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ABSTRACT: Microcystin-LR belongs to the family of
microcystins produced by cyanobacteria and known to be
the most toxic of this family. Existence of cyanobacteria in
water bodies leads to the contamination of drinking water with
microcystin-LR and thus their separation is essential for an
advanced water purification system. Here we report functional
nanocomposite-based selective separation of microcystin-LR
from contaminated water. We have synthesized cyclodextrin-
functionalized magnetic composite of colloidal graphene and

porous silica where the cyclodextrin component offers host—guest interaction with microcystin-LR and the magnetic component
offers easier separation of microcystin-LR from water. High surface area and large extent of chemical functional groups offer high
loading (up to 18 wt %) of cyclodextrin with these nanocomposites, and the dispersible form of the nanocomposite offers easier
accessibility of cyclodextrin to microcystin-LR. We have shown that microcystin-LR separation efficiency is significantly enhanced
after functionalization with cyclodextrin, and among all the tested cyclodextrins, y-cyclodextrin offers the best performance. We
have also found that graphene-based nanocomposite offers better performance over porous silica-based nanocomposite due to
better accessibility of cyclodextrins for interaction with microcystin-LR. The proposed graphene-based functional nanocomposite
is environment friendly, reusable, and applicable for advanced water purification.
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B INTRODUCTION

Microcystins are cyclic heptapeptides produced by cyanobac-
teria."> Among the microcystins family, the microcystin-LR is
known to be most toxic.” As the cyanobacterial algal blooms in
various water bodies are a worldwide issue, the contamination
of drinking water by microcystins-LR and selective separation
from contaminated water becomes a critical issue for advanced
water purification technology.' ™ Microcystins exists in several
forms due to the variation of amino acids, and the presence of
the hydrophobic Adda (3-amino-9-methoxy-2,6,8-trimethyl-10-
phenyldeca-4,6-dienoic acid) moiety, which is the key
component that binds with protein phosphatase to exhibit
their toxicological activity.”” Microcystin-LR is reported to
induce acute and chronic toxicity to animals and hu-
mans.' >*7'" Exposure to microcystin-LR causes diarrhea,
vomiting, piloerection, and weakness, and all these toxic effects
lead to liver damage.l_z"&9 In addition it is shown that
microcystin-LR promotes tumor growth.'”"*According to
WHO guidelines the permissible limit of microcystin-LR in
drinking water is 1.0 ,ug/liter.z Thus, separation/removal of
microcystin-LR from drinking water is a very challenging issue.

Removal of microcystin-LR is challenging due to their high
stability and resistance against chemical hydrolysis and
oxidation.'* Several traditional methods such as fltration,
coagulation, flocculation, sedimentation, oxidation, and bio-
logical treatment have been investigated.'”> Conventional
filtration, coagulation, flocculation, and sedimentation are
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effective for separation of cyanobacterial cells but ineffective
for the separation of dissolved cyanotoxins.'®™'® Advanced
oxidation methods such as chlorination and ozonation can
remove cyanotoxin but require high dosage which causes other
toxic side products.'”*° Biological treatments are a less efficient
and time-consuming process.”' Photocatalytic degradation of
microcystin is shown to be effective but not cost-effective and
tested only on the laboratory scale.”* >* In contrast adsorption
based separation® is most effective for removal of toxic
pollutants from water, and activated carbon®® is most widely
used for this purpose. However, activated carbon-based
separation of microcystin is limited due to small micropores
in carbon that cannot accommodate the lar§e microcystin
molecule. Recently, mesoporous carbon,*”? mesoporous
silica,® > and bare graphene oxide (GO)*® have been used
for the separation of microcystins. Although separation
efficiency can be largely improved, all these materials do not
exhibit selective separation of microcystin-LR.

Herein we report functional nanocomposites for selective
separation of microcystin-LR from contaminated water. We
have synthesized the magnetic composite of colloidal graphene
and porous silica and then functionalized with cyclodextrin,
which offers host—guest interaction with microcystin-LR. The
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high surface area of the nanocomposite offers high loading of
cyclodextrin, the dispersible form of the nanocomposite offers
easier accessibility of cyclodextrin to microcystin-LR, and the
magnetic component offers easier separation of microcystin-LR.
We have selected graphene and mesoporous silica as they are
known to have high surface area and are widely used in
biomedical>* ¢ and water puriﬁcation37—46 application, and
their magnetic composites have been used for improved
separation®’ > and other applications.*** Cyclodextrin is
selected for functionalization as it is known to selectively
interact with a variety of small molecules via host—guest
interaction,*”*°~>* and recently it has been shown to interact
with microcystin-LR.>> Cyclodextrin is a cyclic oligomer of
glucose composed of six to eight glucose units and has a
hydrophobic cavity at the center of its molecular arrange-
ment.>° The size of the hydrophobic cavity increases from a-
and f- to y-cyclodextrin. It is shown that the Adda moiety of
microcystin-LR is involved in the host—guest interaction with
cyclodextrin, and y-cyclodextrin offers the most stable inclusion
complex as compared to ff- or a-cyclodextrin.>> Here we show
that cyclodextrin functionalized nanocomposite also shows a
similar trend and offers enhanced performance in separation of
microcystin-LR.

B EXPERIMENTAL SECTION

Chemicals. Tetraethylorthosilicate (TEOS), [3-(2-
aminoethylamino)propyl]trimethoxysilane (AEAPS), (3-
glycidyloxypropyl)trimethoxysilane, tetramethylammonium hydroxide
(25 wt %, in methanol), f-cyclodextrin (CD), graphite powder (<20
um), and hydrazine hydrate (98%) were purchased from Sigma-
Aldrich and used as received. a-Cyclodextrin, y-cyclodextrin, amino-f-
cyclodextrin, amino-y-cyclodextrin, and 1-ethyl-3-(3-(dimethylamino)-
propyl)carbodiimide hydrochloride (EDC) were purchased from TCI
Chemicals and used as received. Microcystin-LR was purchased from
Enzo Life Sciences. Cetyltrimethylammonium bromide (CTAB) was
purchased from Alfa Aesar. N-Hydroxysuccinimide was purchased
from Fluka. Ammonia (25 wt %), potassium permanganate (KMnO,),
and succinic anhydride were purchased from Merck.

Instrumentation. UV—visible absorption spectra were recorded
on a Shimadzu UV-2550 spectrophotometer in a 1 cm quartz cell. N,
adsorption—desorption isotherm was measured using a Quantachrome
Autosorb-1C, and the BET method was used to determine the surface
area using adsorption data. The pore-size distributions were analyzed
by using nonlocal density functional theory (NLDFT). TEM image of
the samples was captured using an FEI Technai G2 transmission
electron microscope. The field emission scanning electron microscopy
(FESEM) images of the sample were taken by a Supra 40, Carl Zeiss
Pvt. Ltd. instrument. A superconducting quantum interference device
(SQID) magnetometer was used for magnetic measurement study of
the composite materials. XRD measurement of the samples was
performed on a Bruker D8 Advance powder diffractometer, by using
Cu Ka (4 = 1.54 A) as the incident radiation. Fourier transform
infrared (FTIR) spectrum of KBr powder-pressed pellets was obtained
from PerkinElmer Spectrum 100 FTIR spectrometer. Thermogravi-
metric analysis of the sample was performed using a TA SDT Q600
instrument. The Raman spectrum was recorded using Agiltron R3000
Raman spectrometer with 785 nm excitation laser having S mW laser
power and 10 s integration time. HPLC (Waters 515) equipped with
SunFire C18 column and UV detector (Waters 2489) was used for
determination of microcystin-LR.

Synthesis of Cyclodextrin Functionalized Magnetic Gra-
phene Composite (G-Fe,0;-CD). Silica coated iron oxide nano-
particle solution with primary amine terminated functional groups is
synthesized using our previously reported method,®® and a stock
solution was prepared with a concentration of 2 mg/mL. Graphene
oxide (GO) was prepared from natural graphite powder by modified
Hummer’s method,”” and colloidal solution was prepared with a
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concentration of 1 mg/mL. In a separate vial cyclodextrin solution was
prepared with the concentration of SO mg/mL. Next, 10 mL of GO
solution was mixed with 10 mL of cyclodextrin solution followed by
the addition of 200 uL of NHj; solution (25 wt %) under stirring
condition. After 30 min of stirring, 1 mL of silica coated y-Fe,0;
solution was added, and the whole mixture was stirred for another 30
min. Next, 200 uL of hydrazine solution (98%) was added, and the
temperature of the solution was increased to 70—80 °C and
maintained for 4 h. The color of the solution gradually turns black
along with the appearance of partial precipitation. Next, the reaction
was stopped, and 0.5 mL of NaCl solution (~20 mg/mL) was added
to precipitate the composite materials. The precipitate was washed
several times with distilled water, and it was finally dispersed in water
for further use.

Functionalization of G-Fe,0; with a-, #-, or y-cyclodextrin as
achieved following the same procedure with the use of respective
cyclodextrins. Dextran functionalized G-Fe,O; was synthesized
following the same procedure except that dextran was used instead
of cyclodextrin. Nonfunctionalized G-Fe,O; was synthesized by the
above procedure without using any cyclodextrin or dextran.

Synthesis of Cyclodextrin Functionalized Magnetic Meso-
porous Silica (MMS-CD). At first 1 mL as-synthesized hydrophobic
7-Fe,O; was purified by a well-known precipitation—redispersion
method and dissolved in 1 mL chloroform. Next, 4 mL of aqueous
CTAB solution (0.15 M) was added under stirring condition and
heated to 50—60 °C. After a few minutes y-Fe,O; nanoparticles were
transferred into the aqueous phase and chloroform was evaporated. In
a separate vial 200 mg of amine functionalized y-cyclodextrin was
dissolved in 4 mL of dry dimethylformamide and mixed with 40 yL of
(3-glycidyloxypropyl)trimethoxysilane and reacted overnight.

Next, 4 mL of aqueous y-Fe,O; solution was diluted to 40 mL by
adding water and mixed with 600 uL of NaOH (1 M) solution. Next, 2
mL of ethanol solution of tetraethoxysilane [240 uL of tetraethox-
ysilane was mixed with 8 mL of ethanol] and 1 mL of
dimethylformamide solution of cyclodextrin functionalized silane
were added. Next, the whole solution was stirred for another 3 h,
and particles were precipitated by adding excess ethanol. The particles
were separated by centrifuge and washed with water and ethanol to
remove unreacted reagents. Finally, the CTAB template was removed
by the NH,NOj-based extraction method and stored for further use.

Functionalization of MMS with - and y-cyclodextrin was achieved
following the same procedure with the use of respective cyclodextrins.
Nonfunctionalized MMS was synthesized by the above procedure
without using cyclodextrin functionalized silane.

Separation of Microcystin-LR. A stock solution of microcystin-
LR with the concentration of 500 ug/mL was prepared by dissolving
in methanol—water (1:9 v/v) solution. In a separate vial stock
solutions of G-Fe,0;-CD and MMS-CD were prepared. Next, solution
of G-Fe,0;-CD or MMS-CD was mixed with solution of microcystin-
LR with varied concentration. The typical concentrations of G-Fe,O;-
CD and MMS-CD were 0.05 and 1.0 mg/mL, respectively, and the
final volume of water was 1.0 mL. The whole solution was stirred for 2
h, and then particles were separated by laboratory based bar magnet.
The supernatant solution was used for estimation of the remaining
microcystin-LR by UV—visible spectroscopy or HPLC.

HPLC-based analysis of microcystin-LR involved a C18 column and
UV detector. Two solvent systems were prepared composed of 0.05%
aqueous trifluoroacetic acid (solution A) and methanol (solution B).
The elution gradient started at 70% of solution A that decreased to
30% after 12 min, and after 2 min of stability it was back to 70% of
solution A within 15 min. The sample injection volume was S0 uL
with the flow rate of 1.0 mL/min, and the wavelength was set to 239
nm for microcystin-LR estimation.

53,54
Wi

B RESULTS AND DISCUSSION

Design and Synthesis of Cyclodextrin Functionalized
Nanocomposites. We have selected cyclodextrin as it is
known to form an inclusion complex with microcystin-LR via
host—guest interaction.”> In addition the size of the hydro-
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Scheme 1. Synthesis Strategies for Cyclodextrin Functionalized Magnetic Graphene Composite (G-Fe,0;-CD) and
Cyclodextrin Functionalized Magnetic Mesoporous Silica (MMS-CD)
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Figure 1. Low and high resolution SEM images (top panels) and TEM images (bottom panels) of G-Fe,05-CD and MMS-CD.

phobic cavity, responsible for the inclusion complex, can be
modulated by using commercially available a-, f-, or y-
cyclodextrin. All the cyclodextrins are chemically stable,
water-soluble, and relatively cheap. Two different graphene
and porous silica based materials are selected as they are known
to have high surface area that can be used for high loading of
cyclodextrins. Magnetic and colloidal forms of nanocomposite
of graphene and porous silica are designed with the intention
that colloidal forms are easily accessible by microcystin-LR and
the magnetic property can be utilized for easier separation.
Synthesis approaches for cyclodextrin functionalized mag-
netic graphene composite (G-Fe,0;-CD) and cyclodextrin
functionalized magnetic mesoporous silica (MMS-CD) are
shown in Scheme 1. First, hydrophobic y-Fe,O; nanoparticle of
6—8 nm size is synthesized via high temperature degradation of
iron stearate salt and then transformed into silica coated and
primary amine terminated y-Fe,O; nanoparticle by the reported
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method.*® Colloidal graphene oxide (GO) is synthesized via
Hummer’s method®” and mixed with cyclodextrin and silica
coated y-Fe,O; nanoparticles in the presence of ammonia. At
this stage cyclodextrins are attached to the GO surface via
hydrophobic or hydrogen bonding interaction and covalent
bonding between the hydroxyl groups of cyclodextrin with the
epoxy groups present on the GO surface.”>**>® The y-Fe,O,
nanoparticles are attached onto the GO surface due to the
electrostatic interaction between cationic y-Fe,O; nanoparticles
and anionic GO and due to the reaction of the primary amine
group on the y-Fe,O; nanoparticles surface with the epoxy
groups of GO.> Next, GO is reduced by hydrazine with the
formation of the G-Fe,0;-CD composite.

For the preparation of MMS-CD, amino cyclodextrin is
reacted with epoxysilane and used as silane precursor for the
synthesis of MMS.>® In the resultant MMS-CD, cyclodextrin is
covalently bound with the pores of MMS. Alternatively, the y-
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Fe,0; nanoparticle incorporated and primary amine terminated
MMS is synthesized first, and then MMS-CD has been
synthesized via EDC coupling between MMS and carboxylated
cyclodextrin.>*

Characterization of G-Fe,0;-CD and MMS-CD. SEM
and TEM have been used to investigate the morphology and
structure of as prepared G-Fe,O;-CD and MMS-CD nano-
composites (Figure 1). Graphene flake structures are observed
in the SEM images of G-Fe,0;-CD. The TEM image clearly
shows that y-Fe,O; nanoparticles of 6—8 nm sizes are attached
with graphene surface. Similarly, SEM image clearly shows that
the MMS-CDs are spherical in nature with the size range of
80—100 nm, and the TEM image shows the composite nature
of MMS-CDs with the incorporated y-Fe,O; nanoparticles.
XRD patterns of both composite materials exhibit reflections at
20 = 30.658, 35.948, 43.558, 53.358, 57.588, and 63.228 due to
(220), (311), (400), (422), (511), and (440) planes of y-Fe,O,
which provide further evidence of the presence of y-Fe,O,
nanoparticles (Supporting Information, Figure S1).

Magnetic measurement study of G-Fe,0;-CD and MMS-CD
shows the characteristic hysteresis which almost disappears at
room temperature, a feature commonly observed in super-
paramagnetic materials (Figure 2). The saturation magnet-
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Figure 2. Field dependent magnetization curves at 10 and 300 K and
the respective temperature dependent zero-field-cooled (ZFC) and
field-cooled (FC) magnetization curves for G-Fe,05-CD (a, b) and
MMS-CD (c, d).

ization values obtained for G-Fe,O;-CD are 8.16 and 5.43 emu
g' at 10 K and 300 K, respectively. Similar saturation
magnetization values for MMS-CD are 4.13 and 2.56 emu g~
at 10 K and 300 K, respectively. Zero field-cooling (ZFC) and
field-cooling (FC) magnetization curves of G-Fe,O;-CD and
MMS-CD (measured at 200 Oe) display well-defined blocking
temperatures of 20 K and 10 K, respectively, which also
indicates the superparamagnetic nature of the nanocomposites.

The porous structure of nanocomposites has been
investigated before functionalization with cyclodextrin via N,
adsorption—desorption isotherm. G-Fe,O; shows the type-IV
adsorption—desorption isotherm with BET surface area of 400
m?/g and pore volume of 0.28 cm?®/g*** (Supporting
Information, Figure S2). Similarly, MMS shows the type-IV
adsorption isotherm which is commonly observed for
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mesoporous materials with the surface area in the range of
300—400 m?*/g and pore volume of 0.21-0.3 cm?®/g.>**
However, the surface area decreases to 30—50 m’/g after
modification with cyclodextrin due to extensive coverage of the
surface by cyclodextrins.

Functionalization with cyclodextrin is confirmed from FTIR
study, and the extent of functionalization has been estimated by
thermogravimetric analysis (Figure 3). FTIR spectra of G-
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Figure 3. (a) FTIR spectra of G-Fe,0;-CD along with different
control samples. Results show the appearance of characteristic
vibration bands of cyclodextrin corresponding at 1024, 1648, and
2924 cm™" (highlighted by the dotted line) after functionalization. (b)
TGA curves of G-Fe,O; before and after functionalization with
cyclodextrin and dextran. 15—30% weight loss in the temperature
range of 260—350 °C is due to the cyclodextrin/dextran
functionalization. (c) TGA graph of MMS before and after
cyclodextrin functionalization, showing the 15% weight loss in the
temperature range of 290 to 400 °C due to the cyclodextrin
functionalization.

Fe,0;-CD and MMS-CD show a typical characteristic vibration
band of cyclodextrin. For example, vibrational bands of
cyclodextrin are observed for G-Fe,O;-CD at 1024, 1648,
and 2924 cm™! due to coupled C—O/C—C stretching/O—H
bending vibrations, HOH vibration of hydroxyl group, and CH,
stretching vibration, respectively.’*** Similarly, vibration bands
are observed for MMS-CD at 1562 and 1730 cm™ which are
characteristic of N—H bending vibration and C=0 stretching
vibration**(Supporting Information, Figure $3). The amount of
cyclodextrin attached with MMS and G-Fe,O; is estimated
from thermogravimetric analysis. All the TGA curves of MMS,
MMS-CD, G-Fe,0;, and G-Fe,0;-CD show small weight loss
at <100 °C due to adsorbed water and significant weight loss
between 250 to 400 °C due to the degradation of organic mass.
However, MMS-CD and G-Fe,0;-CD show ~15—18% extra
weight loss (as compared to MMS and G-Fe,05;) at 250 to 400
°C which is due to the degradation of the attached cyclodextrin
functional group (Figure 3b,c). Thus, thermogravimetric
analysis results indicate that about 15—18 wt % of cyclodextrin
is present in G-Fe,O3;-CD and MMS-CD. Elemental analysis
shows that the C:H:N weight ratio changes from 8:2.3:0.5 to
18:3.5:0.8 after the MMS is functionalized with y-cyclodextrin.
This result further corroborates that 18—20 wt % y-cyclodextrin
is attached with MMS.
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The Raman spectrum of G-Fe,O;-CD before and after
cyclodextrin functionalization shows two well documented D
and G bands of graphene at about 1305 and 1600 cm™,
attributed due to the disorder in carbon atoms and SP? in-plane
vibration of carbon atoms, respectively (Supporting Informa-
tion, Figure S4). The intensity ratio of D band to G band
increases after cyclodextrin functionalization, demonstrating the
influence of functionalization to the structural distortion of
graphene.

Separation of Microcystin-LR by G-Fe,0;-CD and
MMS-CD. Advantage of cyclodextrin functionalized nano-
composites toward separation of microcystin-LR from water
has been investigated in detail. Figure 4, Table 1, and
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Figure 4. (a, b) Separation of microcystin-LR from water using G-
Fe,0;-CD (a) and MMS-CD (b). (c) Typical UV—visible absorption
spectra of microcystin-LR solution before and after treatment with G-
Fe,0;-CD. (d) HPLC chromatogram of microcystin-LR solution
before and after treatment with MMS-CD. (e) Removal efficiency of
microcystin-LR using G-Fe,0;-CD and other functional G-Fe,O;. The
concentration of nanocomposite has been kept at 0.05 mg/mL. (f)
Removal efficiency of microcystin-LR using MMS-CD and other
functional MMS. The concentration of nanocomposite has been kept
at 1.0 mg/mL.

Supporting Information Figures S5—S8 show the separation
approach and removal efficiency of microcystin-LR by different
nanocomposites. Typically, G-Fe,O;-CD or MMS-CD nano-
composite is mixed with the aqueous solution of microcystin-
LR and then the nanocomposite is removed by magnet. Next,
the amount of remaining microcystin-LR in water has been
estimated using HPLC or UV-—visible spectroscopy. Digital

images in Figure 4a show the response of colloidal solution of
nanocomposites by laboratory-based bar magnet that attracts
them, leaving the clear bulk solution. This property of the
material helps easier separation of adsorbed materials. We have
determined removal efficiency for G-Fe,0;-CD and MMS-CD,
keeping the fixed concentration of microcystin-LR (6 yg/mL),
and then selected an optimum concentration of each material
for microcystin-LR separation (Supporting Information, Figure
S5). The results indicate that MMS-CD is less efficient than G-
Fe,0;-CD, and so more MMS-CD is needed for separation of a
similar amount of microcystin-LR separation. Thus, we have
selected some optimum concentration of each material for
microcystin-LR separation. Typical analysis results are shown in
Figure 4c,d. It shows that absorbance and HPLC signal of
microcystin-LR decreases remarkably after treatment with
nanocomposites. Each separation experiment has been repeated
three times, and average values are shown in Figure 4e,f with
~10% error. The results summarize the separation efficiencies
due to different functionalization. The results show that
microcystin-LR can be separated without any functionalization
which is due to nonspecific adsorption with nanocomposites.
However, separation performance is greatly enhanced after
functionalization with cyclodextrin, and among all the cyclo-
dextrins, the y-cyclodextrin offers the best performance. Such
best performance by y-cyclodextrin over a- and f-cyclodextrin
is attributed to the most stable inclusion complex formation
between y-cyclodextrin and the Adda moiety of microcystin-
LR>® Interestingly dextran functionalization significantly
decreases the removal efficiency of microcystin-LR which
implies that dextran significantly reduces the nonspecific
binding of microcystin-LR with nanocomposites.
Microcystin-LR separation efficiencies by G-Fe,0;-CD and
MMS-CD have been compared, and it is observed that G-
Fe,03-CD offers better performance as compared to MMS-CD
(Table 1 and Figure 4). For example, separation of similar
concentration of microcystin-LR with the separation efliciency
of >60% requires ~20 times of MMS-CD as compared to G-
Fe,0;-CD (Figure 4e,f). However, enhancement of separation
performance after functionalization with y-cyclodextrin is also
observed in the case of MMS-CD. Removal capacity has been
summarized for different nanocomposites. The values are in the
range of 4—8 mg/g for MMS and MMS-CD and in the range
80—160 mg/g for G-Fe,0O; and G-Fe,0;-CD. The dextran
functionalization of G-Fe, O significantly decreases the removal
capacity to 10 mg/g as it decreases the nonspecific binding, It is
interesting to note that although similar percent of cyclodextrin
is present in both nanocomposites, the G-Fe,0;-CD performs
better than the MMS-CD. This may be due to the
nonaccessibility of large molecular weight microcystin-LR to
each of the MMS-bound cyclodextrin. In particular the
cyclodextrins that are bound inside the pores are not easily

Table 1. Removal Capacity of Different Nanocomposites with Respect to Weight Percent of Cyclodextrin Present

weight % cyclodextrin (CD)

removal capacity” (mg/g) after being functionalized with

materials surface area” (m*/g) a-CD B-CD
G-Fe,05-CD 400(30) 17 18
MMS-CD 300(50) 19

y-CD a-CD p-CD y-CD I
16 80 140 160 120
17 4 - 8 S

“Surface area is determined before functionalization with cyclodextrin. The value within parentheses indicates the surface area after being
functionalized with y-cyclodextrin. “Removal capacity is defined by milligram (mg) of microcystin-LR removed per gram (g) of materials. It is
determined from the initial concentration (C,) and final concentrations (C¢) of microcystin-LR after treatment with nanocomposite, solution volume
(V), and mass of nanocomposite (1) according to the following equation: removal capacity = (C, — Cp)V/m.
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accessible to microcystin-LR. In contrast graphene has a flat
surface and thus all the cyclodextrins are accessible to
microcystin-LR. So the high performance of microcystin-LR
separation by G-Fe,O;-CD is mainly due to high loading of
cyclodextrin and the flat surface of graphene with dispersible
property that offers easier accessibility to microcystin-LR.

One of the most important aspects for practical application is
if the materials can be regenerated and reused. This has been
tested for removal of microcystin-LR using G-Fe,O;-y-CD as
representative material (Figure S). Detailed procedures of G-

1. Stirring
—

2. Magnetic
separation

G'FCZOS'Y'CD; Supernatant

2. Magnetic
separation

Ethanol

=

—_
(=3
o
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& 80 1
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Figure 5. (a) Schematic representation of G-Fe,O;y-CD-based
microcystin-LR separation and regeneration of G-Fe,O;-y-CD for
repeated use. (b) Microcystin-LR removal efficiency using successively
reused G-Fe,0;-y-CD. Typically, 0.25 mg of G-Fe,O;-y-CD and S mL
of fresh microcystin-LR solution (S ug/mL) have been used in this
recycling experiment.

Fe,0;-y-CD-based microcystin-LR separation and regeneration
of G-Fe,O3-y-CD for repeated use are shown in Figure Sa.
Regeneration of G-Fe,0;-y-CD involves magnetic separation
followed by repeated washing with ethanol to extract the
adsorbed microcystin-LR. Results show that G-Fe,O3-y-CD can
be used several times with little loss of removal efficiency. The
loss of removal efficiency can be due to aggregation of G-
Fe,0;-y-CD and detachment of some cyclodextrins during
regeneration steps or poor microcystin-LR removal via
regeneration steps. It is also important that the materials
should be environmentally friendly or nontoxic so that it does
not introduce any secondary pollutant during the removal of
microcystin-LR. In order to prove the nontoxic and environ-
mentally friendly nature of G-Fe,0;-CD, the cell viability study
has been performed using Chinese hamster ovary (CHO) cell
as representative. Results show that about 80% of the cells are
viable after 24 h of incubation with G-Fe,0;-CD, suggesting
that the material is nontoxic and environmentally friendly
(Supporting Information, Figure S8) .

Selective separation performance of microcystin-LR from
contaminated water has been investigated via separatiné%
microcystin-LR in the presence of natural organic matter
and metal ions (Figure 6). Natural organic matter and metal

9916

100

Removal efficiency (%)

Figure 6. Removal efficiency of microcystin-LR by G-Fe,O;-y-CD in
the presence of natural organic matter and metal ions. Experimental
conditions: 0.1 mg of G-Fe,0;-y-CD is added to 2 mL of microcystin-
LR (concentration S ug/mL) solution in the presence of different
natural organic matter or metal ions (concentration 20 yg/mL) and is
stirred for 2 h at room temperature, prior to the magnetic separation.

ions are present in most of the surface, ground, and soil waters,
and they have negative effect on the removal efficiency of
microcystin-LR. We have used a variety of natural organic
matter such as different amino acid, protein (lysozyme), and
polysaccharide (dextran) with the concentration of 20 yg/mL
and different metal ions with the concentration of 20 pg/mL.
We have observed that removal efficiency of microcystin-LR by
G-Fe,05-7-CD is reasonably unaffected in the presence of
natural organic matter and metal ions. This result reveals that
G-Fe,0;-7-CD can selectively separate microcystin-LR from
the contaminated water without significant loss of removal
efficiency.

Functional Magnetic Graphene-Based Efficient Sepa-
ration of Microcystin-LR. The high surface area of graphene
has inspired researchers for adsorption based separation
application. These applications include separation of toxic
metal ions and organic pollutants. For example, ethyl-
enediaminetetraacetic acid functionalized GO** has been used
for separation of Pb(II) from water with removal capacity of
480 mg/g, thiol functionalized GO*' has been used for the
separation of Hg(II) from water with removal capacity of 200
mg/g, polypyrrol-reduced GO* has been used for separation of
Hg(II) with removal capacity of 980 mg/g, ethylenediamine
functionalized reduced graphene oxide® has been used for
Cr(VI) separation, and 4polydopamine and polyacrylamide
functionalized graphene**** have been used for the separation
of toxic metal ions. Sulfonated graphene46 has been reported
for separation of organic pollutants with removal capacity up to
347 mg/g, golydopamine and polyacrylamide functionalized
graphenes*** are reported for the separation of organic dye,
and hydrophobic polymer grafted GO*” has been used for
separation of tetrabromobisphenol A with removal capacity of
22 mg/g. Here we have used cyclodextrin functionalized
magnetic graphene for separation of microscystin-LR with the
removal capacity up to 160 mg/g.

Various nanomaterials are under development for the
separation of microcystin-LR with the focus of enhanced
removal efficiency and improved selectivity. For example,
mesoporous silica-based materials have been reported for the
adsorption based separation of microcystin-LR with the
removal capacity of 6—13 mg/g.**** Bare GO has been used
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for separation of microcystin-LR with the removal capacity of
17 mg/g.*® This lower removal capacity by GO is due to low
hydrophobic interaction between GO and microcystin-LR and
electrostatic repulsion between negatively charged GO and
anionic groups of the microcystin-LR. TiO, coated magnetic
graphene has been investigated for the separation and UV light
dependent photocatalytic degradation of microcystin-LR.**
Recently, mesoporous carbon materials with bimodal meso-
pores of 2.8 and 5.8 nm have been synthesized for adsorption
based separation of microcystin-LR with removal capacity of
526 mg/g>”*® This high removal capacity of mesoporous
carbon arises due to the high surface area, varied pore
architectures, and hydrophobic surface of mesoporous carbon.
In contrast the presented G-Fe,O;-y-CD offers selective
binding of microcystin-LR with the hydrophobic cavity of
cyclodextrin. In addition, Fe,O; nanoparticles present on the
composite materials inhibit the graphene—graphene aggrega-
tion and further increase the adsorption site for microcystin-
LR.* Compared to the reported nanomaterials, the presented
G-Fe,05-y-CD has four distinct advantages. First, G-Fe,O5-y-
CD is dispersible in water, and cyclodextrins are attached on
the flat surface of graphene. As a result cyclodextrins are easily
accessible for binding with microcystin-LR. Second, y-Fe,O;
component in G-Fe,0;-y-CD offers easier magnetic separation
option of adsorbed microcystin-LR. Third, high surface area of
graphene offers high loading of cyclodextrin on the graphene
surface. Fourth, G-Fe,O;-y-CD can selectively remove micro-
cystin-LR from the water in the presences of natural organic
matter and metal ions.

H CONCLUSION

In summary, we have synthesized graphene and porous silica-
based magnetic nanocomposites which are functionalized with
cyclodextrin. These functional nanocomposites have been used
for separation of microcystin-LR from contaminated water via
host—guest interaction between microcystin-LR and cyclo-
dextrin. High surface area and large extent of chemical
functional groups offer high loading (up to 18%) of
cyclodextrin with nanocomposites. Resultant functional nano-
composites are dispersible in water but separable by external
magnet. Microcystin-LR separation efficiency is significantly
enhanced after functionalization with cyclodextrin, and among
all the tested cyclodextrins, y-cyclodextrin functionalization
offers best performance. Among the two functional nano-
composites, graphene-based composites offer better perform-
ance over porous silica-based composite as most of the
cyclodextrins are accessible for interaction with microcystin-
LR. The proposed graphene-based functional nanocomposite is
environmentally friendly and can be reused. Developed
functional nanomaterials can be used for advanced water
purification applications.
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