new material
appeared with molecular weights above 200 kDa and
even above 1 x 10° kDa (Fig. 5b). The latter molecular
weight is too large to represent normal EOM, and may
instead be cellular debris arising from destruction of algal
cells by high concentrations of KMnOy4. Ma et al. (2012)
have indicated that this outcome reduces the efficiency of
coagulation.

To directly verify the different damage effects on algae
cells from different concentrations of KMnQ,4, we use
stereoscan photography to observe cellular morphology
after pre-oxidation with different KMnO, concentrations.
Before pre-oxidation, the cytoderm and epicyte of algal
cells were intact and the surfaces were smooth (Fig. 6a).
After addition of KMnOQy, algae cells exhibited different
degrees of damage (Fig. 6b—d). With KMnO, at 1 mg/L,
tiny chasms appeared on the surface of algae cells, and

10 pm
STIE [Fudan Unksaisily]

some material exuded from the epicyte (shown by the
arrow in Fig. 6b), but the cells maintained integrity. With
KMnOy, at 2 mg/L, the surface of the epicyte was no longer
smooth. Exposure to the oxidizing agent stimulated the
algal cells to secrete material (shown by the arrow in Fig.
6¢), but the cells maintained integrity. When the amount
of KMnOy increased to 6 mg/L, apparent ruptures were
observed on the surface of cell with a lot of material
flowing out (shown by the arrow in Fig. 6d). At this
concentration, the algal cells were no longer spherical and
appeared to be hollow.

A previous study found that the coagulation efficiency
of severely damaged algae cells is low (Drikas et al.,
2001). Takaara et al. (2007) also pointed out that material
with excessively high molecular weight will adhere to
coagulants and consume the dose of coagulant, which may
reduce the efficiency of coagulation. According to our
results with different EOM concentrations and molecular
weight profiles, an appropriate concentration of KMnOy,
such as 2 mg/L, will stimulate algal cells to secrete
desirable amounts of EOM with modest molecular weight,
and at the same time, the relative integrity of cells will be
maintained, thus favoring removal of algae by coagulation
with a low dosage of PAC.

Chen and Yeh (2005) pointed that hydrated MnO,
arising from KMnQO, treatment has strong adsorption and
can adhere on the surface of algae cells to change the zeta

Fig. 6 Stereoscan photograph of algal cell influenced by different concentrations of KMnQy. (a) protococcus; (b) KMnOy4 1 mg/L; {c) KMnOy4 2 mg/L;

(d) KMnOy4 6 mg/L.
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potential of algae. And on the other hand, with the change
of concentration of EOM after KMnQ, treatment, the zeta
potential of algae also changes. Therefore, we are trying
to do some study on the corresponding effect on the zeta
potential of EOM and algae.

3 Conclusions

According to the above-mentioned results and discussion,
we can draw the following conclusions. (1) The use of low
concentrations of KMnQy as a pre-oxidizer can improve
the efficiency of removal of Microcystis aeruginosa by co-
agulation with low doses of PAC, and the optimal treatment
period is during the stationary growth phase. (2) While
KMnO, damages algae cells and stimulates cells to secrete
more EOM, it can also oxidize and decompose existing
EOM causing the concentration of EOM to decrease.
When the amount of KMnO, is small (below 4 mg/L),
the two contrasting effects of KMnO4 cause the EOM
concentration to fluctuate. When the amount of KMnQOy4
increases to 6 mg/L or more, serious cell damage occurs
and the rate of EOM secretion greatly exceeds the rate of
EOM oxidation and decomposition, thus causing the EOM
concentration to increase. (3) After pre-oxidation with
2 mg/L. KMnOy, although the EOM concentration does
not change substantially and algae cells maintain relative
integrity, algae cells are stimulated to secrete desirable
amounts of EOM with modest molecular weights (e.g.,
11, 280, 1500 kDa), thereby aiding coagulation at low
dosages of PAC and improving removal of algae cells with
remarkable efficiency.
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