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A reusable surface-quaternized nanocellulose-
based hybrid cryogel loaded with N-doped TiO, for
self-integrated adsorption/photo-degradation of
methyl orange dyet
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and Likui Wang*©

In this work, an easily recyclable surface-quaternized nanofibrillated cellulose (Q-NFC)-based hybrid
cryogel loaded with N-doped TiO,, was fabricated through a facile one-pot hydrothermal treatment
followed by freeze-drying. Due to the web-like network structure consisting of many densely entangled
nanofibrils, the Q-NFC was able to act as a “green” template for supporting N-doped TiO,. The
physicochemical characteristics and micro-structure as well as the MO adsorption/photo-degradation
properties of the resultant hybrid cryogels were characterized. It was demonstrated that quaternary
ammonium groups anchored onto the surfaces of a Q-NFC backbone were responsible for the modest
adsorption of the N-doped hybrid cryogel toward the anionic dye, whereas doping with N species
enhanced the photo-catalytic activities of loaded anatase TiO, on MO under the irradiation of simulated
solar light. Furthermore, the N-doped hybrid cryogel with mechanical durability demonstrated an
excellent self-integrated removal percentage of MO (more than 99%) as well as reusability during
multiple adsorption/photo-degradation cycles. Its advantages would make the cryogel an eco-friendly
alternative for the harmless treatment of dye pollutants without causing a second pollution. Finally, the
possible photo-degradation mechanism of MO was presented on the basis of the optical and

rsc.li/rsc-advances electrochemical properties.

1. Introduction

Dyeing effluents discharged from various industries such as
textile, paper, tanneries, etc., are becoming one of the major
sources of water pollution and have serious impacts on
ecological systems, even endangering human health." There-
fore, there is significant interest in the development of efficient
techniques for the treatment of dye pollutants.>

Among a variety of established treatment strategies,®
adsorption is generally recognized to be one of the most cost-
effective methods for the removal of dye pollutants from
aqueous wastewater (especially at low concentrations of dye
molecules).® To date, various types of adsorbents such as acti-
vated carbon,” inorganic minerals,® and chitosan,” have
emerged and their removal abilities for dyes have been
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extensively studied. However, these conventional adsorbents
tend to suffer from some drawbacks, such as high cost, inferior
adsorption capacity, poor recyclability for reuse, and undesired
biodegradability.’*** Therefore, considerable attention has
been recently devoted to the development of easily recyclable
bio-sorbents with excellent adsorption performance.*

As a ‘young’ third generation of cryogel-type materials suc-
ceeding silica and synthetic polymer-based ones, cellulose cry-
ogels combine the intriguing features of highly interconnected
porous cryogel-type materials with the additional advantages of
‘green’ cellulose, such as abundant sources, natural renew-
ability, biodegradability, and ease of surface modification due
to the presence of abundant hydroxyls.** Moreover, as compared
to conventional particulate or powdered bio-sorbents for the
removal of dyes, cellulose cryogels are more easily recycled for
reuse, which is more favorable in practical applications.
Therefore, the latter would be able to act as promising bio-
sorbents® as well as template materials, to immobilize photo-
catalysts for the application of organic pollutant degradation.*®
The pioneering cellulose cryogels are predominantly based on
regenerated cellulose (RC), and so are RC cryogels.'”'® However,
the dissolution, gelation, and solvent-exchange steps required
for the preparation of RC cryogels are very cumbersome, and
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harmful or toxic solvents are required.'” Moreover, the native
cellulose-I crystalline structure is converted to the less strong
cellulose-II one after the dissolution and regeneration,* thereby
yielding fragile cryogels with lower aspect ratios and rod-like
structures of the fibrils and fibril networks upon drying.'”**

Compared to RC cryogels, the cryogels based on nano-
fibrillated cellulose (NFC) are prepared from the direct drying of
NFC suspensions, and no complicated regeneration steps and
harmful solvents are involved. Thus, the latter cellulose cryogels
appear more environmentally friendly. Besides, as one sub-class
of nanocellulose materials, NFC is extracted from native cellu-
lose fibers through mechanical disintegration.”” In order to
reduce the energy required for mechanical disintegration,
cellulose pulps have been subjected to enzymatic pretreat-
ment® or chemical pretreatment to introduce surface charge
moieties.*»*® NFC is characterized by an entangled network
structure consisting of many long and flexible native cellulose
nanofibers (3-60 nm in diameter).>**” Such unique structure
also renders NFC-based cryogels with improved mechanical
integrity and flexibility;'**®* advantages which would be desir-
able for reusability. Thus, NFC-based cryogels would be prom-
ising dye-adsorbent materials from the viewpoint of
environmental friendliness."**

Chen et al.* prepared NFC cryogels from different types of
aqueous NFC suspensions with different morphologies and
surface properties through freeze-drying, and compared their
adsorption capacity for methylene blue (MB). After the intro-
duction of carboxylate groups on the surface of NFC through
TEMPO-oxidation pre-treatment, the amount of adsorbed dye
was increased from 2.9 to 3.7 mg g~ for MB. But its overall
adsorption capacity was relatively low. To enhance adsorption
capacities for anionic dyes, Pei et al** prepared cellulose
nanopapers based on quaternized NFCs containing trimethy-
lammonium groups on the surfaces of the cellulose nanofibrils.
It was found that its adsorption capacity for anionic dyes was
directly proportional to the content of positive charges
anchored onto the surface of the NFC. However, the studies
above have never dealt with the post-treatment of the adsorbed
dye, considering that a second pollution could occur during the
subsequent disposal of dye-saturated adsorbents.

The development of reusable NFC-based cryogel materials
that are able to achieve self-integrated adsorption/photo-
degradation elimination of adsorbed dyes in an efficient and
clean manner, would be of great interest in the treatment of
dyes in wastewater. Among many photocatalysts, TiO, is one of
the most widely used because of its low cost, non-toxicity, high
chemical inertness, and strong oxidizing power.**** To over-
come the difficulty in recollecting and removing TiO, in dye-
containing wastewater after photocatalytical treatment, Kettu-
nen et al* coated a thin TiO, film on an NFC cryogel via
chemical vapor deposition (CVD). It was found that the photo-
catalytic degradation activity of the resultant hybrid cryogel for
MB reached 70% after 24 h of UV illumination. However, pure
TiO, photo-catalysts only absorbed the UV light that accounted
for only 4% of the total solar radiation,* which thus largely
limited the photo-degradation applications under sunlight
irradiation. Furthermore, the absence of active adsorbed groups
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on the surfaces of the NFC cryogel limited the adsorption
properties for dyes.

Within this context, the objective of this work is to utilize
“green” and positively charged Q-NFC as a favorable sup-
porting backbone for N-doped TiO, photocatalyst, to
construct a reusable cryogel-type material with enhanced
visible-light response for self-integrated adsorption/photo-
degradation treatment of methyl orange (MO) which was
chosen as a model anionic dye. For this purpose, surface-
quaternized NFC (Q-NFC) with a densely entangled nano-
fibril network was first isolated from inexpensive and
sustainable bamboo pulp. The surface characteristics and
morphologies of the bamboo-derived Q-NFC suspension were
investigated in terms of conductometric titration, zeta
potential measurement, and transmission electron micros-
copy (TEM). Then, both TiO, and N species were co-
incorporated into the nanofibrillar backbone of the as-
prepared Q-NFC through a facile one-pot hydrothermal
treatment, and then after freeze-drying the reaction mixture,
the Q-NFC hybrid cryogel loaded with N-doped TiO, was ob-
tained. The micro-structure as well as the adsorption and
photo-degradation properties of the resultant N-doped
hybrid cryogel on MO, were well characterized. Further-
more, its cyclic adsorption/photo-degradation effects on MO
as well as the possible photo-degradation mechanism were
studied. To our knowledge, there have never been any similar
reports regarding the use of surface-charge functionalized
NFC-based hybrid cryogels loaded with N-doped TiO, toward
an efficient self-integrated adsorption/photo-degradation
treatment of dye pollutants.

2. Experimental
2.1 Materials

Dried bamboo kraft pulp was commercially supplied by Sichuan
Yongfeng paper Co., Ltd (China). 2,3-Epoxypropyl-
trimethylammonium chloride (EPTAC, technical grade) was
purchased from Ji’'nan Europe Trade Co., Ltd. Sodium
hydroxide, titanium sulfate (Ti(SO,),), urea, and methyl orange
were of chemical grade and supplied by Sinopharm Chemical
Reagent Co., Ltd (China).

2.2 Preparation of Q-NFC from bamboo pulp

The bamboo pulp was first subjected to the pre-treatment of
mechanical beating in a laboratory PFI-mill. The pre-treated
pulp was mixed with a sodium hydroxide solution to obtain
a suspension with the concentrations of both pulp and NaOH
equal to 5 wt%. Subsequently, the desired amount of EPTAC
(2.9 g per gram of the pulp) was added to the suspension under
magnetic stirring and the reaction was carried out at 65 °C for 8
hours. After the completion of the reaction, the mixture was
neutralized with diluted hydrochloric acid, filtered, and then
thoroughly washed with deionized water. The resultant fiber
pulp was passed through a high-pressure homogenizer for three
cycles at a pressure of 500 bar at ambient temperature. A
transparent dispersion of Q-NFC was ultimately obtained.

This journal is © The Royal Society of Chemistry 2017
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2.3 Preparation of hybrid cryogels

Nitrogen-doped TiO,/Q-NFC hybrid cryogels (designated as
‘xNyTi-NFC’, where x and y represent the weight ratios of N and
Ti, respectively, with respect to the amount of solid Q-NFC) were
prepared through a facile one-pot hydrothermal strategy. First,
a diluted Q-NFC suspension was condensed to a solid content of
0.45 wt% using a rotary evaporator. Then, 55 g ethanol was
added into 30 g condensed Q-NFC suspension that was subse-
quently subject to sonication until a homogenous mixture was
achieved. The Ti(SO,), and urea as TiO, and N precursors were
dissolved into 5 g ethanol and 1 mL deionized water, respec-
tively, and added to the above Q-NFC suspension. After being
stirring vigorously for 2 hours, the aqueous mixture was
immediately transferred into an autoclave for hydrothermal
treatment at 120 °C for 4 h. The reaction mixture was filtered
and then thoroughly washed with deionized water five times.
After 10 mL deionized water was added, the mixture was soni-
cated for 30 min until a homogenous state was achieved. The as-
obtained gel was then freeze-dried at —60 °C into the cryogel.
For comparison, Q-NFC cryogels doped with urea or TiO,
(labeled as ‘xN-NFC’ and yTi-NFC’, respectively), N-TiO,, and an
unmodified Q-NFC one, were also prepared under the same
conditions. Furthermore, 10N10Ti-NFC with oven drying was
also prepared.

2.4 Characterization

2.4.1 Characterization of Q-NFC. The quaternary ammo-
nium group content of Q-NFC was estimated through conduc-
tometric titration of chloride ions with AgNO; standard
solution.”® Typically, the dried Q-NFC sample (100 mg) was
dispersed in 100 mL Milli-Q water, and titrated with 8 mM
aqueous AgNO; solution by adding 0.2 mL in 60 second inter-
vals. Assuming the presence of one chloride counter-ion per
trimethylammonium group, the amount of trimethylammo-
nium groups, C (mmol g~ '), was calculated according to the
equation below:

(Vi = V) x Cagno,
m

C=

1)

where (V; — Vy) is the consumed volume of AgNO; solution;
Cagno, is the exact concentration of AgNO; solution; and m is
the weight of the dried NFC sample.

The zeta potential of a 0.1 wt% suspension of Q-NFC (pH =
7) was measured using a ZetaPALS (Brookhaven, USA) at 25 °C.
The measurements were performed for five repeats for each
sample, and the corresponding average values were reported
together with the standard deviation. A droplet of very diluted
Q-NFC dispersion (ca. 0.01 wt%) was deposited onto a carbon-
coated copper grid. The excess liquid was blotted with a piece
of filter paper, and a droplet of 1% uranyl acetate solution was
added prior to drying. The negatively stained specimens ob-
tained were observed using TEM (JEM-1200EX, JEOL, Japan) at
an accelerating voltage of 80 kv.

2.4.2 Characterization of the cryogels. The morphologies of
the cryogel samples were observed using a JEM-1200EX trans-
mission electron microscope (JEOL, Japan) at an accelerating
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voltage of 80 kv and a Nova NanoSEM 450 SEM apparatus (FEI,
Japan) at an accelerating voltage of 15 kV, respectively. Prior to
SEM observation, the surface of the samples were sputter-
coated with a thin layer of platinum to avoid charging. The
energy-dispersive X-ray microanalysis (EDX) was measured
using a Nova NanoSEM 450 scanning electron microscopy
apparatus (FEI, Japan) at an accelerating voltage of 30 kV.

Wide-angle X-ray diffraction (WAXD) patterns were collected
at a diffraction angle of 26 = 10-60° on an XRD 6000 diffrac-
tometer (Shimadzu, Japan) with Cu Ko radiation (A = 1.5406 A)
operated at 40 kV and 30 mA. Fourier transform infrared (FT-IR)
spectra were recorded on an IR Prestige-21 infrared spectrom-
eter (Shimadzu, Japan) in the wavenumber range of 4000-400
cm™ " at a resolution of 4 cm™ " and 32 scans. The samples were
ground with pre-dried KBr powder and then compressed into
disks for FT-IR tests. UV-visible absorbance spectra were
collected using a UV-1800 model UV/Vis spectrophotometer
(Shimadzu, Japan). X-ray photoelectron spectroscopy (XPS)
signals were collected on an AXIS-ULTRA DLDVG-type instru-
ment (Shimadzu/Kratos, Japan).

N, adsorption-desorption experiments were performed on
an Autosorb-IQ2-MP-XR-VP porosity and specific surface area
analyzer (Quantachrome, America) with the sample degassed
at 150 °C for 3 h before the test. The specific surface area
was calculated using the Brunauer-Emmett-Teller (BET)
method.

The calibration curve for MO concentrations was pre-
established by drawing a straight line for the absorbance at
Amax = 464 nm against a series of known MO concentrations.
All of the adsorption tests of MO were performed at 20 °C.
Typically, about 50 mg cryogel sample was added into 50 mL
aqueous MO (10 mg L ') solution under magnetic stirring. At
the predetermined time interval, 1 mL of the aliquot solution
was sampled and immediately analyzed using the established
calibration curve on a Shimadzu UV-1800 UV/Vis spectro-
photometer to determine the variation of MO concentration
as a function of adsorption time. The adsorption kinetics of
MO by 10N10Ti-NFC were studied by fitting the curves with
both kinetic models, respectively, i.e. the pseudo-first-order
model and pseudo-second-order one as expressed by eqn (2)
and (3):

Pseudo-first-order:

In(ge — g)) = In g, — kit (2)

Pseudo-second-order:

t_ 1 L
g kg q.

(3)

where g, represents the adsorption at ¢ time (min), and ¢.
represents the adsorption capacity at the equilibrium; k; and &,
are the kinetic rate constants for the pseudo-first and second
order models, respectively.

Furthermore, Langmuir and Freundlich were used to obtain
the isotherm parameters (including the maximum adsorption
capacity) for adsorption of MO onto 10N10Ti-NFC. This can be
expressed as the following equations:
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Langmuir equation:

Ce 1 Ce
g + 4
qe KL Gmax Gmax ( )

Freundlich equation:

log c.
n

log ¢. = log K¢ + (5)

where ¢, is the amount of solute adsorbed at equilibrium per
unit weight of adsorbent (mg g7'), c. is the equilibrium
concentration of solute in the bulk solution (mg L"), ¢max is the
maximum adsorption capacity (mg g~ '), K. is the constant
related to the free energy of adsorption, Ky is the constant
indicative of the relative adsorption capacity of the adsorbent
and 1/n is the constant indicative of the intensity of the
adsorption.

The photo-catalytic activity of the samples was evaluated
through the photo-degradation of MO under the simulated solar
light. For a typical process, approximately 50 mg cryogel sample
was added to the cylindrical quartz tube containing 50 mL MO
solution (10 mg L™ %). Prior to the irradiation, the solution was
magnetically stirred in the dark for 30 min to reach the
adsorption/desorption equilibrium of MO between the cryogels
and MO dye. The stirred suspension was irradiated with a 300 W
high-pressure Xe lamp equipped with an optical filter (AM 1.5)
and an emission wavelength range of 200-800 nm. Under the
irradiation, about 4 mL of aliquot solution were taken out at each
pre-determined time interval and the change of MO concentra-
tion with time was determined using a Shimadzu UV-1800 UV/Vis
spectrophotometer at A, = 464 nm. After the irradiation, the
samples were transferred into 50 mL deionized water and then
irradiated under the same light source for 30 min to regenerate
the cryogel. Its cyclic adsorption/photo-degradation properties
were measured using the same method as described above.

To account for the photocatalytic mechanism, cyclic vol-
tammetry (CV) and electrochemical impedance spectroscopy
(EIS) of the doped cryogel samples were carried out on a clas-
sical three-electrode system using a Zahner electrochemical
station. The supporting electrolyte was the mixed solution of
2.5 mmol L' K;Fe(CN)g, K4Fe(CN)g, and 0.1 mol L' KCL A
platinum electrode, saturated calomel electrode (SCE), and
FTO glasses coated with thin sample films, were used as the
counter, reference, and working electrodes, respectively. The
electrode potential was 0.2 V versus SCE. The scan rate of CV
was set at 100 mV s~ ' and the frequency ranged from 0.1 to
106 Hz for EIS.

3. Results and discussion
3.1 Morphologies of Q-NFC

Q-NFC suspension was prepared via mechanical disintegration
of kraft bamboo pulp, which was pre-treated through the reac-
tion with EPTAC in the presence of sodium hydroxide. The zeta-
potential value of the NFC suspension was determined to be
40.33 £ 0.94 mV, suggesting excellent dispersion stability

of cellulose nanofibers in water. The content of
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6.8nm + 1.6nm

Width (nm)

Fig. 1 (a) Stained TEM micrograph of the quaternized NFC dispersion
isolated from bleached bamboo pulp; (b) the width distribution
histogram of its nanofibrils.

trimethylammonium chloride group was determined to be 0.50
+ 0.02 mmol g~ " using a conductometric titration method.

Fig. 1a shows the negatively stained TEM micrograph of the
Q-NFC dispersion isolated from bamboo pulp. The flexible and
entangled network structure comprising many long and
randomly distributed sub-micron fibrils is clearly shown. Based
on the estimated width distribution histogram of the nano-
fibrils (Fig. 1b), the average width was calculated to be 6.8 +
1.6 nm for Q-NFC. This result clearly indicated that the bamboo
pulp fibers were successfully nanofibrillated due to the presence
of surface positively-charge moieties. However the Q-NFC
derived from bamboo pulp exhibited more densely entangled
and crimpy nanofibrils with quite non-uniform width, which
was somewhat different from the ones from softwood pulp in
the previous report.>* Such an entangled network would act as
a good template to load nano-sized TiO, photocatalysts or other
species.

3.2 Structure analysis of Q-NFC based cryogels

Since the photocatalytic activity of TiO, depends largely on its
state of dispersion, the micro-structure of the cryogel samples

Fig. 2 SEM images of Q-NFC (a), 1I0N-NFC (b), 10Ti-NFC (c), and
10N10Ti—-NFC (d) cryogels together with a TEM image of 10N10Ti-
NFC (e).

This journal is © The Royal Society of Chemistry 2017
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were examined using SEM. As shown in Fig. 2a-d, all of the
samples displayed an interconnected porous structure
composed of many thin sheets. These thin sheets were
considered to result from the self-assembly aggregation of
cellulose nanofibrils during the freezing step, when the ice
crystals formed.*>*® Compared to the other cryogel samples, the
sheet surfaces of the 10N-NFC appeared less smooth (as shown
in Fig. 2b). This may be due to a relatively higher content of N
species covering the surfaces of cellulose nanofibrils in this
case. From the TEM image of the 10N10Ti-NFC cryogel (Fig. 2e),
one can clearly note that there were many dark dots of 20-40 nm
in size, which were uniformly decorated on the surfaces of
nanofibrils. These dots should be attributed to the in situ
formed TiO, nanoparticles during the hydrothermal treatment.

Fig. 3 shows the energy-dissipative X-ray (EDX) spectra of
these Q-NFC based cryogels, and their weight percentages of
four elements are summarised in Table 1. As one expected, the
un-modified Q-NFC cryogel displayed both C and O peaks, while
the additional Ti peak was noted for 10Ti-NFC. But there was no
N detected in both of the samples despite the presence of
quaternary trimethylammonium groups on their surfaces. This
might be attributed to the very low amount of N in the Q-NFC
itself (=0.7 wt%), which might be below the lower limit of
EDX detection. Compared to the Q-NFC aerogel, however, the
10N-NFC one had an N content of ca. 3.39 wt%, suggesting the
incorporation of N species into the Q-NFC backbone. For the
10N10Ti-NFC sample, remarkably lower content of Ti and N
elements with respect to 10Ti-NFC or 10N-NFC were found
although equal dosages of Ti(SO,4), and urea were added in
these cases. This might suggest that the simultaneous incor-
poration of Ti(SO,), and urea would adversely affect the
immobilization of either species on the Q-NFC backbone. One
possibility may be that some portions of Ti*" combined with
urea to form the complex compound rather than covalently
bonding with Q-NFC during the hydrothermal treatment,
resulting in some loss of both Ti and N during the subsequent
filtration step.

Fig. 4a presents the wide-angle X-ray diffraction (WAXD)
patterns of bamboo pulp and the cryogel samples. All five
samples exhibited the main diffraction signals at 26 = 16.5°,

c —— Q-NFC
o ——10N-NFC
—_10Ti-NFC
——10N10Ti-NFC
2
2]
[ =
8
£
5 | A
(&) Ti
= v~
UL
0 2 4 6

Energy (eV)

Fig. 3 EDX element spectra of the Q-NFC cryogel and the hybrid
cryogels.
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Table 1 Element compositions of four Q-NFC-based cryogels
determined using EDX

Samples C (wt%) O (Wt%) N (Wt%) Ti (Wt%)
Q-NFC 49.54 50.46 0 0
10N-NFC 48.50 48.11 3.39 0
10Ti-NFC 44.1 49.65 0 6.25
10N10Ti-NFC 60.56 36.57 1.85 1.02

22.5°, and 34.5° (indicated with the symbol “A”), which are
characteristic of typical cellulose-I crystals.’” When Ti species
were incorporated into the Q-NFC cryogel, the diffraction peaks
at 26 = 25.3°(101), 48.1°(200), and 53.9°(105) indicated by the
symbol “O”, appeared for both 10Ti-NFC and 10N10Ti-NFC
samples. This confirmed the formation of anatase TiO, phase
during the hydrothermal treatment. However, the intensities of
the anatase phase were not very prominent because the content
of incorporated Ti species was still relatively low for these
samples.

UV-Vis absorption spectra of the Q-NFC and Q-NFC based
samples are illustrated in Fig. S1.7 A similar spectra pattern was
found for both Q-NFC and 10N-NFC cryogel samples, both of
which did not show perceptible absorption peaks in the wave-
length range of 400-800 nm. However, both 10Ti-NFC and
10N10Ti-NFC cryogels exhibited a pronounced absorption in
the UV region. This was mainly attributed to the presence of
TiO, nanoparticles in these samples. Therefore, this result
suggested that Ti species has been incorporated into the
framework of the Q-NFC cryogels.*® And as compared to 10Ti-
NFC, the 10N10Ti-NFC cryogel shows a red shift in its UV
absorption spectra, which may arise from the doping of
nitrogen in the TiO, lattice.*®

To further gain an insight into the molecular interactions
between the constituents, FT-IR spectra of the cryogel samples
are shown in Fig. 4b. Both Q-NFC and 10Ti-NFC cryogels
showed a moderate peak at 1640 cm ™ * that was associated with
the O-H bending vibration of the absorbed moisture. But
a sharper peak at 1643 cm™ ' was visible for 10N-NFC and
10N10Ti-NFC and likely stemmed from the characteristic
absorption of an amide-I (-C(=0)-NH-) band* that overlapped
with the O-H bending vibration of the absorbed moisture. And
another less intense band at 1554 cm ™" was attributed to the
amide-II vibration. These results evidenced the incorporation of
N species (i.e. urea) into the Q-NFC cryogel backbone. The peaks

—— Bamboo pulp
~——Q-NFC
——10N-NFC
~—— 10Ti-NFC
—— 10N10TI-NFC

Intensity (a.u.)
Transmittance(a.u.)

10 20 30 20 50 50 4000 3000 2000 1000

.
20 (degree) Wavenumber(cm™)

Fig.4 Wide-angle XRD patterns (a) and FT-IR spectra (b) of various Q-
NFC-based cryogel samples.
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at 3358 cm™ ' and 2887 cm™ ' were evident for both 10Ti-NFC
and 10N10Ti-NFC cryogels, and were attributed to the stretch-
ing vibration of O-H* and C-H,* respectively. The increased
intensity of -OH stretching vibration might arise from the
additional contribution from hydroxyl groups on the surfaces of
TiO,.

Fig. S27 presents the high-resolution C1s, O1s and N1s XPS
spectra of 10N10Ti-NFC cryogel. As shown in Fig. S2a,T the C1s
peak can be resolved into four peaks (i.e. 284.6, 285.8, 287.1,
and 289.8 eV) which were assigned to C-C-OH bonding, O-C-O
or C=0 bonding, C-O-C bonding, and O-C-O or C=O0
bonding, respectively. This indicated that the carbon atoms
derived from the NFC backbone.**™** For the O1s XPS spectrum
(Fig. S2b¥), the peaks of binding energy at 529.3 and 532.3 eV,
were assigned to the bonds of Ti-O and O-H associated with the
oxygen and/or water absorbed on the sample surface, respec-
tively. A bimodal peak located at about 399.7 and 402.8 eV
appeared in the N1s spectrum (Fig. S2ct) of the 10N10Ti-NFC
sample. It has been reported that the peak at ca. 399.6 eV is
a sign of N doping inside the lattice of titanium, which can be
attributed to Ti-O-N or Ti-N-0.* This bonding structure could
form a narrow band gap that induced visible-light catalytic
activity.””~* The peak at 402.8 eV resulted from the adsorbed
N2.50

3.3 Adsorption and photo-catalytic activities for MO dye

The dependence of MO removal percentage as a function of
contact time is shown in Fig. 5. It was revealed that adsorption
equilibrium for Q-NFC and Q-NFC-based cryogels in 10 mg L™*
of MO was almost attained within 20 minutes. Among them, the
virgin Q-NFC cryogel exhibited the optimum adsorption
capacity for MO in the dark with a removal percentage of MO
equal to 84.8%. And upon the addition of either Ti or N species,
the adsorption capacity of Q-NFC cryogel was deteriorated to
some extent and the removal percentage of MO was equal to
45.0% for 10Ti-NFC and 61.0% for 10N-NFC. This may be
attributed to the shielding of surface cationic groups in the Q-
NFC cryogels by the introduced TiO, or N species. When both
TiO, and N species were simultaneously incorporated into Q-

120 {——a~NFc
—O=—10N-NFC
—/—10Ti-NFC
~ 100 —— 10N10Ti-NFC
—=—10N20Ti-NFC
0] ——20N10Ti-NFC

F e ———————— ¢
a0{ [
20 gz
0
0 10 20 30

Fig. 5 Removal percentages of Q-NFC and Q-NFC based cryogels
toward MO as a function of time at 20 °C in the dark (note: the initial
concentration of MO was 10 mg L™ and the adsorbent dosage was 1 g
L.

‘Il

60
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NFC template, however, the adsorption capacity of the resul-
tant 10N10Ti-NFC cryogel became slightly higher than the
10Ti-NFC one but lower than 10N-NFC. This may be attributed
to the occurrence of a combination of N species with TiO,,
which partially weakened the masking effect of either species on
positively charged groups on the surfaces of the Q-NFC cryogel.
But a further increase in the amounts of N or Ti species resulted
in a pronounced decline in the adsorption capacity of MO.

Since the adsorption capacity of the adsorbents toward dyes
was largely dependent of their specific surface area,’ the BET
specific surface areas of the Q-NFC based cryogels were
measured and the results are outlined in Table S1.f It can be
seen that the BET specific surface area of all of the cryogels
ranged from 16-25 m> g~ ". A such the low specific surface area
has been attributed to the aggregation of nanofibrils into thin
sheets during the freeze-drying step.*>** Similar specific surface
area values were also observed for other NFC cryogels prepared
via freeze-drying of aqueous NFC suspensions.**** Upon the
incorporation of N or Ti species into the Q-NFC cryogel, the
specific surface area was slightly decreased, indicating
a reduced void volume fraction within the cryogels. It can
conclude that the positively-charged groups on the surfaces of
the Q-NFC based cryogels rather than specific surface area could
play a predominant role in determining their adsorption
capacity for MO. Based on the consideration of the balance
between adsorption and photo-degradation properties, the
10N10Ti-NFC cryogel was utilized to subsequently investigate
the adsorption and photo-degradation properties of the N-
doped Q-NFC/TiO, hybrid cryogel on MO dye.

In order to clarify the adsorption mechanism of the
10N10Ti-NFC cryogel toward MO dye, the collected data above
were fitted with Lagergren pseudo-first-order and pseudo-
second-order models. The fitting curves of both kinetic
models are shown in Fig. S3a and bt and the calculated
parameters are listed in Table 2. It was found that the correla-
tion coefficient value (R?) for the pseudo-second-order adsorp-
tion model was much higher than that of the pseudo-first-order
adsorption one. Moreover, the adsorption equilibrium value (g.)
calculated from the former model was quite close to the
measured data. The results evidenced that the adsorption
process of the 10N10Ti-NFC aerogels for MO dye was domi-
nated by chemical adsorption. In some previously reported
nanocellulose-based adsorbents with negatively charged groups
anchored onto their surfaces,”* the adsorption process for
cationic dyes predominantly driven by electrostatic interaction
was also found to follow a pseudo-second-order adsorption
kinetic model.

Furthermore, the Langmuir and Freundlich isotherm plots
for the adsorption of MO on 10N10Ti-NFC are shown in

Table 2 Model-fitting kinetic parameters for the MO adsorption of
10N10Ti—NFC cryogel

K
Kinetic models ge (mg g™ (g (mg min)™") R
Pseudo-first-order 4.021 0.172 0.762
Pseudo-second-order 6.383 0.074 0.999

This journal is © The Royal Society of Chemistry 2017
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Fig. S4.f The high correlation coefficient (R*> = 0.9997)
demonstrated that the Langmuir model provided a good theo-
retical correlation to the adsorption equilibrium, indicating
that the adsorption of this cryogel followed the monolayer
surface coverage in the dye concentration range studied. And
the theoretical maximum adsorption capacity for MO was
determined to be 17.6 mg g~ . The modest adsorption capacity
toward anionic dyes in our hybrid NFC cryogel was likely
attributed to the fact that the Q-NFC used in our work had an
evidently lower quaternary group content than those in Pei’s
work (0.5 vs. 2.31 mmol g~ ').?* In addition, the shielding effect
of incorporated TiO, and N species on the Q-NFC hybrid cryogel
would reduce the content of accessible positively-charged
moieties to MO. It should be pointed out that this study paid
attention to the self-cleaned elimination of MO dye through the
integrated adsorption/photo-degradation cycles under sunlight
irradiation rather than the sole adsorption of the dye.

The photo-catalytic activities of Q-NFC and Q-NFC based
cryogel samples were evaluated by exposing them to the irra-
diation of simulated solar light, as shown in Fig. 6a. As a control
test, the MO dye itself only degraded by a very small amount
without the incorporation of TiO,. And the pure Q-NFC cryogel
showed the maximum adsorption efficiency, but its adsorbed
MO dye could hardly be degraded under the irradiation of
simulated solar light, and was still dark orange (Fig. 6b). Both
10N-NFC and 10Ti-NFC ones exhibited poor photo-degradation
activity as well. The optimum degradation effect was noted for
the 10N10Ti-NFC and 10N20Ti-NFC cryogels, confirming the
role of N-doping in improving the photo-degradation perfor-
mance of the TiO,-supported Q-NFC cryogels. As shown in
Fig. 6¢c, the white 10N10Ti-NFC cryogel became deep orange
after the immersion into the MO solution for 30 min. More than
half of the dye was adsorbed by the cryogel (Fig. 6a) and the
orange color of the liquid became lighter than that of the hybrid
cryogel (Fig. 6¢). After the irradiation for 90 min, the solution
turned into totally colorless, while the cryogel itself appeared
very slightly orange (Fig. 6¢). The N-doped hybrid cryogel can be

——Blank

= Q-NFC
0.8 —=—10N-NFC
~=10Ti-NFC
~=10N10Ti-NFC
= 10N20Ti-NFC
~—=—20N10Ti-NFC

anre (b
Afterirradiation

10N10Ti-NFC Adsorption
Hybrid aerogels for 30min

Fig. 6 (a) The photo-degradation performance of the Q-NFC based
cryogel samples under the irradiation of simulated solar light; (b) the
photograph of pure Q-NFC cryogel after irradiation for 1.5 h; (c) the
photographs of adsorption—degradation—regeneration processes of
the 10N10Ti—NFC cryogel.
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recovered to be colorless after regeneration, indicative of its
good self-cleaning properties. At a fixed nitrogen content, an
increase in the content of titanium remarkably accelerated the
photo-degradation rate, while the photo-degradation effect
became worse on increasing the content of nitrogen under the
same titanium content (Fig. 6a). This result indicated that the
N/Ti ratio in the hybrid cryogels was crucial in determining the
degradation efficiency of MO dye.

The photo-degradation performance of 10N10Ti-NFC was
further compared with N-TiO, and oven-dried 10N10Ti-NFC as
control samples (Fig. S57). It can be noted that the final photo-
degradation efficiency of 10N10Ti-NFC was close to that of N-
TiO,. But the adsorption capacity of 10N10Ti-NFC was obvi-
ously higher than that of N-TiO,, which was evidently attributed
to the presence of the Q-NFC component in the former. To
reveal the role of the porous structure on the adsorption and
photo-degradation performance, the 10N10Ti-NFC sample was
also prepared through oven-drying and the result is presented
in Fig. S5.f Compared to the freeze-dried sample with the
interconnected porous structure, the oven-dried one with the
compact one showed a much poorer adsorption capacity and
photo-degradation performance. This was possibly because it
was hard for MO molecules to penetrate inside in the latter case
so that the contact of the dyes with the internal active adsorp-
tion and photo-catalytic sites was drastically reduced.

Furthermore, the adsorption-degradation process of the
10N10Ti-NFC sample was monitored at different solution pH
values (Fig. S67). Its adsorption and degradation performances
under either alkaline or acidic conditions were lowered at
varying levels compared to those under neutral conditions. At
the low pH values, this decrease in the adsorption and degra-
dation performances was presumably caused by the higher
competition between the dye molecules and H' ions to form
electrostatic attraction. The decrease at high pH values was
attributed to the competition between dye active adsorption
sites and OH™ ions to form electrostatic attraction. As a result,
fewer dye molecules were able to contact TiO, in both cases.

Fig. 7 further shows the reusability of the 10N10Ti-NFC
cryogel after multiple adsorption/photo-degradation cycles of

ACICO

T T

2 3 4 5
Time(h)

=%
-

Fig. 7 The recycling adsorption/photo-degradation performance of
10N10Ti—-NFC towards MO under the irradiation of simulated solar
light.
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MO. It can be noted that the 10N10Ti-NFC cryogel still main-
tained relatively preferable photo-catalytic activity after three
cycles. The MO solution was able to be completely degraded
within 90 min. Therefore, the N-doped TiO,/Q-NFC hybrid cry-
ogel exhibited good integrated adsorption/photo-degradation
performance toward MO. However, the equilibrium adsorp-
tion capacity in the darkness was somewhat weakened. For
example, the adsorption capacity at the 3rd cycle was somewhat
decreased by about 25% relative to the 1st cycle. This was
presumably attributed to the possibility that it was hard for the
simulated solar light to irradiate adsorbed MO molecules deep
inside the cryogel to initiate their photo-degradation.

3.4 Photo-degradation mechanism of N-doped Q-NFC/TiO,
cryogel

It is known that the catalytic activity of a photocatalyst is closely
related to the band gap energy.* The band gap energy (E;) of Ti
species for the 10Ti-NFC and 10N10Ti-NFC cryogels was esti-
mated from the Tauc plot of transformed Kubelka-Munk
function versus hv as expressed in the following eqn (6):*

(Ahw)'? o« hy — E, (6)

where A is the absorption coefficient, » is the frequency of the
light, and % is Planck’s constant.

From the UV-Vis diffuse reflectance spectra in Fig. 8a, the
band gaps of 10Ti-NFC and 10N10Ti-NFC were calculated to be
2.76 eV and 2.64 eV, respectively, according to the formula for
the band gap.*® After nitrogen doping, the valence band edge
exhibited 0.12 eV of red shift. Similarly, nitrogen-induced band
gap narrowing results were observed for other nitrogen-doped
titania materials.*”%%°

Also, the highest occupied molecular orbital (HOMO) level
was calculated to be ca. —4.67 eV for 10N10Ti-NFC and
—4.69 eV for 10Ti-NFC using the equation HOMO = —(E,, +
4.74) eV, where the onset potential E,, can be estimated from
the cyclic voltammetry curve in Fig. 8b to be —0.07 and —0.05V,
respectively. Then, the lowest unoccupied molecular orbital
(LUMO) energy levels can be calculated to be —1.97 eV for
10N10Ti-NFC and —2.07 eV for 10Ti-NFC by subtracting the
optical band gap from the HOMO.*"** According to the litera-
ture,® the conduction band of bare anatase TiO, was reported
to be —4.42 eV. Thus, when irradiated with solar light, the
electron was allowed to be transferred from nitrogen to TiO, in
the 10N10Ti-NFC. As shown in Fig. 8b, the oxidized electric
current of 10N10Ti-NFC was also larger than that of 10Ti-NFC.

— 10N1OTI-NFC

o[ — tontomiarc 3TmA
= 10TI-NFC o

—— 10TINFC

= 1ONTOTINFC
« 10TINFC

CurrentiA)
s
8

Fig. 8 (a) Optical energy band gaps, (b) cyclic voltammograms (CV),
and (c) electrochemical impedance spectra (EIS) of 10NTi—10NFC and
10Ti-NFC.
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Degradation

Fig.9 The proposed photocatalytic mechanism diagram of N-doped
TiO,/Q-NFC cryogels.

These results clearly manifested the role of doped nitrogen in
the MO photocatalytic process of TiO,/Q-NFC hybrid cryogels.
Fig. 8c shows the EIS measurement in Nyquist plots. One can
note that the resistance of the working electrode is slightly
reduced for 10N10Ti-NFC, reflecting a decrease in the solid
state interface layer resistance and the charge transfer resis-
tance across the solid-liquid interface of the 10N10Ti-NFC
surface.®* Electrons would be easily transferred due to the
synergistic effect between TiO, and nitrogen, and lower the
probability of e /h" recombination due to a higher electron
transfer rate.®

The possible photocatalytic mechanism is shown in Fig. 9.
First, electrons and holes pairs were formed under the irradia-
tion of simulated solar light when the energy was equal to or
higher than the band-gap of the cryogels. The excited-state
electrons in the lowest unoccupied molecular orbital (LUMO)
of Ti moieties will easily migrate into the LUMO of nitrogen.
The radical ‘O, could be formed through the combination of
photogenerated electrons with O, that was adsorbed on the
surface of the cryogel. Meanwhile, the holes migrated toward
the surface and reacted with H,O to produce ‘OH, which was
a strong oxidizing agent to decompose organic dyes. Conse-
quently, more electrons and holes would be captured by oxygen
or H,0 adsorbed on the surface of the hybrid cryogel to generate
‘0O, , "OH, or other active species which are responsible for the
degradation of MO dye. Moreover, it should be pointed out that
the cryogel possesses good adsorption ability, and it can supply
more “reservation” room for MO molecules, and thus tends to
facilitate the photocatalytic process.

4. Conclusions

In conclusion, nanofibrillated cellulose (Q-NFC) was syn-
thesised and surface-functionalized with quaternary ammo-
nium groups. Both TiO, photo-catalyst and N species were
successfully co-incorporated into the Q-NFC backbone. Among
various Q-NFC-based cryogels investigated in this study, the
hybrid one loaded with N-doped TiO,, displayed the optimum
photo-degradation activity for MO dye under the irradiation of
simulated solar light, although its adsorption abilities were
somewhat lowered relative to pure Q-NFC. Furthermore, the
excellent self-integrated removal efficiency for MO (more than

This journal is © The Royal Society of Chemistry 2017
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99%) and reusability during multiple adsorption/photo-
degradation cycles were observed for the N-doped hybrid cry-
ogel with mechanical durability and recyclability. Its photo-
degradation mechanism was discussed in terms of its optical
and electrochemical properties. The easily recyclable advantage
of the Q-NFC based hybrid cryogel made it a promising reusable
and eco-friendly alternative for the self-cleaning treatment of
dye pollutants.
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