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ABSTRACT

Microcystins (MCs) are very stable toxins in water bodies and can be poorly removed by
traditional drinking water treatment processes. Powder-activated carbon (PAC) was
employed in the present study for removal of two commonly and widely occurring algal
toxins, microcystin-LR (MC-LR), and microcystin-RR (MC-RR), which were obtained from
cyanobacterial blooms. Results indicated that wood PAC has better adsorption capacity on
MCs compared with shell and coal PAC. The Freundlich adsorption model can better
describe the adsorption behavior of MCs onto PAC. And the pseudo-second-order kinetic
model can better fit the adsorption process of MCs onto PAC. Moreover, the adsorption of
MCs onto wood PAC was affected by temperature, pH, and anions. The adsorption rates
increased with the decreasing temperature. And the adsorption capacity of wood PAC for
MCs decreased with the increasing pH. Four kinds of anion hindered the adsorption and
reduced the removal rate by 14-24%. Therefore, our study provides valuable information to
address the water quality issues caused by microcystins, including selection of the most

efficient PAC.
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1. Introduction

Activated carbon is porous carbonaceous matter
which mainly takes wood, coal, and husk as raw
materials and is produced after a series of physical
and chemical processes including carbonization, acti-
vation, and post-processing. Due to irregular arrange-
ment of crystallite carbon in the structure and pores
between the cross connection, tissue defects can be
produced during the activation, further developing
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the pore structure of activated carbon, resulting in a
specific surface area larger than 1,500 m* g '. Acti-
vated carbon has strong adsorption capacity for the
organic matter with relative molecular mass between
500 and 3,000 Da [1]. According to its shape, activated
carbon can be divided into powdered activated car-
bon, granular activated carbon, and activated carbon
fiber.

In recent years, cyanobacterial blooms have
increasingly occurred worldwide in various water
sources due to an excessive supply of nutrients [2]. In
cyanobacterial bloom, harmful substances such as
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cyanotoxins can be released into surrounding waters
during the cell growth or lysis [3]. In all toxins, micro-
cystin-LR (MC-LR) and microcystin-RR (MC-RR) are
the most commonly and widely studied. The micro-
cystins (MCs) are highly hepatotoxic and can cause
serious liver disease [4]. Moreover, a provisional
safety guideline of 1.0ug L™' MC-LR in drinking
water has been regulated by the World Health
Organization (WHO) [5].

Generally, MCs are very stable toxins in the water
bodies and poorly removed by traditional water treat-
ment processes (such as coagulation, sedimentation,
and filtration) [5]. The relative molecular mass of MC-
RR and MC-LR were 1,038 and 995 gmolfl, respec-
tively. The structural characteristics and physicochemi-
cal characteristics of activated carbon suggest that
activated carbon has good adsorption for MCs. The
treatment with granular-activated carbon as adsorbent
is stable, and is often applied in water treatment, but
its price is relatively expensive, leading to the high cost
of processing. Besides, granular-activated carbon filter
is easy to breed bacteria, produce nitrite. Contrast to
granular-activated carbon, powdered-activated carbon
(PAC) has good adaptability for short-term and emer-
gency pollution. It was reported that PAC is often used
in treatment plants for the mitigation of taste and odors
problem as it is relatively inexpensive and can be
applied only when required [6]. Therefore, it is suitable
for water treatment in sudden accidents especially
when the water quality is deteriorated [7]. In the past
decades, many studies have described the powdered-
activated carbon adsorption for microcystin removal
from water [8-11]. However, there has been little infor-
mation about the microcystins elimination from algae
blooms water by PAC adsorption. It is important to
remove a range of microcystins by PAC in drinking
water supplies since cyanobacterial blooms frequently
occurred worldwide, especially in China. In this study,
two microcystins (MC-LR and MC-RR) separated from
algae blooms of Taihu Lake were selected as target
comtaminants and algal organic matters were used to
simulate the water components in real water. The
results of this study can be applied to respective drink-
ing water treatment plants (DWTPs) and provide water
authorities valuable information to control micro-
cystins, including selection of the most efficient PAC.

Three kinds of PAC were used to remove MC-LR
and MC-RR obtained from cyanobacterial blooms in
this study. The overall objectives of this study were:
(1) to investigate the adsorption isotherms of MCs by
PAC made of the wood, coal, and shell; (2) to study
the adsorption kinetics of MCs onto PAC; (3) to evalu-
ate the effect of temperature, pH, and anions on the
adsorption of MCs onto PAC.
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2. Materials and methods
2.1. Materials

All chemicals were at least of analytical grade
except as noted. Methanol and Trifluoroacetic acid
were obtained from Sigma-Aldrich (USA). Micro-
cystins standards (MC-LR and MC-RR) were pur-
chased from Institute of Hydrobiology, Chinese
Academy of Sciences (Wuhan, China). The Microcystis
aeruginosa cells was collected during the outbreak of
cyanobacterial blooms in Wuxi District of Tai Lake,
then dried and grinded into dry powder and stored at
—20°C until used (Fig. S1 in Supporting Information).
The characteristics of three kinds of PAC are pre-
sented in Table S1 of Supporting Information. All
chemical solutions were prepared using ultrapure
water produced from a Milli-Q water purification
system (Millipore, USA).

2.2. Experimental procedures

Two grams of dry algal powder was dissolved
into100 ml of deionized water, and magnetically stir-
red at room temperature for 30 min. Then the solu-
tions were placed in a —20°C freezer for 12 h, thawed
at room temperature, and frozen again. The freeze-
thaw operation was repeated for three times, so that
the MCs could be released thoroughly. After that, the
solution was centrifuged at 5,500¢ for 10 min. The
supernatant was collected, while the concentrate
remained in the tube bottom was resuspended and
centrifuged again as above. The supernatants from
two centrifugation steps were combined, and filtered
through 0.45 um acetic acid fiber filter to remove cellu-
lar materials. The filtrate was referred to MCs extracts
and the extraction liquid was blue when the extract
was not further purified by solid-phase extraction
(SPE).

All PAC jar tests were carried out in a batch mode
in glass flasks containing 1 L MCs solution. The flasks
were installed in a DKY-II constant speed rotary sha-
ker at room temperature of 25°C and a rapid shaking
speed of 160 rpm. MCs adsorption experiments were
conducted where all variants were spiked into the
same tests. Cook and Newcombe previously showed
no competitive adsorption between the microcystin
variants [10]. PAC doses ranged from 0.1 to 1.0 g L™"
and the spiked concentrations of MC-LR and MC-RR
were 0.622 and 0.447 mg L', respectively. If needed,
solution pH was adjusted to desirable levels with
NaOH and HCl. Adsorption reactions were initiated
by addition of appropriate amounts of PAC. And at
the same time, the blank experiment was carried out
without adding PAC. At each designated sampling
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time, samples were collected and immediately filtered
through pre-rinsed 0.45 um acetate microporous mem-
brane prior to analysis.

2.3. Chemical analysis

Before measurement, solid-phase extraction (SPE
column, ENVI-18, Supeco) with a concentration factor
of 20 was used if the MCs level in the sample was
less than the detection limit (~10 pg/L). The SPE
column was first activated successively by 10 mL
dichloromethane and 15 mL methanol, and then
washed by 20 mL Milli-Q water. Thereafter, 20 mL
sample passed through the SPE at a 3 mL/min flow
rate. Finally, the chromatography elute was washed
out with 1.00 mL methanol and analyzed by HPLC.
Recovery rates of this method ranged within 84-92%
in this study.

The concentrations of MCs were quantified by a
high performance liquid chromatography (HPLC),
equipped with a VP-ODS column (250 mm x 4.6 mm,
Shimadzu, Japan). The ultraviolet detection wave-
length was set at 238 nm. The mobile phase was a
mixture of ultrapure water (0.05% volume, trifluo-
roacetic acid) and HPLC-grade methanol (v:v = 40:60)
at a flow rate of 1.0 ml min~". Injection volume was 50
pL and the column temperature was maintained at
40°C. The operation time was 10 min, the peak of MC-
RR and MC-LR appeared at about 4.10 and 8.90 min,
respectively.

2.4. Data analysis

The adsorption quantity was calculated according
to the change of pollutant concentration before and
after adsorption, as Eq. (1):

(Co—-O)V

Je = T ¢))
where g, is adsorption amount (mgg™'); Cy is the
initial concentration of pollutants (mg L™Y; C is the
concentration of pollutants adsorption equilibrium
(mg L™Y: V is volume of solution (L); W is activated
carbon weight (g).

The models of Langmuir, Freundlich, and Tempkin
were used to fit the adsorption isotherm curve.The
three models were expressed by the Egs. (2)—(4):

N k] ap Cc
e = TmCe 2)
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where g. is the unit mass of activated carbon when
adsorption equilibrium is reached (mgg'); C. is the
equibibrium concentration of the MCs during adsorp-
tion (mg L™"); k; is the capacity of saturated adsorption
capacity (mgg™'); a; is the adsorption coefficient,
equivalent to the adsorption energy for one mol
solute. It is associating with the net enthalpy (L mg™):

ge = ke C 3)

where k; is the constant related with the temperature
and the specific surface area of the adsorbent

(mg"" /™ LY" ¢71); 1 is the adsorption capacity index.
RT
e = -5 In(ki Co) @

where R is the gas constant, equivalent to 8.314]
(mol K)™%; T is the absolute temperature (K); b is the
Tempkin isotherm adsorption heat (J mol™"); k; is the
Tempkin constant.

3. Results and discussion
3.1. Adsorption isotherms

Measured and modeled single-solute adsorption
isotherm data for MC-RR and MC-LR are shown in
Fig. 1. And the corresponding isotherm parameters
are summarized in Table 1. Three adsorption isotherm
models were evaluated in this study, including
Freundlich, Langmuir, and Temkin. As shown,
Langmuir model and Freundlich model can better fit
the results, for the adsorption isotherms of both
MC-LR and MC-RR, where the R® are greater than
0.95. Langmuir model assumes that the adsorption
energy distributes uniform on the adsorbent surface.
Freundlich is a special case of the uneven surface
energy, often used to fit the granular-activated carbon
adsorption on contaminants in water [12,13]. Since the
surface energy of the activated carbon is not uniform,
it is reasonable that the data were most consistent
with the Freundlich model. From the fitting parame-
ters listed in Table 1, the Freundlich model fitting of
all the PAC have the highest R* greater than 0.95,
where k¢ value follows the descending order of wood,
shell, and coal PAC. k¢ represents the adsorption
capacity of activated carbon in the Freundlich model.
Therefore, it suggested that wood PAC exhibited
better adsorption capacity on both MCs. The result is
consistent with the finding of Donati et al. who
reported that wood-based carbons were clearly the
most effective microcystin-LR adsorbents than
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Fig. 1. Adsorption isotherm of MC-LR (left column) and MC-RR (right column) onto wood, shell, and coal based PAC.
Initial conditions: PAC ranged from 0.1 to 1g LY, Cyear = 0.622 mg L' and Cpcegg = 0.447 mg L temperature at

298 K, pH 7.0.

coal-based, coconut-based, and peat moss-based PACs
[8]. The value of n in the Freundlich model character-
izes the ascending rate of activated carbon adsorption
capacity. Higher n value is favorable for adsorption. If
the n value is less than 0.5, the adsorption effect on
the pollutants of low concentration will be low. Gener-
ally, n values ranging between 1 and 10 will be more
conducive to adsorption. In real water, the concentra-
tions of both MCs are relatively low. Table 1 shows
that the n values of three kinds of powder-activated

carbon (PAC) were between 1 and 10, indicating that
the use of activated carbon adsorption to remove MCs
is feasible. The n value of wood PAC is higher than 2.
Hence, wood PAC showed better adsorption capacity
on MCs compared with the other two kinds of PAC.

3.2. Adsorption kinetics

It has been reported that pore volume was the
main factor affecting activated carbon adsorption [14].
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Table 1
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Fitting parameters of adsorption isotherm model for MC-LR and MC-RR

Langmuir adsorption
isotherm parameters

Freundlich adsorption
isotherm parameters

Tempkin adsorption
isotherm parameters

Carbon

species  Formula R*>  Formula R*>  Formula R?
MC-LR  Wood e =5.00 % [0.6 x Co/(1 +0.6CJ] 096 g.=697Cy"! 098 g.=RT/0.11 x In(4.19 C) 0.90

Shell Je=442 %[04 % C/(1+04C)l 080 g.=633Cy" 0.99 g.=RT/0.10 x In(3.06 C)) 0.88

Coal Je=319%[02x C./(1+02C)] 070 g.=6.13Cy/" 0.96 g.=RT/0.09 xIn(2.28 C) 0.80
MC-RR  Wood Je=647 x [12x Co/(1+12C)] 098 g.=442C./>°C}** 098 g.=RT/0.12xIn(528C.) 0.90

Shell §e=582x[14%xC/(1+14C)] 098 g.=431C""3C/"® 098 g.=RT/0.11 x In(4.64 C.) 0.80

Coal Je=327x[12%xC./(1+12CJ] 098 g.=213C/"" 099 g.=RT/0.09 x In(2.92 C.) 0.90

According to Section 3.1, the treatment effect of wood
PAC was better than the other two PAC. Therefore,
wood PAC was selected as the efficient PAC for
removing MCs in this study. The adsorption rate
curve by wood PAC is represented in Fig. 2.

As seen from Fig. 2, wood PAC could effectively
adsorb both MC-LR and MC-RR. It was mainly
because of the low molecular mass of MCs, so that
MCs can effectively be adsorbed onto microporous
and mesoporous-activated carbon. In neutral condi-
tions, the charges of MC-RR and MC-LR were
between 0 and -1, respectively, and the activated car-
bon surface was with negative charge, so that the
rejection function between two kinds of microcystins
and PAC caused the difference in the adsorption
effect. Therefore, wood PAC showed more efficient
adsorption for MC-RR than for MC-LR.

The adsorption kinetics models of MC-LR and
MC-RR onto wood PAC are shown in Fig. 3. At the
beginning, the adsorption rate rose rapidly. After a
period of time, the MCs absorbed onto PAC gradually

1.0
p
0 1
%4 =— MC-RR
A e MC-LR
.
0.6 g
L]
L1
3‘ L I
S 0448 e
L] .
- - .
02 4 . ) -
-
0.0 T T T T T T T
0 200 400 600 800 1000 1200 1400
t/ (min)

Fig. 2. Adsorption rate of MC-LR and MC-RR onto wood
PAC.

reached the adsorption equilibrium, and the adsorp-
tion rate remained stable. The kinetic parameters are
summarized in Table 2. The correlation coefficient R
of pseudo-second-order kinetic model is greater than
0.98, suggesting better fitting adsorption kinetics. Fur-
thermore, the pseudo-second-order kinetic model com-
prehensively described the adsorption process of PAC
adsorption of MCs, including the external liquid film
diffusion, surface adsorption, and intra-particle
diffusion process.

3.3. Effect of temperature

The effects of different temperatures on the
adsorption of MC-LR and MC-RR onto wood PAC are
shown in Fig. 4. It can be seen from Fig. 4, the adsorp-
tion amounts of MCs at 15°C are more than that at 25
and 35°C. Hence, low temperature is more preferable
for adsorption. Gibbs equation and the van’'t Hoff
equation were adopted to evaluate the effects of tem-
perature on the equilibrium sorption (Egs. (5)-(7)).

AG = —RT In K 5)
AH — AG
AS = —T (6)
AH AS

where K is thermodynamic equilibrium constant; AG
is Gibbs free energy of adsorption (k] mol™"); AH is
the adsorption enthalpy (k] mol™"); AS is adsorption
entropy (J (K mol) ™).

The thermodynamic parameters for MCs adsorp-
tion at different temperature are summarized in
Table 3. Von Open B determined the scope of the
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Fig. 3. Adsorption kinetic models of MC-LR (left) and MC-RR (right) onto wood PAC.

Table 2
Fitting parameters of adsorption kinetic models
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Pseudo-first-order kinetics

Pseudo-second-order kinetics

Species ki (mg g™ ge (mg g™ ") R? k, (mg g™ ge (mg g ") R?
MCRR 0.32 0.47 0.95 0.34 0.45 0.98
MCLR 0.22 0.32 0.95 0.18 0.43 0.99
1.0
101 Microcystin-LR Micieysm- It o I5C
. 15T 0.8 —l .- 25T
l . 25T E «— 35T
. 35T o B
» -
i _'. %. - A
10‘5 -.:-l g . " a 0,4--'..-1
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Fig. 4. Effect of temperatures on the adsorption of MC-LR and MC-RR onto wood PAC.

various forces caused by the heat of adsorption [15],
and the specific data are shown in Table S2 in Sup-
porting Information. Based on Tables 3 and S2, it was
deduced that the adsorption process of MC-RR and
MC-LR were dominated by physical adsorption. And
the Gibbs free energy is negative, suggesting that the
adsorption process of MCs is a spontaneous process.
Greater value of Gibbs free energy showed stronger
adsorption capacity [16]. The adsorption enthalpy
changes were negative, indicating the adsorption pro-
cess is exothermic in nature. Hence, low temperature
would be favorable for MCs adsorption. This conclu-
sion was consistent with the experimental results.
Besides, the negative adsorption entropy value

confirmed the decreased randomness of MCs mole-
cules onto the carbon surface of PAC, attributing to
some structure changes in the adsorbate and adsor-
bent. Therefore, it was concluded that the MCs
adsorption capacities decreased as the temperature
increased.

3.4. Effect of initial pH

The effects of initial pH on the adsorption of MC-
LR and MC-RR onto wood PAC are shown in Fig. 5.
The results showed that the adsorption capacity of
wood PAC for MCs decreased with the increasing pH.
Chemical analysis of the surface properties of PAC
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Table 3
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Thermodynamic parameters for MCs adsorption at different temperature

T K) K AG (k] mol™1) AH (k] mol™) AS (J (KmoD)™)

MC-RR 288 629 —15.43 —15.80 -14

298 504 —15.42 —15.80 -14

308 410 —15.40 —15.80 -14

MC-LR 288 437 —14.56 —15.60 -3.6

298 351 —14.52 —15.60 —3.6

308 286 —14.49 —15.60 -3.6
played a dominant role, resulting in low PAC adsorp-
064 . tion capacity. At low pH values, MCs molecule was
i electrically neutral, and electrostatic repulsion disap-

0] R peared, which enhanced the adsorption of PAC.
N e For most of the activated carbon, the charge on the
- ey % surface is negative at high pH due to the increase of
K poal S, hydroxyl group and anion. Moreover, the MCs also
£ have a negative charge under basic conditions, which
& 0.2 4 . a results in repulsion between PAC and MCs. Thus,
high pH is not favorable for the activated carbon
0.1 - -#--MR-RR adsorption of MCs. Under acidic conditions, the weak
= MRLE acid functional groups in MCs will more conducive to
0.0 : . r r activated carbon adsorption [17]. Furthermore, at low
2 4 6 8 10 12

pH

Fig. 5. Effect of initial pH on the adsorption of MC-LR and
MC-RR onto wood PAC.

was conducted by using Zeta potential at different pH
values. The zeta potentials of wooden PAC are pre-
sented in Fig. S2 of Supporting Information. The Zeta
potential of wood PAC was negative and decreased
with increasing pH value in the range of 3-11. At high
pH values, the electrostatic repulsion between nega-
tively charged MCs molecules and activated carbon

Microcystin-LR = Control
1.0 4 e CU
; 4 NO,
s N, e
- -,
= A & co!’_
2 2o
£ o0s5{%k;
o "} “‘H
_e . — A
.
0.0 T v

0 200 400 600 800 1000 1200 1400 1600
t/ (min)

pH, the MCs molecules developed to huddle, and the
molecular size narrowed, which increases the adsorp-
tion surface area by activated carbon. At the same
time, activated carbon contained more acidic func-
tional groups under acidic conditions. The formation
of hydrogen bonds between MCs molecule and the
surface of activated carbon enhanced the adsorption
capacity of activated carbon [18].

3.5. Effect of anions

The effects of four ions CI°, NO;, S0%~, and CO%‘
on the adsorption of MCs by the PAC are shown in

Microcystin-RR = Control
1.0 4 = CL
L 4 NO,;
p s0.”
"o ) col
z [
E o5 {%n
Ed o
. A i
. :
0.0 T T T

0 200 400 600 800 1000 1200 1400 1600
t/ (min)

Fig. 6. Effect of anions on the adsorption of MC-LR and MC-RR onto wood PAC. Initial conditions: the concentrations of

Cl', NO;, SOf[, and CO%f were 10 mmol L%



S. Zhu et al. | Desalination and Water Treatment 57 (2016) 23666—23674

Fig. 6. It can be observed that the four ions hindered
the adsorption to some degree. When C1~, NO;, SO;,
and CO%~ were added, the removal efficiency of MC-
LR and MC-RR by wood PAC were reduced by 16, 18,
24, 16% and 14, 15, 19, 16%, respectively. It was clear
that NO; had the most important impact on activated
carbon adsorption. Similar results were found in other
study that nitrate ion had more negative effects on the
adsorption capacities of perfluorohexanoic acid than
sulfate and chloride ions when adsorption onto anion
exchange polymers, non-ion exchange polymers and
granular-activated carbon [19]. However, as the con-
centrations of these common anions in real water are
relatively low, the coexistence of the four anions may
have little effect on the removal of MCs by PAC.

4. Conclusion

(@) PAC has good efficiency for removal of MC-RR
and MC-LR. The Freundlich adsorption model
can better describe the adsorption behavior of
MCs onto PAC. Wood PAC exhibits better
adsorption capacity on MCs compared with
shell and coal PAC.

(b) The pseudo-second-order kinetic model can
better fit the adsorption process of MCs onto
wood PAC. And wood PAC showed more effi-
cient adsorption for MC-RR than for MC-LR.

(c) The adsorption of MCs onto wood PAC was
affected by temperature, pH, and anions. The
adsorption rates increased with the decreasing
temperature. And the adsorption capacity of
wood PAC for MCs decreased with the increas-
ing pH. Four kinds of anion hindered the
adsorption and reduced the removal rate by
14-24%.

Supplementary material

The supplementary material for this paper is avail-
able online at http://dx.doi.10.1080/19443994.2015.
1137492.
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