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ABSTRACT: A simple and novel method, self-assembly of nano-
cellulose and nanochitin, was developed to produce high-efficiency and
versatile biohybrid hydrogel (BHH) and aerogel (BHA) for water
purification. The self-assembly process was driven by the electrostatic
force between one-dimensional (1D) negatively charged TEMPO-
oxidized cellulose nanofiber (TOCNF) and positively charged partly
deacetylated chitin nanofiber (PDChNF). The self-assembly process
was performed at room temperature and without adding any cross-
linking agents throughout the process. This results in the three-
dimensional (3D) BHH that physically cross-linked via both electro-
static interactions and hydrogen bonding between TOCNF and
PDChNF. The obtained BHA from lyophilized BHH exhibited a
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highly porous interconnected structure with a specific surface area of 54 m?>g™', which assures the availability of its internal
active site for the adsorption of toxic metalloid ions and organic pollutants. Consequently, the BHA displayed super-high
adsorption capacities of 217 mg-g™" for As(III) under the neutral pH conditions and 531 mg-g™" for methylene blue (MB)
under an alkaline aqueous condition with rapid adsorption kinetics, in sharp contrast to conventional biobased adsorbents.
Moreover, the BHA is reusable, which still exhibited a high MB adsorption capacity of 505 mg-g~" even after five successive
adsorption—desorption cycles. This versatile BHA produced via a facile preparation strategy is proven to be a promising
renewable adsorbent for water purification, offering simple and green alternatives to the conventional adsorbent from synthetic

polymers.
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1. INTRODUCTION

Toxic metals and metalloids and deleterious organic contain-
ments are water pollutants worldwide that cause severe water
safety problems. Arsenic poisoning has been recognized in
many countries and is a global health problem that threatens
more than 150 million people worldwide." Arsenic is a
metalloid that forms highly toxic compounds in many
oxidation states including arsenite [As(III)] and arsenate
[As(V)]. As(III) is reported to be more toxic than As(V) and
more difficult to remove from water.” Although ion-exchange,
membrane filtration, coagulation, reaction with metal salts and
lime followed by filtration and adsorption are widely used for
arsenic-contaminated water remediation, current techniques
are not always eflicient, as they suffer from poor sorption
capacities. Due to the harmful effects of dyes, the US
Environmental Protection Agency is instructing industries to
eliminate dyes from effluents. Excessive levels of dyes in
discharge water can destroy aquatic organisms because their
toxic, carcinogenic, and negative effects on the photosynthetic
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activity of aquatic plants and microorganisms.’ Methylene blue
(MB) is a cationic thiazine dye being widely used in different
fields including textile, biology, chemistry, and medicine.
Because of its low toxicity and well-known adsorption
characteristics, MB has been used as a model compound for
investigating the sorption of dye.” Although synthetic
polymeric resins have been reported for the sorptive removal
of MB with high adsorption capacity,” the use of synthetic
polymers can be a concern due to their inherent non-
renewability and low biodegradability.

Aerogels are a porous material with a high surface area that
have been widely used as sorbents for water purification.®™®
Natural-polymer-derived aerogels have drawn a lot of attention
because of their biodegradability and biocompatibility. In
recent years, cellulose and chitin, two of the most abundant
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Figure 1. Schematic of the self-assembly process for the production of BHH and BHA. (a, b) TEMPO and mechanical exfoliation to produce
TOCNF; (¢, d) NaOH and mechanical exfoliation to produce PDChNF; (e) electrostatic-force-induced self-assembly gelation of nanofibers with
ionic interactions between TOCNF and PDChNF; (f) digital images illustrate that the ultralight BHA was captured by a marker pen due to static

electricity; and (g) scanning electron microscopy (SEM) image of BHA exhibits a highly porous structure.

BHH volume (mL) (o]
S =2 N W A 0o N

©

0.00 005 010 0.15 020 0.25 0.30

Concentration of TOCNF and PDChNF (wt%)

—r—

.

4/6 5;5 6;4 713 8;2
PDChNF/TOCNF (wt/wt)

:

Figure 2. Digital image of (a) TOCNF (0.03 wt %) and PDChNF (0.03 wt %) suspensions; (b) mixing of TOCNF and PDChNF suspensions; (c)
BHH formed through the self-assembling of TOCNFs and PDChNF and expelling of water; (d) freestanding BHH; (e) different shapes of BHHs
produced through molding; (f) BHHs produced from different initial concentrations of nanofibers (PDChNF/TOCNF = 5/S in weight); (g) BHH
volume and self-assembly yield as a function of the initial concentration of nanofibers; (h) BHHs produced from different PDChNF/TOCNF mass
ratios (initial concentration of nanofibers = 0.15 wt %); and (i) self-assembly yield as a function of PDChNF/TOCNF mass ratio.

biopolymers in the biosiphere, have been used for the
production of aerogels.*”"* Generally, cellulose- or chitin-
based aerogels are produced through sublimating water from
their corresponding hydrogels. Although hydrogels can be
prepared from native cellulose or chitin through dissolution
and gelation processes, only a few solvents have been
discovered to be effective in dissolving cellulose and chitin,**
thus limiting their potential. Alternatively, hydrogels can be
prepared from nanocellulose or nanochitin aqueous suspen-
sions. With the aid of chemical cross-linkers, either etherifying
or esterifying reagents, a variety of chemically cross-linked
hydrogels were produced.'”'* Despite their good mechanical
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properties, the use of hazardous chemicals decreases their
environmental compatibility. Physically cross-linked hydrogels
can also be prepared from nanocellulose or nanochitin because
of their high aspect ratio and abundant surface functional
groups. However, special conditions including ultrasonication,
pH adjustment, thermal initiation, and solvent exchange are
required to initiate gelation through physical entanglements,
hydrogen bonds, or ionic interactions.">™"” Therefore, the
exploration of simple processes for the production of physical
hydrogels from nanocellulose or nanochitin is a priority.

To date, limited studies have been reported to produce
biohybrid hydrogels (BHHs) and aerogels (BHAs) from
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cellulose and chitin. Previously, BHH beads and films were
obtained through solvent exchange with deionized water after
dissolution in ionic liquid or NaOH/thiourea solvent.'* >
After water removal, the porous biohybrid beads and films
showed good sorption performance for the removal of heavy
metals from aqueous solutions. Until now, only Gao et al. have
reported physical BHHs synthesized from chitin/cellulose
nanofibers after (2,2,6,6-tetramethylpiperidine-1-oxylradical)-
mediated oxidation (TEMPO oxidation), resulting in BHAs
with a specific surface area of up to 94 m*g~'.>* However, in
this study, the gelation of chitin/cellulose nanofibers was
induced via a time-consuming pH adjustment process with
acid. Moreover, a tedious solvent exchange process was
required to remove acid after hydrogel formation, which
makes the process less appealing. Furthermore, no applications
have been reported for this BHA.

Herein, we explored the production of BHHs through a
facile electrostatic-force-induced self-assembly gelation process
with nanocellulose and nanochitin (Figure 1). TEMPO-
oxidized cellulose nanofiber (TOCNF) with negatively
charged surface and partly deacetylated chitin nanofiber
(PDChNF) with positively charged surface was prepared
through TEMPO-oxidation and alkaline solution treatment,
respectively.'”>* The gelation behavior was investigated using
different concentrations and combinations of TOCNF and
PDChNEF. Additionally, the BHH produced at the optimized
condition was freeze-dried to obtain the BHA, which was
characterized using infrared and X-ray spectroscopies to
investigate the interactions between TOCNF and PDChNF.
Furthermore, the adsorption of As(III) and MB onto BHA was
examined and found to exhibit super-high As(III) (217 mg:
g™') and methylene blue (531 mg-g™") adsorption capacities.
Such adsorption capacities are higher than any previously
reported all-biobased polymer adsorbents. This work is of great
significance, because we not only provide a simple and novel
method for the production of cellulose- and chitin-based
hydrogel and aerogel, but also demonstrate a high-efficiency
biobased superadsorbent for water purification.

2. RESULT AND DISCUSSION
2.1. BHH from Self-Assembly of TOCNF and PDChNF.

In the present work, nanocellulose- and nanochitin-based BHH
and BHA were produced via a facile electrostatic-force-induced
self-assembly gelation process employing negatively charged
TOCNEF and positively charged PDChNF. Figure 1 illustrates
a general description of the self-assembly process. Through
TEMPO oxidation and mechanical defibrillation, TOCNF
could achieve a surface carboxylate (COO™) content of 1.43
mmol-g~" (Figure Sla, Supporting Information), and an aspect
ratio of up to 1000 (Figure 1b). The high anionic electrostatic
repulsions of COO~ groups endowed very stable and
homogeneous TOCNF aqueous colloidal suspensions at pH
~ 6 (Figure S1b) that exhibit the characteristic shear-thinning
behavior (Figure Sic). Through alkaline treatment (33 wt %
NaOH at 90 °C for 3.5 h) and mechanical defibrillation,
PDChNF could achieve a surface primary amino (—NH,)
content of 2.10 mmol-g~" (corresponding to the removal of
39% surface acetyl groups; Figure S1d) and an aspect ratio of
up to SO0 (Figure 1d). The high cation electrostatic repulsions
of protonated —NH, (—NH;") groups at pH ~ 5.6 ensured
very stable and homogeneous PDChNF aqueous colloidal
suspensions (Figure Sle) that exhibit the characteristic shear-
thinning behavior (Figure S1f).

When mixing the aqueous colloidal suspensions of TOCNF
and PDChNF, the self-assembly of a three-dimensional (3D)
network commences immediately because of the strong
electrostatic attraction between NH;* and COO™ groups on
the nanofibers (Figure 2a,b). Slightly shaking the mixture for
20 s accelerates the self-assembly of nanofiber (3D) network
(Video S1). When excess water is expelled from the 3D
network by the centrifugal force generated from shaking
(Video S1), TOCNF and PDChNF self-assemble to a more
compact structure and form an opaque BHH (Figure 2¢,d).
The opaque BHH is expected as the self-assembly results in the
gelation of nanofibers and phase separation, which results in a
heterogeneous distribution of nanofibers in BHA."? The freshly
prepared BHH can be molded into different shapes, as shown
in Figure 2e.

Further investigation suggests that the formation of BHH
was a concentration-independent process. As shown in Figure
2f, when the initial concentrations of the PDChNF and
TOCNEF suspensions increased from 0.01 to 0.30 wt %, the
volume of the as-synthesized BHH increased from approx-
imately 0.25—7.7 mL, at high linearity with an R* of 0.99
(Figure 2g). In other words, at higher concentrations, the self-
assembled nanofiber 3D networks are able to hold more water
and result in BHHs with large volumes, because of the
suspensions containing more nanofibers. After freeze-drying of
frozen BHHs, the BHAs were obtained and their weights were
measured to calculate the self-assembly yield use by the
following equation

yield (%) = Wana/ (Wrocne + Wepcnne) X 100% (1)

where Wgys, Wrocne and Wppepne are the dry weights of
BHA, TOCNF, and PDChNEF, respectively. As shown in
Figure 2g and Table S1 in SI, the self-assembly yields maintain
a constant value of 98 + 1% for all tested concentrations. This
result confirms that the self-assembly was a concentration-
independent process.

To further understand the self-assembly process, we
investigated the effect of PDChNF/TOCNF mass ratio on
the formation of BHH. Keeping the total amount of PDChNF
and TOCNF constant, the volume of resultant BHHs varies
with the change of PDChNF/TOCNF mass ratio (Figure 2h).
The dried weights of BHHs were then measured to calculate
the self-assembly yields. As shown in Figure 2i and Table S1 in
SI, the self-assembly yield initially increased with increasing
PDChNF/TOCNF mass ratio, with a maximum of 99%,
occurring at the PDChNF/TOCNF mass ratios of 5/5. Over
6/4, however, the yield drops to 49% at 8/2 of PDChNF/
TOCNF mass ratio. These results clearly indicate that self-
assembly is a mass-dependent process. At the PDChNEF/
TOCNF mass ratio of 5/5, nearly all of the nanofibers are
participating in self-assembly and formed the BHH with the
highest yield. Thus, the optimized mass ratio of PDChNF/
TOCNE for BHH production is 5/5. As mentioned before, the
self-assembly of PDChNF and TOCNF was driven by the
electrostatic attraction between —COO~ and —NH;" in
nanofibers. The amount of surface —COO™ in TOCNFs is
1.43 mmol-g™!, whereas the amount of surface —NH;" in
PDChNF is 2.10 mmol-g”'. When mixing PDChNF and
TOCNEF at a mass ratio of 5/5 to achieve the maximum self-
assembly yield, the net charge from PDChNF and TOCNF
was not equal to zero. This is a quite interesting observation,
suggesting that the higher charge of the PDChNF is required
to maintain the gelation of the nanofiber suspensions, and this
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Figure 3. (a) SEM images of BHA show a porous cell structure with a film-like or net-like cell morphology; (b) N, adsorption/desorption isotherm
and pore size distribution (inserted image) of BHA; (c) thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG) curves of
BHA, PDChNF, and TOCNF; (d) differential scanning calorimetric (DSC) curves of BHA, PDChNF, and TOCNF; (e) Fourier transform
infrared (FTIR) spectra of BHA, PDChNF, and TOCNF; and (f) point of zero charge PZC determination curve of BHA.

could be attributed to the fact that the dimension and aspect
ratio of TOCNF are large than those of PDChNF.

The greatest advantage of this “self-assembly” was avoiding
the use of hazardous chemical cross-linkers and acidic/alkaline
solutions. Moreover, owing to the strong electrostatic
attraction between PDChNF and TOCNEF, the self-assembly
is a super quick process that is completed within 1 min (Video
S1, Supporting Information), which is far less than any
previously reported physical and chemical cross-linked nano-
cellulose- and nanochitin-based hydrogels, and those prepara-
tion processes usually require several hours to several
days."”'>** In addition to green and time efficiency, this
method is very easy to apply, and the self-assembled BHH
could be prepared with a very low concentration (0.01 wt %,
Figure 2f) of PDChNF and TOCNF, in sharp contrast to the
conventional methods that a minimum nanofiber concen-
tration of at least 0.2 wt % is required.'®'****°

2.2. Characterization of BHA. The BHH synthesized at
the optimized conditions (PDChNF/TOCNF = §/5 in
weight) was used to produce BHA through a lyophilization
process. The obtained BHA was characterized and used for
water purification.

2.2.1. Density and Porosity. After freeze-drying of frozen
BHH, ultralight and high porosity BHA was obtained, which
can be easily attracted by electrostatic force (Figure 1f). The
density of aerogels prepared from the PDChNF/TOCNF mass
ratios of S/S is 8.2 + 0.9 mg-em™>, and the corresponding
porosity is 99.44 + 0.07%; changing the initial concentration of
TOCNEF and PDChNF suspensions does not affect the BHA’s
density or porosity. The self-assembled BHA was fragile and
collapsed when handling with tweezers (Figure S2). This weak
mechanical response was expected due to the absence of
chemical cross-linking reagents during hydrogel preparation.

46717

The BHA exhibits a highly porous structure that contains
heterogeneously shaped cells ranging in size from 2 to 10 ym
and wrapped in thin walls with many fibrils (Figure 1g). The
cell walls exhibit either a film-like or a net-like structure, and
the pore diameter of the “net” is usually less than 100 nm
(Figure 3a). This phenomenon was attributed to the phase
separation of nanofibers during the self-assembly process, in
which the nanofiber-rich phase formed film-like cell walls,
while the nanofiber-poor phase formed net-like cell walls.
Although the net-like cell walls diminished the mechanical
strength of BHA, this porous structure is important for
applying BHA as an adsorbent for water purification. The BHA
exhibits a type IVa N, adsorption/desorption isotherm with a
type H3 hysteresis loop (Figure 3b), indicating the existence of
both mesopores and macropores. These mesopores and
macropores are mainly present on the BHASs’ net-like cell
walls, as shown in the SEM image (Figure 3a). The Brunauer—
Emmett—Teller (BET) surface area of BHA was 54 m>g™",
and the total pore volume was 0.194 cm’g™', which are
comparable to the previously reported nanocellulose and
nanochitin aerogels.lo’lz’24 Moreover, this hierarchical meso-
porous—macroporous structure is advantageous because the
macropores enable faster molecular diffusion and mass transfer
(especially for large molecules) and the mesopores provide
more active sites for adsorption during water purification.
2.2.2. Thermal Properties. The thermal stability of
TOCNF, PDChNF, and BHA was tested by thermogravi-
metric analysis (TGA) (Figure 3c). The derivative thermog-
ravimetric (DTG) curve of TOCNF shows a peak centered at
251 °C with two shoulder peaks located at 236 and 278 °C,
respectively. The DTG curve of PDChNF exhibits two peaks
centered at 290 and 385 °C, respectively. The BHA shows
three main DTG peaks located at 257, 294, and 351 °C,
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Figure 4. (a) XPS spectra of C 1s, O 1s, and N 1s for BHA at different initial solution pH values; and (b) proposed pH-dependent intermolecular

interactions between TOCNF and PDChNF in BHA.

respectively. The first peak can be attributed to the thermal
degradation of TOCNEF, the second peak corresponds to the
decomposition of both TOCNF and PDChNEF, and the third
peak was mainly attributed to the thermal degradation of
PDChNF. However, the third peak has a much lower
temperature in comparison with that of chitin, indicating
that the BHA has a loose and porous structure, thus easily
being decomposed. The differential scanning calorimetric
(DSC) graphs for TOCNF, PDChNF, and BHA shows an
exotherm at 140—155 °C, which corresponds to the moisture
loss (Figure 3d). The TOCNF loses its mass in two stages at
215—250 and 310—400 °C, which could be attributed to the
corresponding carboxylate group decomposition and the
degradation of unmodified crystalline cores, respectively.”’
The PDChNF shows an endotherm in 290—310 °C, possibly
due to the decomposition of amine and amide groups.”® BHA
shows a significantly low heat flow in 200—400 °C range,
which could be due to the presence of more protonated and
hydrogen-bonded structures.””

2.2.3. Fourier Transform Infrared (FTIR) Spectroscopy. To
explore the interactions between TOCNF and PDChNEF, the
FTIR spectra of lyophilized TOCNF, PDChNF, and BHA
were recorded (Figure 3e). The spectrum of PDChNF shows

the characteristic doublet amide I bonds (1622 and 1648
cm™") and the amide II band at 1557 cm™". Fingerprint peaks,
C—O stretch at 1312 cm™, and out-of-plane OH bending 955
cm™" were also observed. The spectrum of TOCNF exhibits a
sharp and large carboxylate (—COO™) peak at 1606 cm™" and
a small shoulder carboxylic acid (—COOH) peak at 1737
em™.* Additionally, asymmetric —COQ~ stretching band at
1542 cm™! and symmetric —COO™ stretch band at 1371 cm™!
were also observed. Peaks at 1316 and 941 cm™" are for OH
bending (out of plane) and C—O stretching, respectively. The
spectrum of BHA displays characteristic bands of both
PDChNF and TOCNF; however, peak shifting and intensity
changing were observed on these bands. Specifically, the
spectrum of BHA shows a higher peak at 1737 cm™
(—COOH) and a lower peak at 1606 cm™' (—COO7) in
comparison with that of TOCNF. Moreover, the spectrum of
BHA exhibits lower absorption intensities of both amide I- and
amide II-related bands in comparison with that of PDChNF
(Figure S3). Furthermore, the N—H and O—H stretching
absorption bands of BHA were shifted from 3263 to 3281
cm™! and from 3438 to 3428 cm™" (Figure S3). These findings
confirmed that the self-assembly gelation of TOCNFs and
PDChNF was driven by electrostatic interaction between

DOI: 10.1021/acsami.9b15139
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Table 1. XPS Data for BHA at Different Initial Solution pH Levels”

peak pH 1
Cls (R/H)O-C=0 BE (eV)“ 290.0
atomic % 0.6
FWHM (eV) L5
0=C«< BE (eV) 289.2
atomic % 4.8
FWHM (eV) 1.5
C-0-C BE (eV) 2879
atomic % 13.4
FWHM (eV) 1.5
C-N BE (eV) 286.5
atomic % 26.6
FWHM (eV) 1.3
C-H, C-C BE (eV) 284.9
atomic % 14.5
FWHM (eV) 1.4

O 1Is (R/H)O-C=0 BE (eV)

atomic %

FWHM (eV)

0=C«< BE (eV) 534.6
atomic % 5.7
FWHM (eV) 1.9
C-0-C BE (eV) 5329
atomic % 29.6
FWHM (eV) 1.8
—OH or OH,* BE (eV) 531.4
atomic % 1.9
FWHM (eV) 1.3
N 1s —NH,, C—NH"*, NH;* BE (eV) 401.8
atomic % 1.1
FWHM (eV) 2.1
—CONH BE (eV) 399.8
atomic % 1.7
FWHM (eV) 1.5

pH 3 pH S pH 7 pH 9 pH 11 pH 13
288.9 290.2 290.6 290.5 289.6 289.0
S.5 3.4 32 1.5 12 3.0
1.5 1.5 2.0 1.5 1.5 1.5
288.1 289.0 289.2 289.1 288.7 288.2
4.5 6.7 8.9 4.7 7.4 4.6
1.1 1.5 2.0 1.5 1.5 1.1
287.4 287.9 288.0 287.8 288.0 287.5
5.8 16.1 11.8 14.6 6.0 6.2
12 1.5 1.6 1.5 1.1 1.5
286.3 286.5 286.5 286.3 286.6 286.6
319 24.0 19.4 25.1 31.5 33.3
14 1.5 1.4 13 1.4 1.4
284.8 285.1 285.0 284.8 284.9 284.9
13.6 11.4 18.0 15.3 12.1 10.4
13 14 1.5 14 1.4 1.4

534.7 536.0 536.0 536.0

8.0 2.4 1.3 13

2.0 2.0 2.0 1.9
533.9 533.7 534.6 534.6 534.4 534.3
5.3 8.9 6.5 4.8 S.0 54
1.9 1.5 2.0 2.0 2.0 1.8
532.8 532.8 532.9 532.7 533.0 533.1
27.7 13.1 22.4 27.5 28.8 332
1.7 1.5 1.9 1.7 1.7 1.8
531.1 531.8 531.2 531.0 531.4 531.3
2.4 5.0 5.0 22 39 2.2
1.6 1.9 1.6 14 1.6 1.6
401.7 401.4 402.5 401.5 401.8 400.4
13 2.0 0.7 13 0.5 0.7
2.1 2.6 3.2 2.6 2.5 2.2
399.7 399.9 399.8 399.6 399.8 399.7
2.0 1.4 1.8 1.7 2.3 1.1
1.6 1.7 1.7 1.5 1.7 1.6

“The BE values were estimated with a maximum error of +0.05 eV in curve fitting.

—COO™ and —NH;" groups. In addition, these findings also
indicate that strong hydrogen-bonding interactions were
formed between TOCNFs and PDChNF in BHH and BHA.

2.2.4. Point of Zero Charge (PZC). The PZC is an
important index that provides the surface charge information
and explains many sorption-related phenomena of materials.
As shown in Figure 3f, BHA exhibits different charge behaviors
at different pH levels. Specifically, at a solution pH lower than
6.16, the surface of BHA was positively charged, which is
attributed to the predominant influence of —NH;" from
PDChNEF. At a solution pH higher than 6.16, the surface of
BHA was negatively charged, and this can be attributed to the
predominant effect of —COO™ from TOCNEF. Thus, the PZC
of BHA [PZC(pya)] appears at the pH of 6.16. It is worth to
note that the pK, of —NH, and —COOH groups are 6.5, and
4.8, respectively.”” Therefore, this PZC value is expected
because the BHA’s surface —COO~ and NH;" groups are
equal to zero at pH 6.16 through stoichiometric calculations
(shown in SI).

2.2.5. X-ray Photoelectron Spectroscopy (XPS). According
to the PZC, at the pH range of 4.8—6.5, the —NH;" and
—COO™ are predominant groups onto BHA. The negatively
charged —COO~ groups could interact with —NH;" within the
steric hindrance, flexibility, and proximity limits to form an
ionic network-like structure. To confirm the ionic interactions

between —NH;" and —COO~ groups, XPS experiments were
conducted. BHA samples were equilibrated in NaCl solution
with different pH values, followed by vacuum drying as
preparation prior to XPS analysis. Figure 4 shows the XPS of
BHA, which probed the chemical states of C, O, and N as a
function of equilibration pH. In general, the C 1s, O 1s, and N
Is spectra can be resolved into five, four, and two peaks,
respectively. The binding energies (BE), atomic percentages,
and peaks’ full width at half maximum (FWHM) of those
resolved peaks are presented in Table 1. Specifically, the
highest binding energy (290.6—288.9 eV) peak in C Is is
corresponding to —COOH(R) oxidation states. Peaks in
289.2—288.2 eV range belong to keto (>C=0) carbons but
overlap with —COOH(R) and C—OH, C—O-—C regions
(288.0—287.4 eV), making these evaluations approximate.
Peaks in the range 286.6—286.3 and 285.1—284.8 eV are for
C—N and C—H, and C—C, respectively. Peaks were resolved
in the O 1s XPS binding energy (BE) ranges of 536.0—534.7,
534.6—533.7, 533.1-532.7, and 531.8—531.0 eV. These
regions are assigned to O—C=0(R), O=C<, —C—0-C,
and OH or OH,’, respectively. The N 1s curve-resolved
envelop was interpreted for —NH, or NH;* 401.8—400.4 eV
and —CONH 399.9-399.6 eV on PDChNF.

The pseudo-zwitterionic state of BHA at its PZC g4) (6.16)
was confirmed by XPS. At the pH level of 7 (close to the

46719 DOI: 10.1021/acsami.9b15139
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PZC(gya)), the binding energies of the functional groups that
are responsible for ionic interactions reach their maximum
values (Table 1). For instance, at pH 7, the BEs of C 1s and O
1s for O=C—0O(R) reached their maximum of 290.6 and
536.0 eV, respectively; the N 1s (—-NH,, C—NH*, —NH,")
peaks reached their maximum of 402.5 eV. This observation
clearly indicates the presence of a complex chemical environ-
ment for XPS electron ejection, i.e., strong ionic interaction
between —NH;" and —COO™ groups onto BHA. As the pH
levels were greater than 7, the XPS BEs of —NH;" shifted to a
much lower BE region (up to 400.4 eV at pH 13; Table 1);
this indicated a decline of ionic interaction and can be
attributed to the decrease of protonation degree of —NH;*. On
the other hand, as the pH levels lower than 7, the XPS BEs of
O 1s for O=C—O(R) shifted to a lower BE region of 534.7
eV at pH S (Table 1) and further become invisible at much
lower pH levels (1 and 3). This phenomenon also indicated a
decline of ionic interaction as the decrease of pH from 7 to 1,
and which was related to the increasing protonation degree of
—COO™. Thus, the interactions between TOCNF and
PDChNF in BHA were governed primarily by the ionic
interaction at the pH range S5—7. This observation also
confirmed that the self-assembly of TOCNF and PDChNF was
driven by the electrostatic force from ionic interaction due to
the self-assembly being conducted at pH ~ 6. Moreover, at the
pH levels below S and above 7, it can be concluded that the
interactions between TOCNF and PDChNF in BHA were
primarily governed by hydrogen bonding. Overall, based on
the evidence from FTIR, PZC, and XPS, the following pH-
dependent interactions were proposed for TOCNF and
PDChNF in BHA (Figure 4b).

2.3. MB and Arsenic Adsorptions. 2.3.1. Effect of Initial
pH. MB is a cationic dye (unprotonated, MB*) in a wide pH
range (pH 0—14); it can exist as mono (HMB*)- or
diprotonated (H,MB**) forms at acidic pH conditions due
to the protonation of its nitrogen groups (terminal and ring).31
At basic pH conditions, unprotonated MB can still carry a
positive charge (MB*) on its sulfur atom. The positive charge
on the sulfur atom can delocalize to the terminal nitrogen atom
that can be electrostatically attracted by the negatively charged
functional groups. Figure Sa illustrates the removal of MB by
BHH and BHA from neutral MB aqueous solution. The
adsorption of MB onto BHA is pH-dependent, as shown in
Figure Sb; the adsorption capacity (q.) significantly increased
from 2.4 to 303 mg-g~" with the increasing initial MB solution
pH from 2 to 10. This pH dependence is expected due to MB
being an ionic dye with a positive charge, and BHA exhibits
different charge behaviors at different pH levels as mentioned
before. Generally, at a solution pH lower than 6.16, the BHA
exhibits a positive net surface charge (Figure 3f), which is
unfavorable for MB adsorption because of the electrostatic
repulsion. On the other hand, the BHA exhibits a positive net
surface charge at the solution pH levels higher than 6.16,
thereby being favorable for MB removal because of the
electrostatic attraction. It is worth to note that at pH 4, the
BHA still shows a good MB removal efficiency with an
adsorption capacity of 51 mg-g™'. This phenomenon reveals
that in addition to these electrostatic interactions, the
hydrogen bonds between BHA and MB were also playing an
important role for MB adsorption.

Figure Sc displays the arsenite speciation versus pH and pH
dependency of As(III) sorption onto BHA. H;AsO; predom-
inates in solution through pH 9, and H,AsO;"~ begins to form
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Figure S. (a) Digital image of MB absorption by BHH and BHA (C,
=50 mg'L™!, t =24 h, T =25 °C), and (b, c) effect of initial pH on
the adsorption of (b) MB (Cy = 50 mg-L™", t =24 h, T = 25 °C) and
(c) As(Ill) (Cy =10 mg-L™!, t=2h, T =25 °C).

at pH around 8 and predominates from a pH range of 9.2 to
12. HAsO,*" is first formed at pH around 10 and is the
dominant species from a pH range of 12.2 to 13. Additionally,
H,AsO; can be protonated (H,AsO;", not shown in Figure Sb)
but only in strongly acidic solutions (i.e., at pH < ~1.5). Thus,
at the solution pH of 1, H;AsO; and H,AsO;" are the main
As(III) species being adsorbed. Although the electrostatic
repulsion between —NH** and H,AsO;" may reduce As(III)
uptake somewhat, the adsorption at pH of 1 remains robust
(20 mg-g™"). At the solution pH between 2 and 7, H;AsOj is
the only As(III) species being adsorbed with an adsorption
capacity of around 26 mg-g”, and the adsorption be attributed
to the hydrogen bonding between H;AsO; and BHA surface
functional groups (i.e, —NH, and —OH).** At the solution
pH ranges from 7 to 9, H;AsOj is gradually deprotonated to
H,AsO;", while the adsorption capacity remains unchanged. A
further increase in solution pH from 9 to 13 leads to the
formation of HAsO;*~ and AsO,*~ and the rise of adsorption
capacity up to 80 mgg™' at a solution pH of 13. The
significantly improved adsorption capacity at pH 13 could be
attributed to the complete dissociation of H;AsO; to
H,AsOy~, which may facilitate the formation of hydrogen
bonding. Additionally, under strongly alkaline conditions, the
interchain interactions between TOCNF and PDChNF in
BHA may become loose under a strong alkaline condition (i.e.,
pH of 12), thereby making more surface functional groups
available for arsenite uptake through hydrogen bonds.
Although the electrostatic repulsion between —COO™ and
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Figure 6. (a) Kinetic models for MB adsorption (pH=10, Cy = 50 mg-L™", T = 25 °C); (b) isothermal models for MB adsorption (pH=10, t = 24 h,
T =25 °C); (c) comparison of maximum MB adsorption capacity (qn,,) of BHA with other materials (detailed in Table S2); (d) kinetic models for
As(II1) adsorption (pH = 7, Cy = 200 mg-L™!, T = 25 °C); (e) isothermal models for As(III) adsorption (pH = 7, t = 2 h, T = 25 °C); and (f)
comparison of As(IIl) q,,., of BHA with other materials (detailed in Table S3).

H,AsO;*" may reduce As(III) uptake somewhat under
strongly alkaline conditions, the adsorption through hydrogen
bonding remains robust (up to 80 mg-g~"). Therefore, over the
entire pH range of 1—13, BHA remains an effective As(III)
adsorbent.

2.3.2. Adsorption Kinetics and Isotherms. Figure 6a shows
the adsorption kinetics of MB onto BHA. It is clear that the
adsorption of MB increased rapidly in the first 3 h, and the
removal of MB reached the adsorption equilibrium within 12 h
(Figure 6a). The data were fitted to both pseudo-first-order
(first-order, eq 2) and pseudo-second-order (second-order, eq
3) models well (Table 2)

In(q, — q) =Inq - k¢t )
t 1 t
— = 5 + —
9, kaq; 4, (3)

Table 2. Kinetic and Isothermal Parameters for MB and
As(III) Adsorptions onto BHA

adsorbate
model parameters MB As
first-order kinetic k; (gmg™"h™") 0.2516 N/A
Gexp (mgg™") 293
qea (mgg™) 269.33
R 0.99
second-order kinetic k, (gmg™-h7") 0.0019 0.1192
Qexp (mg-g_l) 293 49.33
Gea (mg-g™) 291.54 50.98
R 0.99 0.95
Langmuir isotherm K (Lg™) 0.27055 0.00438
o (mg-g™") 530.76 217.00
R 0.99 0.99
Freundlich isotherm Kg 251.67 12.96
n 6.73 2.58
R? 0.99 0.99

46721

where t is the contact time (h), q. is the adsorbed
concentration of MB or As(III) (mg-g™") at equilibrium, g, is
the equilibrium concentration of MB or As(II) (mg-g™') at
time t, and k; and k, are the rate constants (gmg~"-h™").

Figure 6b shows the adsorption isotherms of MB onto BHA.
The adsorption isotherm data were fitted well for both
Langmuir and Freundlich models (Table 2). Langmuir
isotherm assumes a homogeneous surface, monolayer cover-
age, and no interactions of the adsorbate with neighboring
sites, and Freundlich isotherm is used in the low-to-
intermediate adsorbate concentration range.”® The maximum
Langmuir adsorption capacity for MB was calculated to be 531
mg-g~!, which is higher than most of the previously reported
biobased adsorbents such as native biomaterials (NBs),***
nanocellulose (NC),’*™** and biopolymer-inorganic compo-
sites (BICs) (Figure 6¢).***°~*! On the other hand, our BHA
shows slightly lower adsorption capacity than TEMPO-
oxidized cellulose nanocrystal CNC (TOCNC) and thiourea-
modified carboxymethyl cellulose (TMCC);**** however, the
use of hazardous chemicals, i.e., concentric sulfuric acid and
thiourea, renders those adsorbents less acceptable for environ-
mental remediation purposes than BHA.

Figure 6d shows the adsorption kinetics of As(III) onto
BHA. The adsorption of As(III) increased rapidly in the first 2
h, and the removal of As(IIl) reached the adsorption
equilibrium within 3 h. This high adsorption rate can be
attributed to the porous net-like cell structure of BHAs that
ensures a fast diffusion As(III). The As(III) adsorption data
fitted well to a second-order (eq 3) model (Table 2). Figure 6e
shows the adsorption isotherms of As(IIl) onto BHA. The
adsorption isotherm data were fitted well for both Langmuir
and Freundlich models (Table 2). The maximum Langmuir
adsorption capacity for As(III) was determined to be 217 mg:
g~!, which is considered to be a super-high capacity. In Figure
6f, we provide a comparative collection of the present BHA
adsorbent versus other pertinent As(IIT) adsorbents presented
in the literature. It is clear in Figure 6f that the BHA is superior
to many of the previously reported adsorbents, such as metal—
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. —45 . .
organic frameworks (MOFs),*~* polymer-miner composites

(PMCs),**” modified natural 5polymers (MNPs),"* ! and
carbon-based materials (CBMs)>*~>* for As(III) sorption.
2.3.3. Desorption and Reusability. The negatively charged
carboxylate groups and the free electron doublet of nitrogen on
amine groups are known to be responsible for the sorption of
MB through an electrostatic attraction mechanism under
alkaline conditions. Thus, desorption can be carried out using
an acidic solution, where both carboxylate and amine groups
will be cationized and the sorption of MB will be reversed. The
HClI solution (0.05 M) was found to be an effective eluent for
MB desorption, where the adsorbed MB can be completely
recovered (>99%). The reusability of the BHA adsorbent was
studied by repeating five cycles of the adsorption—desorption
process (Figure 7). After the first cycle, the adsorption capacity
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Figure 7. Recycling of the BHA for the removal of MB (pH = 10, C,
=200 mg-L™!, T = 2§ °C).

was found increased by 2%; this was probably due to the acid
treatment activated by some functional groups on BHA for MB
adsorption. After the fifth cycle, the BHA still exhibits a high
adsorption capacity of 505 mg-g". This capacity was still much
greater than most of the biobased adsorbents. 47373941 Thys,
the results suggest that this novel BHA can be used as a high-
performance reusable adsorbent for the treatment of industrial
pollutants.

3. CONCLUSIONS

In brief, a novel and facile method is demonstrated to produce
cellulose and chitin composite hydrogel and aerogel. For the
first time, the BHH is produced through the electrostatic-force-
induced self-assembly of nanocellulose and nanochitin.
Lyophilization of BHH yields an ultralight, porous, and high-
surface-area BHA adsorbent, which exhibits good adsorption
capacities for MB and As(III). Adsorption was favored at high
pH values for both MB and As(III). The maximum Langmuir
MB adsorption capacity at pH 10 was 531 g:mg™' for this
BHA. This high MB uptake can be attributed to the abundant
active sites (i.e., —COOH, —NH,) on the surface of BHA. The
maximum Langmuir As(III) adsorption capacity at neutral pH
was 217 g-mg_l. The BHA was also found to be reusable, as it
showed an adsorption capacity of 505 mg-g™' for MB even
after five successive adsorption—desorption cycles. This work
not only opens a new window for the preparation of hydrogels
and aerogels from biopolymer cellulose and chitin but also

demonstrates a high-efficiency biobased superadsorbent for
water purification.

4. EXPERIMENTAL SECTION

4.1. Materials. Cellulose nanofiber (CNF, 3% aqueous slurry) was
obtained from the Process Development Center at the University of
Maine. The CNF was produced through a series of mechanical
defibril processes of wood pulp. Chitin (originally made from shrimp
shell, product # C7170) and TEMPO were purchased from Sigma-
Aldrich. Other chemicals such as NaBr, NaClO, NaOH, HCI, NaCl],
ethanol, MB solution (1.5 wt %), and sodium arsenite (AsNaO,) were
purchased from Fisher Scientificc. TOCNF and PDChNF were
prepared through TEMPO oxidation and NaOH treatment methods,
respectively.'”* The detailed processes are illustrated in the
Supporting Information (SI).

4.2. Self-Assembly of TOCNF/PDChNF Hydrogel and
Aerogel. In a typical self-assembly process, a 10 mL PDChNF
suspension was added into a 10 mL TOCNF suspension in a 30 mL
beaker followed by shaking the mixture for ~20s (Figure 2 and Video
S1). After the BHH was formed, it was taken out from water using a
lab spatula. The volume of BHH was determined by measuring the
volume of residue water in the beaker and calculating the difference.
To investigate the effect of concentration on the formation of BHH,
six different concentrations of TOCNF (10 mL) and PDChNF (10
mL) suspensions (0.01, 0.03, 0.06, 0.10, 0.15, 0.30 wt %) were used to
make BHHs. To investigate the effect of PDChNF/TOCNF mass
ratio on the formation of BHH, the PDChNF suspension was added
to the TOCNF suspension for a given PDChNF/TOCNF mass ratio
(3/7, 4/6, 5/5, 6/4, 7/3, 8/2), and the total volume of the mixture
suspension was 20 mL. The BHA was produced through quickly
freezing the BHH at —196 °C with the liquid nitrogen, followed by
freeze-drying (Labconco FreeZone Plus 4.5-Liter) at —80 °C for 2
days. The weight of BHA was determined using a thermos-gravimetric
analyzer (SDT Q600 series, TA instrument) to calculate the self-
assembly yield using eq 1.

4.3. Characterization. The dimensions (length and diameter)
and mass of the cylindrical shaped aerogels were measured using a
digital caliper (0.01 mm resolution) and balance (0.1 mg resolution),
respectively, to calculate the aerogel density (p,). The porosity of
aerogel was calculated as

2,

porosity (%) = |1 —
Pee T Pon

] X 100%
(4)

where pc. and p¢y, are the bulk densities of cellulose (1500 mg-cm™)
and chitin (1425 mg-em™), respectively.

For SEM (JEM-6110 LV, JOEL) characterization, the BHA sample
was sputter-coated with 30 nm gold and imaged at a 5 kV accelerating
voltage.

The specific surface area and pore size distribution of BHA were
measured by N, adsorption at —196 °C using a gas sorption analyzer
(Autosorb iQ, Quantachrome Instruments). Prior to N, adsorption
measurement, aerogel samples were degassed at 110 °C under a
vacuum for 2h. The specific surface area was calculated by the
Brunauer—Emmett—Teller (BET) method. Pore size distribution was
determined by the Barrett—Joyner—Halenda (BJH) method.

TGA of BHA was performed using a thermos-gravimetric analyzer
(SDT Q600 series, TA instrument). Compressed aerogel samples
(approximately 6 mg) were heated from SO to 700 °C at a ramping
rate of 10 °C-min™" in a nitrogen (100 mL-min~") atmosphere. DSC
analysis of BHA was performed under N, at a heating rate of 10 °C-
min~' from 30 to 550 °C for aerogel and its precursors using a TA
Instrument’s Q20 differential scanning calorimeter.

FTIR spectrum of BHA was recorded in the attenuated total
reflectance (ATR) mode (PerkinElmer Spectrum Two spectrometer)
in the range of 450—4000 cm™' as an average of 10 scans with a 4
cm™" resolution. The spectra were baseline-corrected using Spectrum
Quant software through the “data tune-up” function.

DOI: 10.1021/acsami.9b15139
ACS Appl. Mater. Interfaces 2019, 11, 46714—46725



ACS Applied Materials & Interfaces

Research Article

The PZC of BHA was determined using the pH drift method,
holding the ionic strength constant with 0.01 M NaCl. Briefly, the
solution pH was adjusted from 1 to 13, in intervals of 2, using either
NaOH or HCI solutions. The solutions (25 mL) were equilibrated
with 6 mg of adsorbent in a shaking water bath (200 rpm) at 25 °C
for 24 h.

XPS measurements were conducted with a Thermo Scientific K-
Alpha (Ka) XPS system equipped with a monochromatic X-ray
source at 1486.6 eV, corresponding to the Al K line, with a spot size
of 400 ym. BHA samples (~6 mg) were equilibrated with 0.01 M
NaCl solutions at various pH values (1, 3, S, 7, 9, 11, 13). After drying
the sample in a gas sorption analyzer degasser system under an argon
atmosphere at 120 °C for 1 h, the dried BHA was subjected to XPS
analysis.

For comparison purpose, the TGA, DSC, and FTIR experiments
were also conducted for TOCNF and PDChNF. To obtain the dried
TOCNF and PDChNF materials, TOCNF (0.6 wt %) and PDChNF
(0.3 wt %) suspensions were freeze-dried at —80 °C for 2 days.

4.4. Adsorption Experiments. The BHA produced from an
optimized condition (PDChNF/TOCNF = §/5 in weight, concen-
tration of nanofibers = 0.03 wt %) was used for MB and As(III)
adsorptions through batch adsorption experiments. Briefly, a 6 mg
BHA sample was added into 40 mL adsorbate solutions; the mixture
was degassed under vacuum for 2 min, followed by shaking the
mixture at 200 rpm with a mechanical shaker for a predefined period
of time. The effects of solution pH, contact time, and initial
concentration were investigated.

The concentrations of the MB solution before and after adsorption
were measured using a UV—vis spectrophotometer (Varian Cary 100
Spectrophotometer) in a wavelength range of 500—800 nm. The
adsorption intensity of MB (A,,, = 664) was converted to a
concentration value using a linear regression curve obtained from the
calibration curve over the MB concentration range of 2—10 mg-L™".
Three different calibration curves (Figure S4) were made at acidic
(pH 2), neutral (pH 7), and basic (pH 10) conditions, respectively.
The concentrations of MB after adsorption were calculated using the
corresponding calibration curves. The concentrations of the As(III)
solution before and after adsorption were measured using an
inductively coupled plasma mass spectrophotometer (ICP-MS)
(PerkinElmer SCIEX, ELAN DRC II) with an LOQ of 0.1 ug-L™".
All adsorption experiments were conducted at 25 °C with three
replicates, and the initial pH of adsorbate solutions was adjusted using
either HCl or NaOH. The adsorption capacity (q) was evaluated
using the following equation

(CO - Ct) XV
m ©)

where C, (mgL™') and C, (mgL™') are the concentrations of
adsorbates before and after adsorption, respectively, V (L) is the
volume of adsorbate solution, and m (g) is the weight of the dried
aerogel.

4.5. Desorption and Reusability. To investigate the reusability
of the adsorbents, 6 mg of BHA was added to a 40 mL MB solution
(200 mg-L™!, pH = 10) and shaken (200 rpm with a mechanical
shaker) at 25 °C for 24 h to achieve saturated adsorption. After
adsorption, the BHA was first thoroughly washed with deionized
water to remove the residual dye solution. Then, the BHA was
immersed in 15 mL of a 0.05 M HCl solution and shaken (200 rpm)
at 25 °C for 2 h to strip the adsorbed MB. This desorption process
was conducted for three cycles to strip all of the adsorbed MB. The
collected MB solution from BHA desorption was diluted 10 times to
determine the concentration of desorbed MB, and the desorption
efficiency was calculated as eq 6

C, XV,
=2 b % 100%

g, xm (6)

where C, is the dye concentration after desorption, Vj, is the solution
volume, g, is the adsorption capacity at the equilibrium, and m is the
mass content of the mass of BHA. The recycled BHA was then rinsed

desorption percentage (%) =

with 150 mL of deionized water and used for the next adsorption
cycle. The adsorption and desorption were conducted for five cycles.
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