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a b s t r a c t

Cyanotoxins have caused worldwide concerns for their eclectic occurrence and toxic effects, which
led to an intensive search of cost-effective techniques for their removal from contaminated waters.
A range of biomaterials was tested for their efficacy to adsorb a potent cyanotoxin, microcystin-
LR (MCLR). Among these sorbents, peat showed the maximum efficacy to sequester MCLR. The BET
vailable online 21 August 2010

eywords:
eat
icrocystin-LR

iosorption
H effect

(Brunauer–Emmett–Teller) surface area of peat was found to be 12.134 m2/g. The pH of the reaction
media played a significant role in removal of MCLR; maximum adsorption occurred at pH 3. Kinetic stud-
ies showed that the adsorption of MCLR onto peat was a rapid process. The adsorption capacity (Qmax)
from the Langmuir model was found to be 255.7 �g/g at pH 3. Among various desorption media studied,
strong alkali (2N NaOH) showed highest desorption (94%).

© 2010 Elsevier B.V. All rights reserved.

esorption

. Introduction

Microcystins (MCs) are a family of cyanobacterial toxins pro-
uced by at least six genera of cyanobacteria including Microcystis,
scillatoria, Nostoc and Anabaena, which are monocyclic hep-

apeptides composed of seven amino acids including an unusual
mino acid (2S, 3S, 8S, 9S)-3-amino-9-methoxy-2,6,8-trimethyl-
0-phenyldeca-4,6-dienoic acid (Adda) that is essential for the
xpression of their biological activity [1,2]. MCs are produced intra-
ellularly, and their occurrence in natural water bodies has been
eported worldwide [3–5]. These toxins get released into water
odies due to both natural toxin release caused by natural bio-

ogical process of cell lysis and by artificial induction through cell
estruction in treatment processes [6]. MCs are known for their
apid activity and acute lethal toxicity [7], and damage liver and
nduce tumour promoting activity through the inhibition of protein
hosphatases [8]. Multiple human deaths in Brazil after haemodial-
sis using water containing microcystins were reported in Ref. [9].
mong 60 molecular variants of MCs isolated till date, MCLR, a most

ydrophobic variant containing leucine and arginine, is considered
o be the most commonly occurring and most lethal toxin [10]. A
rovisional safety guideline of 1.0 �g/L MCLR in drinking water was
ecommended by WHO [11]. Toxicity of MCLR based on intraperi-
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toneal LD50 in laboratory mouse or rat injections was found to be
50 �g/kg [12].

Generally, MCLR is a very stable toxin in the water bodies
and resistant to be removed from drinking water by traditional
water treatment technology [11,13]. Several strategies for the
removal of MCLR from water have been investigated. Water treat-
ment technologies including chemical coagulation, flocculation and
sand filtration may not only be inefficient but may also enhance
the release of cyanotoxins including MCLR contained within the
producer-cells, thus requiring further treatment of the water for
drinking purposes [14]. Chlorination has been shown in several
studies to be effective in deactivating the producer-cells and par-
tially effective in removing the toxin as such. However, chlorination
has a disadvantage of generating toxic by-products of toxins such
as trihalomethanes [15]. Pre-ozononation followed by rapid sand
filtration showed a satisfactory removal of the toxin in a full-scale
drinking water treatment [16]. The major disadvantage of this tech-
nology is that the cost-factor is too high which precludes its use
on a regular basis in a huge city-water supply from a reservoir.
Photo-irradiation using UV radiation proved to an effective treat-
ment technology but its installation and maintenance costs are very
high [17]. Adsorption seems to be an effective and cheaper technol-
ogy, comparatively. Some researchers have reported the possibility
of using activated carbon for removal of MCLR and related toxins

[18–21]. Even though activated carbon adsorption poses to be an
attractive and cheaper technology available, the need to replenish
the column with fresh carbon after its saturation makes it still eco-
nomically not feasible. Thus a natural and environment-friendly
sorbent could provide a cost-effective solution. There are only two

dx.doi.org/10.1016/j.jhazmat.2010.08.051
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:eserbala@nus.edu.sg
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4 azard

r
m

a
y
fi
f
o
n
I
e
o
b
c
o
i
e

v
i
S
p
m
r
p
l
m
i

2

2

p
I
s
o
g
i
d
n
6
w
o
p
a
f
fl
0
t
p
l

2

(
f
Q
M
s
s
1
e

18 M. Sathishkumar et al. / Journal of H

eports available on successful adsorption of MCLR onto natural
aterials which include clay particles and pumice [22,15].
Peat is a natural material containing lignin, cellulose and humic

cid as its major constituents [23]. Peat is generally defined as
oung coal, organogenic sedimentary rock in the first stage of coali-
cation and ranks as one of the lowest grades of solid carbonaceous

uels [24]. According to the incomplete list of peat resources, ∼77%
f peat deposits occur in Canada and the USA and 7.5% in Scandi-
avia, where as in southern hemisphere, the richest deposits are in

ndonesia [25]. This natural material is known to have excellent ion-
xchange properties similar to natural zeolites [26]. Thus, the use
f peat as a sorbent has received increasing attention. Apart from
eing naturally abundant and inexpensive, peat possesses several
haracteristics that make it effective for adsorption or ion-exchange
perations [26]. To date, the use of peat as sorbent for various metal
ons and dyes has been well documented [24,26,27]. However, its
ffectiveness for removal of cyanotoxins has never been evaluated.

The objective of this work was to assess the uptake capacity of
arious naturally occurring materials and to optimize the exper-
mental conditions for achieving the maximum uptake of MCLR.
pecifically, crab shell, sugarcane baggase, marine algae, chitin and
eat were tested for their uptake efficacy of MCLR. Out of the tested
aterials, peat showed the best performance for the adsorptive

emoval of MCLR. The influence of operating parameters such as
H and contact on the adsorption capacity of peat was studied, fol-

owed by the optimization of these parameters in order to obtain a
aximum removal of MCLR from the aqueous phase. The possibil-

ty of regeneration of used peat was also examined.

. Materials and methods

.1. Peat preparation and characterization

Peat was collected from Sungai Sembilan peat deposit; a sub-
rovince located 200 km away from the city of Dumai in Sumatra,

ndonesia. The sub-surface layer of the peat collected from the
ite was dried in sunlight for 3 days and further dried in an
ven at 60 ◦C for 2 days. The dried peat material was then
round and sieved through a 150 �m sieve, prior to its usage
n experimental studies. Specific surface area and total pore size
istribution were determined using the nitrogen adsorption tech-
ique using a Brunauer–Emmett–Teller (BET) NOVA-3000 version
.07 micropore analyzer. The surface area and total pore volume
ere calculated by BET and Barret–Joyner–Hallenda (BJH) meth-

ds, respectively [24]. Elemental composition analysis of peat was
erformed using a Perkin-Elmer PE 2400 series II CHNS/O micro-
nalyzer. pHzpc (pH zero point charge) of peat was determined as
ollows: 50 mL of a 0.01 M NaCl was placed in a closed Erlenmeyer
ask and its pH was adjusted to a value between 2 and 12 using
.1 M HCl or NaOH. Then, 0.15 g of each peat sample was added and
he final pH was measured after 2 days under agitation at 25 ◦C. The
Hzpc is the point where the curve pHfinal versus pHinitial crosses the

ine pHinitial = pHfinal [24].

.2. MCLR preparation and quantification

MCLR standard was purchased from Alexis Biochemicals
Switzerland). HPLC grade methanol and formic acid were obtained
rom Tedia (OH, USA) and Merck (Germany), respectively. Milli-

water (18 M�) used in all experiments was obtained through a

illi-Q (Millipore, Bedford, MA) water purification system. A stock

olution of 1000 mg/L of MCLR was prepared using methanol. A
tandard curve was prepared for concentrations ranging from 5 to
000 �g/L. The standard curve was obtained before every set of
xperiments to ensure minimal system error. The determination of
ous Materials 184 (2010) 417–424

MCLR was carried out on a LC–MS–MS system which comprised
of Agilent 1100 series HPLC system (Agilent Technologies, Ger-
many) with a vacuum degasser, quaternary pump, autosampler
and thermostated column compartment, coupled to a Micromass
(Manchester, UK) Quattro Micro triple quadruple mass spectrom-
eter, equipped with an electrospray interface. The separation was
achieved on a Zorbax Extend-C18 5 �m, 2.1 mm × 150 mm (Agilent
technologies, Germany). Injection volumes were 10 �L. The mobile
phase consisted of 0.1% formic acid (solvent A) and methanol (sol-
vent B). A gradient elution was used: starting with water:methanol
at 90:10 from 0 to 6 min, and to 5:95 up to 10 min before returning
to the original conditions to re-equilibrate the system.

The capillary voltage was set at 89.00 V and the cone voltage at
4.00 V. The desolvation gas (nitrogen) temperature and flow-rate
were set at 350 ◦C and 6151/h, respectively. The ion source tem-
perature was set at 120 ◦C. The instrument was operated in the
positive ion mode. MCLR was monitored by using the instrument
in the MRM mode (m/z 995.6 and fragment ion at 135.1).

2.3. MCLR sequestration studies

MCLR sequestration experiments were carried out by agitating
50 mg of peat with 10 mL of 100 �g/L MCLR solution under var-
ious pH (1–7) at 200 rpm, 30 ◦C in a thermostated rotary shaker
for 12 h. The MCLR solutions were separated from the adsorbent
by centrifugation at 5000 rpm for 5 min and quantified for MCLR
concentrations. The solution pH was measured using a pH meter
(Eutech, cyberscan PCD6500). Kinetic experiments were conducted
at various concentrations of MCLR ranging from 100 to 500 �g/L and
pH at 3 with adsorbent dosage fixed at 50 mg/10 mL. The samples
were collected at different pre-determined time intervals and the
remaining MCLR estimation was conducted as describe above. Sim-
ilarly, adsorption isotherm experiments were conducted at various
initial concentrations of MCLR (100–1000 �g/L) at pH 3 with peat
dosage, 50 mg/10 mL.

2.3.1. Adsorption isotherm and kinetic modelling
The experimental adsorption kinetic data were modelled using

pseudo-first- and pseudo-second-order kinetics. The non-linear
forms of pseudo-first- and pseudo-second-order models are shown
as Eqs. (1) and (2), respectively [28]:

Qt = Qe(1 − exp (−k1t)) (1)

Qt = Q 2
e kt

1 + Qekt
(2)

where Qe is the amount of MCLR sorbed at equilibrium (�g/g),
Qt is the amount of MCLR sorbed at time t (�g/g), k1 is the first-
order equilibrium rate constant (1/min) and k2 is the second-order
equilibrium rate constant (g/mg min).

Langmuir model was used to describe the non-linear equilib-
rium relationship between the solute sorbed onto the sorbent (Q)
and that left in solution (Cf). The model equations can be repre-
sented as:

Langmuir model:

Q = QmaxbCf

1 + bCf
(3)

Freundlich model:
Q = KF Cf
1/n (4)

where Qmax is the maximum MCLR uptake (�g/g) and bL is the Lang-
muir equilibrium constant (L/mg), KF is the Freundlich constant (l/g)
and n is the Freundlich constant.
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indicative of lignin backbone [34]. Artz et al. [32] illustrated that the
adsorption band at 1427 cm−1 is a clear representation of symmet-
ric C–O stretch of a carboxylate/carboxylic structure (humic acids).
These absorption bands showed a typical FT-IR spectrum of a peat
sample.

Table 1
Physico-chemical properties of peat.

Parameter Value

pHZPC 6.56
Organic matter (%) 92.5
C (%) 50.7
M. Sathishkumar et al. / Journal of H

The residual root mean square error (RMSE) and the Chi-square
est were also used to measure the goodness-of-fit. RMSE can be
efined as:

MSE =

√√√√ 1
m − 2

m∑
i=1

(Qi − qi)
2 (5)

here Qi is the observation from the batch experiment, qi is the esti-
ate from the isotherm for corresponding Qi and m is the number

f observations in the experimental isotherm. The smaller RMSE
alue indicates the better curve fitting.

The Chi-square test can be defined as:

2 =
m∑

i=1

(Qi − qi)
2

qi
(6)

If data from model are similar to the experimental data, �2 will
e a small number.

.4. Peat regeneration studies

Peat regeneration studies were carried out with MCLR-laden
eat obtained from MCLR uptake studies using 500 �g/L MCLR

n 100 mL and 500 mg of peat agitated at 200 rpm for 12 h at pH
. MCLR-laden peat was removed from MCLR solution by vac-
um filtration, gently washed with deionized water to remove
n-adsorbed MCLR and dried at room temperature for 24 h. After
rying, one set each of MCLR-laden peat sample was resuspended

n series of Erlenmeyer flasks containing 10 mL of deionized water
djusted to pH 2–13 using 1N HCl or NaOH and agitated for 12 h. In
similar manner, desorption of MCLR from peat was also carried
ut using 100% ethanol, methanol, acetonitrile and 1N NaOH.

Milli-Q water (18 M�) obtained through Milli-Q (Millipore,
edford, MA) water purification system was used in all the experi-
ents.

.5. SEM and FT-IR analysis

Scanning electron microscopy (SEM) of peat before and after
dsorption was carried out using JEOL, JSM-5200 (Japan) scanning
lectron microscope. The images of the peat were then captured at
arious magnifications using an electron beam high voltage of 15 kV
t a 45◦ tilt on left side. To obtain the IR spectra the peat samples
ere dried overnight at 60 ◦C before and after adsorption. Approx-

mately 0.1 g of the peat was mixed with 0.9 g of KBr and pressed
nto a tablet form by pressing the ground mixed material with the
id of a bench press. The resulting pellet was transparent and was
sed to test the surface functional groups by IR spectroscopy (Bio-
ad, USA) where it was scanned between 4000 and 400 cm−1 at a
esolution of 4 cm−1.

. Results and discussion

.1. Screening of sorbents

We studied the MCLR sequestration efficacy of a range of nat-
ral materials (crab-shell, chitin, sugarcane bagasse, marine alga
lva and Sargassam and peat). In addition, two ion-exchange resins

ALXD 4 and ALX 47) were also evaluated. Among the sorbents
tudied, peat showed the maximum sequestration of MCLR (Fig. 1).

nterestingly, the sequestration efficacy of peat was even higher
han the ion-exchange resins studied. This can be attributed to the
nimitable nature of peat. Peat is rich in organic content which in
urn is rich in surface functional groups [29]. In addition, peat is also
orous compared to other adsorbents used in the present study,
Fig. 1. Screening of various biomaterials to remove MCLR.

thus ion pairing mechanism coupled with pore-diffusion makes
peat a more efficient material for sequestering MCLR.

3.2. Characterization of peat

The surface area, pore volume and percent organic matter are
listed in Table 1. The surface area was 12.134 m2/g, which is com-
parable to peat of various other origins [27,30]. However, Ip et al.
[31] reported a very low surface area for the peat studied. The aver-
age micopore size of the peat used in the present study was 1.8 nm.
Thus, a careful interpretation of MCLR molecule and the average
pore size of peat revealed that MCLR has the capability to enter
the micropores of peat. The maximum possible length of MCLR
molecule at any angle is 2.94 nm (Fig. 2) and the smallest is around
1.4 nm, which confirms the possibility of MCLR entering the micro-
pores of peat. As described earlier, this is one major reason for peat
to pose as an efficient candidate for MCLR sequestration. The mor-
phology of peat before and after MCLR sequestration was studied
using SEM images. High porous nature of the peat was very evident
from the SEM micrograph (Fig. 3).

The FT-IR spectra of peat before and after sorption of MCLR
are shown in Fig. 4. No major difference in adsorption bands was
noticed before and after sorption. The strong adsorption bands at
1629.5 and 1540.2 cm−1 are characteristic of the amide I and II
[32], respectively. The adsorption bands at 2846.9 and 2916.4 cm−1

show the presence of fatty acids/wax in peat samples. The absorp-
tion bands between 1200 and 900 cm−1 could be assigned to
the complex stretching vibrations of polysaccharides [32,33]. The
adsorption bands at 1719.9 and 1260.72 cm−1 represent the C O
stretch of COOH or COOR from carboxylic acids and C–O stretching
H (%) 6.3
N (%) 1.5
BET surface area (m2/g) 12.134
Average pore dia (nm) 13.13
Average micropore dia (nm) 1.8
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Fig. 2. Three-dimensiona

.3. Effect of pH

Batch equilibrium adsorption experiments were performed at
ifferent pH values ranging between 1 and 9. A maximum adsorp-

ion was noticed at pH 3. Below pH 3, there was a rapid decrease
n adsorption whereas above pH 3, adsorption gradually decreased
Fig. 5). Huang et al. [21] reported that an electrostatic repulsion
etween neighbouring negatively charged sites that cause stretch-

Fig. 3. SEM image of peat before (A)
cture of MCLR molecule.

ing out of the molecules of MCLR is decreased with decreasing pH.
As a result, MCLR molecules may become smaller in size due to the
tendency to coil that reduces overall molecular dimensions [21].
Furthermore, the hydrogen bonds can also be formed between the

coiled molecules and carbon surface charges at low pH, which lead
to increased adsorption of MCLR.

Since the structure of microcystins contains numerous ionizable
groups, the overall charge on the toxin is pH dependent. Maagd et al.

and after (B) MCLR adsorption.
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Fig. 4. FT-IR spectra of peat before and after MCLR adsorption.

35] demonstrated that the MCLR species remain neutral at the nar-
ow pH range of 2.09–2.19; the cationic species [(COOH)2(NH2

+)]
re produced at pH < 2.09 and anionic species [(COO−)2 (NH2

+)] and
(COO−)2 (NH)] are produced at pH > 2.19. Better adsorption capac-
ties are expected at pH values where both peat and MCLR carry
pposite charges to explain the adsorption by ion pairing effect.
he pHzpc of peat is at 6.56 which would mean that it would carry
ationic charges at pH 1–6.55 and carry anionic charges from pH
.57 to 14. In our experiments, the maximum adsorption capac-

ty was observed at pH 3. At pH 3, MCLR is essentially in anionic
orm and peat would be carrying cationic charges so there could be
ossible ion pairing effect leading to higher adsorption at that pH.
s the pH of the system increases, the cationic charges carried by
eat tend to decrease till the pHzpc (6.56) where it exists as a neu-
ral compound with zero charges. At the same time, even though
he cationic charges carried by peat below pH 3 are higher than at
H 3 (due to higher protonation occurring as pH decreases), the
egree of adsorption would be less which is due to cationic charges
n MCLR below 2.19 as described by Maagd et al. [35]. This would
esult in repulsion of the MCLR molecule from the sorbent.

Another analogy to explain the decreased adsorption of MCLR
t higher pH could be attributed to partitioning effect of charged
CLR. Partitioning is the measure of differential solubility of a

ompound between two immiscible solvents at equilibrium. Nor-

ally, one of the solvents chosen is water and the second one

s hydrophobic like octanol. It correlates with the tendency of a
olecule to concentrate in the lipids of organisms and the organic

arbon of sediments and soils [36,37]. Maagd et al. [35] demon-

Fig. 5. Effect of pH on adsorption of MCLR by peat.
Fig. 6. Effect of contact time (A) and intraparticle diffusion plot (B) for adsorption of
MCLR by peat (�) 100 �g/L, (�) 200 �g/L, (�) 300 �g/L, (�) 400 �g/L, (×) 500 �g/L.

strated the n-octanol/water distribution ratio Dow for MCLR which
decreased from 2.18 at pH = 1 to −1.76 at pH = 10, suggesting that
with the increase in pH MCLR exhibits increased hydrophilicity and
consequent decreased partitioning in octanol. Therefore, with the
increase in pH, MCLR has more tendency to remain in aqueous
phase rather than getting adsorbed. As adsorption was high at pH
3 compared to other pH values examined, all further adsorption
isotherm and kinetic studies were conducted only at pH 3.

3.4. Effects of contact time and initial MCLR concentrations

The effect of initial MCLR concentration on the rate of adsorp-
tion onto peat was studied. The experiments were carried out at a
fixed adsorbent dose (50 mg/10 mL) with different initial concen-
trations of MCLR (100–500 �g/L) for different time intervals at pH
3 and 30 ◦C. The sorption kinetics plays a very important role in
the treatment of water and wastewater, as it provides valuable
insights into the reaction pathways and mechanisms of sorption
reactions. Since biosorption is a metabolism-independent process,
it would be expected to be a very fast reaction. Experimental kinetic
data at different initial MCLR concentrations concurred with this
expectation; around 90% removal was achieved by 30 min with the
initial concentration of 100 �g/L, whereas 90% of MCLR removed

by 90 min for the other concentrations studied (Fig. 6A). This ini-
tial quick phase was followed by a slow attainment of equilibrium.
Equilibrium time for MCLR sequestration was 480 min for carbon
nanotubes [38], 960 min for carbon from coconut shell and bitu-
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Table 2
Kinetic parameters for MCLR sequestration by peat.

MCLR concentration qe (exp) (�g/g) First-order kinetic model Second-order kinetic model

qe (cal) (�g/g) r2 qe (cal) (�g/g) r2

100 18.46 18.27 0.999 19.08 0.999
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200 37.56 35.99
300 56.12 54.81
400 74.04 73.29
500 91.78 90.43

inous coal [21]. Equilibrium time reported for these adsorbents
or MCLR sequestration was much higher than the present report,
hich indicates the potential use of peat in industrial scale. Equi-

ibrium time is one of the important considerations in the design of
ater and wastewater treatment systems because it influences the

ize of the reactor thereby the plant economics [39]. On changing
he initial MCLR concentration from 100 to 500 �g/L, the uptake
ncreased from 18.46 to 92.3 �g/g, whereas the removal efficiency
ecreased from 93 to 89%. This anomaly can be attributed to the fact
hat the ratio of the initial moles of adsorbate (MCLR) to the avail-
ble surface area was low, and subsequently the fractional sorption
ecame independent of initial concentration of adsorbate. How-
ver, at higher concentrations the available surface area becomes
ess compared to the moles of MCLR present. Hence, the percentage
f MCLR removal is dependent upon the initial MCLR concentration
40]. It was also observed that for an initial MCLR concentration of
00 �g/L, the maximum amount of MCLR adsorbed by peat for the
rst 5, 10, 15, 30 and 45 min was at an average adsorption rate of
.4, 1.0, 0.58, 0.21 and 0.03 �g/g min, respectively and thereafter
he adsorption rate seemed to decline and proceed at an average
dsorption rate of 0.005 �g/g min. A similar trend was observed
or other initial MCLR concentrations (100–500 �g/L) studied. The
nitial rapid uptake may be due to availability of more number of
dsorption/vacant sites and easy diffusion into the pores of the par-
icles. As a result, there exists an increased concentration gradient
etween adsorbate in solution and adsorbate in the adsorbent [41].
sfour et al. [42] explained that this might be due to strong attrac-

ive forces between the adsorbate molecules and the sorbent and
ast diffusion into the intraparticle matrix to attain rapid equilib-
ium.

.5. Kinetic modelling

The experimental kinetic data were described using pseudo-first
nd -second-order models. Application of both models resulted in
ery high correlation coefficients and low % error and low RMSE
alues (Table 2). The pseudo-first-order model slightly under-
redicted the equilibrium uptake values at all initial concentrations
xamined. The reason for these differences in the Qe values is that
here is a time lag, possibly due to a boundary layer, or external
esistance controlling the initiation of the sorption process [43].
n most cases in the literature, the pseudo-first-order model does
ot fit the kinetic data well for the whole range of contact time
nd generally underestimates the Qe values [41,44]. The pseudo-
econd-order model is based on the sorption capacity on the solid
hase. Contrary to other well established models, the latter model
redicts the behavior over the whole range of studies, and it is in
greement with a chemisorption mechanism being the rate con-
rolling step [44]. However, the equilibrium uptake values were
lightly over-predicted by the pseudo-second-order model. The

urves predicted by the pseudo-second-order model are shown in
ig. 6A.

Sorption is a multi-step process involving four consecutive ele-
entary steps in the case of porous sorbents [45]: (1) transfer of

olute from the bulk of solution to the liquid film surrounding the
0.999 37.70 0.999
0.999 57.99 0.999
0.999 76.51 0.997
0.999 94.29 0.998

sorbent, (2) transport of the solute from the boundary liquid film to
the surface of the sorbent (external diffusion), (3) transfer of solute
from the surface to the internal active binding sites (intraparticle
diffusion) and (4) interaction of the solute with the active bind-
ing sites. In general, the first two steps are usually fast provided
sufficient agitation to avoid concentration gradients in solution. If
the fourth step is assumed to be a rapid step, then intraparticle
diffusion is therefore the rate-limiting step. The most commonly
used technique for identifying the mechanism involved in the sorp-
tion process is by fitting the experimental data in an intraparticle
diffusion plot as early mentioned by Weber and Morris [46]:

qt = kit
1/2 (7)

Thus the intraparticle diffusion constant ki (�g/g min) can be
obtained from the slope of the plot of qt versus t1/2. The calcu-
lated values of ki were 1.14, 9.47, 16.62, 26.48 and 28.01 �g/g min
at 100, 200, 300, 400 and 500 �g MCLR/L, respectively. According
to the Weber–Morris model, the plot of qt versus t1/2 should be
linear if intraparticle diffusion is involved in the sorption process;
if this line passes through the origin then intraparticle diffusion
is the rate controlling step. It can be clearly observed from the
trend of the plots shown in Fig. 6B that peat adsorption showed
multi-linearity. This occurrence implies that the process involves
more than one kinetic stage (or sorption rates) [45]. The first one
could be attributed to sorption of MCLR over the surface of biomass,
and hence it is the fastest sorption stage. The second one, which
ascribed to the intraparticle diffusion, was also relatively fast. The
third stage may be regarded as the diffusion through smaller pores
and this stage is followed by the establishment of equilibrium. Thus,
it was inferred that the intraparticle diffusion is not the sole rate
controlling step.

3.6. Isotherm modelling

Isotherms pertaining to the sorption of MCLR onto peat were
determined at different initial MCLR concentrations ranging from
100 to 1000 �g/L (Fig. 7). A critical analysis of the shape of isotherms
revealed that the isotherm was favourable and can be classified as
“L-shaped” [47]. This means the ratio between the MCLR concen-
tration in the solution and that sorbed onto the biosorbent (peat)
decreases with increase in the MCLR concentration, providing a
concave curve without a plateau.

The Langmuir adsorption isotherm was originally developed to
describe the gas–solid phase adsorption. In its formulation, bind-
ing to the surface was primarily by physical forces and implicit in
its derivation was the assumption that all sites possess equal affin-
ity for the sorbate. Its use was extended to empirically describe
equilibrium relationships between a bulk liquid phase and a solid
phase [48]. It has produced a good agreement with wide variety
of experimental data. The Langmuir model served to estimate the

maximum MCLR uptake values where they could not be reached
in experiments. The constant bL represents affinity between the
adsorbent and adsorbate. Initially, the Langmuir model was applied
to the present system, with the assumptions that adsorption sites
are identical, each site retains one molecule of the given com-
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Fig. 7. Sorption isotherm at pH 3.

ound, and all sites are energetically and sterically independent
f the adsorbed quantity. Even though these assumptions are not
alid for a biomaterial used as sorbent, the model was able to
escribe the isotherm data with high r2 and low % error values. A
aximum MCLR biosorption capacity of 225.7 �g/g was observed

Table 3). High values of bL are reflected in the steep initial slope
f a sorption isotherm, indicating desirable high affinity. Thus, for
ood biosorbents in general, high Qmax and a steep initial isotherm
lope (i.e. high bL) are desirable. Adsorption capacity of peat used in
he present study completely out-performed almost all the wood
nd coal based powdered carbon reported by Donati et al. [18]
xcept one wood based carbon which had an adsorption capac-
ty of 280 �g/g. Similarly, peat’s performance was better than all
he phosphoric acid- and steam-activated wood based carbons
eported by Pendleton et al. [20].

Freundlich model also showed reasonably a better fit with high
2 and low % error values. However, the curve predicted by this
odel significantly deviated from the experimental data (Fig. 7).

he Freundlich isotherm was originally empirical in nature, but
as later interpreted as sorption to heterogeneous surfaces or

urfaces supporting sites of varied affinities. It is assumed that
he stronger binding sites are occupied first and that the binding
trength decreases with the increasing degree of site occupation.
igh KF and 1/n values indicate that the binding capacity reached

ts highest value, and the affinity between the biosorbent and MCLR
as also high.

.7. Desorption

Desorption studies help to elucidate the mechanism of adsorp-

ion and also help in the recovery of adsorbate and adsorbent,
hich makes the treatment process more economical [49]. Des-

rption studies were conducted at different levels of pH ranging
rom 2 to 12. The results revealed that an increase in pH increased

able 3
angmuir and Freundlich isotherm constants for MCLR sequestration by peat.

Langmuir model

Qmax b r2 x2 RMSE ε (%)

255.71 0.0246 0.999 0.39 1.99 0.38

Freundlich model

KF 1/n r2 x2 RMSE ε (%)

16.58 1.87 0.997 8.69 8.49 7.4
[

ous Materials 184 (2010) 417–424 423

the percentage desorption of the MCLR from 0.66% at pH 2 to
62.68% at pH 12 for 410 �g/L MCLR concentration, which is much
less than the percentage adsorption. This highlights the strong
binding between adsorbate and adsorbent, and also reveals the
possibility of a chemisorption mechanism involved in the seques-
tration of MCLR. Only physisorbed MCLR molecules by weak Vander
Waals force could have desorbed from the adsorbent surface [41].
Regeneration and reuse of the adsorbent is a very important issue
to be addressed when applied industrially. Since the percentage
desorption only about 60%, it is practically impossible to reuse
the adsorbent (peat) for the next cycle. Hence desorption was
attempted with ethanol, methanol, acetone and strong alkali (2N
NaOH). Desorption was also attempted with deionized water for
comparison. 50 mg of the MCLR-laden peat was suspended in 10 mL
of the above-mentioned desorbing media and agitated in a rotary
shaker at 150 rpm for 3 h. Acetone, ethanol, methanol, NaOH and
water showed 0.04%, 14.9%, 40.97%, 93.7% and 0.01% desorption,
respectively. Thus the adsorbent can be reused for several cycles
until the rigidity of the biomass is suitable for adsorption. Since
the biomass is easily biodegradable, it can be dumped ‘as is’ or
can be subjected to composting after several cycles of adsorp-
tion.

4. Conclusions

Adsorption of MCLR onto peat was pH dependent and was found
to be maximum at pH 3 with 90% removal efficiency in 30 min.
The maximum adsorption capacity (Qmax), as predicted by Lang-
muir isotherm, was 255.7 �g/g. 93.7% of MCLR could be desorbed
with 2N NaOH as eluting media. Based on this study, it could
be concluded that peat is a promising adsorbent for removal of
MCLR. Since peat is readily available, inexpensive, indigenous and
environment-friendly, its use as a biosorbent would significantly
lower water treatment costs and can be viewed as an effective
biomaterial management strategy.
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