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Abstract

Interactions at the molecular and surface chemistry are some of the key factors that determine the adsorption capacity of
pollutants and emerging contaminants in porous materials. As filtration-based purification of water sources expands, the
generation of green materials, such as biopolymers, is the priority. However, to increase the removal capacity, modification
of natural polymers appears necessary. Nanomaterials, especially bio-based materials like cellulose nanofibrils, inherently
have large surface areas as a consequence of their high aspect ratios. Their capacity to modulate the interactions with con-
taminants present in water can be modulated by incorporating selective active points, such as hydrophobic cavities, that can
further improve their overall adsorption capability. A bio-based material that can fulfil this requirement is f-cyclodextrin,
a cyclic oligosaccharide with seven glucose units, which provides an easy grafting strategy onto cellulose due to structural
affinity. Another advantage of using cellulose nanofibril is their film formability, aerogels, and hydrogels without the need
of harsh chemicals or processes. In this work, an oligosaccharide with a hydrophobic centre — f-cyclodextrin — was immo-
bilized onto bleached softwood cellulose nanofibrils, and then used to generate high surface area aerogels with a density of
175 kg/m? and porosities above 88%. Charge density titration, Fourier transform infrared with attenuated total reflectance
(FTIR-ATR), X-ray photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA), and atomic force microscopy
(AFM) characterization techniques were used to assess the successful modification of the fibrils. Inductive coupled plasma
mass spectroscopy (ICP-MS) was used to determine the lack of trace chlorine in the material from the grafting process while
scanning electron microscopy (SEM) and dynamic vapor sorption (DVS) were used to determine porosity and surface area
of the aerogels. The adsorption capacity was tested with two molecules of different natures: a cyanotoxin (microcystin-LR)
and a dye (methylene blue), using high-performance liquid chromatography with a UV detector (HPLC-UV) and UV-vis
spectroscopy, respectively. The adsorption in equilibrium for CNF-CD aerogels was calculated to be 0.078 mg/g of micro-
cystin-LR and 3.46 mg/g of methylene blue, enlightening its possible use to improve water quality.
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need to be taken into consideration. These efforts have
prompted the development of green materials and process-
ing technologies that aim at replacing widely used fossil
fuel-derived analogues. Along these lines, the utiliza-
tion of bio-based materials to develop sorbents for water
treatment is of particular interest [7—14]. Out of various
bio-based materials, cellulose nanofibrils (CNF) is con-
sidered a versatile substrate due to their wide availability,
well-established structures, and chemical reactivity, allow-
ing for their modification to target specific interactions
towards particular pollutants of interest [15-17]. Cellu-
lose, as a molecule, is a polysaccharide made of -(14)
glucopyranoside units with chain conformations that vary
in length and crystalline structure from organism to organ-
ism. Cellulose chains are organized in highly packed bun-
dles by intra- and intermolecular hydrogen bonds, which
interact with the additional plant cell wall components
that conform to the so-called lignocellulosic materials [18,
19]. Lignocellulosic materials can be treated by chemi-
cal, mechanical, or enzymatic ways to produce cellulose
fibers in dimensions that can vary from the micro to the
nanoscale [20]. In particular, CNF present characteristic
high surface area along with inherent biocompatibility,
high mechanical strength, and light weight which make
them highly suitable for a range of applications, includ-
ing water treatment applications [21-23]. In particular,
CNFs can be assembled into 3-D structures that not only
maintain a high surface area but also provide dimensional
stability so they can be further manipulated, such as highly
porous and low-density aerogels [24, 25].

Cellulose nanomaterials have been proven to adsorb posi-
tively charged pollutants like metallic ions [26, 27] or poly-
peptides [28, 29]. These interactions are mainly driven by
electrostatic or van der Waals interactions, which increase
the total entropy of the systems by liberating adsorbed water
[30]. This is highly appealing as the capturing of a wide
variety of pollutants is driven by these same mechanisms.
In addition to this, multiple emerging contaminants such
as dyes, aromatics, or hydrocarbons are complex molecules
for which their adsorption on the sorbent could be benefited
by the addition of hydrophobic active points on the cellu-
lose nanofibril surface, with straightforward routs such as
grafting of B-cyclodextrin. B-cyclodextrin has been shown
to improve the adsorption of pollutants when was grafted
onto magnetic graphene sheets and porous silica [31], chi-
tosan/graphene sheets [32], carbonaceous nanofibrils [33],
biomass/polysulfone/polyethylenimine [34], and cellulose-
based materials [35-39].

However, the formation of aerogels with pre-grafted cel-
lulose nanofibril has not been widely explored. The potential
impact of this approach on the adsorption of organic pollut-
ants is intriguing and holds great potential for removal of
such pollutants and for increasing water quality.
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In this work, bleached softwood cellulose nanofibrils
(CNF) were crosslinked with B-cyclodextrin (CD) via
epichlorohydrin, and aerogels were formed from this
material by solvent exchange (ethanol and tert-butanol),
followed by freeze-drying. Charge density titration, Fou-
rier transform infrared with attenuated total reflectance
(FTIR-ATR), X-ray photoelectron spectroscopy (XPS),
thermogravimetric analysis (TGA), and atomic force
microscopy (AFM) characterization techniques were used
to confirm the modification of the fibrils; inductively cou-
pled plasma optical emission spectroscopy (ICP-OES) was
used to monitor traces of chlorine after grafting reaction.
Scanning electron microscopy (SEM) and dynamic vapor
sorption (DVS) were used to determine the surface area
and surface energy of the aerogel. For testing adsorption
capability, two different target molecules were chosen: a
cyclic oligopeptide with a prominent hydrophobic resi-
due: microcystin-LR- (a cyanotoxin) and methylene blue
(a commonly used cationic dye) to elucidate preferred
adsorption mechanisms between pristine CNF and the
CNF grafted with p-cyclodextrin (CNF-CD). The adsorp-
tion of microcystin-LR was followed by high-performance
liquid chromatography with an UV detector (HPLC-UV),
while UV-Vis spectroscopy (UV-Vis) was the chosen
analytical tool to monitor the adsorption of methylene
blue. A schematic flowline of this paper can be found in
Scheme 1.

2 Experimental
2.1 Materials

Bleached cellulose nanofibrils (2.76%, pH 6.3) were pro-
duced at the Forest Products Development Center at Auburn
University from bleached pulp from mixed softwood kindly
provided by a North American papermill; f-cyclodextrin
(>98%, CD) was purchased from Tokyo Chemical Indus-
try America (Portland, OR, U.S.); epichlorohydrin (99%,
EPI) was obtained from Acros Organics (Geel, Belgium);
microcystin-LR (>95%, MC) from Cayman Chemicals (Ann
Arbor, M1, U.S.); methylene blue and 2,4-dichlorophenol
were purchased from Merck KGaA (Darmstadt, Germany);
hydrochloric acid (37.6% solution) purchased from Fisher
Scientific (Waltham, MA, U.S.); sodium hydroxide (50%
w/w solution) purchased from J.T. Baker (Phillipsburg, NJ,
U.S.); ammonium hydroxide (18-30% solution) purchased
from VWR International, LLC., (Radnor, PA, U.S.); ethanol
(200 proof pure) purchased from Decon Labs, Inc. (King of
Prussia, PA, U.S.); and tert-butanol (>99%) was acquired
from Sigma-Aldrich Co., (San Luis, MO, U.S.). The water
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Scheme 1 Schematic outline of

this work Synthetize

CNF-CD
via Epichlorohydrin crosslinking

* Charge * XPS
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* FTIR * ICP-MS
* TGA

used was deionized and purified with a Thermo Scientific
Barnstead nanopure (18.2 mQ cm).

2.2 Cellulose nanofibrils (CNF) production

For the preparation of the CNF solution, the bleached pulp
was diluted to a 2% wt. suspension. Washing was done as
pre-treatment of the pulp to eliminate residual metals and
another component. The washing consisted in first lowering
the pH to 3 with a 1 M HCI solution; after 30 min washings
of the pulp were done with DI water until pH increased to
4.5-5, then NaHCO; was added to obtain a 0.001 M con-
centration, and pH was adjusted to 9 with 1 M NaOH. After
30 min, washings were performed until no changes in con-
ductivity were measurable. Finally, the washed pulp was
then processed by Masuko super mass colloider (MKZA-
10-15 J) for 20 passes, with a final consistency of 2.76% wt.
ata pH of 6.3.

2.3 Synthesis of crosslinked cellulose nanofibrils/
B-cyclodextrin (CNF-CD)

A low concentration solution of CNF was prepared (625 mL,
0.004% w/v) and left overnight stirring at 4 °C. Then, 75 mL
of 40% v/v NaOH was mixed with 12.5 g B-cyclodextrin.
Once dissolved, the solution was added to the CNF solu-
tion and stirred for one hour. The temperature was then
raised to 65 °C in a water bath. In the meantime, 38 mL
of epichlorohydrin were added dropwise to obtain a final
ratio of (1:5:25 mol of CNF:CD:EPI). The solution was left
to react for 2 h while stirring at 160 rpm. After cooling to
room temperature, the solution was vacuum filtered with a
PYREX Buchner funnel (using Whatman ™ glass micro-
fiber filters diameter 70 mm Cat No. 1820-070) until the
cake released no more water. After removal, the material
was put in an extraction glass fibre thimble inside a Soxhlet

Aerogel formation of
CNF-CD / CNF
via solvent exchange
(etOH & tertbutanol)

In vitro capturing tests

. SEM * HPLC-UV
= DSV * UV-Vis
* Swelling

extractor system with 375 mL of acetone at 80 °C and left
for 16 cycles. The material produced was then re-suspended
in 375 mL of ultrapure water and neutralized to a pH of 7.03
with 1 M HCI. Once neutralized, the CNF-CD solution was
vacuum filtrated and stored at 4 °C.

2.4 Aerogels formation

CNF and CNF-CD were resuspended in ultrapure water to
a 0.35% wt. consistency. From these solutions, 21 mL were
vacuum filtrated in a filtration system assembled with a
diameter of 25 mm with glass fibre filter paper. The filtration
was done until a cake of approximately 1 cm was obtained,
which was then transferred to a Teflon film (1.6 mm of thick-
ness, 4 cm diameter) inside 6 cm petri dishes. A total of
seven solvent changes were done, four in ethanol and three
changes with tert-butanol with 15 mL steps and waiting
times of 1 h before the next change. After the last removal
of tert-butanol, the filtrated cakes were frozen and freeze-
dried in a Freezone 12 (Labconco, Kansas City, MO, U.S.).

2.5 Characterization techniques
2.5.1 Charge density

Charge densities of the CNF, CNF-CD and CD were meas-
ured using a method adapted from Espinosa et al. [40].
Measurements were repeated 6 times and averaged. In brief,
suspensions with 0.04% wt. consistency were prepared and
pH was adjusted to 6.5 for both solutions using 1 M HCI or
NaOH. 15 mL of this suspension were mixed with 25 mL of
pDADMAC and centrifuged at 3000 rpm for 15 min. After
centrifugation, 10 mL of the supernatant were separated and
analyzed using a Laboratory Charge Analyzer Chemtrac
LCA-1, (Norcross, GA). For this analysis, the solution was
titrated with PSVK until the equipment reached 0 streaming
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current value (SCV). The volume of titrant consumed was
used for the final calculations using the following equation

(Eq. 1)

[pDADMAC] % V,_ - ([PVSK]) =V
Charge density = <[ ] - oupusc) e

Wary sample

ey
where Polydiallyldimethylammonium chloride [pDADMAC]
is the concentration of the cationic polymer, V, papmac 18
the used volume of p-DADMAC, potassium polyvinylsulfate
[PVSK] is the concentration of the anionic titrant, Vpygg is
the consumed volume of titrant, and W g,y g,mp1 18 the weight
of the dry CNF, CNF-CD or CD sample.

2.5.2 Fourier-transform infrared spectroscopy
with attenuated total reflectance

Air-dried samples were analyzed to characterize the surface
modification using a PerkinElmer Spotlight 400 FT-IR Imag-
ing System (Waltham, MA, US) with an ATR accessory with
diamond/ZnSe crystal and a resolution of 4 cm™. First, a
background spectrum with the clean sensor was measured;
this was carried-out before each set of measurements with
the same number of scans. To archive a high resolution at the
spectrum bands, 512 scans per spectrum were performed.
Data was processed with Spectrum 6 Spectroscopy Software
(PerkinElmer, Massachusetts, US).

2.5.3 X-ray photoelectron spectroscopy

Surfaces of the CNF and CNF-CD were mounted on an
XPS sample holder using UHV compatible carbon tape.
The chamber with the samples and a piece of pure cellu-
lose -as the in-situ reference monitoring analysis condi-
tions during the measurement [41]- were pre-evacuated
overnight together. The gathered data were recorded using
monochromatic Al Ka irradiation at only 100 W and under
neutralization. For the data analysis, high-resolution C 1 s
regions were fitted with Gaussian components of equal half
widths, and the binding energies of all spectra were charge-
corrected using the main component of cellulose, namely
C-0 at 286.7 eV, as the binding energy reference [42].

2.5.4 Thermogravimetric analysis

Air-dried samples were tested on aluminium pans in a TGA-
50 from Shimadzu (Kyoto, Japan). Samples were heated
from room temperature to 600 °C at a rate of 10 °C/min
under a nitrogen atmosphere and data was processed with
TAG60 software version 2.11 from Shimadzu.
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2.5.5 Atomic force microscopy

Surface characterization of the CNF and CNF-CD were done
in spin-coated silicon wafers (22 cm?, with 180 uL of ca.
0.01% material at 3000 rpm for 1 min) using a Tosca 400
equipment from Anton-Paar (Gratz, At). Height images were
obtained by tapping mode with a NanoWorld (Neuchatel,
Switzerland) ARROW-NCR-20 silicon SPM-sensor canti-
lever with a resonance frequency of 285 kHz and constant
force of 42 N/m; scan sizes were 5x 5 um? and 10X 10 um?.
Processing of the images was done with Gwyddion software
2.49 (SourceForge) and roughness calculations were done
with ProfilmOnline (KL A Corporation, Milpitas, CA, U.S.).

2.5.6 Inductive coupled plasma optical emission
spectroscopy

Samples of CNF and CNF-CD were analysed for chloride
concentrations using a Thermo Electron iCAP-RQ induc-
tively coupled plasma mass spectrometer (ICP-MS, Thermo
Fisher Scientific) per Standard Method 3125-B [43]. Sam-
ples and calibration standards were prepared in a matrix of
2% nitric acid by volume.

2.5.7 Scanning electron microscopy

Freeze-dried CNF and CNF-CD aerogels were placed on
aluminium studs and sputtered with gold for 60 s in a Q150R
ES sputter coating device acquired from Electron Micros-
copy Sciences (Hatfield, PA, U.S.). Images were recorded
using 20 kW, working distance between 6 and 8 mm and
with a magnification of 1000X in a Zeiss Evo S0VP scan-
ning electron microscope (Oberkochen, Germany).

2.5.8 Dynamic vapor sorption

For all experiments, approximately 125 mg of each aero-
gel were packed into individual silanized glass columns
(300 mm long by 4 mm inner diameter) using the SMS Col-
umn Packing Accessory. Each column was conditioned for
a period of 2 h at 30 °C and 0% RH with helium gas prior
to any measurements. All experiments were conducted at
30 °C with 25 sccm total flow rate of helium gas, using
methane for dead volume corrections. Samples were run at
a series of surface coverages with n-alkanes (nonane, octane,
heptane, and hexane; Aldrich, HPLC grade) and polar probe
molecules (acetone, ethanol, acetonitrile, ethyl acetate, and
dichloromethane; Aldrich, HPLC grade) to determine the
dispersive surface energy as well as the specific free energies
of adsorption, respectively. The complete IGC experiment
overall surface coverages measured took approximately 24 h
for one sample. Repeat experiments were completed in suc-
cession on the same column to investigate if the elapsed
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time or exposure to vapours caused any measurable surface
changes. Dispersive surface energy values were repeatable
within + 1.0 mJ/m? and acid-base surface energy values
were repeatable within +0.5 mJ/m?. All surface energy anal-
yses were carried out using iGC Surface Energy Analyzer
(SMS, Alperton, UK) and the data were analyzed using both
standard and advanced SEA Analysis Software.

2.5.9 Water uptake and swelling

To calculate water uptake, the dried aerogels were immersed
in 20 mL of ultrapure water, from which they were removed
at regular time intervals up to 240 min and weighted. The
averaged results for water uptake were calculated by the fol-
lowing equation (Eq. 2).

Wt — Wd

Water uptake (%) = W

x 100 2)
where Wt is the weighted mass, and Wd is the dry weight
of the aerogels. Meanwhile, for the swelling, the aerogels
were left for 24 h in 20 mL of ultrapure water before weight-
ing. The average results were then calculated with the next
equation (Eq. 3).

Ws
Swelling (%) = — x 100
welling (%) Wi (3)
where Ws is the weight obtain after swelling.

2.5.10 Density and porosity

Dimensional measurement of the aerogels was done using
a digital caliper and used to calculate volume and density
(p,)- The porosity was obtained by equation (Eq. 4), where
the density of the cellulose (p,) was assumed to be 1460 kg/

m’>, as reported in the literature [25].

Porosity (%) =1 — ba x 100 4)
P,

(&

2.6 Adsorption experiments
2.6.1 High-pressure liquid chromatography

For the analysis of microcystin, the aerogels were placed in
20 mL of solutions containing 1.5 and 0.8 pg/mL at room
temperature and constant stirring. 150 pL aliquots were
taken at the corresponding time and analyzed in a Waters
Alliance HPLC (Model No. 2695, Waters Corp., Milford,
MA, USA) system equipped with a solvent management
system 2695 and detected by a photodiode array detector
(PDA, 2998). The system also counts with a thermostatically
controlled column compartment and an autosampler. The

method used was adapted from the one described by Meri-
luoto & Spoof [44]. Briefly, a C-18 column (150 x 4.6 mm?)
was used as stationary phase, and 0.05% trifluoroacetic acid
(TFA) aqueous solution/0.05% TFA acetonitrile with a linear
gradient at a flow rate of 1 mL/min, and 10 pL injections
using the autosampler in cycles of 9 min. The retention time
was 4.2 min, and the correlation coefficient (r) of the sam-
ples to the standard curve was of 0.9997. All experiments
were done by triplicates and averaged. The analysis of the
data was performed using Empower® 3 software (Waters
Corp.).

2.6.2 UV-Vis spectroscopy

All absorbance data was collected in a SpectraMax M2 from
Molecular Devices (Silicon Valley, CA, USA) and data was
visualized on the software SoftMax Pro 6.5.1. For methyl-
ene blue adsorption and desorption experiments, filters were
immersed in 50 mL of a 15 mg/L solution and kept at 25 °C
with constant stirring; absorbance measurements were done
at A=664 nm. All experiments were done by triplicated and
averaged.

2.6.3 Kinetics

The fitting of the data to calculate rate constants (k; and k,)
and adsorbed amounts in equilibrium (qe) was done for a
pseudo-first-order and pseudo-second-order models when
possible following the equations given in [45]. Briefly, for
pseudo-first-order:

In(ge — gt) = Inge — k;t ®)
For pseudo-second order:

L

(6)

where h=k,qe?, with k; and k, being the pseudo-first and
pseudo-second order rate constant of sorption, respectively.
ge is the amount of analyte adsorbed at equilibrium (mg/g),
and qt is the amount of analyte adsorbed at any time (mg/g).
The linear plots for the pseudo-second order were first
done to obtain ge and h, and the obtained ge was used for the
pseudo-first order when possible, for the fitting.

3 Results and discussion

3.1 Synthesis of CNF-CD

The success of the grafting reaction was followed by a com-
bination of analytical techniques. Comparing the charge
densities (see Table 1) of pristine CNF and CNF-CD, the
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Table 1 Charge density values of the different elements used

Sample Charge density St. Dev pH
[Heq/g]

CNF —126.67 64.89 6.5

CNF-CD -202.22 48.57 6.5

CD-grafted CNF shows a drop of 37.4% compared to the
initial negative charge density of the pristine CNF, with
means statistically different (Figure S1). This increase can
be related to an increase of functional groups as a side reac-
tion of the grafting in alkaline conditions [46], or by the
formation of aldehyde and other ionizable groups with the
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Fig.1 Chemical comparison of the used cellulose nanofibrils (CNF),
B-cyclodextrin (CD), and the crosslinked CNF-CD. a FTIR spectra; b
XPS wide energy region spectra and inserts showing the high-resolu-
tion C 18 spectra and the elemental data
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additions of side chains occurring upon the inclusion of the
epichlorohydrin into the fibre [47].

When analysing FTIR spectra (shown in Fig. 1a), changes
in the C-H stretching band (2900 cm™!) are perceptible in
the CNF-CD; due to the introduction of aliphatic CH, with
the molecular bridges, the product of the crosslinking via
EPI [47, 48]. These bonds can also be seen in the changes
in the bands related to OCH/CH, bending at 1423 cm™!,
where it can be observed that the main band decreases and
the shoulder is more defined. Finally, the band at 1640 cm™!
is traditionally related to the adsorbed water. In this band,
the shoulder that is present in the CNF spectrum increases in
intensity for the crosslinked polymer, which reveals a greater
similarity of the CNF-CD to the CD spectrum, showing the
presence of these components in the conjugated system.

These changes can also be observed in the XPS wide
energy region and the high-resolution C 1 s spectra (Fig. 1b),
where there is a 2.8% increase in the C-O bonds in the sur-
face from the pristine CNF to the modified CNF-CD. There
it can also be seen a reduction in the proportion of O-C-O
bonds with a 2.2% decrease, that indicates the introduction
of covalent bonds related to the induced bridges formed by
the EPI connecting the cellulose and cyclodextrin. In other
words, the decrease can be explained due to the presence of
more aliphatic carbons on the surfaces, which translates to a
lower proportion of the O-C-O signal coming from the cyclic
ring than the monomers. Moreover, a decrease in the C/O
ratio was observed from 0.64 to 0.62, further confirming the
modification of the fibres. However, as the epoxy chemis-
try pathway uses aleatory hydroxyl groups as crosslinking
points, the increase in the C-O cannot be directly translated
to a degree of functionalization.

Alternatively, thermal analysis of the samples was
conducted to collect additional evidence of the chemical

120
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Fig.2 Thermograms comparing the used cellulose nanofibrils (CNF),
B-cyclodextrin (CD) and inserts of the first derivate and the main
thermal degradation data
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modification using TGA. Thermograms can be found in
Fig. 2. From these tests, it can be observed that the graft-
ing of the CD increased the onset temperature of the modi-
fied CNF, however keeping it lower than the free CD. These
results are in accordance with other cellulose and cyclodex-
trin systems found in the literature [49]. However, in this
work, the addition of the cyclodextrin to the CNF increased
the max degradation temperature, as more packing of the
fibres is present [50]; which also can be confirmed with the
AFM images presented in Fig. 3.

When analyzing the morphology of the surfaces using
AFM (Fig. 3), the mean rugosity root square height (Rsq)
of the grafted fibers showed an increment of 49% on respect
of the pristine CNF. Such rugosity increase could be related
to the additional bonding created between CNF fibrils and
cyclodextrin molecules. This also correlates with a percep-
tibly increased thickness on the fibers and the more granu-
lar appearance of the surface. No traces of chloride were
found in either the CNF or the CNF-CD as revealed by
ICP-MS (Table S1), assuring that its use for applications
such as water remediation would not be jeopardized by the
crosslinking methodology, as not extra pollutants -such as
chloride- could leach from this system.

3.2 Aerogel formation

The first observable difference between the aerogels was
visible after freeze-drying, there the pristine CNF lost more
height than the modified fibres, suggesting that the drag-
ging forces were strong enough to induce hornification on
the cellulose fibrils due to the larger hydrogen bonding and
hydration present in the unmodified systems [51]. However,
this phenomenon is not as clear for the CNF-CD, probably
related to the observed increase in diameter and rugosity
after modification, as the hydroxyl groups were used dur-
ing the immobilization decreasing the ability of water to
coalesce the fibrils.

Fig.3 Tapping mode AFM
images of CNF (left) and CNF-
CD (right) spin-coated surfaces

Rsq =158 nm

a

Physical properties of the aerogels are listed in Table 2.
Further differences between the two aerogels are presented
there; for example, it can be observed that the modified aero-
gels presented 20% more weight than the aerogels formed
from only CNF. This is important as the total dry mass used
for the formation of both types of aerogels was 73.5 mg,
showing that the CNF lost more fibril fines during the vac-
uum-filtration than the crosslinked material, further confirm-
ing the difference in the diameter of the fibrils as observed
by the increase in the rugosity values (Rsq) obtained from
the AFM images (Fig. 3). The density values obtained also
correlate to these observations, as the CNF-CD aerogels
were 84% denser, which consequently presented a porosity
decrease of 5.8% compared with the pure CNF. Addition-
ally, the BET of the freshly prepared aerogels revealed a
surface area 30% lower for CNF-CD, which can likewise be
linked to the lower porosity and increase of thickness of the
fibrils after the reaction. Additionally, the images obtained
by SEM also present these visible differences between the
two materials, where a more packed surface is also observed,
even when the height of the aerogels formed from the CNF-
CD were higher.

All the differences found between the two materials
could then be tracked down to the modification of the fibrils.
Which in turns indicates that, if lighter or less dense materi-
als are desire, a finer control during the reaction would be
needed to avoid undesired crosslinking between the fibrils.

Figure 4a shows the total surface energy profile of the
aerogels obtained from DVS tests. The modified CNF-CD
shows a significant lower surface energy, as expected by
the presence of the p-cyclodextrin hydrophobic cavities and
the aliphatic extensions contributed by the epichlorohy-
drin. When comparing wettability of the pristine CNF and
CNF-CD (Fig. 4b), a higher wettability profile is observed
for the later. Wettability is defined as the ratio between the
acid—base surface component and the total surface energy of
the material. A higher wettability for CNF-CD was expected,
which correlates with the higher charge density of the

28

Rsq =22.95 nm

@ Springer



1732

Journal of Porous Materials (2021) 28:1725-1736

Table 2 Physical properties of the CNF and CNF-CD aerogels

Property CNF aerogel CNF-CD aerogel
Mass [mg] 54.0+2.0 65.0+9.6
Density [kg/m®] 95.0+21 175+49
Porosity [%] 934+14 88.0+3.3

BET surface area [m2/g] 10.4 7.24

Total surface energy [mJ/m?] (min, max) (59.4,74.9)

Dry aerogel

SEM images 1000x

(50.6, 60.6)

modified fibrils when compared to pristine CNF. However,
wettability analysis only takes into consideration the possi-
ble acid—base contributions, while the total energy considers
also additional dispersive forces, which allow H-bonding
and van der Waals interactions to take place between the
substrate and the molecules present in the media. Finally,
the swelling capacity and water uptake was also higher for
the CNF-CD with a 60% water uptake and 1200% swell-
ing capacity compared to 50% and 800% for the aerogels
obtained with CNF alone (Fig. 4c and 4d).

3.3 Molecular interactions

As previously discussed, interactions between pristine CNF
and CNF-CD fibrils and water were significantly different.
Thus, similar effects are expected upon interaction with pol-
lutants. When comparing the microcystin-LR (MC) kinetics
of adsorption on CNF at different concentrations (Fig. 5),
CNF showed negative results in both cases. This is most
likely due to the adsorption of water from the solution rather
than MC adsorption. As a result, a higher concentration of
microcystin in the remaining solution is expected. On the
other hand, the microcystin adsorption on CNF-CD showed
a maximum at 180 min with 0.043 mg MC/g of filter for the

@ Springer

solution with 0.8 ug/mL and 0.097 mg MC/g of filter in the
1.5 pg/mL solution. This translates to a removal capacity of
20.5% and 18.4% of the total toxin in the solution (Fig. 5b),
respectively. However, adsorption decreased at longer moni-
tored times, suggesting a reversible process driven by the
interactions of water with the other residues from the amino
acids present in the structure, as well as water interactions
with the hydroxyl groups on the edge of the cyclodextrin
structure [52]. When the adsorption was analysed using
a pseudo-second-order fitting (Table 3), the equilibrium
adsorption capacity (qe) was calculated to 0.078 mg/g and
0.034 mg/g for each concentration, respectively. These
results from the fitting are like the values observed during
the first minutes after the beginning of the interaction. This
could imply that the interaction between the hydrophobic
cavities and the targeted molecule occur rapidly, suggest-
ing then that the rest of the adsorption observed could be
mostly driven by some weak interactions (probably van der
Waals) that are later lost as the water interacts with the sur-
face of the sorbent and the more polar residues of the toxin.
These weak interactions mentioned to occur during the first
minutes can also be seen for the CNF aerogel, where some
adsorption is presented but is quickly lost to instead adsorb
water in these used active points on the surface.
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Table 3 Parameters for

. . . Adsorption system
adsorption of microcystin-LR

Pseudo-first order

Pseudo-second order

(MC) and methylene blue (MB) Sorbent Adsorbate  ge (mg/g)  k; (min~!)  R? ge (mg/g)  k, (zmgmin)  R?
by aerogel filters
CNF MC 1.5 N.A N.A N.A —0.047 10.678 0.8603
MC 0.8 N.A N.A N.A —0.143 0.2370 0.8781
MB 9.086 0.0024 0.9439  10.51 0.0004 0.9760
CNF-CD MC 1.5 N.A N.A N.A 0.078 1.048 0.9947
MC 0.8 N.A N.A N.A 0.034 8.211 0.9789
MB 3.463 0.0023 0.9474  3.935 0.1050 0.8920

Regarding the fitting into a pseudo-first-order, as the
adsorption capacity was never in total equilibrium, which
in turn made some of the values obtained after the difference
to have negative values. These negative values do not have a
real logarithm value, making the fitting unviable. However,
using the chemical theoretical universal rate law for kinetic
reactions logic, from which these pseudo models are based
[53], the second-order should consider the first level as a
factor in the progressive addition [54, 55].

In the case of adsorption of methylene blue (MB)
(Fig. 6a), the fitted maximum adsorption capability in equi-
librium for CNF filters was 203% higher in the case of pris-
tine CNF when compared to CNF-CD. As suggested by the
different nature of the pollutants, the main difference in this
behaviour may relate to the different adsorption mechanisms
involved. In the case of microcystin-LR, the target for the
adsorption is the hydrophobic Adda group, while in the case
of MB, the interaction with the CNF aerogels is mainly with
the partially charged nitrogen present at both ends of the dye
molecule. Finally, when the desorption of MB was followed
(Fig. 6b), the CNF-CD released up to 42% of the adsorbed
load after 24 h (1440 min), while the CNF released only

12
10 1
- 8r 1
2
=
(2]
@ or ]
=
(o]
E a4t .
T
2 |- 4
—4—CNF
—@—CNF-CD
0 C L L L L L il
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Time [min]
(A)

14% over that time. This further confirms that the interac-
tions between the CNF and the MB were stronger than the
CNF-CD and MB.

Overall, this difference in adsorption capacity -with a
higher capturing of the MB into CNF- can be related to
the higher surface energy of the material as discussed in
Sect. Aerogel formation, caused by the higher number of
charged points on the surface of the CNF aerogels. As elec-
trostatic interactions -including polar charged interactions
and dispersive forces- are the main driving force in the
adsorption of charged molecules like MB onto cellulose,
this is predominantly favourable for pristine CNF aerogels
[30]. Meanwhile, adsorption into CNF-CD surface needs a
different driving force, which is mainly hydrophobic due to
the cavities available with the immobilized cyclodextrin, just
as observed with the preferent adsorption of the microcystin-
LR, and seen on the model surfaces [39].

Overall, these adsorption experiments prove the capacity
of the CNF-CD to capture and remove pollutants with short
residency times. However successful, the process by which
the aerogels were formed came with a high loss of surface
area compared with other aerogels that had BET surface area
tenfold higher [56]. A change in the fabrication approach
could increase the surface area of the nanofibrils that is kept
while structuring, which would consequently increase their
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Fig.6 a Adsorption and b desorption of methylene blue (MB) from a 15 mg/L solution by aerogels prepared with CNF and CNF-CD
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capacity to capture pollutants, therefore enhancing the ben-
efits of these bio-based adsorbents.

4 Conclusions

In this work, wood derived cellulose nanofibrils were suc-
cessfully decorated with p-cyclodextrin, which were then
used to form aerogels by solvent exchange and freeze-
drying. These CNF-CD aerogels resulted in materials with
lower surface area, porosity, and surface energy than those
generated from pure cellulose nanofibrils. However, their
water uptake, swelling and wettability was increased due
to the increase in energetically available points with the
cyclodextrin and the epichlorohydrin bridges. Furthermore,
this work aims to understanding the surface chemistry and
properties of these type of systems to better comprehend the
interactions between CNF-CD co-polymers with molecules
and pollutants to further improve bio-based water filtration
systems.

Consequently, when the studied aerogels were tested for
adsorption of selected pollutants, those made of CNF-CD
showed higher adsorption of aromatic components such as
microcystin-LR, driven by thermodynamic interactions. In
the case of pristine CNF aerogels, adsorption of methylene
blue was preferred, predominantly driven by electrostatic
forces, as more polar residues were present in the structure.
Therefore, this work sets a precedent on the potential use of
cellulose nanofibril grafted with cyclodextrin on the forma-
tion of porous aerogels for removal of water contaminants.
As expected, limitations regarding surface area available
for adsorption mechanisms was impaired due to solvent
exchange/freeze drying processes, further work on preserv-
ing the aerogels surface area is anticipated to improve the
performance of bio-based materials to remove multiple types
of pollutants from water sources.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10934-021-01109-w.
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