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a b s t r a c t

Many different species of cyanobacteria capable of producing saxitoxins have been identified as a threat
to the safety of drinking water supplies worldwide. Removal of these contaminants can be accomplished
by adsorption on granular activated carbon (GAC) but little is yet known about the kinetics of this
process. This research investigated adsorption kinetics and diffusion behaviour of decarbomoyl saxitoxin
(dc-STX) and carbamate saxitoxin (STX) on a GAC sample and simulated a full-scale GAC filter using batch
experimental data and the homogeneous surface diffusion model (HSDM). HSDM was able to success-
fully describe batch adsorption of STX and dc-STX onto GAC sample and the surface diffusion coefficient
was identified as the main adjustment parameter for this model. Different scenarios of STX and dc-STX
removal in a GAC filter were simulated, offering engineers and scientists an option for the design of GAC
full-scale filters, bench or pilot-scale experiments.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Humans may be exposed to cyanotoxins through the ingestion
of contaminated drinking water and food, inhalation or dermal
adsorption during recreational activities in waters affected by a
toxic bloom (Merel et al., 2013). Saxitoxins, also known as paralytic
shellfish poisons (PSPs), have been associated with multiple human
intoxications mainly through seafood consumption, resulting in
numbness, paralysis and even death (Kuiper-Goodman et al., 1999).
Wiese et al. (2010) reported that 57 analogues of PSPs have been
identified all over the world. Furthermore, the molecular structures
of PSPs have several amine groups (Table 1) that can gain protons
and become cationic depending on the pH and therefore, saxitoxin
(STX), themost toxic PSP compound for example, may present up to
10 different species (Hilal et al., 1995).

PSP-producing cyanobacteria have been increasingly reported in
fresh and brackish water worldwide (Humpage et al., 1994; Kaas
and Henriksen, 2000; Sevcik et al., 2003; Liu et al., 2006; Ballot
et al., 2010; Berry and Lind, 2010; Clemente et al., 2010). Accord-
ing to Shi et al. (2012) the concentrations of extracellular PSPs
elo-Neto), neuma.buarque@
reported could reach up to 15 mg STXequiv.L�1 in natural waters, with
intracellular concentrations ranging from 5 to 3400 mg STXequiv per
gram of dry cell weight. Paerl and Paul (2012) suggested that fre-
quency and intensity of harmful cyanobacteria blooms are expected
to increase globally because of climate change. Australia adopted a
PSP health alert level of 3 mg STXequiv..L�1 for drinking water
(NHMRC, 2011), while a maximum PSP concentration of 1 and 3 mg
STXequiv..L�1 is currently required by the New Zealand and Brazilian
Ministry of Health, respectively (Orr et al., 2004; Portaria, 2914,
2011).

Since conventional water treatment plants e CWTP (coagula-
tion/flocculation/sedimentation/filtration) are not able to remove
extracellular cyanotoxins and other dissolved metabolites, two of
the simplest barriers available to prevent these substances from
reaching households are granular activated carbon (GAC) filter and
post-chlorination.

Senogles-Derham et al. (2003) showed that a pH greater than 8
is most effective for saxitoxin destruction by chlorine. Experiments
using raw water spiked with Anabaena cirlinalis cells, chlorine
doses of 2 and 5 mg L�1 and pH of 8, demonstrated that for both
chlorine doses extracellular STX were degraded from initial con-
centrations of 4e10 mg L�1 to a final concentration below 1 mg L�1

after a CT of over 60mg.min.L�1 (Zamyadi et al., 2012). The problem
of using chlorination solely to control STX is that dissolved organic
matter (DOM) present in filtered water competes with the toxin for
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Table 1
General structure, corresponding R functional groups, and relative toxicity for the
most common PSP variants.

R1 R2 R3 Relative
toxicity

R4 ¼ CONH2 (Carbamate toxins)
STX H H H 1
neoSTX OH H H 0.924
GTX1 OH H OSO3

� 0.994
GTX2 H H OSO3

� 0.359
GTX3 H OSO3

� H 0.638
GTX4 OH OSO3

� H 0.726
R4 ¼ CONHSO3

� (N-Sulfocarbamoyl toxins)
GTX5 (B1) H H H 0.064
GTX6 (B2) OH H H e

C1 H H OSO3
� 0.006

C2 H OSO3
� H 0.096

C3 OH H OSO3
� 0.013

C4 OH OSO3
� H 0.058

R4 ¼ H (Decarbamoyl toxins)
dc-STX H H H 0.513
dc-neoSTX OH H H e

dc-GTX1 OH H OSO3
� e

dc-GTX2 H H OSO3
� 0.651

dc-GTX3 H OSO3
� H 0.754

dc-GTX4 OH OSO3
� H e

Adapted from Ho et al. (2009).
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chlorine, increasing the risk of disinfection by-product formation.
So adsorption of STX with activated carbon would present an
advantage over post-chlorination. Until now, however, there is no
accurate way to predict how effectively a full-scale GAC filter will
remove compounds such as PSPs (Ho and Newcombe, 2010).

A few researchers have studied adsorption of PSPs on activated
carbons in aqueous solutions (Bailey et al., 1999; Newcombe and
Nicholson, 2002; Orr et al., 2004; Ho et al., 2009; Shi et al., 2012).
Shi et al. (2012) showed that STX can be effectively controlled at a
pH of 8.2 with a PAC dose between 10 and 20 mg L�1. Orr et al.
(2004) used GAC packed columns with an empty bed contact
time of 15min and removed 100% of dc-STX, STX, GTX-2/3 and GTX-
5, 94% of dc-GTX-2/3, but only partially reduced C1 and C2 toxins by
56% and 74%, respectively. Ho et al. (2009) developed experiments
with PAC using two Australian raw waters (HV and MP). HV water
had initial STXequiv concentrations between 3.7 and 4.1 mg L�1 and
MP water between 7.5 and 9.9 mg L�1. They were able to decrease
concentrations below 3.0 mg STXequiv.L�1 with a powder activated
carbon (PAC) dose of 10 mg L�1 and 30 mg L�1, respectively. These
studies, however, presented neither appropriate equilibrium nor
kinetic modelling adsorption data, making it difficult to extend
their findings to full-scale treatment situations.

Models developed to describe adsorption kinetics can normally
be classified as adsorption reaction or diffusion models (Qiu et al.
2009). First-order and second-order kinetic equations (adsorption
reaction models) do not describe adsorption and diffusion mech-
anisms individually. Rather, they assume that the overall rate of
adsorption is exclusively controlled by adsorption rate, while
intraparticle diffusion and external mass transport are neglected
(Qiu et al. 2009; Ocampo-Perez et al. 2012). On the other hand,
adsorption diffusion models, like the homogeneous surface diffu-
sion model e HSDM (Crittenden and Weber, 1978a) for example,
assume that mass transfer is controlled by external film and surface
diffusion and that pore diffusion and adsorption resistances are
negligible (Baup et al. 2000).

The HSDM has been effectively used over the last few decades to
determine the surface diffusion coefficient (Ds) and the film mass
transfer coefficient (Kf). These parameters were used to predict
adsorption dynamics of microcystin LR and LA onto PAC and GAC
(Cook and Newcombe, 2008; Campinas et al., 2013; Viegas et al.,
2014), of 2-methylisoborneol (MIB), of geosmin onto PAC (Cook
et al., 2001; Matsui et al., 2009) as well as other micro-
contaminants onto different types of activated carbon (Crittenden
and Weber, 1978b; Fritz et al., 1980; Schideman et al., 2007;
Worch, 2008; Kalalova et al., 2013). However, no data have yet
been published on the use of HSDM tomodel adsorption kinetics of
PSPs onto GAC, predominantly because of the large amount of toxin
required to conduct column experiments. To overcome the limita-
tions of cost and logistics of purchasing or purifying enough toxin to
complete GAC column tests, we have put together a series of
experimental and mathematical procedures that, although indi-
vidually not novel, should allow an initial assessment of the effi-
ciency of a full scale GAC filter removing STX and dc-STX.

Therefore, the aims of this study were to model the adsorption
kinetic data of two PSPs (STX and dc-STX) onto GAC using HSDM, to
develop a sensitivity analysis using variations of the model's
diffusion parameters (Ds, Kf) and to apply this data to simulate a
hypothetical full-scale GAC filter.

2. Materials and methods

2.1. PSP production and semi-purification

The strain Cylindrospermopsis raciborskii T3 e CR (Lagos et al.,
1999) from the collection of the Federal University of Rio de
Janeiro, Brazil, was used to produce small amounts of PSP for the
adsorption experiments. CR cultures were grown in ASM-1 me-
dium, with pH of 8.0, under a white light intensity of 75
m.mol m�2 s�1, at a temperature of 24 ± 2 �C, with aeration and a
photoperiod of 12:12 (light/dark) until they reached the end of lag
period. Although Carneiro et al. (2009) demonstrated that this
strain can produce STX, Neo-STX, dc-STX and dc-Neo-STX, HPLC
analysis showed that our culture only produced STX and dc-STX in a
sufficient amount to be used in the experiments.

To perform the extraction of intracellular PSP, the culture's
biomass was concentrated by centrifugation at 2700 G for 15 min
(25 �C), the supernatant was discarded, and the pellets were
collected. The pelleted material was subjected to three freeze-
ethaw cycles, filtered through a 0.45 mm nitrocellulose membrane
(MachereyeNagel, UK) and the filtrate was then subjected to a
semi-purification step by solid phase extraction (SPE) on C18 car-
tridges (Supelco, USA), according to Lawrence et al. (2005). The
semi-purified extract was acidified with 0.1 M acetic acid (Merk,
Germany) to a pH of approximately 4.0 and stored at �20 �C to
preserve saxitoxin stability (Indrasena and Gill, 2000). It is impor-
tant to note that this semi-purified extract contained not only dc-
STX and STX but other intracellular metabolites considered here
as dissolved organic matter (DOM). It is assumed that this approach
more realistically represents the behaviour of the adsorption pro-
cess in full-scale plants since, in the case of an algal bloom, other
dissolved intracellular compounds, apart from PSP, would also be
present in the water matrix.

2.2. Analytical methods

The semi-purified extract was characterized by analysing STX,
dc-STX and DOM. DOM was measured with a TOC analyser (Aurora
1030C, OI Analytical Co., USA). STX and dc-STX analysis were per-
formed by high performance liquid chromatography (HPLC) using
an Agilent 1260 equipped with a quaternary pump, a C18 chro-
matography column (250 � 4 mm, 5 mm) maintained at 30 �C, a
manual injector with a loop of 20 mL, and a fluorescence detector e
FLD with excitation of 340 nm and emission of 390 nm. As mobile
phase, a 0.05 M ammonium formate aqueous solution with 5%
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HPLC grade acetonitrile (A) and a 0.1 M ammonium formate
aqueous solution (B) with a total flow rate of 1.5 mL min�1 were
applied. The process began with 100% mobile phase A. From 0 to
7.5 min, phase B increased from 0 to 20%. From 7.5 to 11 min, phase
B increased from 20 to 80%, remaining unchanged until 13 min.
From 13 to 15 min it returned to 100% of A. The above methodology
was adapted from Lawrence et al. (2005) and validated by Silvino
and Capelo-Neto (2014) using standards from the Institute for
Marine Bioscience (National Research CouncileHalifax, Canada).

2.3. GAC samples characterization

A commercial coconut shell based GAC was used in this inves-
tigation because of its mesopore volume, PSP adsorption capacity
and kinetics and, as described previously in more detail by Buarque
et al. (2015).

A porosimetry system (ASAP2000, Micrometrics, USA) was used
to measure N2 (at 77 K) adsorptionedesorption isotherm over a
relative pressure (p/po) range of 10�6 to 1. The surface area was
calculated using the BrunauereEmmetteTeller (BET) equation and
the total pore volume was estimated by converting the amount of
adsorbed N2 (cm3 g�1 STP) to its liquid volume (Guo and Lua, 2000).
The pore size distribution (PSD) was obtained using density func-
tional theory (DFT) (Kowalczyk et al., 2003). The point of zero
charge (PCZ) pH was measured by the pH drift method (Newcombe
et al., 1993).

2.4. Adsorption experiments

A batch system was used to study the adsorption kinetics and
equilibrium of STX and dc-STX in aqueous solution onto the GAC
sample. A virgin GAC sample was wet sieved between Tyler Stan-
dard Mesh 60 (0.25 mm) and 65 (0.21 mm), washed with 10 times
its volume with ultrapure water, then dried in a 110 �C oven to
constant weight and cooled in a desiccator where it was stored
prior to use (Summers et al., 1992). The water samples were pre-
pared using ultrapure water, with an electrolyte concentration of
0.01 M NaCl, buffered with 10 mM phosphate to pH of 7.0 and
spiked with semi-purified PSP extract. To maintain the same DOM
characteristics and to control the amount of DOM added
throughout the experiments, we chose to use this artificial water
samples instead of real treatedwater spikedwith semi-purified PSP
extract.

For the batch experiments, 3 mg of GAC was placed in 12-mL
amber glass vials along with 10 mL of the water sample described
previously. For the kinetics experiments, the initial toxin concen-
trations (C0) were ~7 mg L�1 for dc-STX and ~60 mg L�1 for STX. For
the equilibrium experiments, the initial toxin concentrations (C0) of
dc-STX and STX varied from ~3 to ~12 mg L�1 and from ~15 to
~60 mg L�1, respectively. This can be considered a worst-case sce-
nario for dissolved PSP in treated water from CWTP prior to GAC
filtration. DOM varied from 1 to 5 mg L�1, proportionally to the
toxins concentration and roughly between the range (1 and
6 mg L�1) observed in treated water from CWTP prior to GAC
filtration (internal report e CAGECE, 2014).

The vials were then quickly placed into a tumbler, and over-
turned continuously in the dark at 15 rpm, in a temperature-
controlled chamber at 28 �C. For the equilibrium experiments,
vials were collected after 24 h Buarque et al. (2015) developed
experiments with STX and dc-STX onto the same GAC sample and
showed that adsorption equilibrium was reached within 24 h,
corroborating with the equilibrium times found by Shi et al. (2012).
For the kinetic experiments vials were collected hourly up to 8 h
and then with less frequency until 24 h.

A subsample of 2 mL was removed from each collected vial,
filtered through a 0.45 mm syringe filter (Acrodisc, Pall Corp.) and
stored at �20 �C until analysis. HPLC analysis occurred 24 h after
the first vial was collected for equilibrium and kinetics experi-
ments, respectively. To observe if degradation or any other kind of
removal besides carbon adsorption occurred, control vials (without
GAC) were submitted to the same conditions.

2.5. Adsorption modelling

The HSDM was used to describe the process of adsorption onto
GAC (Mathews and Weber, 1976; Crittenden and Weber, 1978b;
Traegner and Suldan, 1989). The non-linear equations involved
(Table 2), which include physical and kinetic parameters, are solved
numerically.

Experimental equilibrium data was mathematically modelled
using Langmuir and Freundlich isotherms and linear regression to
evaluate their adequacy. The adsorption equilibrium parameters
were than fed into the HSDM to simulate the experimental
adsorption kinetics of dc-STX and STX onto the GAC. HSDM calcu-
lations were performed using the software FAST 2.1 (Sperlich et al.,
2008). By minimizing the difference between the model calcula-
tions and experimental concentrations, two kinetic parameters, Kf
and Ds, were obtained. After finding Kf and Ds that provided the
best fit, each parameter was varied individually to observe the ef-
fect they had on fitting to the experimental curve.

2.6. Filter design

With the HSDM coefficients determined using bench experi-
ment data, HSDM was used again, this time to simulate GAC filter
breakthrough curves using an effluent concentration limit of 3 mg
STXequiv..L�1, different input concentrations and empty bed contact
times (EBCT). The flow inside the simulated GAC filter was assumed
to have the same turbulent regime applied to the bench-scale ex-
periments and consequently, the filter's film diffusion coefficient
(Kf) was the same to the one found experimentally.

3. Results and discussions

3.1. GAC samples characterization and charge analysis

GAC sample presented a pHPCZ of 10.0, indicating it has a net
positive charge in the working solution pH (7.0). Examination of
Table 3 shows that GAC sample has a relatively high mesopore
volume (23%), indicative of an “open” pore structure. Themolecular
structure of dc-STX and STX have several amine groups that can
potentially gain protons and, thereby, become cationic depending
on the solution pH. At pH 7.1, Shi et al. (2012) observed that STX
shifted to a mix of mono-cationic and di-cationic species (65 and
35%, respectively). This same behaviour can be extrapolated to dc-
STX due to their molecular structure similarity. Hence, electrostatic
repulsion may have been an important mechanism influencing the
adsorption process due to the cationic nature of the GAC sample
and to the cationic speciation of dc-STX and STX as described by
Buarque et al. (2015).

3.2. Equilibrium modelling

Adsorption equilibrium data was examined using Langmuir and
Freundlich models. The control samples demonstrated that until
24 h, no significant (po ¼ 0.05) toxin decrease occurred. Based on
the correlation coefficients (R2) found in Table 4, adsorption of dc-
STX and STX on GAC was best described by Langmuir isotherm,
indicating monolayer coverage. Values of KL for GAC sample indi-
cate that the energy involved in adsorption of dc-STX (5.947 L mg�1)



Table 2
Basic equations for the HSDM.

Equation no. Equation Role

1 dCb
dt ¼ �M dqavg

dt
Mass balance for batch

2 qavg ¼ 3
ðdp=2Þ3

R dp=2

0 qðr; tÞr2dr Average carbon load

3 vq
vt ¼ Ds

r2
v
vr

�
r2vqvr

�
Diffusion equation for a spherical particle

4 qðr;0Þ ¼ 0 Initial condition
5 vq

vr ¼ 0f or r ¼ 0 Boundary condition at r ¼ 0

6 rpDs
vq
vr ¼ Kf ðCb � CsÞ Boundary condition at r ¼ dp/2

7 qs ¼ Kf C
1=n
s

Freundlich isotherm

8 qs ¼ qmaxCs
1þKLCs

Langmuir isotherm

(Adapted from Roy et al., 1993).

Table 3
Characteristics of the coconut shell GAC sample used.

GAC samples GAC

Raw Material/Activation method Coconut Shell/Steam
BET area (m2 g�1) 1001
Total pore vol. (mL g�1) 0.494
Micropore vol. (mL g�1/%) 0.374 76%
Mesopore vol. (mL g�1/%) 0.114 23%
Macropore vol. (mL g�1/%) 0.006 1%
Average pore size (nm) 1.971
pHPCZ 10.0
Carbon charge at pH 7,0 þ
Avarage particle size (mm) 0.23
Particle density (g cm�3) 1.45
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is one order of magnitude greater than for STX (0.464 L mg�1). The
experimental adsorption capacity (qexper), considered here as the
last point of our experimental isotherms (Fig. 1), was approximate
to the calculated Langmuir constant qe for both STX and dc-STX
(Table 4), indicating that the model was closely adjusted. The
experimental adsorption capacity (qexper) of STX found in this study
(2.1 mg mg�1) represents a significant increase compared to the one
(0.625 mg mg�1) found by Shi et al. (2012), making it technically
viable to continue the modelling effort using the selected GAC
sample.
3.3. Kinetic modelling

In this case also, no significant (po ¼ 0.05) toxin decrease
occurred in the control samples until 24 h. The close agreement
between the model fittings and the experimental data shows that
HSDM could successfully describe the adsorption of both STX and
dc-STX onto GAC sample, making it possible to obtain realistic Kf
and Ds (Table 5). It can be observed also that the best Kf and Ds
found for STX (Kf ¼ 5 � 10�3 cm min�1; Ds ¼ 5 � 10�16 cm2 min�1)
and dc-STX (Kf ¼ 10�3 cmmin�1; Ds ¼ 5 � 10�16 cm2 min�1) can be
considered practically equal.

Kf and Ds were found to be independent of initial concentration
for adsorption of MC-LR (Campinas et al., 2013), MIB and geosmin
(Gillogly et al., 1998; Cook et al., 2001) onto powder activated
Table 4
Langmuir and Freundlich coefficients and experimental equilibrium capacity for adsorpt

GAC sample Toxin Langmuir isotherm

qexper (mg mg�1) qmax (mg mg�1) KL (

dc-STX 0.255 0.253 5.94
STX 2.095 2.129 0.46
carbon (PAC). Similarly, the proximity of STX and dc-STX parame-
ters Kf and Ds displayed in Table 5 indicates that diffusion kinetics,
and consequently adsorption kinetics, of both toxins onto our GAC
sample are similarly and independent of initial concentration.

We are currently unaware of similar studies that have proposed
Kf and Ds for STX onto activated carbon. Melegari andMatias (2012)
showed that STX adsorption kinetics onto chitin and oyster shell
were best adjusted to pseudo-first-order and pseudo-second-order
models respectively. Buarque et al. (2015) investigated adsorption
kinetics of dc-STX and STX onto four coconut shell-based GAC. They
observed that equilibrium concentration was reached within 24 h
and that a pseudo-second-order model best represented experi-
mental data. No attempt however, was made by these authors to
apply HSDM to the kinetic data. Ho et al. (2009) and Dixon et al.
(2011) studied saxitoxin removal using PAC adsorption but their
results were expressed in terms of relative removal. Orr et al.
(2004) investigated the removal of saxitoxins by GAC, but consid-
ered only the implications of residual toxicity for compliance with
the Australian drinking water standards.

Fig. 2 through 5 show simulations of STX and dc-STX adsorption
sensitivity analysis using HSDM. It is observed in those Figures that
the variation of Ds contributed significantly (po¼ 0.05) to themodel
adjustment, while variations of Kf by one order of magnitude
showed no significant (po ¼ 0.05) effects and that the best fitting
parameters were equal for both STX and dc-STX. This finding is
consistent with other authors' results, which considered Ds as the
main HSDM adjustment parameter (Cook and Newcombe, 2008;
Campinas et al., 2013; Viegas et al., 2014) and reinforces the idea
that STX and dc-STX can be considered as a single component when
diffusing onto our GAC sample.
3.4. Filters simulation

Typically, the drinking water industry uses GAC with a 8 � 30
mesh (size range of 2.38e0.55mm) or a 12� 40mesh (size range of
1.41e0.35 mm) (Kennedy et al., 2015). For this simulation, there-
fore, a GAC particle size with diameter of 2.2 mm was used. The
empty bed contact time (EBCT) and the STX and dc-STX influent
concentration were varied according to Table 6. The STX/dc-STX
concentration ratio used was the same as in the experimental
ion of dc-STX and STX onto GAC sample.

Freundlich isotherm

L mg �1) R2 KF (ng mg�1)/(ng L�1)1/n n R2

7 0.954 0.201 12.531 0.150
4 0.982 0.862 4.143 0.788



Fig. 1. Linear Langmuir adsorption isotherm fits for dc-STX and STX on GAC sample.

Table 5
STX and dc-STX experimental and calculated concentrations in solution using best Kf and Ds found.

T (h)
STX Dc-STX

Exp. conc. (mg/L) HSDM. conc. (mg/L)a Exp. conc. (mg/L) HSDM. conc. (mg/L)b

0.0 59.81 59.81 6.67 6.67
1.0 33.32 39.20 3.73 4.15
2.0 31.23 34.24 2.98 3.47
4.0 27.43 25.81 2.93 2.54
6.0 23.93 19.86 2.39 1.78
9.5 16.45 11.99 1.46 0.93
24.0 6.34 2.57 0.00 0.17

Rb ¼ 0.97 Rb ¼ 0.96

a Kf ¼ 5 � 10�3 cm min�1; Ds ¼ 5 � 10�16 cm2 min�1.
b Kf ¼ 10�3 cm min�1; Ds ¼ 5 � 10�16 cm2 min�1.

Fig. 2. Adsorption of STX onto GAC e HSDM sensitivity analysis varying Ds and
maintaining Kf constant.

Fig. 3. Adsorption of STX onto GAC e HSDM sensitivity analysis varying Kf and
maintaining Ds constant.

Fig. 4. Adsorption of dc-STX onto GAC e HSDM sensitivity analysis varying Ds and
maintaining Kf constant.

Fig. 5. Adsorption of dc-STX onto GAC e HSDM sensitivity analysis varying Kf and
maintaining Ds constant.
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solution and the model was run individually for each toxin with a
specific STX or dc-STX concentration and EBCT. The STX equivalent
concentration in the effluent e Cout (mgstxeq.L�1) was obtained by
summing up the two results considering the dc-STX relative
toxicity of 0.513. A 3 mgstxeq.L�1 horizontal line was also plotted
(Fig. 6) in order to visualize when Cout would exceed this limit.



Table 6
Time for Cout to reach 3 mgstxeq.L�1 using different empty bed contact time (EBCT) and STX and dc-STX influent concentration (Co).

Run ID

10 min10 þ 2 5 min10 þ 2 10 min20 þ 4 15 min20 þ 4 15 min50 þ 10 20 min50 þ 10

Time (d) for Cout to reach 3 mgstxeq.L�1 138 39 42 87 18 31.5
EBCT (min) 10 5 10 15 15 20
Co (mg.L�1) STX 10 10 20 20 50 50

dc-STX 2 2 4 4 10 10

Fig. 6. Simulation of STX equivalent concentration (Cout) in the GAC filter's effluent
over time (days), using different EBCT and influent STX and dc-STX concentrations
(Note that Run ID ¼ 10min10 þ 2 mg L means EBCT ¼ 10 min, 10 mg L�1 of STX and
2 mg L�1 of dc-STX).
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Fig. 6 shows that, in the simulation using EBCT of 10 min, con-
centrations of STX ¼ 10 mg L�1 and dc-STX ¼ 2 mg L�1, Cout would
exceed 3 mgstxeq.L�1 after 138 days of continue use. This indicates,
for example, that a water treatment plant with a flow rate of
30 ML d�1 containing 10 mg L�1 of STX and 2 mg L�1 of dc-STX could
comply with Australian and Brazilian guidelines using a total GAC
filter volume of 208 m3 for 138 consecutive days before the acti-
vated carbon needed to be changed or regenerated. This limited
lifetime could represent an operational problem for utilities if these
metabolites were constantly present in the raw water, which, ac-
cording to Newcombe et al. (2010), that is not the case. Besides, GAC
filters are expected to remove occasional episodes of cianobacteria
metabolites and therefore, filter may be put offline avoiding the
decrease of its removal capacity.

Higher DOM can substantially reduce GAC adsorption capacity
(Newcombe et al., 2002; Zoschke et al., 2011) and therefore, the
applicability of our modelled results may be limited by higher
DOM in the influent water to the full-scale GAC filter. Other point
that might decrease the theoretical breakthrough time may be the
water quality influent water to the full-scale GAC filter. Higher
turbidity was shown to decrease geosmin and MIB removal by PAC
(Cook and Newcombe, 2008). Therefore, low quality filtered water
may decrease the GAC filter efficiency and toxin breakthrough
time.

Biological removal of other cyanotoxins has been reported in
GAC filters (Newcombe and Nicholson, 2002; Newcombe et al.,
2003; Ho and Newcombe, 2010; Wang et al., 2007; Drogui et al.,
2012), offering the advantage of two removal mechanisms,
adsorption and biodegradation, and thus increasing breakthrough
time. In the case of PSP, however, biological activity seams not to
play an important role in water treatment. The fate of five PSP
variants through biologically active laboratory filters was assessed
by Kayal et al. (2008). They found that an increase in the con-
centrations of the more toxic variants coincided with a decrease of
the less toxic variants suggesting that organisms within the bio-
film had the ability to biotransform the PSP. The lack of STX bio-
logical removal indicates that defining precisely the GAC filter
adsorption capacity for is even more crucial than for other
cyanotoxins.

The simulated breakthrough curves and the horizontal line over
the x-axis representing the 3 mgstxeq.L�1 limit are displayed in Fig. 4.
Cout (mgstxeq.L�1) is zero at the beginning of the simulation, followed
by two fast increases and finally a concentration levelling off at the
influent concentration. The first fast increase, the smaller one,
represents the contribution of dc-STX and the second and larger
one, represents the contribution of the STX concentration to the
Cout. Although both toxins have demonstrated practically the same
adsorption kinetics on the GAC tested, dc-STX experimental
adsorption capacity (qexper) is smaller than STX's, as defined by the
equilibrium isotherms, explaining therefore the curves
configuration.

4. Conclusions

Homogenous surface diffusion model was used to simulate
batch and full-scale adsorption kinetics of STX and dc-STX onto a
GAC sample. Adsorption kinetics and isotherms lab-scale experi-
ments datawere used in the simulation to find the HSDM constants
Kf and Ds. Conclusions from this study were:

� Adsorption of dc-STX and STX on the GAC sample was best
described by Langmuir isotherm, energy involved in adsorption
of dc-STX was one order of magnitude greater than for STX but
the experimental adsorption capacity (qexper) was one order of
magnitude greater for STX than for dc-STX;

� HSDM could successfully describe adsorption of STX and dc-STX
onto the GAC sample and the proximity of STX the dc-STX pa-
rameters indicates that diffusion of both toxins behaves in a
similar way;

� Variations of Ds significantly altered the model adjustment
whereas variations of Kf by one order of magnitude showed no
significant effect. Therefore, Ds can be considered as the main
HSDM adjustment parameter;

� With the data obtained in the experimental procedures and
with the model adjustment, it was possible to simulate a full-
scale GAC filter treating water containing STX, dc-STX and dis-
solved organic matter.

The methodology presented in this paper may offer an option
not only as a first approach to GAC filter projects but also for bench
and pilot scale experimental designs. To test the validity of our
methodology and the accuracy of our determinations however,
column adsorption experiments should be conducted as soon as
STX and dc-STX are sufficiently available.
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