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Natural fibers from macadamia nut shell, dried coconut shell endocarp, unripe coconut mesocarp, sugarcane 
bagasse and pine wood residue were used to prepare activated carbon fibers (ACF) with potential application for 
removing microcystins. The ACF from pine wood and sugar cane bagasse were used to remove [D-Leucine1]
MCYST-LR from water. After 10 minutes of contact time, more than 98% of toxin was removed by the ACF. The 
microcystin adsorption monolayer, q

m
, in the ACF recovered 200 and 161 μg.mg–1, with the Langmuir adsorption 

constant, K
L
, of 2.33 and 1.23 L.mg–1. Adsorption of [D-Leucine1]MCYST-LR in continuous process was studied 

for a fixed-bed ACF prepared from coconut shell and sugar cane bagasse and for two commercial activated carbon 
samples from treatment water plants of two Brazilian hemodialysis centers. Saturation of the beds occurred after 
80 to 320 minutes, and the adsorption capacity for that toxin varied from 4.11 to 12.82 μg.mg–1.

Keywords: activated carbon fibers, cyanobacteria, microcystins, adsorption, hemodialysis

1. Introduction

Cyanobacteria are prokaryotic organisms found on aquatic envi-
ronments used as water supply as well as recreation throughout the 
World, including Brazil1-2. Cyanobacteria strains like Microcystis, 
Nodularia, Cylindrospermopsis, Anabaena and Aphanizomenon spp. 
are recognized by producing toxins such as microcystins (MCYSTs), 
nodularins, cylindrospermopsins, anatoxins and Paralytic Shellfish 
Poisons (PSP)3.

Conventional water treatment processes involving coagulation, 
filtration and sedimentation steps, have been shown to be partially 
efficient in removing cyanobacteria toxins from drinking water, but 
the use of powdered or granulated activated carbon (AC) in association 
with these processes has been shown to increase this efficiency4-7.

Despite being widely used as an adsorbent in water treatment 
and in other industrial applications, activated carbons are relatively 
expensive materials. According to the Secretary of Commerce of the 
Ministry of Industrial Development and Foreign Commerce, until 
2006 the Brazil came exporting annually an average of 1,908,507 t 
of activated carbon at an average cost of US$ FOB (free of transport 
costs) 69.63.t–1. However, Brazil also imports 2,377,198 t/year of these 
materials at a mean cost of US$ FOB 143.15.t–1, twice the exportation 
price8. In this context, the need to develop technology for the produc-
tion of high quality activated carbons, preferably from low cost raw 
materials, is apparent, in order to substitute these importations.

The purpose of the present work was to study the adsorption 
capacity of activated carbon fibers obtained from natural fibers of 
agricultural residues using batch and continue adsorption process for 
removal of a cyanobacteria hepatotoxin, [D-Leucine1]MCYST-LR, 
isolated and identified in two Brazilian regions: Patos Lagoon estuary, 
RS, Brazil and Jacarepaguá Lagoon estuary, RJ, Brazil9,10.

2. Experimental Procedures

2.1. Production of the activate carbon fibers

Lignocellulosic natural fibers from pine wood residues (PWR) 
(Pinus taeda), macadamia nutshell (MNS) (Macadamia integrifolia), 
dried coconut shell endocarp (CS) (Cocus nucifera), unripe coconut 
mesocarp (UCM) (Cocus nucifera) and sugar cane bagasse (SCB) 
(Saccharum sp.) were used to produce high quality activated carbon 
fibers (ACF). The starting materials were carbonized and activated 
in steam at temperatures near to 900 °C. Albuquerque Junior et al. 
(2005)11 published the details for the preparation of these materials, 
their carbonization and activation, and also characterized them in the 
liquid and gaseous phases. Three commercial activated carbons used 
on the water treatment were used as reference material, and they were 
gently donated from Brascarbo Ltda, Guarapuava-PR, Brazil (NORIT 
GAC 12 x 40), Hemodialysis center at the Clinical Hospital of the 
Federal University of Pernambuco, Recife, PE, Brazil (Carboleste, 
activated carbon F) and Hemodialysis center at the Clinical Hospital 
of the State University of Campinas, Campinas, São Paulo, Brazil 
(CALGON, activated carbon B).

2.2. Characterization of the ACF and commercial AC

Samples of ACF and commercial AC were degassed under 
vacuum at 150 °C until completely dry. A gas adsorption analyzer 
(Quantachrome Corp. model NOVA-1200) was used to measure the 
pore distribution, pore volume and Specific Surface Area (SSA). 
Nitrogen adsorption/desorption isotherm data at –196 °C were used 
to determine the SSA according to the method proposed by Brunauer, 
Emmet and Teller (BET)12. The micropore area (d

i
 ≤ 2.0 nm) was 
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obtained by applying the t-plot method. The total pore volume was 
determined by converting the volume adsorbed at the saturation point 
P/P

0
 ~ 0.99 into liquid volume, while the micropore (d

i
 ≤ 2.0 nm) and 

primary micropore (d
i
 ≤ 0.8 nm) volumes were calculated at the point 

of interception of the linear region of the t-plot after saturation of the 
micropores and primary micropores, respectively. The mesopore vol-
ume (2.0 nm ≤ d

i
 ≤ 50 nm) was calculated from the difference between 

the total pore volume and the micropore volume, and the secondary 
micropore volume (0.8 ≤ d

i
 ≤ 2.0 nm) from the difference between 

the micropore volume and the primary micropore volume12.
Fourier transform infrared spectroscopy (FTIR) is used to qualita-

tively identify the surface functional groups of ACF. The transmission 
spectra of the ACF samples were recorded using KBr pellets with 
0.5% carbon. The spectra were measured from 400 to 4000 nm and 
recorded on a BOMEM MB100 FTIR spectrometer (ABB, Zurich, 
Switzerland).

2.3. Extract of microcystins

To study the adsorption kinetics and equilibrium of [D-Leucine1]
MCYST-LR by the ACF, a crude extract of microcystins obtained 
from a toxic strain of Microcystis sp. was prepared. An inoculum of 
the cyanobacterial strain (NPLJ-4) isolated in Jacarepaguá Lagoon 
estuary was provided by the Cyanobacteria Eco-physiology and 
Toxicology Laboratory of the Carlos Chagas Filho Institute of Bio-
physics – Federal University of Rio de Janeiro (LECT-UFRJ) and 
it was grown in the Laboratory of Hydraulics and Sanitation of the 
School of Engineering, USP, São Carlos, Brazil, using the growth 
conditions described by Kuroda et al. (2005)13. When cell density 
attained the order of 107 cells.mL–1, the cultures were submitted to 
a freezing and thawing process three times to promote cell lysis and 
liberation of the intracellular microcystins into the medium. After 
the freezing/thawing process, the cell extract was centrifuged at 
10,000 RPM (rotation per minute) for 10 minutes. The supernatant 
was filtered through a 0.2 μm mesh membrane in polyvinylidene 
fluoride (PVDF) (millex, Millipore, USA) to separate the particulate 
material. After homogenizing the extracts, they were divided into 1 L 
(E1) aliquots and stored at –20 °C14.

The adsorbate solution, a MCYST extract with a concentration 
close to 11.0 mg.L–1 (E2), was prepared by concentrating the extract 
(E1) in a vacuum rotary evaporator at 45 °C. The residue was re-
suspended in phosphate buffer (pH 7.0) prepared with chlorine-free 
drinking water and passed through a 0.2 μm membrane and then used 
in the adsorption kinetics and equilibrium experiments.

2.4. Adsorption kinetics of [D-Leucine1] MCYST-LR

In order to quantify the kinetics evolution and equilibrium time 
of the adsorption of [D-Leucine1]MCYST-LR by the ACF from 
pine wood, sugarcane bagasse and dried coconut shell endocarp, the 
method using finite bath immersion was employed15. Thus in each 
experiment, 2 to 5 mg (±0.1 mg) of the ACF from pine wood, sugar-
cane bagasse, dried coconut shell endocarp and the two commercial 
AC (AC B and F) from hemodialysis centers were weighed and made 
up to solutions with final concentrations of 200 to 1000 mg.L–1 (ACF 
mass per volume of extract). The extract of Microcystins (10 mL), 
with initial [D-Leucine1]MCYST-LR concentrations between 6.3 and 
11.0 mg.L–1 depending on the ACF or commercial AC studied, were 
added to the flasks. The flasks were then sealed and shaken in an 
orbital shaker at 25 (±1 °C) and a speed of 260 RPM (rotation per 
minute). Aliquots were removed from these flasks after 5 seconds 
and up to 60 minutes for the above cited study. The samples were 
passed through a PVDF 0.45 μm filter adapted on a syringe (millex, 
Millipore, USA) to remove particulate material and the residual con-
centration of the toxin in the solution at each time period determined 

by HPLC using the UV detector at 238 nm14. The trials were carried 
out in triplicate and the amount of adsorbed toxin onto the surface 
of the carbons (q) calculated from Equation 1.

0C -C
q

m
V

 = ×    (1)

where q is the mass of adsorbed toxin (μg) per mass of ACF or com-
mercial AC (mg), C

0
 and C are the initial and equilibrium concentra-

tions of the toxin in the liquid phase, V is the volume of the solution 
and m the mass of adsorbent (mg).

Three kinetic models, i.e. the Lagergren-first-order (Equation 2), 
pseudo-second-order (Equation 3) and Elovich (Equation 4), were 
considered to interpret the time dependent experimental data16-18.
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To simplify the Elovich equation, Chien and Clayton19 assumed 
αβt » 1 and by applying the boundary conditions q

t
 = 0 at t = 0 and 

q
t 
= q

t
 at t = t, Equation (4) becomes:

1 1
ln( ) ln

dqt t
dt

= αβ +
β β

 (5)

where q
1
 and q

t
 are the amounts of [D-Leu1]MCYST-LR adsorbed 

on the adsorbents at equilibrium and at various times t (μg.g–1), k
1
 is 

the rate constant of the Lagergren-first-order model for the adsorp-
tion process (per minute); q

2
 is the maximum adsorption capacity 

(μg.g–1) and k
2
 is the rate constant for the pseudo-second-order model 

 (mg.μg–1/min); α is the initial adsorption rate (μg.g–1/min) and β is 
the desorption constant (mg.μg−1) for Elovich model.

2.5 Adsorption equilibrium of [D-Leucine1] MCYST-LR

As from the kinetics evolution and equilibrium time study for 
the ACF from pine wood and sugarcane bagasse, which were more 
mesoporous than the ACF from dried coconut shell endocarp, and two 
commercial AC, it was possible to estimate the adsorption capacity 
of these adsorbents for the [D-Leucine1]MCYST-LR. Thus the ad-
sorption equilibrium experiments were carried out in 15.0 mL screw 
top amber flasks, adding a 10 mL volume of the extract (E2) with an 
initial toxin concentration of 6.5 or 10 mg.L–1 for the pine wood and 
bagasse ACF, respectively. The ACF concentrations varied from 0.5 to 
700 mg.L–1 and the dilutions were prepared from a suspension with an 
initial concentration of 1 g.L–1. The ACF/toxin system was shaken at 
260 RPM at 25±1 °C for the time required to reach equilibrium, when 
a aliquot of each sample was removed, passed through a 0.45 μm filter 
(millex, Millipore, EUA) and reserved for the HPLC determination 
of the residual toxin concentration at equilibrium. The experiments 
were carried out in triplicate and the experimental data fitted to the 
Freundlich’s and Langmuir’s models12. These models are usually the 
most used and can be expressed as shown in Equation 6 and 7.

m L

eL

q k
q

1 k C
=

+  (6)

1

n
F eQ k C=  (7)
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where q and Q are adsorbed quantity, k
L
 and k

F
 are constants obtained 

from by Langmuir and Freundlich model’s, q
m
 is adsorbed quantity 

on mono layer, C
e
 is concentration at equilibrium and n is the affin-

ity constant.

2.6. Dynamic adsorption of [D-Leucine1] MCYST-LR on 
ACF fixed-bed

To evaluate the dynamic adsorption of [D-Leucine1]MCYST-
LR on the ACF fixed-bed, an acrylic custom-made column (25.0 x 
2.5 cm I.D.) was used, where the bed height was fitted with an ad-
justable piston. A perforated distributor was put at the bottom of the 
column. It was made of stainless steel with five orifices 1.0 mm in 
diameter giving a 0.8% open area ratio. A 60 μm mesh was used both 
below the perforated plate distributor and on the inner piston surface 
in order to avoid loss of adsorbent by backflow or by elutriation, 
respectively. A ruler was put on the column wall in order to help the 
bed height record. Figure 1 illustrates a diagram of the column used 
in this work. The column was coupled to a system, which consisted 
basically of a mixer and a controller as well as a peristaltic pump 
(P-50) that allows obtaining flow rates from 0.1 to 50.0 mL/min.

Adsorption capacity of the ACF fixed-bed was evaluated by break-
through curves, constructed as C/C

0
 vs. time, and the ACF used in this 

study were those obtained from sugarcane bagasse and dried coconut 
shell endocarp, besides two commercial AC used in water treatment 
plant on Brazilian hemodialysis centers (AC B and AC F).

Table 1 shows experimental conditions of the [D-Leucine1]
MCYST-LR dynamic adsorption on ACF fixed-bed, where C

0
 is feed 

concentration of microcystin (μg.L–1) in the column, h
B
 is bed height 

and m
z
 is ACF mass of the bed (g). The microcystin concentration 

in the exit of the column was monitored up to the exhaustion using 
HPLC-UV at 238 nm14.

According to Barros et al. (2001)21 the time equivalent to usable 
capacity of the bed (t

u
) and the time equivalent to total stoichiometric 

capacity of the packed bed (t
t
) if the entire bed attains to equilib-

rium are provided by a mass balance in the column (and are easily 
determined by:

0 0
1

Bt

u
C

t dt
C

 
= −∫   

 and 
0 0

1
t

t
C

t dt
C

∞  
= −∫   

  (8)

where t
b
 is the break-point time. 

According to Geankoplis (1993)22, t
b
 is defined as the time when 

the effluent concentration (C) reaches 5% of the influent concentration 
(C

o
) and the ratio t

u
/t

t
 is the fraction of the total bed capacity or length 

utilized to the breakpoint. Hence, the length of unused bed is:

1 u
UNB t

t

t
H H

t

 
= −    (9)

where Ht is the total bed length.
Thus, the useful capacity of the ACF fixed-bed (Q

u
) was obtained 

from mass balance on the column, using the breakthrough curves up 
to the time on which C/C

0
 = 0.05, and this represents the adsorbed 

quantity up to the breakthrough point, it is proportional to the area 
below of the curve up to the this point. The fixed-bed exhaustion ca-
pacity (Q

t
) was also obtained from the breakthrough curves up to the 

exhaustion point, C/C
0
 = 1, calculated from total area above the curve, 

proportional to total quantity of solute adsorbed per adsorbent mass 
unit. Thus, using the Equation 10 and 11, Q

u
 e Q

t
 are calculated.

5%
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3. Results and Discussions

3.1. Production and characterization of the ACF

3.1.1. Surface area and porosity

The process of single-stage steam activation and pyrolysis for the 
production of ACF was effective for obtaining adsorbents with SSA 
upper to the 1,000 m2.g–1. We have shown from porosity results on 
Table 2 that the structure of the starting material was one of the main 
factors that determined the nature of the ACF produced. The results 
indicated that the structures of ACF from MNS, CS and UCM are well 
suited to the production of microporous ACF, with a micropore area 
between 1,014.2 and 1,245.8 m2.g–1 and a micropore volume between 

Table 1. Experimental conditions for adsorption dynamic of [D-Leucine1]
MCYST-LR on fixed-bed ACF.

Ref. C
0
 (mg.L–1) Flow rate 

(mL/min)
h

B
 (cm) m

z
 (g)

AC B* 12.8 11.1 2.4 8.3

AC F* 12.5 8.5 2.3 8.1

CS ACF 13.4 10.5 2.4 9.2

SCB ACF 19.1 12.2 2.3 7.0
*Commercial activated carbons sampled from hemodialysis centers at the 
Clinical Hospital of the State University of Campinas and Federal University 
of Pernambuco.

(e)

(d)

(f)

(c)

(b)

(a)

Figure 1. Drawing of the column used in this work: a) rubber gasket, b) 
distributor (perforated plate), c) screen (60 μm), d) screw, e) ruler,  and 
f) piston20.
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0.34 and 0.55 cm3.g–1, while the structures of SCB and PWR are well 
suited to the production of mesoporous ACF with a mesopore area 
between 77.3 and 342.5 m2.g–1 and a mesopore volume between of 
0.39 and 1.06 cm3.g–1 .

Commercial activated carbons were sampled to compare their po-
rous characteristics with those ACF obtained in this work. Thus, these 
AC named B and F from water treatment plant at Clinical Hospital 
of the State University of Campinas and Federal University of Per-
nambuco, presented SSA of 871.2 and 789.5 m2.g–1, (Table 2). From 
these results we could choose both commercial AC, however SSA 
is a poor indicator of the adsorption capacity on activated carbons23. 
Therefore, we can not evaluate the quality of the sampled activated 
carbons only from SSA data; we may consider others parameters to 
choose an AC for one specific process such as water treatment.

Therefore, in addition to ASS, the volumetric fractions of mes-
opores and secondary micropores should also be considered to choose 
an AC for using on water treatment, because these pore regions are 
important on adsorption of organic micro pollutants such as micro-
cystins by activated carbons24,25.

According to Donati et al. (1994)24, there is no correlation be-
tween adsorption capacity of activated carbon to microcystins and 
SSA, micropores volume and iodine number on activated carbon. 
However, mesopores on the carbons can improve microcystin ad-
sorption. Pendleton et al. (2001)25 also showed that in additional to 
the importance of mesopore volume, the adsorption capacity of the 
evaluated commercial activated carbons for removing microcystin was 
also influenced by the volumetric portion of secondary micropores. 
The volumetric portion of secondary micropores and mesopores of 
these carbons exceeded 37 and 28%, respectively, and it facilitated 
adsorption of microcystin on 200.0 μg.mg–1.

The commercial activated carbons from water treatment plant 
at hemodialysis centers presented volumetric portion of secondary 
micropores and mesopores of 0.30 to 0.32 cm3.g–1 and of 0.03 to 
0.04 cm3.g–1, respectively. The results indicated the low quality of 
these adsorbents compared to those obtained from ACF.

According to Donati et al. (1994) and Pendleton et al. (2001)24,25, 
the removal of microcystin by activated carbons is favored by certain 
physical properties of these materials such as the volume of second-
ary micropores and mesopores. The activated carbons obtained 
from dried coconut shell endocarp and from wood, studied by these 
authors, showed volume of secondary micropores in the range of 
0.10-0.13 and 0.29-0.33 cm3.g–1, and volume of mesopores in the 
range of 0.05-0.07 and 0.26-0.40 cm3.g–1, respectively.

Taking these results as reference, it can be seen that the pine 
wood ACF obtained for our study presented a volume of secondary 
micropores of 0.35 cm3.g–1 and a volume of mesopores of 1.06 cm3.g–1, 
which represent an improvement in the group of available pores for the 
adsorption of complex molecules like microcystins of about 93.15%. 
As for the ACF from dried coconut shell endocarp, this presented a 
volume of secondary micropores of 0.28 cm3.g–1 and a volume of 
mesopores of 0.21 cm3.g–1, representing an increase of 172.22% in the 
amount of available pores for the adsorption of those molecules. Thus, 
such as observed from Donati et al. (1994)24, our results also showed 
the dependence of the ACF porosity and the starting material.

3.1.2. Surface functional groups by  
Fourier transform infrared spectroscopy (FTIR)

The adsorption capacity of ACF is determined by their pore 
structures, but is also strongly affected by the presence of surface 
functional groups. The most common oxygenated groups on the ACF 
surface are carboxylic acids, carbonyls, quinones, phenolic hydroxyls, 
anhydrides, ethers, lactones and lactols26. Fourier transform infrared 
(FTIR) spectroscopy is a very useful tool for functional cluster analy-
sis of the surface of carbon materials. FTIR was used in this work for 
characterization of the surface oxygen groups of ACF.

The FTIR spectra of the ACF were registered in wavelengths 
between 400 and 4000 cm–1. The experimental data were presented 
as a transmittance versus wavelength plot (cm–1) and for spectrogram 
interpretation (Figure 2).

Therefore, the ACF from different raw materials obtained in 
this work had acid groups on their surfaces and were postulated to 
be carboxylic acids, lactones, carboxylic anhydrides, quinones and 
phenols. These groups can become ionized in water solution produc-
ing H+ ions, and as a result, the pore surface of the ACF acquires 
negative charges.

3.2. Adsorption kinetics and equilibrium of  
[D-Leucine1] MCYST-LR

3.2.1. Adsorption kinetics

In order to determine the equilibrium time for adsorption of 
[D-Leucine1]MCYST-LR onto the ACF obtained from pine wood, 
sugarcane bagasse and dried coconut shell endocarp, a microcystin 
extract containing four microcystin variants was used, in which 
about 90% of the mass was composed of the variant [D-Leucine1]
MCYST-LR14. The use of an extract containing four variants of the 
toxin prepared in potable water, allowed for simulation of the condi-
tions found in natural waters, where there are competitions between 
the microcystins and other substances for the active sites of the ACF 
and commercial AC used.

The initial concentration of microcystin on the extract was much 
higher than that normally found in natural waters, which is about 
50 μg.L–1[24]. However, high MCYST concentrations dissolved in 
water have been found in natural cyanobacteria bloom: Wisconsin 
(USA) (200 μg.L–1) and Australia (1,800 μg.L–1)27,28. Sivonen and 
Jones (1999)29 reported even higher concentrations of 25,000 μg 
MCYST/L in water from a natural bloom in Germany in 1997. These 
very high concentrations of MCYSTs also justified the use of micro-
cystin levels between 6.0 and 11.0 mg.L–1 in the adsorption kinetics 
and equilibrium experiments in the present study. Furthermore, 
working with higher concentrations allowed their measurements in 
the liquid phase equilibrium above the detection limit of the HPLC 
system, which, in the present case, was 50 μg.L–1, avoiding sample 
concentration steps using C18 cartridges. 

Table 2. Textural properties of the commercial activated carbons and activated 
carbon fibers.

References Pore volume (cm3.g–1)

SSA 
(m2.g–1)

V
p

V
mes

V
micr.2º

V
micr.1º

MNS based ACF 1,079.5 0.58 0.20 0.30 0.07

CS based ACF 1,090.0 0.57 0.21 0.27 0.08

SCB based ACF 1,174.3 0.76 0.39 0.23 0.10

UCM based ACF 1,269.6 0.67 0.12 0.50 0.05

PWR based ACF 1,550.1 1.40 1.06 0.35 0.00

Commercial AC B 871.2 0.47 0.03 0.32 0.12

Commercial AC F 789.5 0.48 0.04 0.30 0.14

NORIT GAC 956.0 0.58 0.17 0.41 0.00
SSA = Specific Surface Area (m2.g–1); V

p
 = Total volume of Pore (cm3.g–1), 

V
mes.

 = Volume of mesopore (cm3.g–1), V
micr.2º

 = Volume of secondary micro-
pore (cm3.g–1) and V

micr.1º
 = volume of primary micropore (cm3.g–1).
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Since there are few MCYST reference standards commercially 
available (MCYST -LR, -YR, -RR, -LA, -LW and -LF), theoretically 
only MCYST-LR could be quantified in the present study. Accord-
ing to Robillot et al. (2000)30, the π−bonds conjugated in the ADDA 
fragment, common to all MCYSTs, are responsible for their UV 
absorption characteristics (Figure 3).

Thus, assuming that the coefficient of absorbance in the UV at 
238 nm is identical for all the MCYSTs, but MCYSTs containing 
Tryptophane and Tyrosine, which could present absorbance peaks at 
223 and 232 nm, respectively, the [D-Leucine1]MCYST-LR can be 
quantified using the MCYST-LR standard reference. It is important 
to explain that such a technique is only valid for the quantification of 
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Figure 2. FTIR spectra of the a) ACF from UCM, b) CS, c) NORIT GAC, d) MNS, e) PWR and f) SCB. 
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MCYST that are analogues, and it cannot be used to identify these 
toxins, which require the use of mass spectrometry.

The evolution of the adsorption kinetics of [D-Leucine1]
MCYST-LR onto the surface of the PWR ACF, SCB ACF and CS 
ACF showed a rapid adsorption kinetics for all the adsorbents so the 
equilibrium is established (Figure 4a).

The adsorption rate then gradually declined with time until ad-
sorption equilibrium time was established at approximately 15, 15 and 
40 minutes for the PWR ACF, SCB ACF and CS ACF, respectively 
with removal efficiencies of the toxin in these intervals of 62.31% 
(CS ACF), 98.73% (SCB ACF) and 99.27% (PWR ACF). 

For the commercial activated carbons from hemodialysis centers 
the equilibrium time was attained in 60 minutes for the B and F AC 
(Figure 4b). The removal efficiencies of the toxin for these carbons 
in equilibrium were 3.7% (B AC) and 4.3% (F AC). The low removal 
efficiencies for these last carbons are explained from their low volume 
of mesopore, about 0.04 cm3.g–1, when compared to those found on 
the ACF (Table 2).

In recent publications, two papers reported on studies about the 
adsorption kinetics of MCYST-LR onto activated carbon materials. 
Pyu and Moon (2005), using activated carbon synthetic fibers to remove 
MCYST-LR, obtained up to 97% removal of the toxin from a solution 
with an initial concentration of 1,000 μg.L–1 of the toxin, after 5 minutes 
of contact time with 31 g.L–1 of the fibers24. The authors observed an 
adsorption of 0.0321 μg.mg–1 of the toxin by the best fiber in this time. 
Yan et al. (2006)32 showed that a solution with a C

0
 = 9,600 μg.L–1 of the 

same toxin, when treated with nano tubes of activated carbon (1 g.L–1) 
with a diameter between 2 and 10 nm, decreased the concentration 
to 3,700 μg.L–1 after 24 hours of contact time, giving an adsorption 
between 4.5 and 5.9 μg.mg–1, with removal of MCYST-LR of up to 
61.46%25.

All these results which have been described on literature about 
removal efficiency of microcystins from water using commercial 
activated carbons provide results of low or near the expected efficien-

cies from those obtained for sugarcane bagasse, dried coconut shell 
endocarp and pine wood ACF produced for this work.

3.2.1.1. Parameters of the kinetic models

The straight-line plots of ln(q
1
−q

t
) versus t for the Lagergren-first-

order model, t/qt against t for the pseudo-second-order model and the 
plots of qt versus ln(t) for the Elovich model for the adsorption of [D-
Leu1]MCYST-LR onto ACF and commercial activated carbons have 
been drawn to obtain the rate parameters (graphics not shown). 

It can be easily seen from Table 3, the correlation coefficients (r
1
2), 

for the Lagergren-first-order and the Elovich kinetic models are lower 
than that of the pseudo-second-order kinetic model. This is probable 
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Figure 3. Structure of the [D-Leucine1]MCYST-LR.
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Table 3. Parameters of the kinetic models of Lagergren-first-order, Pseudo-second-order and Elovich.

Moldels Kinetic  
parameters

CS  
ACF

SCB  
ACF

PWR  
ACF

Commercial 
AC B

Commercial 
AC F

Lagergren-first-order k
1
 (per minute) 0.088 0.167 0.425 0.131 0.086

q
1
(μg.mg–1) 31.66 31.66 55.21 1.72 2.2

r
1
2 0.86 0.90 0.76 0.89 0.84

Pseudo-second-order k
2
 (mg.μg–1/min) 0.013 0.120 0.162 0.809 0.602

q
2
(μg.mg–1) 33.33 32.26 55.55 1.74 2.29

r
2
2 0.99 0.99 1.00 0.99 0.99

Elovich α (μg.mg–1/min) 63.41 3.7 x 103 6.5 x 104 43.7 3.16 x 102

β (mg.μg–1) 0.201 0.318 0.219 5.291 4.901
r

E
2 0.95 0.62 0.64 0.95 0.95

Figure 4. a) Adsorption kinetics of [D-Leucine1]MCYST-LR from PWR 
ACF , CS ACF ○, SCB ACF ∆, and b) AC F □ (water treatment plant from 
hemodialysis center of the Clinical Hospital at Federal University of Pernam-
buco, Brazil), ■ AC B (water treatment plant from hemodialysis center of the 
Clinical Hospital at State University of Campinas, Brazil). 
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that the adsorption system is not followed by the Lagergren-first-order 
or Elovich kinetic models, it is fitted the pseudo-second-order kinetic 
model. The calculated q

2
 values agree with experimental q

t
 values, and 

also, the correlation coefficients for the pseudo-second-order kinetic 
plots were very high than the r

2
2 values of the other kinetic models.

3.2.2. Adsorption equilibrium experiments

The adsorption equilibrium isotherms (Figure 5) obtained for the 
adsorption of [D-Leucine1]MCYST-LR onto the surface of the ACF 
from pine wood and sugarcane bagasse showed a variation in their 
adsorption capacities, dependent on the physical characteristics of 
the adsorbents such as volume of mesopore.

With respect to the adsorption equilibrium of MCYSTs on acti-
vated carbons, has been observed Donati et al. (1994) and Pendleton 
et al. (2001)24,25 observed that the adsorption capacity of the acti-
vated carbons for MCYSTs depended on the volumes of secondary 
micropores and mesopores. In the present study, the same tendency 
described by these authors was observed for the adsorption behavior 
for PWR ACF and SCB ACF, the greater the volumes of secondary 
micropores and mesopores of the ACF, the greater their capacity to 
adsorb MCYST. Adding up the volumes of secondary micropores and 
mesopores, total volumes of 1.40 and 0.74 cm3.g–1 were obtained for 
the PWR ACF and SCB ACF, respectively, explaining why the former 
showed a greater adsorption affinity for the toxin than the latter.

One cannot ignore the effect of the interactions of functional 
groups on the surface of these adsorbents on adsorption of micro-
cystins. In the pH range around that used in the present experiments 
(≈6-8.5), it was to be expected that in solution the [D-Leucine1]
MCYST-LR would present the following charge difference “–1” 
(- - & +), resulting from dissociation of the carboxyl groups (COO–) 
of the D-glutamate and D-Erythro-β-Methylaspartic acid, and the 
positive charge being due to protonization of the basic amino acid 
NH+ group of the Arginine. These differences could result in differ-
ent adsorption characteristics. An earlier investigation using Fourier 
transformed infrared (FTIR) spectroscopy showed that the surface of 
the ACF presented functional groups of an acid nature (section 3.1.2). 
In the same pH range mentioned above, the surface groups of the 
ACF also dissociated, resulting in an affinity for the positive groups 
of the microcystin. Such a prerogative leads to the idea that adsorp-
tion of the toxin onto the surface of the carbons also could be via 
electrostatic interactions.

Donati et al. (1994)24 evaluated wood activated carbons for the 
adsorption of MCYST-LR (one of the microcystin variants) in pure 
water and in river water. Their experimental data were fitted to the 
Langmuir’s model, whose maximum adsorption capacities for these 
wood carbons were 220 μg.mg–1 (pure water) and 280 μg.mg–1 (river 
water). The mesopore volumes of the two carbons were 0.27 and 
0.40 cm3.g–1, respectively. In this study, for the first time the pore 
range of the activated carbons was associated with the adsorption 
effectiveness of the activated carbons in the removal of MCYST-
LR. Pendleton et al. (2001)25 arrived at the same conclusion with 
respect to the microporosity of the activated carbons when evaluat-
ing the removal of MCYST-LR by such carbons from wood and 
dried coconut endocarp. Their results showed that those carbons 
with a proportionally greater mesopore volume provided greater 
removal of the toxin from water. In addition, these authors reported 
on a small range of pores existing on the surface of the activated 
carbons that contributed to the adsorption of the toxin from the 
water together with the mesopores, and called these pores second-
ary micropores.

In the studies developed by Pendleton et al. (2001)25 the 
chemically activated wood carbons presented adsorption onto the 
monolayer of between 172 and 204 μg.mg–1. The authors varied the 
initial MCYST-LR concentration between 0.07 and 3.03 mg.L–1 in 
these experiments using PAC from wood, and the activated carbon 
concentration was approximately 8 mg.L–1 in all the experiments. 
The authors did not carry out a kinetic study to determine the 
equilibrium time, but simply left the flasks containing the MCYST-
LR and carbon for a period of 72 hours, and then determined the 
equilibrium toxin concentration and the adsorption capacities of the 
carbons in this time.

In our experiments was used microcystin extract with four variants 
of this toxin, which shown [D-Leucina1]MCYST-LR in the propor-
tion of 90% (m.m–1), differently of the last authors cited which used 
a solution prepared from MCYST-LR standard reference.

Some years earlier, Mohamed et al. (1998)33, also evaluated 
powdered and granulated active carbons from wood as potential 
adsorbents to remove MCYSTs from water. After fitting to the Fre-
undlich’s model, their experimental data showed a relative adsorption 
capacity (k

F
) between 0.50 and 6.31 L.mg–1 (powdered AC, MCYST-

RR, -YR and -WR) and between 0.015 and 1.259 L.mg–1 (granulated 
AC, MCYST- LR and -Lharg). The mass of carbon used by these 
authors varied between 100 mg and 500 mg per liter of solution, 
which contained an initial toxin concentration of 2 mg.L–1, and the 
contact time was 7 days.

When the experimental data for the adsorption of [D-Leucine1]
MCYST-LR by the activated carbon fibers from sugar cane bagasse 
and pine wood were fitted to the Langmuir and Freundlich’s models, 
was possible to calculate the parameters of the two models (Table 4). 
The good affinity of these ACF for the toxin became apparent, when 
compared to the results obtained by Mohamed et al. (1998)33, who 
used an extract containing up to 3 variants of microcystin.
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Figure 5. Adsorption equilibrium of [D-Leucine1]MCST-LR onto the surface  
pine wood ACF and ∆ sugarcane bagasse ACF.

Table 4. Parameters of the Langmuir’s and Freundlich’s adsorption models.

Models Parameters PWR ACF SCB ACF

Langmuir R
L

2 0.98 0.97

k
L
 (L.mg–1) 2.23 1.33

q
m
 (μg.mg–1) 200.0 161.3

R
F

2 0.92 0.90

Freundlich K
F
 (L.mg–1) 1.73 1.55

1/n / n 2.07/0.48 1.79/0.5
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3.3. Experiments on ACF fixed-bed

Because are used on water treatment at hemodialysis centers, 
activated carbons B and F were tested on adsorption continuous 
process of the [D-Leucine1]MCYST-LR together ACF from dried 
coconut shell endocarp and sugarcane bagasse. Adsorption capacities 
of the fixed-bed were studied from breakthrough curves, which are 
showed on the Figure 6.

Initially, the adsorbent layer situated in the lower part of fixed-bed 
adsorbed rapidly the microcystin, reducing effectively the concentra-
tion this toxin in the exit of the column. In this situation, the column 
top stayed practically solute free. After some time, the lower layer 
began to saturate of solute and adsorption occurred in an adsorption 
zone (Zad) relatively closed and the microcystin concentration in 
the exit of the column rapidly changed. Thus, the adsorption zone 

moving up such as a wave, under a rate ordinarily much slower than 
the straight velocity of the fluid trough fixed-bed. When the Zad 
reached the top of the column, and the solute concentration rising 
sensitively, the system was told starting breakthrough (C/C

0
 = 0.05). 

So the [D-Leucine1]MCYST-LR concentration in the exit of the col-
umn started rising rapidly when the Zad pass through column base 
to top up to observe that microcystin concentration in the exit of the 
column is equal to microcystin concentration in the feed column, 
e.g., C/C

0
 = 1.

From data obtained of the breakthrough curves was possible to 
calculate operation useful (t

5%
) and exhaustion (t

t
) time of the fixed-

bed for microcystin removing, furthermore useful (Q
u
) and exhaustion 

(Q
t
) capacities of each fixed-bed also were calculated (Table 5).
From results of the Table 5, generated from breakthrough curves, 

it is possible to observe a difference on useful and total adsorption 
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Figure 6. Breakthrough curves: a) SCB ACF (○), b) B AC (□), c) F AC (■), and d) CS ACF (∆).

Table 5. Parameters dynamic adsorption of the [D-Leucine1]MCYST-LR on fixed-bed.

Ref. Parameters of dynamic adsorption on fixed-bed
t
5%

 (minutes) t
t
 (minutes) Q

u
 (μg.mg–1) Q

t
 (μg.mg–1) H

UNB

SCB ACF 9 165 1.88 12.82 1.89
CS ACF 7.5 80 0.92 4.11 1.86
B AC 7 320 0.78 10.12 2.15
F AC 24 282 2.00 8.02 1.77
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capacity from each fixed-bed, which is explained by porosity of the 
ACF and commercial AC. The SCB ACF had higher mesopore and 
secondary micropore volume when compared to others carbons, then 
the fixed-bed this ACF shown rapidly adsorption of toxin, at 165 min-
utes of process, was observed an total capacity on 12.82  μg.mg–1, in 
contrast to commercial AC from hemodialysis centers (B and F) which 
had lower mesopore and secondary micropore presented exhaustion 
capacity of 10.12 at 7 and 24 minutes.

The mass transfer parameter estimated from data of the break-
through curves (H

UNB
) is also showed in Table 5. Small values this 

parameter mean that the breakthrough curve is close to an ideal step 
with negligible mass-transfer resistance. As breakpoint was reached 
in the first minutes of the runs, adsorption zone estimated is close to 
the bed height, what do not guarantee a good development of mass 
transfer zone through the beds.

4. Conclusions

The structures of ACF from MNS, CS and UCM are well suited to 
produce microporous ACF, with a micropore area between 1014.2 and 
1245.8 m2.g–1 and a micropore volume between 0.34 and 0.55 cm3.g–1, 
while the structures of SCB and PWR are well suited to the production of 
mesoporous ACF with a mesopore area between 77.3 and 342.5 m2.g–1 
and a mesopore volume between of 0.39 and 1.06 cm3.g–1.

The adsorption of [D-Leucine1]MCYST-LR molecule onto 
ACF and commercial AC follows the pseudo-second-order kinetic 
model. The experimental data have also been applied to predict the 
rate constants of adsorption and the adsorption capacities. Thus, in 
these studies the ACF from sugarcane bagasse and pine wood showed 
monolayer adsorption of 161.3 and 200.0 μg.mg–1, respectively. When 
compared with other results available in the literature, these results 
gave an idea of the profile of the carbon or ACF that should be used 
in water treatment plants to remove contaminants like MCYSTs, 
requiring a volume of secondary micropore above of 0.35 cm3.g–1 
and volume of mesopore greater than 0.40 cm3.g–1.

Commercial activated carbons used on water treatment plant at 
hemodialysis centers were sampled and their textural properties and 
removal efficiency of [D-Leucine1]MCYST-LR were studied. These AC 
presented SSA of 789.56 and 871.2 m2.g–1, volume of mesopore between 
0.03 and 0.04 cm3.g–1 below from specified by literature (0.40 cm3.g–1). 
From theses results, both carbons may to be used with caution.

The low efficiency for removing microcystins from commercial 
AC used on water treatment plants of Brazilian hemodialysis cent-
ers is linked mainly to the volume of mesopore of those adsorbents, 
which were closer to 0.04 cm3.g–1.

Studies about dynamic adsorption of [D-Leucine1]MCYST-LR 
on fixed-bed commercial AC showed adsorption capacity between 
3.67 and 5.31 μg.mg–1, while the fixed-bed CS and SCB ACF 
presented maximum adsorption of microcystin between 4.11 and 
12.82 μg.mg–1, respectively. It was observed breakpoint on first 
minutes of run, what do not guaranteed a good development of mass 
transfer zone on the beds.
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Nomenclature

ACF – Activated Carbon Fiber
PWR – Pine Wood Residues
MNS – Macadamia Nut Shell
CS – Dried Coconut Shell Endocarp
UCM – Unripe Coconut Mesocarp
SCB – Sugar Cane Bagasse
AC – Activated carbon
GAC – Granulated Activated Carbon
NORIT GAC – Commercial Activated Carbon used like refer-

ence sample.
H

UNB
 – Height of unused bed


