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Development of a chitosan-multi-walled carbon
nanotubes composite for application in solid-phase
adsorption toxin tracking of microcystins

Contamination of water and food with cyanotoxins poses human health risks, and hence the need for
sensitive early warning tools to monitor these in water. A composite of glutaraldehyde-crosslinked chitosan
and multi-walled carbon nanotubes (ChMWCNTSs) was synthesised and tested for potential use as a solid-
phase adsorption toxin tracking (SPATT) adsorbent for monitoring microcystins (MCs) in fresh water. The
composite was characterised by Fourier transform infrared spectroscopy, Brunauer-Emmett-Teller theory
and scanning electron microscopy. Batch adsorption experiments to assess the effect of contact time,
adsorbent dosage and initial microcystin-LR (MC-LR) concentration were conducted. The composite was
found to be efficient in adsorbing MC-LR, showing 97% removal and a maximum adsorption capacity of
4.639 ug/g under optimised conditions of 5 ug/L of MC-LR, adsorbent dose of 0.03 g/5 mL and 30 min
contact time. The adsorption kinetics were better explained by a pseudo-second-order model, inferring
chemisorption adsorption. The isotherm data better fitted the Langmuir isotherm model, thus inferring
monolayer surface adsorption. For desorption, 100% methanol was the most effective, with an efficiency
of 84.71%. The composite effectively adsorbed and desorbed three congeners of MCs (-LR, -RR and
-YR) when tested in raw dam water, regardless of its lower maximum adsorption capacity compared to
those of other adsorbents used for similar purposes.

Significance:

*  Monitoring of microcystins is problematic in large reservoirs and rivers.

e Chitosan can be crosslinked and modified to enhance its adsorption properties.

e Composites of chitosan and carbon nanotubes efficiently adsorb and desorb microcystins.

«  This study is possibly the first to apply a chitosan-based sorbent in solid-phase toxin tracking (SPATT)
to be used as an early warning tool in passive monitoring of microcystins in water resources.

Introduction

The global increase in incidents of toxin-producing cyanobacterial blooms has gained international attention in
recent years. These increases have been attributed to a wide variety of environmental factors including nutrient
pollution, increased temperature and salinity, many of which will likely be exacerbated by climate change.'?
Toxins produced by cyanobacteria (cyanotoxins) pose a significant risk for humans, livestock and wildlife as
they can cause impairment and mortality.> Amongst the many types of cyanotoxins that have been documented,
microcystins (MCs) are the most frequently occurring in the freshwater environment, and hence, have been widely
investigated. Due to the chronic toxicity of MCs, the World Health Organization (WHQ) set a provisional threshold
of 1 ug/L for MC-LR concentration in drinking water* and a tolerable daily intake (TDI) of 0.04 ug MC-LR/kg body
weight (BW) in food.! MC levels above this WHO threshold have been reported in South Africa, with levels in the
range of 2 ug/L to 23.7 ug/L being reported in various water bodies in the country.®

Several countries have routine programmes to monitor these toxins and test possible contamination of food crops
and fish. However, the drawback of the sampling and monitoring of these toxins in rivers and large water bodies is
that their levels can vary rapidly.5 To overcome the drawbacks of grab sampling, MacKenzie et al.” came up with
the solid-phase adsorption toxin tracking (SPATT) technology, for possible use for the detection and early warning
of the presence of cyanotoxins. SPATT involves suspending small bags containing adsorbent which accumulate
toxins in the water body. The toxins can then be extracted and measured, providing information on extracellular
toxins over an extended period.

Different sorbents have been used for SPATT, including the polymeric adsorbents Diaion® HP-20 to SEPABEADS-
type resins for the accumulation of cyanobacterial toxins of different polarities.® Although passive sampling has
been successfully used several times to monitor cyanotoxins using different bulk polymeric sorbents,® most of
these sorbents are synthetic and relatively costly to buy. Studies on the characterisation and mechanism of SPATT
resins for the adsorption of lipophilic and hydrophilic cyanotoxins are also limited.!

Recent studies, for example those of Gomez-Maldonado et al.® and Tran et al.”®, have demonstrated that chitosan
can be modified and be applied for the adsorption of MC-LR in water purification, but no studies have evaluated
its use as a sorbent in the passive sampling of MCs in SPATT. Insertion of multi-walled carbon nanotubes
(MWCNTs) into the chitosan hydrogel to form a chitosan-multi-walled carbon nanotube (ChMWCNT) composite
was hypothesised to have the synergistic effect of improving the physical properties of chitosan and improve its
adsorptive characteristics. Thus the aim of this work was to insert multi-walled carbon nanotubes into the chitosan
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hydrogel structure and evaluate the subsequent effects on the formed
composite material and its capabilities for MC adsorption and desorption
for possible use in SPATT samplers.

Materials and methods

Chemicals and reagents

Analytical-reagent grade glutaraldehyde (GLA), acetic acid and powdered
high molecular weight chitosan (Ch) were purchased from Rochelle
Chemicals (Johannesburg, South Africa). Hydroxyl functionalised multi-
walled carbon nanotubes (MWCNTs, purity: >98%, average diameter:
10-20 nm) were purchased from SabiNano (Pty) Ltd (Johannesburg,
South Africa). Synthetic aromatic adsorbent Diaion® HP-20 resin was
purchased from Rochelle Chemicals (Johannesburg, South Africa).
De-ionised water from a Milli-Q water purification system (Merck-
Millipore Ltd., Germany) of 18.2 MQ/cm quality was used to prepare
all the solutions. Microcystin-LR (MC-LR) standards, 0.5 mg fims
(Eurofins Scientific, USA) were purchased from ToxSolutions, Kits and
Services (South Africa).

Preparation of the ChMWCNT composite

Chitosan was crosslinked with GLA using ratios optimised by Gongalves
et al."" and chitosan-to-MWCNTs ratios applied by Alves et al.”
In brief, chitosan (1 g) was dissolved in 50 mL of 1% v/v acetic acid.
After the complete dissolution of chitosan, carbon nanotubes (CNT)
(10 % wt) were added to the solution. Then, GLA (2% (v/v)) was used
as a crosslinking agent and slowly added to the MWCNT-chitosan
solution under mechanical stirring (50 revolutions per minute [rpm])
until it formed a gel. The formed hydrogel was freeze dried for 48 h
at —48 °C under a constant vacuum of 44 umHg (Telstar Lyoquest
Freeze Dryer, Terrassa, Spain). The freeze-dried material was then
ground to powder using a mortar and pestle, followed by sieving
using a 250 um sieve to get particles above 250 um only (suitable to
be used in SPATT bags).

Characterisation

The Fourier transform infrared (FTIR) spectroscopy spectra of the
chitosan (CH), glutaraldehyde-crosslinked chitosan (ChGLA) and the
chitosan/MWCNT composite (ChMWCNT) were recorded using a Bruker
Alpha-P FTIR spectrometer equipped with a diamond ATR window
(Bruker Optik GmbH, Ettlingen, Germany). All spectra were recorded in
the spectral range of 4000-400/cm with a resolution of 4/cm. Surface
area measurements were conducted on a Micromeritics TriStar |1 3020
Surface Area and Porosity Analyser (Norcross, Georgia, USA). The
surface morphology of the samples was characterised using scanning
electron microscopy (SEM; FEI Nova Nano SEM 230, USA).

Adsorption and desorption studies

Optimisation of equilibration time

A5 ug/L MC-LR solution was used to investigate the effect of contact
time. The toxin solutions (5 mL) were placed in 15 mL glass centrifuge
tubes with 0.01 g of the ChMWCNT composite and the mixture was
shaken at 145 rpm (Stuart Reciprocating Shaker, SSL2, UK) for 5, 10,
15, 30 and 60 min at room temperature and immediately after, filtered
through 0.22 um pore membrane filters and the filtrate analysed for MCs
using microcystins/nodularins (ADDA) enzyme-linked immunosorbent
assay (ELISA) kits, EUROFINS (Kit Lot No: 1911120: PN 520011,
Eurofins Scientific, USA) and a SPECTROstar Nano Plate Reader (BMG
LABTECH, 601-1106, Germany) for quantification.

Optimisation of dosage

A5 pg/L of MC-LR (5 mL) and composite dosages 0.005 g; 0.01 g;
0.02 g; 0.03 g; 0.05 g and 0 g (control) were investigated by placing
the composite in 15 mL glass centrifuge tubes and shaken at 145 rpm
at room temperature for 30 min (as determined from the previous
experiment on optimisation of equilibration time). Samples were then
filttered through 0.22 um pore membrane filters immediately after
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agitation and the residual toxin levels in the supernatant determined as
described in the section of optimisation of equilibration time.

Adsorption and equilibrium studies

Adsorption experiments were conducted to investigate the adsorption
isotherms at equilibrium and the kinetics. The effect of contact time and
the kinetics studies were investigated by placing 0.03 g of ChMWCNT
(the optimised unit dose) in 15 mL glass centrifuge tubes with 5 mL of
5 pg/L MC-LR solution. This was then followed by agitation for 5, 10,
15, 30 and 60 min; then it was filtered through 0.22-um pore membrane
filters, and the residual toxin levels in the supernatant were determined
as described in the section of optimisation of equilibration time.

For the equilibrium study, 0.03 g of adsorbent was introduced into seven
15-mL centrifuge tubes with 5 mL of different MC-LR concentrations
(within the range commonly found in South African water bodies®) (i.e. 2.5,
5, 7.5, 10, 15, 20, and 25 pg/L). The tubes were agitated for 30 min
at room temperature. Afterwards, samples were filtered through 0.22 um
pore membrane filters immediately after agitation and the residual toxin
levels in the supernatant were determined. Two isotherm models of
Freundlich and Langmuir were employed to analyse the equilibrium data.

Adsorption data modelling
The adsorption capacity (g,) and equilibrium adsorption capacity (g, ug/g)
were calculated using Equation 1 and Equation 2, respectively:'

Equation 1

Equation 2

where V/is the solution volume (L); m is the weight of the adsorbent (g);
C, C,andC, (ug/L) are the concentrations of the adsorbate at the initial,
certain and equilibrium times.

To better understand the factors and mechanisms controlling the
adsorption of MC-LR onto ChMWCNT, the experimental data obtained
at various contact times were fitted into kinetics models namely, pseudo
first order (PFO) and pseudo second order (PSO) and the Weber—Morris
intra-particle diffusion models. The mathematical expressions (nonlinear
fits) of the PFO and PSO kinetic models are shown in Equations 3 and 4,
respectively.

g,=q,(-¢e™ Equation 3

*,q20 .
q,= T+kaD koD Equation 4

where g, (mg/g) and g, (mg/g) are the amounts of MC-LR adsorbed at
time ¢ (h) and equilibrium, respectively, and k, (/h) and k, (a/mg.h) are
the PFO and PSO adsorption rate constants, respectively.

Equation 5 shows the Weber—Morris intra-particle diffusion model:

q, =k, " +C Equation 5
where k, is the intra-particle diffusion coefficient (mg/g. min'?), and
C (g/g) a constant associated with diffusion resistance

Adsorption isotherm models, namely, Langmuir and Freundlich
adsorption isotherm models, were used to give more insight into the
relationship between the adsorbate concentration and the solid phases
in the aqueous solution at equilibrium.™ The nonlinear mathematical
expressions of the Langmuir and Freundlich isotherm models are shown
in Equation 6 and Equation 7, respectively.™
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where @ (mg/g) andK (L/mg) are the maximum adsorption capacity
of the adsorbent and the Langmuir constant related to the adsorption
energy of the adsorbent, respectively. K. (mg/g (mg/L)-"" and n (-) are
the Freundlich constant and adsorption strength, respectively.

For the Langmuir isotherm, the adsorption process efficiency was
determined using a dimensionless constant separation factor A, calculated
using the calculated K, from Equation 6 as follows (Equation 8):

_ 1
A= 7%,

Equation 8
If the R, values are found to be between 0 and 1, then the process of
adsorption is deemed favourable at the temperatures studied.”

Desorption optimisation

Supernatants were discarded after adsorption equilibration was achieved
(based on optimum equilibration time and dosage in sections on
optimisation of equilibration time; optimisation of dosage and adsorption
and equilibrium studies). The residual adsorbent was extracted with
varying percentages of methanol (0%, 20%, 50%, 80% and 100%)
through sonication (SCIENTEC Ultrasonic Cleaner, Model 705, South
Africa) for 5 min to release toxins before centrifugation at 570 rcf for 10
min. The whole cycle of sonication and centrifuging was repeated three
times and the supernatant pooled to give approximately a 15-mL extract
of each sample. The pooled samples were then evaporated to dryness
under a gentle stream of nitrogen (N,) gas, with the residue suspended
in 1 mL of Milli-Q water followed by analysis using the ELISA method.

Adsorption and desorption in SPATT bag format

SPATT construction and activation

SPATT bags were constructed from nylon mesh with approximately
95-100 pm pore size. The nylon mesh was sewn on three sides using
a sewing machine and the bag was filled with 0.2 g of the ChAMWCNT
composite, then the fourth side was sewn to form a finished SPATT
bag of approximately 60 x 60 mm dimension. The SPATT bags were
activated by soaking in 100% methanol (MeOH) for 48 h, then rinsed
thoroughly in Milli-Q water for removal of any MeOH residues and kept in
Milli-Q water at 4-6 °C before use.

Adsorption experiment with field water

Raw dam water collected from Roodeplaat Dam was used for the SPATT
adsorption experiment with field water. Before the experiment, the raw
dam water was analysed for pH, total dissolved solids (TDS), electrical
conductivity (EC) and turbidity. TDS, pH and EC were determined using
a Jenway pH/Cond meter model (430), and turbidity was determined
using a TB200 portable turbidity meter model (#TB200-10). The raw
dam water (1 L) was placed in 1 L amber bottles, and the SPATT bags
packed with 0.2 g of CAMWCNT were introduced to each bottle and the
solutions were shaken at 145 rpm for 30 min at room temperature. The
SPATT bags were removed after 30 min, rinsed in Milli-Q water and kept
at 4-6 °C before extraction.

SPATT extraction

The SPATT bags were oven dried at 40 °C, then cut open and the material
was placed in 15 mL centrifuge tubes. The toxins were extracted using
100% MeOH through sonication (5 min) to release toxins and centrifuged
at 1750 rpm as described under ‘Desorption optimisation’. The pooled
supernatant was collected and dried at 50 °C under a stream of nitrogen.
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The dried material was then reconstituted with 1 mL of Milli-Q water
and analysed using the ELISA method (ELISA test kits), EUROFINS
(Kit Lot No: 1911120: PN 520011) and liquid chromatography-mass
spectrometry (LC-MS).

Determination of MC levels in the residues and extracted material

EUROFINS microcystin/nodularin ELISA plate kit were used for the analysis
of total MCs in the samples following the manufacturers’ instructions. The
method is based on a direct competitive ELISA for quantitative detection
of MCs and nodularins on the polyclonal antibodies. To determine the
levels of some of the congeners of MCs (LR, RR and YR) adsorbed
by the composites, a chromatographic method using a Shimadzu
triple quadrupole LC-MS/MS system (model LCMS-8045, Shimadzu
Corporation, Japan) was used.

Chromatographic conditions

Levels of microcystins (LR, RR and YR) in the samples were determined
on a triple quadrupole LC-MS/MS system (model LCMS-8045,
Shimadzu Corporation, Japan) with a Shim-pack Velox SP-C18, 2.7 um,
with dimensions 2.1 x 100 mm (Shimadzu, Japan). The injection volume
was set at 10 uL and the mobile phases used were 0.1% formic acid (FA)
in water (A) and 0.1% FA in acetonitrile (B). A flow rate of 0.5 mL/min
and a 5-min binary gradient were used with an elution profile of 2% B
(0.4 min), linear gradient to 70% B (3.1 min), 100% B (0.5 min), and,
finally, 2% B (1 min). Detection limits were 0.5 ug/L for all the three MC
congeners used.

The final concentration of the toxins in the samples was determined by
using Equation 9:

G, x Volofextractused (L)
Volume of sample used (L)

Concinsample (ug/L) = < ) Equation 9

where G, = the concentration of the sample determined from the
calibration curve (ug/L)

To determine the microcystin concentrations adsorbed to the SPATT
composite/resin, Equation 10 was used:

(ug/Linextract x 0.001 Lextractvol)

0.2g (composite) Equation 10

Mg/g(resin) =

where the extract volume is 0.001 L and is 0.2 g of CAMWCNT.

To compare the levels of MCs adsorbed and desorbed by different
adsorbents and solutions, analysis of variance (ANOVA) and/or the
Kruskal-Wallis tests were used at 95% confidence interval (Cl) using
GraphPad InStat 3 (GraphPad Software, California, USA).

Results and discussion
Physicochemical characterisation

Fourier transform infrared analysis

The FTIR spectra for raw chitosan, ChGLA and ChMWCNT composite
are shown in Figure 1. The notable peaks of chitosan can be attributed to:
the broad and strong band ranging from 3200 to 3600/cm corresponds
to the presence of ~OH and -NH, groups, 2927/cm (CH, symmetric
stretch), 1634/cm (C = O stretching vibration), 1154/cm (C—0-C bending
vibration), and 1066/cm (C—QH stretching vibration) as also observed by
Li et al.’® Major differences in the spectra of chitosan compared to ChGLA
and ChMWCNT were the presence of C—0-C band at 1154/cm in chitosan
but not in the two crosslinked products and the presence of the amide Il at
1554/cm in the crosslinked material (ChGLA and ChMWCNT) but not in
the spectra of chitosan (Figure 1). Of importance to note were the broader
peaks of the ChMWCNT compared to the other two materials, which
probably indicated the coating of the chitosan by the multi-walled carbon
nanotubes as was also observed by Liu et al.””
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Figure 2:

Morphological analysis

Figure 2a shows the surface morphology of raw chitosan at x10 000
magnification. The SEM images show a slightly rough and dense surface
with large clusters of particles for raw chitosan. After the crosslinking
and introduction of multi-walled CNTs (Figure 2b), the surface structure
appears more porous and flaky. The introduction of multi-walled CNTs
seems to have enhanced pore formation. A clear distinction of the
ChMWCNT morphology before and after adsorbing MCs can be seen
in Figure 2b vs 2c¢ with the structure becoming deformed and irregular
upon adsorption. Figure 2¢c shows the formation of granules in the used
material, which could be attributed to the swelling of the material during
adsorption with the pores appearing saturated after use.

Surface area, pore volume and pore size

Specific surface area and pore volume are very important aspects for
any material to be used for the adsorption of MCs, as MCs are large
molecules and cannot easily enter into the micropores of materials with
low micropore sizes.! Table 1 shows the surface area and pore size
of the raw chitosan, synthesised ChGLA, ChAMWCNT and the Diaion®
HP-20 resin, which were evaluated using the Brunauer—-Emmett-Teller
(BET) method.

The results indicate that the Diaion® HP-20 resin had surface area, pore
volume and pore size comparable to what was reported by Li et al.”® In
terms of the surface area, pore volume and pore size of the synthesised
materials, raw chitosan had the lowest, followed by ChGLA, ChMWCNT.
The Diaion® HP-20 resin displayed far more superior surface area and
pore volume compared to any of the synthesised material, but the
ChMWCNT had much greater pore sizes compared to Diaion® HP-20.
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FTIR spectra for chitosan, ChGLA and ChMWCNT.
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SEM images for (a) raw chitosan, (b) CAMWCNT before adsorption and (c) ChAMWCNT after adsorption x10 000 magnification.

Introduction of multi-walled CNTs onto the ChGLA, improved the surface
area, pore volume and pore size of the chitosan, and hence ChMWCNT
seemed more suitable for the adsorption of MCs compared to ChGLA.
Regardless of the lower surface area of the ChMWCNT compared to
Diaion® HP-20, its higher pore sizes make it ideal for the adsorption of
MCs. Li et al." reiterate the importance of materials’ pore size instead of
surface area in determining the equilibration rates and abilities to adsorb
the toxins.

Adsorption and desorption characteristics of the composite
for microcystins

Results of batch adsorption experiments showing the effects of the
effect of contact time, initial adsorbate (MC-LR) concentration and
adsorbent (ChMWCNT) dosage are presented in Figure 3a, b and c,
respectively.

Effect of contact time

The effect of contact time was evaluated to establish the equilibrium
time for optimum adsorption of MC-LR onto ChMWCNT and establish
the adsorption kinetics. The results in Figure 3a show that MC-LR was
rapidly adsorbed in the first 15 min of the reaction and then slowed
down as the reaction time increased to 30 min where optimum uptake
of MC-LR was recorded. Thereafter, removal efficiency remained almost
constant as the time increased to 60 min indicating that equilibrium had
been reached.

The rapid adsorption of MC-LR in the initial stages (5—15 min) of contact
could be attributed to binding of adsorbate onto the readily available active
sites on the outer surface of the ChMWCNT. In the early stages, there are many
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Table 1:  Surface area, pore volume and pore size of HP20, ChGLA*, ChAMWCNT and Chitosan
HP20 ChGLA ChMWCNT Chitosan

Surface area (m?/g)

Single point surface area 618.0379 1.7616 8.0174 0.264

BET surface area 653.6041 1.8978 8.377 0.3241

BJH adsorption cumulative surface area of pores 481.58 0.506 8.424 0.158

BJH desorption cumulative surface area of pores 475.1997 0.49 10.5357 0.9885
Pore volume (cm?/g)

Single point adsorption total pore volume of pores 0.74539 - 0.02248 -

BJH adsorption cumulative volume of pores 0.999586 0.00022 0.029747 0.001056
BJH desorption cumulative volume of pores 0.983416 - 0.029914 0.001138
Pore size (A)

Adsorption average pore width (4V/A by BET) 45.6172 - 107.3432 -

BJH adsorption average pore diameter (4V/A) 83.026 17.397 141.254 267.817
BJH desorption average pore diameter (4V/A) 82.779 - 113.57 46.043

105% 96% b

100%

LN

92%

% Removal

88%

84%

0 5 10 15 20 25 30

Initial MC-LR Concentration (g L)

o 10 » 2 0 0 6

Dosage (mg)

Figure 3:

(a) Effect of contact time on the adsorption of MC-LR onto ChMWCNT. (b) Adsorption of MC-LR onto ChMWCNT as a function of initial

concentration (5 pg/L initial concentration, 10 mg/5 mL adsorbent dosage. (c) Adsorption of MC-LR onto ChMWCNT as a function of

adsorbent (pH 6.5 + 0.5 and shaking speed of 145 rpm).

sorption sites available for occupation by the adsorbate, thus higher initial
rates; then as the reaction continues, the sorption sites and concentration of
the adsorbate decreases and the rate of adsorption also lowers.™

Based on that, 30 min was adopted as the reaction time for subsequent
experiments. Our findings were similar to those of Zhao et al." who found
the equilibration times of MCs onto the Diaion® HP-20 resin to be 30
min, but that of SP700 to be 15 min. This implies that the synthesised
composite adsorbs MCs at comparable rate with other adsorbents being
used for the same purpose.

Research Article 5
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To further explain the adsorption mechanisms and the adsorption rate
controlling factors, the experimental data were fit into reaction kinetics
models namely PFO, PSO and intra-particular diffusion.' The nonlinear
plot for PFO and PSO are presented in Figure 4a whilst the constant
parameters are presented in Table 2. The PSO models showed a higher
correlation coefficient (R? = 0.875); this means that the experimental data
are better explained by the PSO model, thus showing that the adsorption
was occurring through chemisorption. In a related study locally, Mashile
et al.?0 also found their adsorption data to be fitting the fitted the
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Figure 4:  (a) Results of kinetics experiment on CAMWCNT and nonlinear regression analysis of PFO and PSO models. (b) Intra-particle diffusion of
MC-LR onto ChMWCNT (initial MC-LR concentration: 5 ug/L, adsorbent dose: 30 mg/5 mL, time: 5, 10, 15, 30 and 60 min).
Table 2: Parameters of pseudo-first-order and second-order reaction kinetics
Pseudo-first-order model Pseudo-second-order model
Concentration (pg/L)
g, (no/g) K (L/mg) R g, (no/g) K (L/mg) R

ChMWCNT 5 0.801 0.295 0.773 0.852 0.710 0.875

pseudo-second-order model when applying tyre-based activated carbon
for the removal of MC-LR via adsorption. The adsorption mechanism of
MC-LR onto the composite can be explained in terms of the functional
groups in chitosan. Chitosan has numerous amino ligands and hydroxyl
groups on its surface,?" which are all considered to be active sites for
the sorption of MCs.

The experimental data were also fitted into intra-particle diffusion plot
to understand the rate controlling factors limiting the adsorption of
MC-LR onto ChMWCNT (Figure 4b). Based on this model, if a graph/
plot displays multi-linearity, this is an indication that there are more
than one adsorption processes taking place and the rate-limiting step
is not the intra-particle diffusion.?? In this study, a multi-linear plot was
obtained (Figure 4b) thus showing a two-step diffusion process. Figure
4b shows a sharp first step (in the first 15 min) showing external mass
transfer through instantaneous sorption. The second and last step
(the equilibrium stage) shows intra-particle diffusion and a plateau
demonstrating slow diffusion as the levels of the adsorbate decrease.
These findings thus show that the adsorption of MC-LR onto ChMWCNT
is not solely controlled by intra-particle diffusion. Similar findings were
also reported by Mashile et al.% who also found that the adsorption of
MC-LR onto tyre-based activated carbon was not controlled by intra-
particle diffusion as the sole rate-determining step.

Effect of adsorbent dosage

Dosage of adsorbent is known to have an effect on removal efficiency
of adsorbates because increasing the adsorbent dosage increases the
available active sites for adsorption. Findings in Figure 3¢ show that the
adsorption of MC-LR onto ChMWCNT was increasing with increasing
dose of the adsorbent. This is because increasing the dosage of the
adsorbent increased the active sites for the MC-LR to be adsorbed thus
an increase in removal efficiency. Maximum adsorption was reported
to be 97% at a dose of 30 mg per 5 mL of the solution, and this was
adopted as the optimum dose and used in the subsequent experiments.

Effect of adsorbate concentration

The adsorbates’ initial concentration has a direct effect on the rate of
adsorption, and this makes it a parameter of paramount importance to
investigate to understand the adsorption process. The effect of initial
concentration on the adsorption of MC-LR by ChMWCNT was evaluated
using seven initial solution concentrations of MC-LR (2.5, 5, 7.5, 10, 15, 20
and 25 pg/L) and a dosage of 30 mg per 5 mL solution. Results in Figure 3b
show that the removal efficiency (as % removal) of MC-LR was declining
as the concentration of the adsorbate was increased. The trend observed
is due to adsorbent’s active site being exhausted by the adsorbate with an
increase in the initial MC-LR concentrations. Highest MC-LR removal was
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reported when a 5 pg/L solution was used. This was then selected as the
optimum concentration in the subsequent experiments.

The adsorption data obtained when investigating the effect of the
adsorbate initial concentration on the process were fitted into nonlinear
equations of Langmuir and Freundlich isotherm models. Analysis of the
equilibrium isotherms gives data on the adsorption capacity, which is
crucial when investigating adsorption systems.™ The Langmuir model
assumes that the adsorption process happens on a homogenous
surface with a single layer adsorption taking place at all the available
adsorption sites. The model also assumes no interaction between the
adsorbent and the adsorbate.?? On the other hand, the Freundlich model
assumes that adsorption occurs in a multi-layer on a heterogeneous
adsorbent. The isotherm model assumes adsorption sites to be having
unequal energy which differs exponentially, and this results in numerous
adsorbate layers forming onto the surface of the adsorbent.”®

The nonlinear plots for Langmuir and Freundlich isotherms are shown in
Figure 5 and their respective constant parameters are shown in Table 3.
Based on the correlation coefficient values (R?) (Table 3), the data
better fitted the Langmuir isotherm model, thus inferring a monolayer
uniform adsorption onto the surface of the ChMWCNT composite and
no interaction of the adsorbate molecules.

The calculated R, (dimensionless equilibrium parameter) values for
the Langmuir isotherm and the Freundlich adsorption intensity (1/n) in
Table 3 were all between 0 and 1, thus showing that the adsorption of
MC-LR onto the ChMWCNT composite is favourable. However, when
compared to the adsorption capacities of other adsorbents applied
in SPATT for microcystins as reported by Zhao et al.' (Table 4), the
adsorption capacities of Diaion® HP-20 and SEPABEADS SP700 were
found to be much higher than the developed composite. Even though
superior adsorption capacities were observed by Zhao et al.! for the
resins Diaion® HP-20 and SEPABEADS SP700, the huge differences with
the developed composite could also be due to the huge differences in
the experimental conditions, with Zhao et al.' having used microcystin
concentrations (MC-LR 1 980-1.488 6 x 10° ug/L) which were at least
a thousand times more and adsorbent dosages (0.1 g) which were at
least three times more than applied in this study.

Desorption study on CAMWCNT composite

The desorption of MC-LR from the ChAMWCNT composite was tested
in five different aqueous MeOH solutions (0%, 20%, 50%, 80% and
100%). Recoveries of MC-LR from the composite using these solutions
are shown in Figure 6. Pure water (0%), 20% and 50% MeOH solutions
proved to be very ineffective in desorbing MC-LR. Higher mean
recoveries of 71.99 + 4.47% and 84.71 + 6.47% were observed for
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Figure 5:  Adsorption equilibrium isotherms for MC-LR on ChMWCNT.
Table 3:  Parameters of Langmuir’s and Freundlich’s isotherm models at 25 °C
Langmuir’s isotherm model Freundlich’s isotherm model
Q.. (no/g) | K (L/mg) R K. (L/mg) 1/n R
ChMWCNT 4.639 0.938 0.972 2.012 0.473 0.908
Table 4:  List of adsorbents used in SPATT for microcystins
Adsorbent Type of microcystin Adsorption capacity (ug/g) Reference
HP20 MC-LR 335 Zhao et al.!
SP700 MC-LR 828 Zhao et al.!
ChMWCNT MC-LR 4.639 This study
100%
C
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80% b
pr
o 70%
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3]
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[
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Figure 6:  Desorption efficiency of MC-LR from ChMWCNT using various percentages of methanol as the
extraction solution. Data labelled with different small letters (a, b, c) differed significantly at p < 0.05
in each bar (n = 3).
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80% and 100% MeOH, respectively. Similar findings were reported
by Zhao et al." who reported the highest recovery of 78.1 + 4.1% for
MC-LR from the resin SEPABEADS SP700 using 100% MeOH. However,
Zhao et al.' found better recoveries of 91.5 + 4.6% for MC-LR with 75%
MeOH compared to 100% methanol (+ 78% recovery).

Such findings imply that, compared to Diaion® HP-20, the synthesised
composite has a stronger affinity for MC-LR. However, the fact that some MCs
were desorbed when 100% water was used suggests a possibility of MCs
leaching from the composite in solution when this material is used for SPATT.

Application in raw dam water and SPATT bag format

To determine the potential of the composite to adsorb and desorb different
congeners of MCs (MC-LR, RR and YR), we exposed SPATT samplers
loaded with 0.2 g of the composite to 1 L of raw dam water with pH of 7.29
+ 0.71, EC of 878.67 + 42.44 pS/cm and MCs with the following mean
concentrations: MC-LR 25.14 + 2.34; MC-YR 10.21 + 0.41 and MC-RR
7.92 +0.10 pg/L. Similar congeners were (MC-LR, —YR and —RR), were
reported by Pedro et al.?® when using passive sampling devices (PSDs)
followed by LC-MS when monitoring the toxins in Southern Mozambique.
Levels of MCs in the range 2.1-159.4 ng/g of PSDs reported by (23) were
consistent to the levels reported here (Figure 7).

The findings in Figure 7a and 7b show that except for MC-YR, where the
recovery seemed disproportional to the levels in solution, the levels of
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MC-LR and MC-RR recovered were representative/proportional to the
levels in the dam water. This seems to imply less affinity or recoveries of
MC-YR compared to the other two congeners monitored. Such findings
are consistent with Cook and Newcombe?* who found the adsorption of
different MC congeners in the order MC-RR > MC-YR > MC-LR > MC-LA,
when investigating the performance of charcoal and wood powdered
activated carbons (PACs) using the surface diffusion model. Similar
adsorption performances MC-RR > MC-YR > MC-LR > MC-LA were also
reported by Ho et al.?® for adsorption behaviours of PACs. It is also highly
possible that the water had other congeners of MCs not monitored here
as reported by Mbukwa et al.? for the same catchment, which could have
outcompeted MC-YR for adsorption sites onto the composite.

Conclusions

In this study, a glutaraldehyde-crosslinked chitosan-multi-walled carbon
nanotube (ChMWCNT) composite was synthesised and evaluated for its
adsorption and desorption of MC-LR in batch experiments and then later
applied in raw dam water to assess its applicability in the passive sampling
of MCs in SPATT samplers. The optimum conditions for MC-LR adsorption
were 30 min contact time, 5 ug/L dosage and 30 mg per 5 mL dosage at
ambient room temperatures and natural pH water. The composite was found
to be efficient in adsorbing MC-LR, with up to 97% removal of the toxin
under optimised conditions. The kinetics data for the adsorption were better
explained by the pseudo-second-order model, meaning that the adsorption
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Figure 7:

(a) The different levels of MCs (LR, YR, RR) adsorbed onto CAMWCNT. (b) Percentage Levels of MC

(LR, YR, RR) adsorbed from the raw dam water.
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was occurring through chemisorption. The experimental data were fitting
better into the Langmuir isotherm compared to the Freundlich isotherm,
thus inferring a monolayer surface adsorption of MC-LR onto ChMWCNT.
Adsorption capacity of 4.639 ug/g was reported, and R, (dimensionless
equilibrium parameter) values for the Langmuir isotherm were between
0 and 1, inferring that adsorption of MC-LR onto the ChMWCNT composite
is favourable. In terms of desorption, 100% methanol was found to be
most effective with a highest mean desorption efficiency of 84.71 + 6.47%
reported. When applied for the adsorption in raw dam water, the composite
was saturated within 2 days of exposure and adsorbed and desorbed the
three congeners of MCs (-LR, -RR and —YR) relatively well. Based on the
findings, we recommend further studies looking into the effect of other
parameters such as pH, effect of co-existing pollutants and ions and field
SPATT monitoring of MCs using the developed composite to assess its
performance on different cyanotoxins. The results show that the chitosan-
based composite, which can be derived from the deacetylation of chitin
from seafood waste, which is abundant in South Africa, can be a cheaper
ingredient for a sorbent to be used in the SPATT for microcystins in water
bodies used for drinking water and agricultural purposes.
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