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Abstract: Microcystins (MCs) and nodularins (NODs) are cyanotoxins that can be found in water
bodies during cyanobacterial harmful algal blooms (cyanoHABs). Consumption of water contami-
nated with cyanotoxins leads to health risks for humans and animals. Herein, corncob-based biochar
and activated carbon (AC) were initially investigated for the sorption of six common MC congeners
(MC-RR, MC-YR, MC-LR, MC-LA, MC-LW, and MC-LF) and nodularin-R (NOD-R) from spiked
water. Biochar was prepared by refluxing commercial corncob with HCl and heating it to 250, 300, or
350 °C. AC was prepared by chemical activation of corncob with H3POj at 500 °C under a nitrogen
atmosphere. Low-temperature nitrogen adsorption measurements confirmed that H3PO4-AC has a
higher specific surface area (~=1100 m?2/ g) and total pore volume (~0.75 cm3/ g) than biochar and
commercial AC. H3PO4-AC showed the maximum efficacy, among all corncob-based sorbents, to
remove MCs and NOD-R from water as confirmed by experiments that involved sample analyses by
ultrahigh-pressure liquid chromatography-mass spectrometry (UHPLC-MS). The effect of natural
organic matter (NOM) on the adsorption of MCs was checked by incubating sorbents with Lake Erie
water collected during cyanoHABs from 2020 to 2022. The total concentration (extracellular and in-
tracellular) of studied MC congeners ranged from 1.37 pg/L to 438.51 pg/L and 50 mg of H3PO4-AC
completely removed them from 3 mL of lake water. The effect of water pH on cyanotoxin adsorption
was studied at pH values of 5.5, 7.0, and 8.5 at both a lower (10 pug/L each) and a higher (50 ug/L
each) toxin concentration. Removal was influenced by solution pH at both concentrations when
using biochar, while only at higher toxin concentration when using H3PO4-AC. At higher MC and
NOD-R concentrations, competitive adsorption was prominent, and overall, the adsorption increased
at acidic pH (5.5). The study results suggest that processed corncobs can remove a significant amount
of MCs and NOD-R from water, and the measured sorption capacity of H3PO4-AC was ~20 mg of
MC-LR and NOD-R per g of this sorbent.

Keywords: microcystins; nodularin-R; corncob; adsorption; Lake Erie

1. Introduction and Background

As a result of anthropogenic activities, nutrient loading into the water environment
has increased. This has caused the eutrophication of aquatic bodies and has intensified
the prevalence of HABs in marine, fresh, and brackish water [1]. Among environmental
variables that can promote the occurrence of HABs are nutrient concentration, light intensity,
water movement, temperature, salinity, and stagnation [2,3]. HABs affect aquatic systems
as well as human health, and cyanobacteria are the major contributors to cyanoHABs.
Cyanobacteria produce hepatotoxins, such as microcystins (MCs) and nodularins (NODs),
as secondary metabolites [4]. The most widespread regularly found cyanobacterial toxins
in freshwater blooms are the cyclic heptapeptides microcystins [5]. NODs are cyclic
pentapeptides with closely related structures [6].
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MCs contain two variable amino acids (in positions 2 and 4) and five mostly conserved
amino acids (Figure 1A) and have molecular masses from 900 to 1200 Da. Due to the
modifications of side chains and variability of amino acids in the MC structure, more than
300 MC congeners have been identified [7,8]. MC-LR, which has leucine in the second
position and arginine in the fourth position, is the most prominent in HAB-contaminated
aquatic environments, but other MC congeners, including MC-RR, MC-LA, and MC-YR,
were predominant forms in some blooms [9,10]. Both MCs and NODs (Figure 1B) contain
unusual 3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid (Adda) and
D-erythro-B-methylaspartic acid (D-MeAsp) [11]. NOD contains a 2-(methylamino)-2-
dehydrobutyric acid (Mdhb) residue, while MCs have a methyl dehydroalanine (Mdha)
residue. So far, more than 16 NOD congeners have been identified, and NOD-R, which has
arginine in the variable amino acid position, is the most abundant in natural blooms [7,12].
The toxicity of both MCs and NODs is mostly due to their characteristic Adda moiety [6].
These cyclic heptapeptides and pentapeptides are inhibitors of serine/threonine-specific
protein phosphatases 1 and 2A and act as tumor promoters [13].
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Figure 1. General structures of (A) microcystin and (B) nodularin with their variable amino acids
shown in the table.

Consumption of cyanotoxin-contaminated water, fish, and shellfish or inhalation
and/or ingestion during recreational activities at lakes and rivers affected by HABs can
promote health risks for humans [14]. Therefore, the United States Environmental Protec-
tion Agency (US EPA) has established a safe drinking water guidance value for pre-school
age children as 0.3 ng/L for total MCs [15]. During the summer of 2014, HABs dominated
by MC-producing cyanobacterium Microcystis aeruginosa contaminated the Western Lake
Erie Basin, which is the source of drinking water for the City of Toledo. Since the total
MC level was recorded as 2.5 pg/L even after water treatment, the City of Toledo issued a
three-day “do not drink” water advisory and declared a state of emergency [16].

Water treatment facilities use several advanced methods to remove MCs and other
cyanotoxins from drinking water. Some conventional methods include coagulation, sedi-
mentation, and filtration [17-19]. These methods can generally remove intact cyanobacterial
cells, which contain intracellular cyanotoxins. In addition, the large molecular size, high
stability, and cyclic structures of MCs make these methods less efficient in removing MCs
from water [20]. Extracellular cyanotoxin removal can be done by using techniques such as
advanced oxidation processes (e.g., O3/H,O,, UV/O3, HyOy/ Fe?*), chlorination, ultravio-
let decomposition, and biodegradation [21]. However, the toxicities of possible by-products
from the above methods have not been investigated adequately [22]. Adsorption is one of
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the most convenient and effective treatment methods for cyanotoxin-contaminated water.
Most water treatment facilities use AC, sand, or clay as adsorbents [22]. Among them, AC
has been shown to be the most efficient adsorbent due to its large surface area and high
porosity [23-25]. Therefore, several types of carbon precursors, which are not renewable or
whose exploitation is damaging to the environment, have been used for AC preparation,
such as wood, coal, peat, and coconut [26-28]. AC can be used in powdered form (PAC)
or granular form (GAC). GAC is used in filter columns or beds and can be regenerated
at a high cost [29]. PAC is mixed with the sludge when recovered and it is not typically
regenerated [30]. Moreover, due to the lack of availability, increasing production costs,
and unbalanced demand and supply, the price of AC has increased. Those factors also
may restrict its large-scale application [31]. As a consequence, several studies have been
reported which include the production of adsorbents or AC from agricultural waste such
as rice husk, peanut hull, almond shells, Kentucky blue grass, and Bermuda grass [32-40].
This shows that cheap materials with low inorganic and high carbon content are effective
precursors to produce biochar and AC.

Corn, also known as maize, is one of the most widely cultivated crops around the
world, and corncobs are generated during corn processing. For every 100 kg of corn grains,
approximately 18 kg of corncobs are produced [41]. Corncobs are mostly unused and are
usually discarded or burnt [42]. Such practices contribute to air pollution [43,44]. Corncobs
contain high-carbon compounds in the forms of cellulose (40-45%), hemicellulose (30-35%),
and lignin (10-20%) [45]. Previous studies have shown that chemically or physically
modified corncobs can be used to remove heavy metals, oil, and synthetic dyes from
water [46,47]. With the amount of corn produced in the United States, it would be beneficial
to use corncob agricultural waste, which is widely available in Lake Erie and Midwest
regions, for the removal of cyanobacterial toxins.

In this study, the preparation of biochar and powdered AC from raw corncob is
described first. In the process of AC preparation, chemical activation, which offers several
advantages over physical activation, was used. The most important advantage of chemical
activation is that the process results in high carbon yield and high surface area. During
the process of chemical activation, raw materials are impregnated with an activation agent
(KOH, NaOH, Na,CO3, ZnCl,, H3POy, or H>SO,4) and then heat-treated under an inert
atmosphere. Herein, H3PO, acid was used for the activation of corncobs since it presents
itself as a low-cost and environment-friendly activation agent [48]. Moreover, H3POy is
easy to recover by washing with water after the carbonization [49]. Changes in surface
chemical and physical properties of carbonized corncobs were characterized and analyzed.

Secondly, the simultaneous removal of six common MC congeners (MC-RR, MC-YR,
MC-LR, MC-LA, MC-LW, and MC-LF) and NOD-R from water by adsorption on charred
corncobs and corncob-derived activated carbon is described. The effect of NOM and water
pH on removal is also studied. Adsorption isotherms and kinetics of MC-LR, the most
common MC variant, and NOD-R on the AC are studied to investigate the adsorption
performance. Overall, the application of carbonized corncobs for the removal of MCs and
NOD-R from water is reported for the first time.

2. Materials and Methods
2.1. Reagents and Materials

Raw corncob (M40DZ) was obtained from The Andersons Inc. (Maumee, OH, USA).
MCs (MC-RR, MC-YR, MC-LR, MC-LA, MC-LW, and MC-LF) and NOD-R standards in
solid form were purchased from Enzo Life Sciences (Farmingdale, NY, USA, 95% pu-
rity). HPLC-grade water, acetonitrile, methanol, Optima LC-MS-grade water, acetonitrile,
ACS-grade hydrochloric acid (38% w/v), LC-MS grade formic acid, Falcon tubes (50 mL),
and surfactant-free cellulose acetate (SFCA) membrane filters (25 mm diameter, 0.2 um
pore size) were purchased from Fisher Scientific (Pittsburg, PA, USA). Sep-Pak C18 car-
tridges (130 mg sorbent bed) were purchased from Waters (Milford, MA, USA). Glass
vials (2 mL), inserts and ACS-grade phosphoric acid (85 wt%) were purchased from Sigma
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(St. Louis, MO, USA). Glass vials (20 mL) were purchased from DWK Life Sciences (Mil-
lville, NJ, USA). BD slip-tip syringes (3 and 10 mL) were purchased from Fisher Scientific.
Commercial AC (WPH 600, Calgon Carbon) was supplied by Toledo Water Treatment plant
(Toledo, OH, USA).

2.2. Instrumentation

Thermogravimetric analysis (TGA) was conducted with an SDT Q600 instrument (TA
Instruments, New Castle, DE, USA). A JEOL JSM-7500F scanning electron microscope
(SEM; JEOL USA, Peabody, MA, USA) with a Bruker XFlash 5010 series energy-dispersive
X-ray spectroscopy (EDS) detector (Billerica, MA, USA) was used to obtain SEM and EDS
data. Powder X-ray diffraction (PXRD) was conducted using a PANalytical X'Pert Pro
diffractometer (Almelo, The Netherlands). Surface area and pore volume measurements
were completed on a Micrometrics 3Flex manometric adsorption analyzer (Norcross, GA,
USA) equipped with a micropore option. The pH of solutions was measured using a
Thermo Scientific Orion Star Benchtop pH meter (Chelmsford, MA, USA).

The chromatographic separation of six MCs and NOD-R was performed using a Thermo
Vanquish ultra-high-performance liquid chromatograph (UHPLC; San Jose, CA, USA) with
a Waters Acquity UPLC HSS T3 column (3.0 x 50 mm, 1.8 um) and a guard column
(2.1 x 5mm, 1.8 pm). An Orbitrap Fusion mass spectrometer (Thermo, San Jose, CA,
USA) with a heated electrospray ionization (ESI) source was used for the ionization and
mass analysis of cyanotoxins. The heated vacuum concentrator was from Eppendorf
(Hamburg, Germany).

2.3. Sorbent Preparation
2.3.1. Biochar Preparation

A total of 30 g of raw corncob (sorbent S-1), was refluxed with 750 mL of HCI (5% w/v)
at 132 °C for 90 min. Refluxed corncob was rinsed with deionized (DI) water until neutral
pH was reached and dried at room temperature. The dried product was divided into three
parts and heat-treated to 250, 300, and 350 °C (sorbents S-2, S-3, and S-4, respectively) using
a mulffle furnace. All sorbents were passed through a 250 pm sieve [50].

2.3.2. AC Preparation

Raw corncob (23.52 g) was mixed with 14.7 mL of 85% (w%) solution of H3POj, at
a ratio of 1:1 by weight and left overnight at 80 °C. The acid-impregnated corncob was
then placed in a quartz boat in a tube furnace and heated at a heating rate of 5 °C min~!
up to 500 °C under nitrogen flow. Thermal treatment lasted 4 h, and the cooled product
was boiled and washed with DI water several times until the pH of the washings was ~7.
Finally, the washed product was dried at 110 °C [51].

2.4. Characterization of the Surface Area and the Pore Structure

Specific surface area (in m?/g) and total pore volume (in cm?/g) of biochar, H3PO4-AC,
and commercial AC were obtained from N; adsorption/desorption isotherms measured at
77 K. Before the measurements, samples were degassed at 200 °C under vacuum for 4 h.
The specific surface areas of the sorbents were calculated by the Brunauer-Emmet-Teller
(BET) method and the non-local density functional theory (NLDFT) model implemented in
Micromeritics SAIEUS software (version 3.0) [52]. Total pore volume (V) was obtained
from the amount of N; adsorbed at relative pressure p/pg ~ 0.98, where p and py are the
equilibrium and saturation pressures of the adsorbate, respectively. Micropore volume
(Vmicro) was derived from the t-plot method [53].

2.5. Determination of Point of Zero Charge (pHpzc)

The solid addition method was used to determine the pHpzc of sorbents. Initially,
an aqueous solution of NaCl at a concentration of 0.01 M was prepared. Then, using a
solution of 0.1 M NaOH or 0.1 M HC], the initial pH was adjusted to obtain solutions
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with pHs ranging from 2 to 10. Next, 0.1 g of the sorbent was added to a 150 mL conical
flask containing 50 mL of solutions at different pH values and the flask was sealed with
parafilm sealing tapes to exclude CO, from the system. After a contact time of 24 h under
continuous stirring at 1000 rpm, the pH of each solution was measured. A graph was
plotted between the pHg, vs. pHinitial- The value where pHgna = pPHinitial Was taken as
pHpzc of the sorbent [54].

2.6. Preliminary Sorption Experiments

A standard stock solution containing six MCs (MC-RR, MC-LR, MC-YR, MC-LA, MC-
LF, and MC-LW) and NOD-R, 100 pg/L each in methanol, was prepared. This stock solution
was diluted with HPLC-grade water to prepare solutions with appropriate concentrations
for experiments. Preliminary sorption experiments were performed at neutral pH, using
both suspension and filter modes to find the sorbent preparation technique that gives the
maximum MC/NOD-R adsorption. In suspension mode experiments, 50 mg of the sorbent
was added into a 2 mL glass vial containing 1 mL solution of 10 pg/L of each MC and
NOD-R. An adsorbent concentration of 50 mg/mL was chosen to compare the sorption
performances of different sorbents, including raw corncobs and carbonized materials. The
mixture was stirred at 350 rpm at room temperature for 1 h and passed through an SFCA
filter. In filter mode experiments, 50 mg of the sorbent was packed in an empty glass column
and 1 mL of the standard solution containing 10 pg/L of each MC and NOD-R was passed
through the packed column using a vacuum manifold. The flow rate was ~1 mL/min.

2.7. Sample Preparation by Solid-Phase Extraction (SPE), Analysis by UHPLC-MS, and
Determination of Percent Removal

All collected samples and controls were prepared using a previously published SPE
method [55]. After the SPE, the amounts of MCs and NOD-R in samples and controls were
identified and quantified using previously published UHPLC-ESI-MS and HCD-MS/MS
methods [56]. Methods used for SPE and UHPLC-MS are described in the Supplementary
Materials (Page S3). The quantification of MCs and NOD-R was performed using an LC-MS
external calibration protocol [55]. The calibration curve was plotted in the concentration
range from 0.25 to 100 ng/L. Controls were prepared by passing the MCs and NOD-R
solution through an SFCA filter. The percent removal (R) of MCs and NOD-R at time t was
calculated using Equation (1),

(Co—Ct) x 100

R =
Co

1)

where Cj is the initial MCs/NOD-R concentration in the solution (ug/L) and C; is the
MCs/NOD-R concentration at time ¢.

2.8. Effect of NOM

The competitive effect of NOM on cyanotoxin adsorption was tested using Lake
Erie water samples collected during HABs in 2020, 2021, and 2022. Samples were stored
in 20 mL glass vials at —20 °C, and before the experiment, they were thawed to room
temperature and sonicated for 30 min to lyse cyanobacteria. Sonicated samples were
passed through SFCA membrane filters and 1 mL of the sample was analyzed to determine
the concentration of MCs [10,56]. A total of 3 mL of the lake water sample was added to
50 mg of adsorbents and stirred at 350 rpm for 1 h at room temperature. The samples were
filtered through SFCA membrane filters.

2.9. Effect of pH

The effect of pH on the removal of MCs and NOD-R was investigated by incubating
biochar (S-3 and S-4) and H3PO,-AC in solutions with different pH values. In addition
to studying cyanotoxin adsorption at pH 7, the percent removal of MCs and NOD-R was
investigated using solutions with pH 5.5 and pH 8.5. To adjust the solution pH, 0.1 M HCI
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or 0.1 M NaOH was used, and the final pH was measured using a pH meter. Thereafter,
50 mg of the sorbent was incubated in HPLC-grade water spiked with a mixture of six MCs
and NOD-R (10 pg/L each) to investigate the percent removal under conditions of high
sorbent amount and low toxin concentrations. To observe the percent removal under lower
sorbents and higher toxin concentrations, 0.5 mg of a sorbent was incubated with a solution
of six MCs and NOD-R (50 ug/L each). All mixtures were stirred in capped glass vials
at 350 rpm and at room temperature for 1 h. Finally, each mixture was passed through
an SFCA filter to separate the solution from the sorbent. The amount of MCs and NOD-R
removed by each sorbent was calculated.

2.10. Effect of Ions

The effect of ions on the removal of MCs and NOD-R by H3PO4-AC was investigated
by incubating 0.5 mg of the sorbent with a mixture of MCs and NOD-R prepared in HPLC-
grade water as well as 0.3 M KCl or 0.3 M CaCl, solutions. Removal of MCs/NOD-R in the
presence of ions was tested at two different concentrations (250 and 500 pg/L of each MC
and NOD-R). H3PO4-AC was incubated in a 1 mL mixture of MCs/NOD-R and stirred at
350 rpm for 1 h at room temperature. Finally, mixtures were passed through an SFCA filter
to separate the solution from the sorbent. The amount of MCs and NOD-R removed by
H3PO4-AC in the presence of ions was calculated.

2.11. Adsorption Kinetics

Kinetic experiments were conducted using the most prominent MC congener, MC-LR,
and NOD-R [57]. A total of 0.5 mg of H3PO4-AC was incubated with 10 mL of a standard
solution of MC-LR and NOD-R (2000 ug/L of each). The mixture was stirred at 350 rpm in
a 25 mL beaker for 32 h at room temperature. At predetermined time intervals, samples
were collected by withdrawing 0.5 mL from the mixture with a 3 mL syringe and passing
through an SFCA filter. Collected samples were used to determine the residual MC-LR and
NOD-R concentrations in the aqueous phase. The amount of MC-LR and NOD-R adsorbed
by the sorbent was calculated using Equation (2),

go— GCo=C) x V %)

m
where g, is the equilibrium adsorption capacity of MC-LR/NOD-R per gram of sorbent
(ng/g), C. is the equilibrium concentration of MC-LR/NOD-R in the solution (ug/L), Cy is
the initial MC-LR/NOD-R concentration in the solution (ug/L), V is the volume of solution
(L), and m is the mass of the sorbent (g) [58].

The kinetics experimental data were then characterized by the pseudo-second-order
equation (Equation (3)), where g; is the amount of MC-LR/NOD-R adsorbed at time f per
mass of the sorbent (1g/g), and k; is the second-order rate constant (g ug’l min~1)).

t 1 t
()= ) ¥

Experimental data was also fitted directly to the non-linear pseudo-second-order
kinetic model (Equation (4)) by minimization of the average relative difference between the
experimental and calculated values.

kzqezt
= 4
at 1+ kp get @)

2.12. Adsorption Isotherms

A batch adsorption system was used to determine the adsorption isotherms for MC-
LR, and NOD-R. 0.25 mg of AC was placed in 20 mL glass vials and 5 mL aliquots of
standard solution with different MC-LR and NOD-R concentrations were added into the
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glass vials. The solutions had concentrations of 200, 400, 500, 600, 800, 1000, 1200, and
1400 pg/L of MC-LR and NOD-R. The total concentrations of MC-LR and NOD-R ranged
from 400 to 2800 ug/L. The mixtures were stirred at 350 rpm at room temperature for 5 h
and filtered through an SFCA filter.

The isotherm data were then characterized by the Langmuir model (Equation (5)),
where C, is the MC-LR/NOD-R concentration at equilibrium (ug/L), g. is the equilib-
rium adsorption capacity of MC-LR/NOD-R per gram of sorbent (1g/g), 4, is maximum
adsorption capacity (ug/g), and kj, is the constant related to the energy of adsorption

(L/ug) [58].
C, 1 C,
_ + —_

= — 5
e kaL qm ( )

3. Results and Discussion
3.1. Characterization of the Pore Structure

The most significant property of a sorbent material is its adsorption capacity, which
generally relates to the specific surface area and pore volume of the sorbent. These parame-
ters can be improved by activation, improving the adsorption capacity in the process. In
accordance with the 2015 International Union of Pure and Applied Chemistry (IUPAC clas-
sification), pores are classified into three groups: micropores (width (w) <2 nm), mesopores
(2 nm < w < 50 nm), and macropores (w > 50 nm) (IUPAC 2015). Micropores are classified
as primary micropores (w < 0.7 nm) and secondary micropores (0.7 < w < 2 nm) [59].
Meanwhile, the length of MC-LR lies between 1.33 and 2.94 nm, and the maximum length
of NOD-R is ~1.7 nm [60]. Therefore, when choosing proper sorbents for MC and NOD-R
removal, it is crucial to determine the volumes of mesopores and secondary micropores
that sorbent contains [28,61].

Table 1 shows pore surface areas and pore volumes of biochar, H3PO4-AC, and com-
mercial AC. Based on the results, S-1 and S-2 can be considered as non-porous materials. S-3
and S-4 feature low specific surface area and total pore volumes compared to H3PO4-AC
and commercial AC. The micropore and mesopore volumes of all sorbents were obtained
by calculating the pore size distribution using NLDFT. H3PO4-AC has a higher surface area
of 1100 m? /g and a pore volume of 0.75 cm®/g. The commercial AC, which is produced by
steam activation using bituminous coal, features a specific surface area of ~760 m?/g and
a total pore volume of 0.40 cm®/g. Compared to commercial AC, corncob-based AC has
almost 50% larger surface area and the pore volume is almost twice as large. Figure 2 shows
the nitrogen adsorption/desorption isotherm of H3PO,4-AC and according to the IUPAC
classification, it is a composite of Type I (b) and Type IV (a). Type I (b) isotherms are for mi-
croporous materials but with larger micropores and often broad pore size distributions [59].
Type IV (a) is identified by the presence of a hysteresis loop that is indicative of mesopores
and the distinct H4 hysteresis loop is mostly found in micro-mesoporous carbons [59].
Thus, H3PO4-AC features both micropores and mesopores and its total pore volume re-
flects the sum of the micropore and mesopore volumes. Nitrogen adsorption/desorption
isotherms were also obtained for S-3, S-4, and commercial AC, as shown in Figure S1.
Figure 3 shows the typical pore size distributions of 5-3, S-4, H3PO4-AC, and commercial
AC. H3PO4-AC contains mesopores in the size range between 2 and 8 nm. Moreover, the
secondary micropore and mesopore size distributions for the H3PO4-AC can be seen to be
higher than the commercial AC, and commercial AC is mostly microporous with a small
fraction of mesopores.
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Table 1. Surface area and pore volumes of synthesized carbons and commercial AC.
Sample S m2/g) S m2/g)  Vr (cm3/9) Vmicro Vmeso
BET 8 DFT 8 T 8 (cm®/g) (cm®/g)
S-1 <1 - <0.01 - -
S-2 4 - 0.01 - 0.01
S-3 75 90 0.06 0.03 0.03
S-4 52 60 0.03 0.02 0.01
H3PO4-AC 1100 1050 0.75 0.41 0.34
Commercial AC 760 780 0.40 0.28 0.12
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Figure 2. N, adsorption-desorption isotherm of H3PO,4-AC.
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Figure 3. Pore size distribution of H3PO4-AC, S-3, S-4, and commercial AC.

3.2. Determination of Point of Zero Charge (pHpzc)

The pHpzc for a given sorbent surface is the pH at which that surface has a net neutral
charge [62]. If the solution pH < pHpzc, the treated corncob surface is positively charged
and more favorable for anion adsorption while the treated corncob surface is negatively
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charged and more favorable for cation adsorption if the solution pH is above the pHpzc.
According to the experimental results, it was found that S-3 and S-4 have a pHpzc of 3.3
and H3PO4-AC has a pHpyzc of 3.7 (Figure S2). According to previous studies, the pHpzc of
commercial AC (WPH 600) is 8.36 [63]. In sorption experiments, information about pHpzc
can be used to predict possible interactions between the adsorbent and the adsorbate. All
MCs and NOD-R contain two carboxyl groups that are negatively charged at neutral pH.
However, according to their variable amino acid groups, they have different net charges
(Table S1). MC-RR has a net charge of 0, MC-LR and NOD-R have a net charge of —1, and
MC-LA, MC-LW, and MC-LF contain a net charge of —2 [64].

3.3. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed to observe the characteristic decom-
position pattern and thermal stability of raw corncob (Figure S3A), HCl-refluxed corncob
(Figure S3B), and H3PO4-impregnated corncob (Figure S3C). Around 10 mg of the sample
was placed in an alumina crucible and heated to a higher temperature under a controlled
atmosphere of air (for HCl-refluxed corncob) or N; (for H3PO4-impregnated and raw
corncob) from 25 °C to 1200 °C at a constant heating rate of 10 °C/min.

As shown in Figure S3B, when the temperature is increased from 25 °C to 100 °C in
HCl-refluxed corncob, around 5% weight loss can be observed. This may be due to the
elimination of moisture and volatile matter. A rapid decomposition is observed from 250 °C
to 400 °C and this can be assigned to the decomposition of cellulose and hemicellulose [65].
Lignin is full of aromatic rings and the decomposition of lignin occurs in a wide temperature
range, mostly from 250 °C to 500 °C [66]. These observations confirm that S-3 and S-4 still
contain some organic compounds and they may promote the binding of MCs and NOD-R
onto biochar [50,67].

Figure S3C shows the TG curve for H3PO,-impregnated corncob under the N, atmo-
sphere. The decomposition takes place in four stages. When the temperature is increased
from 25 °C to 100 °C, a mass loss of 10.3% can be observed and this represents the desorp-
tion of physically bound water. The mass loss of 32% in the second stage, ranging from
100 °C to 450 °C, represents the pyrolysis of the organic matter in the precursor material
and dehydration of the phosphoric acid [68]. Jagtoyen and Derbyshire Field [69] reported
that during this stage, H3PO, acid initially attacks hemicellulose and lignin. The aforesaid
reactions result in a loss of aliphatic character with a simultaneous increment in aromatic-
ity [70]. When the activation temperature increased from 450 °C to 600 °C, a mass loss of
around 13% can be observed. During this stage, H3PO4 acid and its derivatives such as
polyphosphoric acids combine with organic species to form phosphate and polyphosphate
esters [69]. These phosphate linkages expand the volumetric structure of the biomass due
to the pore formation and provide more surface area to the material [68,71]. When the
activation temperature increases from 600 °C to 1100 °C, a significant mass loss can be
observed. This mass loss can be attributed to the volatilization of phosphorous compounds
that provide more pores to the carbon structure with a high surface area [68]. The above
results show that pyrolysis temperature plays an important role in product distribution,
yield, and characteristics of AC.

In addition to the above characterization techniques, S-3, 5-4, and H3zPO4-AC were
characterized by SEM (to observe the surface morphology), EDS (for the elemental anal-
ysis), and PXRD (for the structure analysis) as shown in Figures 54-S6 and discussed in
corresponding figure captions.

3.4. Preliminary Sorption Experiments

Raw and differently treated corncobs (biochar and H3;PO4-AC) were used as sorbent
materials for the removal of MCs and NOD-R from water, in both suspension and filter
modes. Subsequently, the influence of various sorbent preparation conditions for the
adsorption of MCs and NOD-R onto corncob was investigated. According to a previous
study, the total (extracellular and intracellular) MC concentrations in Lake Erie water
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ranged from 0.06 to 14.88 pg/L (HAB in 2016) and 0.05 to 10.15 pg/L (HAB in 2017) [10].
Hence, a mixture of six MCs and NOD-R with a concentration of 10 pg/L each was
used in preliminary sorption experiments. The removal percentage (Equation (1)) was
calculated by comparing UHPLC-MS monoisotopic peak areas of MCs/NOD-R ions in
tested samples to those peak areas in the control samples. Figure 4 shows the percent
removal of MCs/NOD-R from water by untreated and treated corncobs in suspension
and filter modes. In suspension mode, S-1 (raw corncob) showed the lowest percent
removal (less than 50% for each analyte, Figure 4A) compared to other sorbents. These
results show that even without any treatments, raw corncob can remove some amount
of MCs and NOD-R. The highest adsorption performance (100% removal for all analytes)
resulted from biochar S-3 and H3PO4-AC. For S-4, the percent removal of MC-RR was
97.9%, while other analytes were completely removed. Among the six MCs, MC-RR is the
most hydrophilic. The reason behind the lower adsorption of MC-RR onto S-4 may be due
to the smaller amount of polar organic compounds remaining after heating to a higher
temperature (compared to 5-3), which makes the sorbent less favorable for adsorption of
the most hydrophilic MCs, such as MC-RR. Even though the contact time between sorbates
and adsorbent is shorter than in suspension mode (1 vs. 60 min), the overall removal
of cyanotoxins was higher in filter mode. Sorbents S-3, S-4, and H3PO4-AC removed
all analytes completely in filter mode while sorbents S-1 and S-2 showed >50% removal
(Figure 4B). The higher removal in filter mode compared to suspension mode could be
due to the strong interactions between molecules and the porous medium when they are
passed through a densely packed glass column [50]. Overall, high cyanotoxin removal
using S-3, S-4, and H3PO4-AC shows that the removal of MCs/NOD-R increases as the
corncob is acid-treated and heated to higher temperatures. For further determination of the
adsorption performance of H3PO4-AC and S-3, the concentration of the mixture of analytes
was increased from 10 pg/L each to 1000 ng/L each, and percent removal was studied in
suspension mode. Even after increasing the concentration 100 times, H3PO4-AC was able
to remove all analytes completely, and biochar 5-3 could not remove all analytes completely
(Figure S7). Preliminary adsorption experiments showed that H3PO4-AC works better in
removing MCs and NOD-R from water when compared to biochar.
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Figure 4. Percent removal of six MCs and NOD-R from water (pH ~ 7) using (A) suspension mode
and (B) filter mode (n = 3) The initial concentration of each MC and NOD-R, sorbent amount, and
solution volume were 10 pg/L, 50 mg, and 1 mL, respectively.

3.5. Removal of MCs and NOD-R Using Biochar and H3PO4-AC

As mentioned before, the adsorption of MCs and NOD-R is considerably enhanced
when corncob is acid and heat-treated. During the acid reflux, HCl hydrolyzes the organic
material by removing some lignin and wax that covers the corncob surface. This enhances
the surface coarseness of the corncob, and MCs and NOD-R molecules can be readily
trapped inside the corncob structure [50]. In addition, the acid treatment creates surface
hydroxyl groups on corncob, which improves their adsorption properties for MC and
NOD-R removal. After acid treatment, when the corncob is heat-treated, biomass carbon
converts into a solid carbonaceous residue. These carbonaceous materials contain a porous
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structure with an improved surface area, which enhances the percent removal of MCs
and NOD-R.

Corncob-based AC showed a higher sorption capacity compared to biochar. This could
be due to its high porosity, which provides a high surface area, as well as due to increased
carbon content in the sorbent material. Pyrolysis of the precursor material at a higher
temperature (500 °C) improved the carbon content in corncob. Also, the impregnation
of raw corncob with H3POy acid facilitates the hydrolysis of lignin, which increases the
carbon content [72]. BET surface area analysis also confirmed that H3PO,4-AC contains a
~14 times larger surface area compared to S-3. The higher surface area will provide more
adsorption sites for MCs and NOD-R to interact with the carbonaceous surface.

MCs and NOD-R interact with treated corncob in multiple ways. All MCs and NOD-R
contain the aromatic Adda moiety, and the benzene group in Adda (Figure 1) can interact
with aromatic units in carbonized corncobs via 7-7 staking interactions. MC-LW and
MC-LF have additional aromatic functional groups that provide more chances for m-7t
interactions. In addition, alanine and leucine can create hydrophobic interactions with the
carbon surface [57]. Hydrophilic interactions can also be involved during the binding of
MCs and NOD-R onto treated corncob using polar functional groups in molecules and
on the sorbent surface. Depending on the pH, D-glutamate, beta-methylaspartate, and
guanidine groups can form hydrophilic interactions with polar functional groups on the
treated corncob surface, such as hydroxyl [60,73]. In preliminary adsorption experiments,
six MCs and NOD-R showed a similar percent removal by H3PO4-AC. Therefore, it can
be assumed that hydrophobic interactions were the primary driving force leading to the
adsorption of MCs and NOD-R as they all contain aromatic Adda moiety in their structures.

3.6. Effect of NOM on Adsorption of MCs Found in cyanoHAB Samples

Lake Erie does not contain only MCs and other cyanobacterial metabolites. It also con-
tains dissolved NOM and other impurities. NOM is also favorable in adsorbing onto meso-
porous in powdered AC and competes for the adsorption sites with cyanotoxins [74-76].
NOM inhibits MC adsorption by pore blockage and/or direct competition for adsorption
sites [77]. To test this phenomenon and as a proof-of-concept experiment, biochar (S-3
and S-4) and H3PO4-AC were used to remove MCs from the lake water. Out of the six
studied MCs, only four congeners (MC-RR, MC-YR, MC-LR, and MC-LA) were detected
in control lake water samples in the years 2020 and 2022 (Tables S2 and S4). In 2021, the
HAB intensity in Lake Erie was less compared to other years, and only MC-RR and MC-LR
were detected in collected cyanoHAB samples (Table S3). The concentrations of MCs in
lake water samples ranged from 1.30 to 276.53 pg/L for MC-RR, 0.07 to 131.50 ug/L for
MC-LR, and 25.64 to 42.78 pg/L for MC-YR, and it was ~4.5 ug/L for MC-LA. Total
concentrations (extracellular and intracellular) of most abundant MC congeners in 2020,
2021, and 2022 were ~438.51 ug/L, 1.37 ug/L, and 413.96 ug/L, respectively. S-3 and S-4
removed MCs completely from lake water samples collected in 2020 and 2021. For samples
collected in 2022, the presence of NOM and other impurities in the lake water has been
shown to cause a reduction in the adsorption capacity of biochar for MC-YR, MC-LR, and
MC-LA. A reduction in both MC-LR and MC-LA adsorption by powdered AC from natural
water with higher concentrations of NOM was observed previously [78]. The highest MC
removal was obtained for H3PO4-AC (100% removal of all four congeners) and the results
confirmed that its overall adsorption performance was not altered in the presence of NOM.
This experiment was done in parallel with commercial AC and the removal percentages
obtained for all MC variants were similar to laboratory-synthesized AC (Tables S2-54).

3.7. Effect of pH

In water treatment facilities, powdered AC can be fed at different points during the
treatment process [79]. According to the AC application point, several factors can affect
the removal of MCs/NOD-R, and the pH of water is one of the prominent factors [80]. For
example, if AC is applied prior to coagulation/filtration, adsorption occurs at a basic pH.
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Percent Removal (%)

On the other hand, if AC is applied after coagulation/filtration, the adsorption occurs at an
acidic pH as the pH of water drops to around 5.0 [81,82]. Therefore, the solution pH can
affect the adsorption of MCs and NOD-R onto sorbents by changing the net surface charge
of the sorbent or net charge and hydrophilicity of MCs/NOD-R [83]. Hence, the effect
of solution pH on MC and NOD-R removal was tested at environmentally relevant low
MC/NOD-R concentrations as well as at high MC/NOD-R concentrations. At lower toxin
concentrations, when the pH was decreased to 5.5 or increased to 8.5, the percent removal
of six MCs and NOD-R by H3PO4-AC was similar as at neutral pH and it slightly decreased
for biochar (Figure 5 vs. Figure 4A). Still, the percent removal of all analytes by the biochar
was higher than 97%. At higher toxin concentrations, competitive adsorption was observed
at all pH conditions (Figure S8). As biochars S-3 and S-4 contain low surface area and
pore volumes, the overall percent removal was less compared to H3PO4-AC. Moreover, at
all pH conditions, the highest percent removal by the biochar was observed for MC-RR,
followed by MC-YR. When using H3PO4-AC, all MCs with arginine in their structures and
NOD-R showed higher percent removals compared to others. This can be explained using
the pHpyzc of the sorbents. As the pHpzc of S-3 and 5-4 is 3.3 and H3PO4-AC is 3.7, these
sorbents contain a net negative surface charge in the above pH conditions. Hence, during
the competitive adsorption, MC-RR, MC-YR, MC-LR, and NOD-R molecules that contain
positive charges from the guanidinium side chain in the arginine show a higher percent
removal compared to other molecules. However, in biochar, the percent removal of NOD-R
is lower compared to MC-LR even though they have similarities in charge and size. This
could be due to the absence of alanine and leucine, which are involved in hydrophobic
interactions [60].
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Figure 5. Percent removal of six MCs and NOD-R at (A) pH 5.5 and (B) pH 8.5, using different
sorbents (n = 3) The initial concentration of each MC and NOD-R, sorbent amount, and solution
volume were 10 pug/L, 50 mg, and 1 mL, respectively.

Considering the overall adsorption at different pH values, the highest sorption onto
biochar and H3zPO4-AC was observed at pH 5.5, and the lowest was observed at pH 8.5.
With an increase in pH, MCs exhibit increased hydrophilicity, and, therefore, molecules
tend to remain in the aqueous phase rather than being adsorbed onto the sorbent [84].

3.8. Effect of lons

As described previously, the adsorption of MCs and NOD-R onto the H3PO,4-AC sur-
face can occur through electrostatic forces as well as non-electrostatic forces. Therefore, the
presence of ions plays a vital role in MC and NOD-R removal since ions affect electrostatic
interactions between analytes and the sorbent surface. Herein, KCl and CaCl, were used
to identify the dominant type of interaction by screening electrostatic interactions during
the adsorption process. Salts can screen all electrostatic interactions and these interactions
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can either be attractive or repulsive [85]. If non-electrostatic interactions govern the ad-
sorption process, analytes still adsorb even after the addition of salts. If the adsorption is
governed by attractive electrostatic interactions, adsorption decreases upon the addition of
salts. Correspondingly, if the adsorption is governed by repulsive electrostatic interactions,
adsorption increases upon the addition of salts [86,87]. As shown in Figure 6, at higher
toxin concentrations, the removal of MC-LA, MC-LW, and MC-LF was low compared to
other MCs and NOD-R. In addition, when the toxin concentration is 500 pug/L each, the
removal of MC-LA, MC-LW, and MC-LF was negligible. Since the pHpzc of H3PO4-AC is
3.7, the sorbent contains a net negative surface charge while MC-LA, MC-LW, and MC-LF
are negatively charged (z = —2) at neutral pH. They compete for adsorption sites with
neutral MC-RR as well as with less negatively charged (z = —1) MC-YR, MC-LR, and
NOD-R. It appears that MC-LA, MC-LW, and MC-LF with an overall charge of —2 are
repulsed by the negatively charged surface of H3PO4-AC and are not good competitors
for the adsorption when limited adsorption sites are available. Upon introducing salts to
the water, changes in MCs and NOD-R adsorption onto H3PO4-AC were observed. At the
highest cyanotoxin concentration (500 ng/L each), percent adsorption slightly decreased
for MC-YR, MC-LR, and NOD-R (Figure 6B), in CaCl,-containing solutions potentially
because Ca" ions screened attractive interactions between the analytes and the sorbent
surface. Meanwhile, the addition of KCI or CaCl, enhanced the percent adsorption of
MC-LA, MC-LW, and MC-LF since salts have screened the repulsive interactions of these
congeners with the AC surface or adsorbed MC molecules. When comparing different
concentrations (250 vs. 500 pg/L) of MC-LA, MC-LW, and MC-LF, the changes in percent
adsorptions upon salt addition were higher when the initial analyte concentration was
500 pug/L. Moreover, the strength of salt screening on adsorption was higher when adding
a divalent metal salt (CaCly), than when adding a monovalent metal salt (KCI). Compared
to potassium cation, calcium cation has more pronounced effects on interactions, which can
enable new adsorption sites and/or increase shielding effects on intra- and intermolecular
repulsions [88]. These results indicate that electrostatic forces govern the adsorption process
at higher toxin concentrations.

(A) (B)

80 -
60 -
40 |

20 A

—
H
—
H
Percent removal (%)
o g B
_IH
_|H
_':'
—H
H
. H
_|_-I_{
_H-|

MC-RR NOD-R MC-YR MC-LR MC-LA MC-LW MC-LF MC-RR NOD-R MC-YR MC-LR MC-LA MC-LW MC-LF

03MKCl = 0.3M CaCl, mWater ©03MKCI = 0.3MCcaCl,

Figure 6. Percent removal of (A) 250 pg/L and (B) 500 pg/L each for MC-RR, NOD-R, MC-YR, MC-
LR, MC-LA, MC-LW, and MC-LF on 0.5 mg H3PO4-AC in water, 0.3 M KCl, and 0.3 M CaCl,. Average
values and error bars (+one standard deviation) were calculated after triplicate LC-MS analyses.

3.9. Adsorption Kinetics of MC-LR and NOD-R Onto H3PO4-AC

Preliminary sorption experiments confirmed that H3PO4-AC is more effective in
removing MCs and NOD-R from water compared to biochar. Therefore, in further experi-
ments, the adsorption of MC-LR and NOD-R onto H3PO4-AC was considered. Kinetics
plays a vital role during the adsorption process, and it provides insights into the mech-
anisms of sorption. The kinetics experiment was done by spiking MC-LR and NOD-R
(2000 pg/L each) into the water so the total cyanotoxin concentration (4000 ug/L) was
much larger than in HAB samples. The amount of MC-LR and NOD-R adsorbed onto
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0.5 mg of H3PO4-AC was investigated by varying contact time from 0 to 32 h. According
to the experimental data, ~25% of MC-LR (Figure 7A) and ~22% of NOD-R (Figure 7B)
were adsorbed from water within the first 5 min. Percent removal was enhanced when
the incubation time was increased and maximum removal (>97% for MC-LR and >89%
for NOD-R) was obtained after 32 h. The experimental data were modeled using pseudo-
second-order kinetics to understand the MC and NOD-R interactions with corncob-derived
AC during sorption. The linear fitting plots of ¢/g; vs. time for MC-LR (Figure 7C) and
NOD-R (Figure 7D) yield straight lines with R? > 0.9958, confirming that sorption kinetics
were well represented by the pseudo-second-order kinetics (Equation (3)). Sorption kinetics
data were also fitted using the non-linear fit of pseudo-second-order models, as shown
in Figure S9. All steps in adsorption, including external film diffusion, adsorption, and
internal particle diffusion, are considered in this model [89].
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Figure 7. Sorption kinetics of (A) MC-LR, (B) NOD-R, and linear pseudo-second-order models for
the sorption of (C) MC-LR and (D) NOD-R onto H3PO4-AC. Error bars represent & one standard
deviation (n = 3). The initial concentrations, amount of sorbent, and volume of solution were
2000 pg/L, 0.5 mg, and 10 mL, respectively.

Nonlinear fittings of pseudo-second-order kinetics for MC-LR and NOD-R adsorption
onto H3PO4-AC are shown in Figure S9. In addition, the adsorption kinetics of six MCs and
NOD-R were studied at lower toxin concentrations as shown in Figure 510 and discussed
in the Supplementary Materials.

3.10. Adsorption Isotherm Modeling of MC-LR and NOD-R on H3PO4-AC

All adsorption isotherm modeling experiments were performed with a mixture of
MC-LR and NOD-R in solution. The experimental data were modeled using the Langmuir
isotherm model and both plots contain R? > 0.9846 (Figure 8). The squares of correlation
coefficients (R?) suggest that MC-LR and NOD-R adsorption onto H3PO4-AC is well
represented by the Langmuir model. The theoretical maximum adsorption capacities for
both MC-LR and NOD-R were found to be 20 mg/g. The Langmuir isotherm assumes
monolayer adsorption that occurs on homogeneous adsorbent surfaces with no lateral
interactions between adsorbed molecules [90]. Furthermore, as described in the model,
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the specific surface and sorption capacity of H3PO,;-AC was limited, rather than the
exponentially increasing sorption process assumed by other models, such as the Freundlich
model. The Langmuir isotherm model has been used in previous studies to describe MC
adsorption on ACs [28,88].
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Figure 8. Langmuir adsorption isotherms acquired for sorption of (A) MC-LR and (B) NOD-R onto
H;3PO4-AC at room temperature. g, is the equilibrium adsorption capacity and C, is the equilibrium
concentration of MC-LR or NOD-R in solution. Error bars represent + one standard deviation (n = 3).

Previous studies have also reported the adsorption capacities of various types of AC
for MC-LR (Table S5). Wood-based powdered AC showed a maximum adsorption capacity
of 280 mg/g. Charcoal-based powdered ACs have adsorption capacities of 116, 75, and
70 mg/g, and coconut shell-based powdered AC has adsorption capacity of 40 mg/g [91].
Compared to those values, the determined sorption capacity of corncob-based AC for
MC-LR and NOD-R (~20 mg per g of AC) is lower, but it could be improved by optimizing
corncob treatment during the preparation of AC.

4. Conclusions

Continuous human exposure to cyanotoxins through drinking water can cause severe
health issues. To minimize this risk of exposure, it is necessary to develop efficient and
effective water treatment methods for the removal of cyanotoxins from drinking water.
Treated corncob can remove a significant amount of MCs (MC-RR, MC-YR, MC-LR, MC-LA,
MC-LW, and MC-LF) and NOD-R from water, and H3PO4-AC has a higher sorption capacity
compared to biochar. The sorption of these molecules onto carbonaceous surfaces can occur
through the sorbent’s porous structure and hydrophobic and hydrophilic interactions. The
adsorption of MC-LR and NOD-R follows the Langmuir isotherm model and a pseudo-
second-order kinetic model. The effect of NOM on the adsorption of MCs was evaluated
by removing MCs from Lake Erie water collected during cyanoHABs from 2020 to 2022.
Even in the presence of NOM, the removal of MCs by H3PO4-AC was complete, but it
decreased for biochar. The effect of pH on MC and NOD-R removal was studied at both
environmentally relevant low toxin concentrations and high toxin concentrations. For
biochar, the removal was affected even at low concentrations of toxins. Changing pH
affected the sorption of cyanotoxins by H3PO4-AC only at high concentrations of toxins.
An adjustment of the pH of the water to low pH resulted in enhanced adsorption of MCs
and NOD-R. Overall, this study confirmed that corncob-based carbonaceous materials
could be useful sorbent materials to remove MCs and NOD-R from water.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/separations11030084 /s1, Figure S1: Surface area and poros-
ity measurements of S-3, S-4, and commercial AC, Figure S2: pHpyzc of H3PO,4-AC, S-3, and S-4,
Figure S3: TGA of S-1, HCl-refluxed corncob, and H3PO,-impregnated corncob, Figure S4: SEM
images of S-1, HCl-refluxed corncobs, S-3, S-4, H3PO4-AC, Figure S5: SEM-EDS spectra of H3PO4-AC
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and S-3, Figure S6: PXRD of S-3, S-4, H3POy4-AC, Figure S7: Percent removal of MCs and NOD-R
(1000 pg/L each) using S-3 and H3PO4-AC in suspension mode, Figure S8: Percent removal of six
MCs and NOD-R (50 pg/L each) at different pH conditions using S-3, S-4, and H3PO4-AC, Figure S9:
Non-linear plots of pseudo-second-order kinetics models for the adsorption of MC-LR and NOD-R
onto H3PO4-AC, Figure S10: Sorption kinetics of six MCs and NOD-R at lower toxin concentration,
Table S1: Net charges of MCs and NOD-R at neutral pH, Table S2 to S4: Concentrations of MCs in lake
water collected during HAB and their percent removal using carbonized corncobs and commercial
AC, Table S5: Adsorption capacities reported by previous work, Page S3: Sample preparation by SPE
and analysis by UHPLC-MS.
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