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’ INTRODUCTION

Microcystins (MCs) are a group of heptaptide hepatoxins
produced by cyanobacteria (blue-green algae) in eutrophic
lakes, ponds, and rivers which are often used as drinking water
sources.1 They are potent and specific inhibitors of the serine
threonine family of protein phosphatases (PP), especially PP1
and PP2A,2 and are responsible for liver failure in wild animals,
livestock, aquatic life, and humans.3 Their presence in water
bodies has the potential to cause both acute and chronic toxicity
and thus has been a public health topic of increasing attention.

MCs are normally considered to be confined within cyano-
bacterial cells and enter the surrounding water after lysis and cell
death4 or via an active release process.5 However, cyanobacterial
cells and/or their toxins can also enter into sediments through
a variety of pathways, including chemical coagulation and
flocculation,6 coprecipitation with clays or particulate matter,7

overwintering on the sediment surface directly coupled to the
annual life cycle of the meroplanktonic cyanobacteria,8 and
precipitation with excreted particles from aquatic organisms after
they have consumed cyanobacteria. Current best knowledge
suggests that sediment, which often serves as one of the most
important sources and sinks of environment pollutants, might

also play an important role in the fate of MCs because of the
strong adsorption affinity.9,10 In addition, the sorption of MCs to
sediments may also favor the biotic elimination of MCs since
anoxic and aerobic biodegradation of MCs as effective removal
pathways in sediments have been documented.11 Therefore,
investigations into the sorption behavior of MCs on natural
sediments are of great significance for understanding the im-
portance of abiotic elimination pathways for MCs and their
transport and transformation in aquatic ecosystems. Further-
more, given that sediment/water distribution is a central process
affecting contaminant fate, studies on sorption mechanisms of
MCs in sediment are beneficial to (1) elucidate the role of
sediments and clay minerals in the sorption behavior of different
MC variants; (2) provide theoretical guidance for their risk
assessment; and (3) select an appropriate remediation strategy
for the removal of MCs via adsorption onto natural sediments.
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ABSTRACT: The sorption of microcystins (MCs) to fifteen lake
sediments and four clay minerals was studied as a function of
sediment/clay properties, temperature, and pH through well-
controlled batch sorption experiments. All sorption data for both
sediments and clays are well described by a nonlinear Freundlich
model (nf varies between 0.49 and 1.03). The sorption process for
MCs exhibited different adsorptive mechanisms in different lake
sediments mainly dependent on the sediment organic matter
(OM). For sediments with lower OM (i.e., less than 8%), the
sorption ofMCs decreases with increasingOMand is dominated by
the competition for adsorption sites between MCs and OM.
In contrast, MC sorption to organic-rich (i.e., more than 8%)
sediments increases with increasing OM and is dominated by
the interaction between MCs and adsorbed OM. The sorption
thermodynamics of MCs onto sediments showed that MC
sorption is a spontaneous physisorption process with two
different mechanisms. One mechanism is an exothermic process
for sediment with lower OM, and the other is an endothermic process for sediment with higher OM. Furthermore, the sorption of
MCs onto sediments is pH dependent (sorption decreased with increasing pH). These results provide valuable informations for a
better understanding of the natural abiotic attenuation mechanisms for MCs in aquatic ecosystems.
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The mechanisms and factors affecting MC sorption onto lake
sediments have been unclear until now. Only a few studies have
investigated MC sorption onto natural sediments,9,10 and these
mainly focused on the seasonal variation of MC concentrations
in sediments and sorption capacity of MCs to natural sediments.
Several authors12,13 have identified nonlinear sorption isotherms
for individual MCs on agricultural soils and proposed that the
clay content in sediments would have a greater contribution to
MC sorption than the organic matter (OM) content, which is
often considered to be the main influencing factor for pollutant
sorption. Since OM and clay fractions are related in sediments, it
is not yet clear which of these two components control MC
sorption.Moreover, the variations in structures ofMCs represent
different ionizable characteristics,14 thus different interactions
and adsorption affinities may occur when different MCs adsorb
onto natural sediments and clay minerals. Therefore, a more
detailed study of MC sorption onto lake sediments is urgently
needed to advance the knowledge of the natural elimination
pathways of MCs via adsorption onto lake sediments.

The present study is primarily focused on the factors (such as
sediment properties, temperature, and pH) that affect the sorp-
tion of MCs onto natural sediments. To better understand the
various sorption mechanisms of MCs in different lake sediments,
the experiments were designed to examine the sorption thermo-
dynamics and relationships between the sorption coefficient and
properties of both natural sediments and pure clay minerals. It is
expected that the results of the present study will provide insights
into the role of abiotic elimination pathways on the fate of MCs
and increase understanding of the natural adsorptive mechan-
isms of MCs in different natural sediments.

’EXPERIMENTAL SECTION

Materials and Chemicals. The MC-LR and MC-RR used in
the experiment were isolated and purified in the laboratory
(details are provided in page S1 in the Supporting Information
(SI)). MC-LR and MC-RR standards were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Other chemicals except
for HPLC grade methanol were of analytical reagent grade and
deionized water was prepared by a Milli-Q filtration system
(Millipore, Bedford, MA, USA).
Kaolinite was purchased from Sinopharm Chemical Reagent

Company (China), and attapulgite, montmorillonite, and ben-
tonite were obtained from the Institute of Soil Science, Chinese
Academy of Sciences. The surface sediment samples (0-10 cm)
used in the experiments were collected from different eutrophic
lakes in China using a Petersen grab sampler, and their properties
are listed in Table S1 in the SI. All sediment samples were
transported to laboratory as soon as possible. After homogeniz-
ing, the samples were freeze-dried, crushed, passed through a 1-
mm sieve, and then stored at 4 �C prior to analysis.
Batch Sorption Experiments. Two quite different natural

sediments (Fubao Bay sediments from Lake Dianchi and Mei-
liang Bay sediments from Lake Taihu) and kaolinite clay (400
mesh) were used for the batch sorption experiments. Sorption
isotherms were constructed according to the standard batch
equilibration method.15 All batch sorption experiments were
carried out in triplicate. Fixed amounts of sorbents (1 g sediment
or clay, dry weight) were immersed in 2 mL of deionized water in
a 30 mL polypropylene centrifuge tube and shaken on an orbital
shaker at 110 rpm for 30 min. Next, 8 mL of the MC solutions
with 0.05% sodium azide as a microbial inhibitor were added to

give final doses of MC-LR at 6.30, 4.73, 3.15, 1.58, 0.79 μg mL-1

and MC-RR at 6.24, 4.68, 3.12, 1.56, 0.78 μg mL-1. Based on
measurements from a previous experiment, losses due to biode-
gradation or sorption to the plastic wall were considered
negligible. MC containing sediments and clays were maintained
at 25 �C on an orbital shaker at 110 rpm for 24 h (equilibration
time, also see details for the sorption kinetic and equilibrium
studies shown in page S2 in the SI). After equilibrium was
achieved, the tubes were centrifuged at 8000� g for 10 min, and
the clear supernatants from each were transferred to glass
autosampler vials for MC analysis (ref 16, see page S2 in the SI).
To examine the influence of different components (organic

materials, clays) of the sorbents on the MC sorption process,
MC sorption onto sorbents with different treatment conditions
(sediments without OM, original sediments, kaolinite, and
kaolinite with 5% HA) was studied. Two natural sediments from
Lake Dianchi and Lake Taihu were treated to remove the
organic fraction, according to an adapted method using sodium
hypochlorite.17 The temperature-dependence of adsorption was
used to examine the adsorption thermodynamics of MCs onto
those two natural sediments, with experiments carried out at
5 ( 1, 15 ( 1, 25 ( 1, and 35 ( 1 �C. The influence of pH on
MC-LR sorption to sediments is less clear when only consider-
ing the initial pH value of the solutions, thus the test solutions
used to examine the influence of pH on MC-LR sorption were
adjusted to final pHs of 2.5, 7.2, and 9.7 after 24 h incubation
using 10 M H2SO4 or 1 M K2CO3. All other parameters and
equipments were held the same as described previously for the
batch tests.

Data Analysis. The amount of MCs adsorbed onto the
sorbents (Cs, mg kg

-1) was calculated as the difference between
the initial aqueous phase concentration and the equilibrium
concentration (Ce, mg L-1). The sorption data determined
during the sorption tests under various concentrations were
subjected to regression analysis and fitness of data to the three
different types of sorption isotherms, as follows.
The linear adsorption isotherm

Cs ¼ Kd 3Ce ð1Þ
The Freundlich isotherm

log Cs ¼ log Kf þ nf 3 log Ce ð2Þ
The Langmuir isotherm

1=Cs ¼ 1=ðKL 3QmaxÞ 3 1=Ce þ 1=Qmax ð3Þ

where Kd (L kg-1) is the distribution coefficient, Kf ((mg kg
-1)

(mg L-1)-nf) is the Freundlich distribution coefficient which
relates to the amount of MCs absorbed at an equilibrium
concentration of 1 mg L-1, nf is a Freundlich constant parameter
describing the degree of nonlinearity, Qmax (mg kg-1) is the
maximum sorption capacity of an adsorption phase in the
sediment, andKL (L kg

-1) is a constant related to the adsorption
affinity. At infinitely low Ce in eq 3, the Langmuir model assumes
a constant sorption coefficient of KLQmax.
All data were plotted for both linear and nonlinear regressions,

and the regression coefficients were calculated. A one way
repeated measure ANOVA and a Pearson bivariate correlation
analysis were undertaken with SPSS 16.0 (SPSS Inc., Chicago, IL,
USA) for statistical analysis.
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’RESULTS AND DISCUSSION

Equilibrium Time and Effects of Toxin Structure. The
sorption kinetics of MC-LR andMC-RR were measured at initial
concentrations of 4.64 mg L-1 for MC-LR and 4.68 mg L-1 for
MC-RR using Fubao Bay sediments from Lake Dianchi as a
sorbent (Figure S1 in the SI). The results demonstrated that
removal of MCs from the aqueous phase was largely associated
with a rapid initial loss of MCs from the aqueous phase, as
indicated by the 33% and 69.5% losses of MC-LR and MC-RR,
respectively, from the aqueous phase, which occurred at 0.5 h.
The implication of this finding is that sediments could act as a
potential sink for MCs after a harmful algal bloom has passed. As
there was no further significant change in concentrations of MCs
after the initial loss, 24 h was selected as sufficient equilibration
time for MCs in batch adsorption experiments, which was also
consistent with the reported results of other investigations.12,13

The sorption of MC-RR to natural sediments was more
pronounced than the sorption of MC-LR, which was consistent
with the results previously reported by Chen et al.13 and Babica
et al.,18 in which they proposed that the chemical structure of
MCs are an important factor affecting the sorption of MCs onto
soils and sediments. MC-RR and MC-LR have similar mole-
cule structure and they differ only in the variable amino acid
located at the second position, that is, MC-RR has one more
guanidinium group of arginine residue than MC-LR. This
specific property of MC-RR cause it to (1) increase propensity
to form cation bridging (resulting from the additional positive
protonated arginine cation) and enhance its sorption affinity to
cation-exchange sites present on both OM and clay and (2)
provide additional binding sites and tend to form more hydro-
gen bonds with sediment components (OM and/or clay).
Gr€utzmacher et al.19 also attributed the higher sorption capacity
of MC-RR in sediments to the higher acidity constant of
arginine (pKa value 12.5) for MC-RR, compared with leucine
for MC-LR (pKa value 9.7). Furthermore, the logKow values of
MC-LR (-0.37) and MC-RR (-1.09) under neutral condition,
which were measured in our laboratory according to De Maadg
et al.,20 indicate that both MCs are hydrophilic and thus
hydrophobic interactions are unlikely to play a major role in
MCs sorption onto sediment considering so much lower logKow

values. For the reasons discussed above, it was likely that different
types of interactions (e.g., cation-bridging, hydrogen-bonding,
and surface electrostatic interactions) may occur when different
MCs adsorb onto natural sediments and clay minerals.

Effect of Sediment Properties. In order to better understand
the effects of sediment properties on the sorption of MCs to
natural sediments, sorption isotherms were studied for both MC
variants in fifteen different natural sediments and four pure clay
minerals and the sorption parameters, calculated from the three
proposedmodels, are provided in Tables S2 and S3 in the SI. The
results showed that these threemodels matched the experimental
data quite well, and the Freundlich constant parameter nf ranging
between 0.68 and 1.03 for MC-LR and 0.49-0.98 for MC-RR
suggested that the nonlinearity was neither consistent nor
very strong. MC-RR had lower nf values than MC-LR for all
sediments and clays, indicating a greater nonlinear sorption
tendency for MC-RR than MC-LR. Moreover, all values of
Kd, Kf, and KLQmax for MC-RR are much higher than those
values for MC-LR, again suggesting that one more guanidinium
group than MC-LR may play a key role in the sorption of
MC-RR onto sediments.
As the distribution coefficients (Kd and Kf) and sorption

coefficients (KLQmax) are distinctly different for the different
natural sediments and clay minerals, correlations between the
individual characteristics and the sorption parameters (Kd, Kf,
and KLQmax) for MCs on all sediments and clay minerals were
presented in Table S4 in the SI.
For clayminerals, the only significant correlation observed was

between the specific surface area and Kf or KLQmax for MC-LR
sorption to clay minerals (R2 > 0.962), indicating that surface
aera of clays has a greater influence on the sorption process of
MC-LR. For the fifteen different natural sediments, the correla-
tion coefficients (R2) between the sorption parameters of both
MC variants and characteristics of natural sediment with higher
OM contents represent a good linear relationships for TN, OM,
but did not show significantly linear relationships to sediments
with low OM contents. The complex relationship may be mainly
because the coexistence of clay minerals (the mineral composi-
tions of the sediments tested were shown in Table S5 in the SI)
and OM in these sediments complicates the interpretation of
correlations between sorption parameters and sediment proper-
ties. It indicated that OM contentmay play amore important role
in the sorption of MCs onto natural sediments (especially to the
organic-rich sediments).
A systematic analysis of the relationship between sorption

parameters (Kd, Kf, and KLQmax) of both MC variants and OM
contents in sediments revealed that better linear correlations
existed at different levels of OM (Figure 1, the fits of the
equations at different OM levels were shown in Table S6 in

Figure 1. Correlation between the sorption parameters of (a) the linear sorption coefficient (Kd), (b) Freundlich distribution coefficient (Kf), and
(c) Langmuir sorption coefficient (KL*Qmax) of MCs calculated from the sorption isotherms on all tested natural sediments at pH = 7 and 25 �C and
the corresponding organic matter contents at different levels: -0- and -9- 1% to 2%, -O- and -b- 4% to 8%, -Δ- and -2- 8% to 11%, -r- and -1- 17% to
21%; Solid symbols represent MC-LR and open symbols represent MC-RR.
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the SI). For the sediments contained higher levels of OM (i.e.,
more than 8%), better correlations were observed for sediments
from Lake Dianchi (R2 > 0.85 except for 0.239 in Linear
adsorption of MC-LR) and Lake Caohai (R2 > 0.97 except for
0.578 in Langmiur adsorption of MC-LR), and the sorption
coefficients tended to increase with increasing OM content.
Meanwhile, a good correlation but an opposite tendency was
observed for the sediments contained lower levels of OM (i.e.,
less than 8%), as indicated by R2 > 0.85 for Lake Taihu and R2 >
0.80 (except for 0.261 in linear adsorption of MC-LR) for lakes
group (Lake Fuxian, Xingyun, and Erhai, located at Yunnan
Plateau in China), suggesting that the varied sorption phenom-
ena may primarily relate to the heterogeneity of sediment OM, as
observed for the sorption of some organic chemicals to soils and
sediments.21 These results indicate that the sorption of MCs to
different natural sediments exhibited different adsorptive me-
chanisms which depend largely on the content of OM.
To further elucidate the significance of the components of OM

and clay minerals in the MC sorption process, the sorption
isotherms for each MC variant in sediments and clay minerals
with different treatments (sediments without OM, original
sediments, kaolinite, and kaolinite with 5% HA) were examined.
As shown in Figure 2, the sorption of each MC variant to the
different treatments decreased in the following order: sediments
without OM > original sediments > kaolinite > kaolinite with 5%
HA. These findings may be explained by different mechanisms of
MC sorption to sediments, which depend on both the OM
content and the types of clay minerals. It is clear that OM could
lead to a reduction in the sorption capacity of kaolinite and
sediments for MCs due to the competition between OM and
MCs for sorption sites on kaolinite and sediment and/or the
presorption of dissolved macromolecular substances (e.g., HA),
which can block the microporous surfaces of sediments and clays

and lower the sorption sites for MCs. In this case, the clay
minerals in the sediments were the main factors influencing the
sorption ofMCs onto sediments. This result is similar to previous
results where the sorption coefficients (Kd, Kf, and KLQmax)
tended to be lower when the organic content increases and
agreed with the results of Miller’s and Chen’s investigations,12,13

in which they proposed that high clay contents would
have a higher sorption of toxins, such as MC-RR, MC-LR,
[Dha7]MC-LR, or nodularin. However, these conclusions did
not consider sediments with higher OM contents. As shown in
Figure 1, when theOM content in sediments was higher than 8%,
the sorption capacity of sediments for MCs increased with
increasing OM, which may occur because the excess of OM
could lead to an enhancement in the sorption capacity of
sediments for MCs. The highest sorption coefficients were
observed for the sediments in Lake Caohai, which contained
the highest OM content. To summarize, the OM content in
sediments is the main factor influencing the sorption of MCs to
sediments if saturation of OM sorption to sediments and clay
minerals has occurred. In the case of sediments with OM
removed to a certain low level, the clay minerals in the sediment
are the dominant factor controlling the MC sorption, so a higher
sorption capacity than the original sediments (with OM) was
observed. To elucidate the complex sorption phenomena, further
study of the impacts of the heterogeneity of sediment OM and
clay fractions on sorption of MCs in soils and sediments is
undoubtedly needed.
Adsorption Thermodynamics. Sorption of MCs to sedi-

ments may occur by both reversible physical processes and
irreversible chemical processes. To elucidate the significance of
these sorption pathways, the sorption thermodynamics of MC-
LR and MC-RR onto two quite different natural sediments
under different temperatures were investigated (Figure S2 in
the SI). The amount of sorption of MC-LR and MC-RR onto
Fubao Bay sediments increased as temperature increased but
decreased with increasing temperature for the Meiliang Bay
sediments.
The thermodynamic parameters (ΔG,ΔH,ΔS) are related by

the following equations and the calculated values are shown in
Table 1

ΔG ¼ ΔH - TΔS ð4Þ
whereΔG is the change in standard Gibbs free energy (kJ mol-1),
ΔH is the change in enthalpy (kJ mol-1), ΔS is the change in
entropy (kJ mol-1 K-1), and T is the absolute temperature (K).
At equilibrium, K is related to the standard Gibbs free energy

change by

ΔG ¼ - RTLnK ð5Þ
where K is the equilibrium constant obtained by applying the
Freundlich distribution coefficient (Kf) from eq 2, and R is the
molar gas constant (8.314 J mol-1 k-1).
The enthalpy change (ΔH) for MCs in those two types of lake

sediments were analyzed using the van’t Hoff isochore obtained
from the variation ofKwith temperature, i.e., by combining eqs 4
and 5, to form eq 6

LnK ¼ -ΔH=RT þΔS=R ð6Þ
The thermodynamic quantities give an insight into the sorp-

tion processes involved. All free energies for MC sorption onto
lake sediments are negative (Table 1), indicating that a net
and spontaneous sorption process occurs between MCs and

Figure 2. Sorption isotherms for (a) MC-LR and (b) MC-RR
onto four different treated sorbents (-9- sediments without organic
matter. -O- original sediments, -2- kaolinite, -)- kaolinite with 5% HA)
at pH = 7 and 25 �C.
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sediments. The ΔH values calculated from the slope of the van’t
Hoff plot (Figure S2) by eq 6 are 12.30 kJ mol-1 for MC-LR
and 3.49 kJ mol-1 for MC-RR in Fubao Bay sediments and -
14.05 kJ mol-1 for MC-LR and-10.56 kJ mol-1 for MC-RR in
Meiliang Bay sediments. The variation in ΔH values indicates
that the sorption ofMCs onto different sediments comprises two
different processes: one is an endothermic process in sediments
with higher OM (e.g., Fubao Bay sediments), associated with an
entropy driven process (ΔS > 0), and the other is an exothermic
process in sediments with lower OM (e.g., Meiliang Bay
sediments), associated with an entropy retarded process (ΔS < 0).
The first process has a more negative ΔGo and stronger
sorption capacity with increasing temperature, while the second
process has the opposite tendency (Table 1). Change in enthalpy
data is useful for distinguishing the type of binding mechanism
involved, i.e., physisorption and/or chemisorption, as its magni-
tude is closely related to the sorption energy. Physisorption is
typically fast and reversible and usually involves relatively weak
intermolecular forces and has small energy requirements (e.g.,
4-8 kJ mol-1 for London dispersion forces and 8-40 kJ mol-1

for hydrogen bonding,22 while chemisorption is slow and irre-
versible and is typically associated with much larger enthalpy
(>40 kJ mol-1). The current results suggest the sorption of MCs
to sediments is a physisorption process.
The different thermodynamic processes and the data shown in

Figure 1 strongly suggest that the sorption mechanism of MCs
onto sediments involves complex reactions, in which the sedi-
ment OM plays a critical role and has a 2-fold effect on the
process. At lower OM contents, the amount of available adsorp-
tion sites on the sediment may exceed the requirements for
sorption of OM, which means that there are still enough surface
sites available for combination with the MCs. The number of
remaining sites decreases with increasing adsorbedOM, resulting
in decreased sorption of MCs onto sediments with increasing
OM contents due to the competition for adsorption sites
between MCs and OM. Thus, when there are sufficient adsorp-
tion sites on the sediment, a spontaneous, energetically favorable

exothermic interaction dominates the sorption process. At higher
OM contents (e.g., >8% in this study), there may be few surface
sites available for combination with the MCs because the
adsorbed OM occupies almost all the adsorption sites on the
sediment until a plateau stage where sites become saturated
occurs. At this stage, the interaction between the MCs and the
adsorbed OM is expected to be the controlling mechanism for
the sorption process and thus, the sorption of MCs to organic-
rich sediments (actually to the adsorbed OM) increases with
increasing OM. In this case, a spontaneous, entropy driven
endothermic interaction dominates the sorption process. These
findings expand our understanding of differing sorption beha-
viors for MCs on different eutrophic lake sediments. Similar
different thermodynamic processes are also observed for sorp-
tion of other chemicals. For example, pentachlorophenol sorp-
tion to a clay soil with a lower OM content (1.7%) was shown to
be a spontaneous exothermic process for the ionized species,22

whereas sorption to allophanic soil with a higher OM content
(7.9%) was an entropy driven endothermic process.23

Effect of pH. Solution pH has been shown to affect the
adsorption of MC-LR.12 In the present study, the influence of
pH on the sorption of MC-LR to Fubao Bay sediments from
Lake Dianchi and kaolinite were investigated, and the sorption
isotherms are shown in Figure 3. It is clear that the maximum
sorption of MC-LR onto all types of sorbents investigated
occurred at pH 2.5, and the sorption decreased as pH increased.
These results agreed with those of Miller et al.12 who reported
that soil suspensions in an acetate buffer (pH 4.8) generally
produced significantly higher adsorption coefficients, when
compared with other buffer systems.
It appears that MC-LR sorption onto sediments and clays is

highly pH-dependent, which may be mainly attributed to the
influence of pH on the surface charge heterogeneity of the
sorbate (MC-LR) and sorbents (sediment and clay).
For the sorbents, kaolinite belongs to the class of 1:1 sheet

silicates with a layer of tetrahedral silica connected to a layer of
octahedral aluminate. Its pH-dependent charges develop on the

Table 1. Sorption and Thermodynamic Parameters for Microcystins onto Fubao Bay and Meiliang Bay Sediments at Different
Temperatures

sediments temperature Freundlich equations nf
a Kf

b R2 c ΔGd kJ mol-1 ΔHe kJ mol-1 ΔSf J mol-1 K-1

MC-LR Fubao Bay 5 �C y = 0.95x þ 0.64 0.95 4.40 0.999 -3.42 12.30 56.56

15 �C y = 0.90x þ 0.70 0.90 5.00 0.998 -3.85 56.09

25 �C y = 0.82x þ 0.77 0.82 5.91 0.998 -4.40 56.04

35 �C y = 0.72x þ 0.87 0.72 7.42 0.997 -5.13 56.60

Meiliang Bay 5 �C y = 0.63x þ 0.66 0.63 4.62 0.982 -3.53 -14.05 -37.82

15 �C y = 0.74x þ 0.59 0.74 3.86 0.999 -3.24 -37.55

25 �C y = 0.84x þ 0.49 0.84 3.08 0.998 -2.79 -37.78

35 �C y = 0.92x þ 0.41 0.92 2.58 0.998 -2.43 -37.74

MC-RR Fubao Bay 5 �C y = 0.91x þ 1.22 0.91 16.48 0.997 -6.48 3.49 35.85

15 �C y = 0.83x þ 1.25 0.83 17.80 0.999 -6.89 36.06

25 �C y = 0.81x þ 1.27 0.81 18.55 0.999 -7.24 35.99

35 �C y = 0.83x þ 1.28 0.83 19.12 0.999 -7.56 35.86

Meiliang Bay 5 �C y = 0.75x þ 1.13 0.75 13.64 0.991 -6.04 -10.56 -16.26

15 �C y = 0.78x þ 1.06 0.78 11.36 0.999 -5.82 -16.46

25 �C y = 0.81x þ 0.99 0.81 9.83 0.999 -5.66 -16.44

35 �C y = 0.88x þ 0.94 0.88 8.73 0.998 -5.55 -16.27
a Freundlich constant parameter. b Freundlich distribution coefficient. c Fit to Freudlich isotherm. dChange in standard Gibbs free energy. eChange in
enthalpy. fChange in entropy.
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surface hydroxyls mainly at edge and terminal Al-OH sites. The
surface charges on kaolinite are positive at pHs below 6-6.5 and
increase with decreasing pH, while the surface charges are
negative at pHs over 6-6.5 and increase with increasing pH.24

The pH also changes the protonation-deprotonation of sedi-
ment humic substances. It is well-known that humic substances,
with HAs and fulvic acids (FAs) as the major fractions, are the
dominant organic components in soils and sediments. These
HAs and FAs possess various chemically reactive functional
groups such as carboxyls, phenolic and alcoholic hydroxyls, and
are commonly regarded as macromolecular acids or oligoelec-
trolytes and are capable of protonation-deprotonation on
changes in solution pH. The negative charges on HAs and FAs
as well as solid bonding HAs and FAs show a clear and consistent
increase in charge as a function of increasing pH.25,26

For the sorbate, MC-LR possesses two freely ionizable
carboxylic acid groups and one freely ionizable amino group.
These functional groups alter their ionization states and net
charges with changes in pH.20,27 For example, the net charge of
MC-LR decreases from 0 at pH = 2.1 to -1 at pH = 4 and then
remains stable at -1 within the range of pH = 4-10. Based on
these results, we can therefore interpret the interactions between
MC-LR and sediment and clay under different pH conditions:
(1) at lower pH (2.5), the net charge on MC-LR is slightly
negative, while the charges on kaolinite and sediment humic
substances are positive and slightly negative respectively,
causing electrostatic attraction between MC-LR and kaolinite
and electrostatic repulsion between MC-LR and sediment, thus
leading to a higher sorption of MC-LR to kaolinite than to
sediment (Figure 3); (2) at neutral (pH = 7) or slightly alkaline
conditions (pH = 9.7), the net charge on MC-LR is negative and
those on kaolinite and sediment humic substances are also
negative, becoming more negative as pH increases and causing
an increase in electrostatic repulsion between MC-LR and
kaolinite or sediment. As a function of increasing pH, sorption
of MC-LR to kaolinite and sediment under weak alkaline

conditions was slightly lower than that under neutral conditions
(the difference of MC-LR sorption to sediments was more
pronounced than sorption to kaolinite) but considerably lower
than that under acidic conditions (Figure 3).
The pH-dependent property of electrostatic interaction be-

tween MC-LR and clays can also partly explain the distribution
coefficients presented in Table S2. For instance, under neutral
condition, the surface charge density of attapulgite is approxi-
mately zero,28 while those of montmorillonite and bentonite are
positive.29 Thus the sorption of MC-LR to kaolinite is slightly
weaker than attapulgite but much weaker than montmorillonite
and bentonite (see sorption coefficients in Table S2). In the case
of MC-RR, however, the electrostatic interaction between the
toxin and clays is unlikely the main factor affecting the sorption of
MC-RR to clays because one more arginine residue than MC-LR
can lead to form cation bridges and more hydrogen bonds with
clay minerals. These differences in electrostatic interaction
between different MC variants and clays also seem to partially
explain the observation that good correlations between toxins
and the specific surface area of clay minerals is observed for MC-
LR but not for MC-RR (Table S4 in the SI). It is likely that other
processes, such as cation bridging and hydrogen bonding inter-
actions between mineral surface hydroxyl groups (Si-OH and
Al-OH) and MC-RR, may play a relatively major role, but
further studies are required to reveal this.

’ASSOCIATED CONTENT

bS Supporting Information. Experimental section, Figures
S1 and S2, and Tables S1-S6. This material is available free of
charge via the Internet at http://pubs.acs.org.

’AUTHOR INFORMATION

Corresponding Author
*Phone:þ86-27-68780710. Fax:þ86-27-68780712. E-mail: bdxiao@
ihb.ac.cn.

’ACKNOWLEDGMENT

This research was supported by the National Key Project for
Basic Research (2008CB418101), the National Natural Science
Foundation of China (grant number 41001326), and the Na-
tional High Technology Research and Development Program of
China (2007AA06Z304). The authors sincerely thank three
anonymous reviewers for their helpful suggestions that greatly
improved the manuscript.

’REFERENCES

(1) Carmichael, W. W. Toxic Microcystis and the environment. In
Toxic Microcystis; Watanabe, M. F., Harada, K. I., Carmichael, W. W.,
Fujiki, H., Eds.; CRC Press: Boca Raton, NY, 1996.

(2) Runnegar, M. T.; Kong, S.; Berndt, N. Protein phosphatase
inhibition and in vivo hepatotoxicity of microcystins.Am. J. Physiol. 1993,
265, G224–230.

(3) Carmichael, W. W. Health Effects of Toxin-Producing Cyano-
bacteria: “TheCyanoHABs”.Hum. Ecol. Risk Assess. 2001, 7, 1393–1407.

(4) Watanabe, M. F.; Tsuji, K.; Watanabe, Y.; Harada, K. I.; Suzuki,
M. Release of heptapeptide toxin(microcystin) during the decomposi-
tion process of Microcystis aeruginosa. Nat. Toxins 1992, 1, 48–53.

(5) Kaebernick, M.; Neilan, B.; B€orner, T.; Dittmann, E. Light and
the transcriptional response of the microcystin biosynthesis gene cluster.
Appl. Environ. Microbiol. 2000, 66, 3387–3392.

Figure 3. Sorption isotherms for MC-LR onto different sorbents
(a: Fubao Bay sediment from Lake Dianchi, b: kaolinite) at different
pH values. (-0- pH = 2.5, -O- pH = 7.2, -Δ- pH = 9.7).



2647 dx.doi.org/10.1021/es103729m |Environ. Sci. Technol. 2011, 45, 2641–2647

Environmental Science & Technology ARTICLE

(6) Drikas, M.; Chow, C.; House, J.; Burch, M. Using coagulation,
flocculation, and settling to remove toxic cyanobacteria. J. - Am. Water
Works Assoc. 2001, 93, 100–111.
(7) Pan, G.; Zhang, M.; Chen, H.; Zou, H.; Yan, H. Removal of

cyanobacterial blooms in Taihu Lake using local soils. I. Equilibrium and
kinetic screening on the flocculation of Microcystis aeruginosa using
commercially available clays and minerals. Environ. Pollut. 2006, 141,
195–200.
(8) Ihle, T.; Jahnichen, S.; Benndorf, J. Wax and wane ofMicrocystis

(Cyanophyceae) and microcystins in lake sediments: A case study in
Quitzdorf Reservoir (Germany). J. Phycol. 2005, 41, 479–488.
(9) Rapala, J.; Lahti, K.; Sivonen, K.; Niemela, S. I. Biodegradability

and adsorption on lake sediments of cyanobacterial hepatotoxins and
anatoxin-a. Lett. Appl. Microbial. 1994, 19, 423–428.
(10) Mohamed, Z. A.; El-Sharouny, H. M.; Ali, W. S. Microcystin

concentrations in the Nile River sediments and removal of microcystin-
LR by sediments during batch experiments. Arch. Environ. Contam.
Toxicol. 2007, 52, 489–495.
(11) Chen, X.; Yang, X.; Yang, L.; Xiao, B.; Wu, X.; Wang, J.;

Wan, H. An effective pathway for the removal of microcystin LR
via anoxic biodegradation in lake sediments. Water Res. 2010, 44,
1884–1892.
(12) Miller, M. J.; Critchley, M.M.; Hutson, J.; Fallowfield, H. J. The

adsorption of cyanobacterial hepatotoxins from water onto soil during
batch experiments. Water Res. 2001, 35, 1461–1468.
(13) Chen, W.; Song, L.; Gan, N.; Li, L. Sorption, degradation and

mobility of microcystins in Chinese agriculture soils: risk assessment for
groundwater protection. Environ. Pollut. 2006, 144, 752–758.
(14) Kwok-Wai Man, B.; Hon-Wah Lam, M.; Lam, P. K. S.; Wu,

R. S. S.; Shaw, G Cloud-point extraction and preconcentration of
cyanobacterial toxins (microcystins) from natural waters using a cationic
surfactant. Environ. Sci. Technol. 2002, 36, 3985–3990.
(15) OECD. Guideline for Testing of Chemicals: Adsorption/

desorption using a batch equilibrium method; OECD Test Guideline,
106. OECD Publications, Paris, 2000.
(16) Wu, X.; Xiao, B.; Li, R.; Wang, Z.; Chen, X.; Chen, X. Rapid

quantification of total microcystins in cyanobacterial samples by period-
ate-permanganate oxidation and reversed-phase liquid chromatography.
Anal. Chim. Acta 2009, 651, 241–247.
(17) Mikutta, R.; Kleber, M.; Kaiser, K.; Jahn, R. Review: Organic

matter removal from soils using hydrogen peroxide, sodium hypochlor-
ite, and disodium peroxodisulfate. Soil Sci. Soc. Am. J. 2005, 69, 120–135.
(18) Babica, P.; Kohoutek, J.; Bl�aha, L.; Adamovsk�y, O.; Mar�s�alek, B.

Evaluation of extraction approaches linked to ELISA and HPLC for
analyses of microcystin-LR, -RR and -YR in freshwater sediments with
different organic material contents. Anal. Bioanal. Chem. 2006, 385,
1545–1551.
(19) Gr€utzmacher, G.;Wessel, G.; Klitzke, S.; Chorus, I. Microcystin

elimination during sediment contact. Environ. Sci. Technol. 2010, 44,
657–662.
(20) De Maagd, P. G.; Hendriks, A. J.; Seinen, W.; Sijm, D. T. H. M.

pH-Dependent hydrophobicity of the cyanobacteria toxin microcystin-
LR. Water Res. 1999, 33, 677–680.
(21) Karapanagioti, H. K.; Childs, J.; Sabaini, D. Impacts of hetero-

geneous organic matter on phenanthrene sorption: different soil and
sediment samples. Environ. Sci. Technol. 2001, 35, 4684–4698.
(22) DiVincenzo, J.; Sparks, D. L. Sorption of the neutral and

charged forms of penthachlorophenol on soil: evidence for different
mechanisms. Arch. Environ. Contam. Toxicol. 2001, 40, 445–450.
(23) Cea,M.; Seaman, J. C.; Jara, A.;Mora,M. L.; Diez,M. C. Kinetic

and thermodynamic study of chlorophenol sorption in an allophanic
soil. Chemosphere 2010, 78, 86–91.
(24) Tomb�acz, E.; Szekeres, M. Surface charge heterogeneity of

kaolinite in aqueous suspension in comparison with montmorillonite.
Appl. Clay Sci. 2006, 34, 105–124.
(25) Plaza, C.; Senesi, N.; Polo, A.; Brunetti, G. Acid-base properties

of humic and fulvic acids formed during composting. Environ. Sci.
Technol. 2005, 39, 7141–7146.

(26) Van Zomeren, A.; Costa, A.; Pinheiro, J. P.; Comans, R. N. J.
Proton binding properties of humic substances originating from natural
and contaminated materials. Environ. Sci. Technol. 2009, 43, 1393–1399.

(27) Lawton, L. A; Robertson, P. K. J.; Cornish, B. J. P. A; Marr, I. L.;
Jaspars, M. Processes influencing surface interaction and photocatalytic
destruction of microcystins on titanium dioxide photocatalysts. J. Catal.
2003, 213, 109–113.

(28) Cao, E.; Bryant, R.; Williams, D. J. A. Electrochemical proper-
ties of Na-Attapulgite. J. Colloid Interface Sci. 1996, 179, 143–150.

(29) Lagaly, G.; Ziesmer, S. Colloid chemistry of clay minerals: the
coagulation of montmorillonite dispersions. Adv. Colloid Interface Sci.
2003, 100-102, 105–128.

View publication statsView publication stats


