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It is significant to develop new adsorbents with excellent adsorption performance and convenient operation
ability for removing pollutants from wastewater owing to the growing environmental problems. In this paper, a
novel ultralight aerogel-based adsorbent with highly porous structure and good mechanical integrity was
fabricated based on the interaction of amine groups on polyethyleneimine (PEI) and hydroxyl groups on cellulose
nanofibers (CNF), with epichlorohydrin (ECH) serving as a crosslinker. The obtained CNF/PEI aerogel showed
excellent water stability in harsh conditions, fast water-activated shape recovery, and ultra-fast water transport.

The adsorption capacity for methyl orange (MO) in batch can reach t01226 mg g ' at pH 6. Furthermore, the
membrane also exhibited excellent selective adsorption and filtration, and separation performance. Therefore,
this paper presents a new strategy to prepare low-cost and highly efficient adsorbents to remove organic dyes
from wastewater for potential practical applications.

1. Introduction

Water pollution caused by toxic organic pollutants has become a
severe problem to human society nowadays for their high toxicity,
chemical stability, and difficulty of degrading (Hasanpour et al., 2021c;
Khin et al., 2012; Ren and Umble, 2016; Wang et al., 2014; Xiao et al.,
2018). Water-soluble organic dyes are one essential source of organic
contaminants for their extensive applications to produce paints, cloth,
leather, paper, and so on. (Constapel et al., 2009; Khansorthong and
Hunsom, 2009; Kiurski et al., 2012; Song et al., 2019; Xiao et al., 2016).
The direct emission of organic dyes into the environment can cause
diverse damage to the plants and animals because the organic dyes can
pledge the sunlight penetration, decrease the photo-synthesis efficiency
of aquatic plants, and eventually destroy the ecological balance of the
aquatic ecosystem (Liu et al., 2017; Tiwari et al., 2013). Additionally,
the organic dyes can also be accumulated in animals and cause serious
health problems for they are essentially mutagenic or carcinogenic. In
recent decades, various methods were developed to treat the organic
dye-contaminated water, such as adsorption (Gao et al., 2019), sedi-
mentation (Shi et al., 2007), filtration (Chen et al., 2017), photocatalysis
(Hasanpour et al., 2021a;b,d 2021b, 2021d), oxidation (Niu et al.,
2020), etc. Among them, adsorption is the most cost-effective method
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for its high efficiency, low-cost, and simple operation. In the last few
decades, activated carbon (Liu et al., 2019), carbon nanotubes (Duman
etal., 2016), graphene oxide (Konicki et al., 2017), metal oxides (Santos
et al., 2017), porous polymers (Afshari and Dinari, 2020) and
metal-organic frameworks (Zhu et al., 2018) have been studied widely
to remove dyes from wastewater without further generating pollution.

It is well known that the adsorption performance of adsorbents is
very related to their surface area and active adsorption site (Xu et al.,
2018). The aerogel material exhibits high porosity, large specific surface
area, low density, easy separation, and excellent adsorption perfor-
mance for removing organic dyes from wastewater (Hasanpour and
Hatami, 2020a;b 2020b). Many materials like silica (Xu et al., 2018),
graphene (Xiao et al., 2018), polymers (Mokhtari et al., 2020), and
biomass (Albadarin et al., 2017) have been reported to prepare
aerogel-type adsorbents showing excellent organic dye adsorption per-
formance. Nanocellulose, a class of renewable biomass nanomaterials,
have been exploited widely to fabricate ultralight and highly porous
aerogels for dye removing from wastewater due to their natural
renewability, abundance, light weight, large surface to area, and surface
modification (Amiralian et al., 2020; Ferreira-Neto et al., 2020; Mo
et al., 2021; Wang et al., 2018).

Among nanocellulose materials, CNFs have been studied widely for
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fabricating high mechanical strength aerogels and aerogel-based ad-
sorbents owing to their large aspect ratio, high surface area, and highly
entangled networks (Tang et al., 2019; Wang et al., 2018). However, the
stability and strength of the CNF aerogels are poor in wet conditions due
to the interactions of hydrogen bonds between superficial hydroxyl and
water molecules, which limits their applications in water conditions (Li
et al., 2018b; Zhang et al., 2016). Different methods were reported to
enhance the stability and strength of CNF-based aerogels by introducing
effective entanglements between individual CNFs. For example, Tang
et al. fabricated lightweight, compressive CNF aerogel with superior
adsorption for Cu?* and methyl orange (MO) by introducing polydop-
amine onto the CNFs surface and then cross-linked with PEI (Tang et al.,
2019). Zhu prepared shapeable fibrous CNF-MOF (metal-organic
frameworks) composite aerogels by introducing MOF crystals on the
skeleton of TEMPO-CNFs cross-linked by metal ions (Zhu et al., 2018).
The high porosity and accessible surface areas of as-prepared CNF-MOF
composite aerogels could ensure excellent adsorption performance
compared to conventional MOF powders. In our previous studies, we
presented a facile way to fabricate CNF/PEI membranes through the
electrostatic interaction between the amine group and carboxyl group
and further decorated with silver nanoparticles (Ag NPs) (Zhang et al.,
2020). The as-prepared CNF/PEI aerogel membrane exhibited excellent
flow catalytic discoloration performance for organic dye solution.
Interestingly, the CNF/PEI aerogel membrane showed excellent shape
recovery in water and the flux was high to 5 x 10* L m~2h™! due to the
porous structure. However, the CNF/PEI aerogel crosslinked by elec-
trostatic attraction is not stable under harsh conditions. Therefore, it is
desirable to develop new strategies to improve the stability of CNF/PEI
aerogels by introducing covalent bonds inside the network to ensure that
this porous aerogel can be used for anionic dye adsorption in harsh
conditions.

In this paper, we aimed to develop a novel way to fabricate 3D
porous aerogel combining CNF with PEI, and then cross-linked by ECH.
The composite aerogel with double-crosslinking network structure was
expected to exhibit the following advantages: I) excellent water stability,
water-activated shape recovery, and water transport due to the syner-
gistic effect of covalent crosslinking and electrostatic interaction; II)
ultrahigh adsorption capacity towards MO; and III) excellent selective
adsorption and filtration and separation performance for cationic and
anionic dyes. Therefore, the CNF/PEI aerogel can be regarded as a po-
tential candidate to remove organic dyes from wastewater.

2. Methods and experimental
2.1. Materials

Bleached softwood pulp (Finnish pulp mill). 2,2,6,6-tetramethylpi-
peridine-1-oxyl (TEMPO), PEI (MW: 70,000, 50% solution in water),
anionic dyes (Methyl orange (MO), Methyl thymol blue (MMB), Indigo
carmine (IC)) and cationic dyes (Methylene blue (MB), Malachite green
(MG), Rhodamine B (RB)) and other reagents were purchased from
Sigma Aldrich. All aqueous solutions were ultrapure water (resistivity:
18.2 MQ cm™Y) from a Milli-Q plus water purification system (Millipore
Corporate, USA).

2.2. Preparation of CNF/PEI composite aerogel

2.2.1. Preparation of CNFs

Ten grams of the bleached birch Kraft pulp was disintegrated in
1000 mL distilled (DI) water containing 0.125 g TEMPO and 1.25 g
sodium bromide. Subsequently, 75 mL NaOCl solution was added to the
cellulose suspension to initiate oxidation while maintaining the system
at pH 10.0 with 0.5 M NaOH. The reaction was stopped by ethanol when
the pH became stable. The products were washed with DI water by
centrifugation for three times and then homogenized at 400 bars 2 times
and 1000 bar three times. The obtained CNF suspension was kept in a
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cold room before use. The carboxylate group content of the CNF was 1.2
mmol g~} determined according to our previous work (Zhang et al.,
2020).

2.2.2. Preparation of CNF/PEI aerogels

PEI (50%) was diluted into 25%, and the pH was adjusted to 12, then
different amount of PEI (25%) was mixed with 20 mL CNF suspension
(0.4 wt%, pH = 13 adjusted by NaOH) with a weight ratio of 1: 0.5, 1:1,
and 1:2 and stirred for 30 min. Then 0.25 mL ECH was added into the
solution for another 30 min and poured into a cylindrical plastic cup and
then sealed and maintained at 60 °C for 2 h to allow the chemical cross-
linking reaction between hydroxyl groups and amine groups among the
cellulose chains and PEL The porous CNF/PEI composite aerogels were
obtained by freeze-drying for 48 h at — 52 °C. The sample notation was
defined as CPE-0.5, CPE-1, CPE-2, according to the CNF: PEI weight ratio
at 1: 0.5, 1:1, and 1:2, respectively. The samples of CNF: PEI (1:2) with 0
mL, 0.125 mL, 0.25 mL, 0.5 mL ECH are named as CPE-20, CPE-21, CPE-
2, and CPE-25, respectively.

2.3. Characterization

The FTIR of the samples were studied by a Thermo Scientific Nicolet
iS™ 50 FTIR Spectrometer (USA). The structure of the samples was
showed by a scanning electron microscope (SEM LEO Gemini 1530,
Germany). Compression tests were performed by a universal mechanical
tester (MTS Industrial Systems Co., Ltd. China) equipped with a 200 N
load cell, according to the TAPPI standard methods (TAPPI T494). The
elemental change of different samples was investigated by elemental
analysis (EA, Vario EL cube elemental analyzer, Elementar Analy-
sensysteme GmbH). The specific surface areas of the composite aerogels
were calculated with Brunauer-Emmett-Teller (BET) theory using
krypton adsorption at — 196 °C with Micromeritics 3Flex. Sample pore
size distribution was analyzed with an Autopore IV9500 mercury
intrusion porosimeter (Micrometrics, Inc.). The contact angle of mercury
on samples was 130°, and mercury surface tension was 485 dyn cm ™.

2.4. Adsorption experiments

The adsorption capacity of the fabricated composite aerogel was
investigated. In this work, MO was used to study the adsorption per-
formance. The aerogels were cut into small pieces, and 10 mg of
different samples were put into a beaker containing 25 mL different
concentrations of MO solutions. The solution was stirred at room tem-
perature until the equilibrium time was reached. After that, the aerogel
was taken out and the residue MO solution was diluted 20 times and
then detected using a UV-2600 (SHIMADZU, Japan) at the wavelength
range of 350-700 nm. The adsorption capacity (qe) of the samples were
calculated by the following equation:

qe =V *(Co - Ce)/m @

where g, represents the adsorption capacity of the aerogel at the equi-
librium time (mg g™ 1), C. is the concentration of the dye at the equi-
librium time (mg L’l), Cy is the initial dye concentration (mg L’l), A%
represents the volume of the dye solution (L), and m is the weight of the
CNF/PEI aerogel (g).

The adsorption kinetics and adsorption isotherms of the composite
aerogels were studied with MO solution at the concentration of 50-1000
mg L’l, respectively. Then the influence of pH (2—11) on the MO
adsorption performance was also investigated with the initial concen-
tration at 1000 mg L.

The filtration behaviour of CPE-2 towards MO (10 mg L™ was
further investigated by a column (diameter: 2 cm, height:1 cm of CPE-2)
under gravity. The concentration of the effluent was monitored and the
breakthrough curves were obtained by plotting the removal ratio against
the influent dye volume. The adsorbed amount of the adsorption column
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Fig. 1. Schematic illustration of the preparation of CNF/PEI composite aerogel for dye selective adsorption and separation via covalent cross-linking and electrostatic

interaction.

was calculated according to the following equation:

Gy x Vi * M . fvv:g' (Co — Cy)dv
432733410 xmy [ (Co)dv

v=0

(2)

Where g, is the adsorbed amount of the adsorption column (mg g~ 1); Co
and Cy (mg L™1) are the influent dye concentration and the effluent dye
concentration; M and mg represent the relative molecular mass of MO (g
mol 1) and the dry weight of the adsorption column (g), respectively;
Viotal is the influent dye volume (mL).

The dynamic fitted model was:

y:a*xb 3

2.5. Regeneration and recyclability of CNF/PEI aerogels

To evaluate the regeneration and recyclability of the composite
aerogel, the equilibrium aerogel (10 mg) in MO solution was squeezed
and immersed into NaOH solution (0.1 M). Then the sample was washed
with DI water until neutral and reused for the next test. In this work, 10
cycles of desorption-resorption process were studied using one aerogel
with the same MO solution (1000 mg L™1) and the same fresh NaOH
solution.

3. Results and discussion
3.1. Characterization

Chemical or physical cross-linking is a common strategy to fabricate
stable aerogels with 3D structures and improved mechanical

Fig. 2. SEM imagines of the CNF/PEI composite aerogels: (a) CPE-0.5; (b) CPE-1; (c), (d), (e), (f) CPE-2 at different magnifications.
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Fig. 3. (a) FT-IR spectra of the composite aerogels with CPE-0.5, CPE-1, GPE-2, CNF/PEI without ECH, and neat CNF aerogel. (b) Solid-state 13C NMR spectra of CNF

and CPE-2 aerogel.

performance (De France et al., 2017; Li et al., 2018b). Physical
cross-linking is a green way to fabricate materials through electrostatic
interaction, hydrogen bonding, hydrophobic association, or chain
winding without adding toxic reagents. However, physical cross-linking
is not stable and is easily broken under extreme conditions. In order to
prepare stable nanocellulose aerogel, in this work, double crosslinking
strategy was developed to prepare ultralight porous stable
nanocellulose-based composite aerogel by cross-linking and
freeze-drying. The composite aerogel was fabricated through the direct
crosslinking reaction between CNFs and PEIL in which ECH served as a
crosslinker and NaOH served as a catalyst. The reaction was triggered
among ECH, amine group on PEI chains, and hydroxyl group on CNF at
70 °C to form the covalent bond and electrostatic interaction, resulting
in a multiple cross-linked network (Fig. 1). Then the ultralight and
porous aerogel with interconnected 3D network was obtained by
freeze-drying.

The prepared CNF/PEI composite aerogel was found to be super light
with a bulk density in the range of 4.28-13.07 mg em ™3 (Table S1), and
the structure of the composite aerogel was influenced by different PEI:
CNF mass ratio (0, 0.5:1, 1:1, and 2:1) labelled as CNF, CPE-0.5, CPE-1,
and CPE-2 and was studied by SEM (Fig. 2 and Fig. S1). The obtained
CNF/PEI aerogel cross-linked by ECH displayed similar internal nano-
and microstructures and morphologies compared to CNF and CPE-20
without ECH, and the thickness of the pore wall was around 200 nm
(Fig. 2f). The porosity of these composite aerogels was high, up to
98.5 + 0.2% (Table S1), which is very important for the mass transfer

O

Stress(kPa)

process of organic dyes. The curves of adsorption-desorption isotherm
showed that the surface area of CNF aerogel decreased dramatically
after combining with PEI (from 12.9 to 3 m? g™1) and the median pore
size increased from 38144 to 69506 nm (Table S1, Table S2, and
Table S3). These composite aerogels showed a unique 3D porous ar-
chitecture, which is quite different compared to previously reported
cellulose-based aerogel (2D honeycomb structures (Yu et al., 2017) or
3D network structures (Song et al., 2018; Zhao et al., 2018). This special
structure might be formed because of the different forces in the process
of growth of ice crystals in the CNF/PEI hydrogel. The unique 3D porous
architecture endows more adsorption sites exposed and increases the
adsorption capacity for organic dye and contributes to the mass transfer
during the dye adsorption process. Then adsorption performance of
CNF/PEI aerogel is very related to the N element content, which de-
termines the charge density. Therefore, the element content of these
composites was analyzed by elemental analysis, which was shown in
Table S4. The N content increased dramatically with increasing the
amount of PEI in the composites, and the highest N content for CPE-2
reached to 12.15% (Table S4), which can endow CPE-2 excellent
adsorption performance towards anionic dyes.

The FT-IR spectra of CNF, CPE-2 without ECH, and CPE-0.5, CPE-1,
and CPE-2 aerogels were recorded to study the possible changes of
functional groups. As shown in Fig. 3a, for the CNF sample, the spectra
at 3334 cm ™! is -OH stretching vibration, 2941 cm ™" is carbonyl groups,
and 1723 em ™! is the asymmetric C-H stretching, respectively (Li et al.,
2018b; Song et al., 2019). After introducing PEI into the aerogel, the

50 4

40 4

30 4

20 4

10 4

Strain (%)

Fig. 4. Water stability and shape-retaining performance: CNF aerogel in water (al), CPE-20 aerogel in water (a2) and CPE-20 aerogel in pH 14 solution (a3). CPE-2
aerogel can be squeezed and recover to its original shape rapidly in water (a4, a5, a6); CPE-2 can remain its shape after stirring at 120 rpm for 3 days in different pH
water solutions (a7, a8, a9). (b) Compression stress-strain curves of CPE-0.5, CPE-1, CPE-20, CPE-21, CPE-2, CPE-25 aerogel.
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Fig. 5. (a) Time-dependent adsorption amounts of different CNF/PEI samples for MO dyes, (b) MO adsorption isotherm and Langmuir and Freundlich model to fit the
data (pH = 6), (c) Effect of adsorbent dosage on percentage removal and amount of adsorbed MO and (d) digital photographs showing the color changes of the MO

solution after immersing the CPE-2 sample.

new peak at 1556 em ! is the amine group (Li et al., 2018b). Meanwhile,
the -OH stretching vibration shifted to a lower wavelength compared
with 3334 cm™! in pure CNF aerogel, and the intensity of stretching
vibration increased with increasing the amount of PEI in the composite
aerogel, owing to the large amount of hydrogen and electrostatic in-
teractions between amine groups on PEI and OH groups on the CNF. The
peaks at 2919 and 2833 cm ™! attributed to enhanced C-H stretching
vibrations due to the large amount of -CH; from PEI (Song et al., 2019).
The peak at 1569 cm ™~ for secondary amine increased and the peaks of
epoxy groups at 1250 or 910 cm™! and the amine group peak at
1556 cm ™' cannot be observed due to the reaction of ECH and PEI (Liu
etal., 2019; Mo et al., 2019). However, the peak at 1556 em ! appeared
when the CNF/PEI ratio increased to 1:2, indicating large amount of
amine group exposed without reacting with ECH completely. These re-
sults indicated that electrostatic and covalent interactions formed be-
tween the amine groups on PEI and hydroxyl groups on the CNFs.

The '3C solids NMR spectra of CNF and CPE-2 are also presented to
show the reaction mechanism. As shown in Fig. 3b, the peaks of CNF at
106, 90, and 66 ppm are assigned to the C1, C4, and C6 carbons of
glucose, respectively. The peaks at 70-80 ppm are associated with the
C2, C3, and C5 carbon of glucose (Mo et al., 2019). In the CPE-2 sample
spectra, the characteristic peaks of cellulose didn’t change, however, the
peak of C6 became narrow and showed a reduced area, and the intense
peak at 48 ppm (methylene groups) became more intense (Chang et al.,
2010; Mo et al., 2019). These results indicate the crosslinking between
CNF and PEI by ECH, which is consistent with the ATR-FTIR results.

3.2. Shape recovery and water stability

The shape recovery performance and stability in water, especially in
harsh conditions are very important for the aerogel to be used in the
different working environments and the regeneration process. Fig. 4a
showed the structure of CNF aerogel collapsed after immersing in water,
and CPE-20 was stable in water and broken in pH 14 solution. CPE-2
showed excellent stability and without obvious structural damage in

different water solutions. This is because the covalent bonds were
introduced inside and formed multiple cross-linked networks between
CNF and PEI by ECH (Zhang et al., 2016). Therefore, CPE-2 exhibited
excellent stability in acidic and alkaline environments, which is very
important for the sample and thus the aerogel can be used in harsh
conditions and the regeneration process in NaOH solution. What’s more,
CPE-2 also showed the excellent capability of water absorption and
water-activated shape recovery performance. When sample CPE-2 was
immersed in water, water can be absorbed rapidly, and the weight
increased over 50 times (Table S1) compared to its original weight. Then
over 90% of the water inside can be rapidly squeezed out by com-
pressing the aerogel (Video S1). Then the compact CPE-2 was immersed
into water, and the compact aerogel can absorb the water immediately
and recover to its original shape within 5s, showing the superior
water-activated shape recovery (Video S2), which is comparable with
that of other nanocellulose aerogels (Gu et al., 2018; Jiang and Hsieh,
2014; Li et al., 2018a; Mo et al., 2019).

Supplementary material related to this article can be found online at
doi:10.1016/j.indcrop.2021.114513.

Supplementary material related to this article can be found online at
doi:10.1016/j.indcrop.2021.114513.

The compressive stress-strain at 50% strain was also tested to
investigate the mechanical performance of the composite aerogel
(Fig. 4b). The stress increased when increasing the weight ratio of CNF:
PEI and the amount of ECH. The improved mechanical performance was
attributed to PEI and ECH, which result in the formation of a double-
crosslinking network. However, The mechanical performance of CPE-
25 decreased when the strain was over 20% for the excessive ECH
resulted in a brittle structure, which is easily broken at a high strain.

3.3. Adsorption performance

The CNF/PEI aerogel with 3D porous structure and abundant active
groups could have excellent adsorption performance towards MO in
wastewater. In this paper, the adsorption performance was studied by
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CPE-2.

choosing the typical anionic dye MO as a model water-soluble organic
dye pollutant. Fig. 5a shows the time-dependent adsorption amount
towards MO with different CNF/PEI composite aerogels. As can be seen,
the adsorption rate of all the CNF/PEI composite aerogels is relatively
high at the initial stage of the adsorption process and decreased signif-
icantly while approaching the equilibrium. In addition, the adsorption
trend for the different samples became more obvious with increasing the
PEI content. The equilibrium adsorption amount of the CPE-0.5 was
297.5 mg g~ !, while this value increased to 456.3 and 507.5 mg g~ ! for
the sample CPE-1 and CPE-2, respectively.

For further understanding the adsorption performance of the CPE-
0.5, CPE-1, and CPE-2 toward MO, the adsorption kinetics and iso-
therms were analyzed to study the adsorption process (Fig. 5b, Fig. S5
and Tables S5-56). The results showed that the adsorption performance
fitted well with the pseudo-second-order equation and monolayer
Langmuir adsorption process. The maximum adsorption capacity was
high to 1226 mg g~ (pH 6) and 1745 mg g~ (pH 2), which is compa-
rable or superior to the reported MO adsorbents (Gao et al., 2019; Jiang
et al., 2019, 2018; Liu et al., 2021; Mahmoodian et al., 2015; Obeid
et al., 2013; Shu et al., 2017; Tang et al., 2019; Tanhaei et al., 2015).
Fig. S4 showed the influence of ECH on the adsorption performance of
different CNF/PEI, indicating CPE-2 is the optimal sample for MO
removal. Fig. 5c presented the dye removal increased from 32.7% to
97.2%, when the adsorbent dosage increased from 0.1 to 0.5 mg mL ™! g
at 300 mg L™ dye concentration. However, the adsorption capacity
decreased from 982 mg g~ to 583 mg g~! with increasing the adsor-
bent dosage. Fig. 5d shows the images of MO solutions after the com-
posite aerogel was immersed into it. It can be seen that the color of the
solution varies from deep orange to light orange with increasing the
adsorption time. After 12 h, the MO solution became nearly transparent.
Fig. S6 showed a good adsorption performance in a wide pH range and
Fig. S7 exhibited a highly stable adsorption capacity during 10 cycles of
regeneration, indicating the CNF/PEI composite aerogels can be used for
removing organic dye from wastewater efficiently.

3.4. Filtration performance

The CPE-2 sample can also be packed into a column to realize rapid

Table 1
Comparison of the maximum adsorption capacities towards MO between the
CPE-2 sample and other adsorbents reported in the literature.

Adsorbent pH  The maximum Reference
adsorption capacity
(mgg™"

Chitosan/Al,03/ 6 417 (Tanhaei et al.,
magnetite 2015)

Chitosan/ 5 392 (Jiang et al., 2018)
B-cyclodextrin
composite

mesoporous carbon - 400 (Jiang et al., 2019)
aerogel

Magnetic chitosan 4 779 (Obeid et al., 2013)
beads

PDA-CNF-PEIL 4 265.9 (Tang et al., 2019)
compressible aerogel

pHEMA-chitosan- 4 306 (Mahmoodian
MWCNTs et al., 2015)

metal-organic cage- 7 389 (Gao et al., 2019)
based solid

FeOCl-MoS; 6.5 1645.11 (Liu et al., 2021)

graphene aerogel 3 3059.2 (Shu et al., 2017)

CNF/PEI composite 6 1226 This work
aerogel 2 1745 This work

anionic dye adsorption through a simple filtration process. Therefore,
the dynamic filtration performance of the CPE-2 sample for MO was
studied (Fig. 6 and Video S3). As can be seen in Fig. 6a, the color of the
dye solution changed from deep orange to colorless after passing
through the aerogel, and the flux was about 3950 Lm ™2 h™! (4 min,
200 mL MO solution) driven by gravity. This excellent filtration per-
formance of the column adsorption with CPE-2 appeared clearly better
(An et al., 2015; Chen et al., 2013; Lee et al., 2015; Li et al., 2018b; Qiu
etal., 2015; Wang et al., 2017), which proved that the active adsorption
sites on the pore walls inside the aerogel and the special 3D highly
porous structure can allow the aerogel to realize ultra-fast filtration
towards MO in practical applications. In addition, the regeneration
performance was also shown in Video S4 and Fig. 6a. When the MO
solution was adsorbed on the aerogel, it could be regenerated rapidly by



W. Zhang et al.

400 4

- N w
o o o
o o o
M " N

Adsorption capacity (

MB MG RB

— MG
251 —mo
— MG+MO
® 209 —After adsorption
(8]
§ 15 o
a 7]
[
(o]
g 1.04 MB
<
=
0.04 '

300 400 500 600 700
Wavelength (nm)

—MB
251 __wvs
—— MMB+MB
o 2.0 { —— After adsorption
MMB+MB MB LC)
© L
3 1.5
Adsorption o)
30s 8 1.0
<
0.54
0.04

Industrial Crops & Products 177 (2022) 114513

C MO

MG RB MB IC MMBMO .

MO+MG

- -
Adsorption
MG 30s

—h

300 400 500 600 700
Wavelength (nm)

Fig. 7. (a) The adsorption amounts of the CPE-2 for various cationic and anionic dyes (concentrations for all dyes at 250 mg L’l); (b) The adsorption performance of
the CPE-2 towards various cationic and anionic dyes (c) photographs of the selective adsorption of the CPE-2 for MO from the MO/MG mixture and (d) the cor-
responding UV-vis spectra of solutions at all stages; (¢) MMB from the MMB/MB mixture and (f) the corresponding UV-vis spectra of solutions at all stages.

passing through 20 mL NaOH. Then the color of the CPE-2 sample
changed gradually from deep orange near to its original color. Fig. 6b
shows the UV-vis spectra of the MO solution before and after passing
through the aerogel. As can be seen, the MO dye was almost completely
absorbed, and the removal efficiency was close to 100%. Due to the
removal capability, we believe that industrial dye-contaminated
wastewater could be purified through filtration with the aerogel mem-
brane. Thus, the continuous adsorption performance was further
investigated in Fig. 6c. The outlet concentration of MO initially
increased and gradually tended to the feeding concentration when the
elution volume accumulated to 8000 mL with capacity of 960 mg g~ !
(fitted equilibrium adsorption capacity 1001.7 mg g~!), which was
lower than that of the maximum static adsorption capacity but still
higher than most of the recently reported data (Table 1). Fig. 6d and
Fig. S8 illustrated the possible mechanism for the filtration process to-
wards MO. When the anionic MO molecules passes through the aerogel,
they will be attracted by the high-density positive charge (came from
NH-, NH, groups on the pore wall surface), and the highly porous
structure served as a channel for MO solution fast passing through.

Supplementary material related to this article can be found online at
doi:10.1016/j.indcrop.2021.114513.

Supplementary material related to this article can be found online at
doi:10.1016/j.indcrop.2021.114513.

3.5. Selective adsorption

The adsorption capacity of the CPE-2 towards cationic dyes and
anionic dyes was tested in Fig. 7a. The cationic dyes (MB, MG, RB) and
anionic dyes (MO, MMB, IC) at pH 6 were chosen as the model molecule
for their highly toxic and wide applications in different industries. The
molecule structure of these six dyes is shown in Table S7. Interestingly,
the adsorption capacity of CPE-2 for ionic dyes (MO, 512 mg g~ ; MMB,
496 mg g~ %; IC, 456 mg g~ 1) is very high. However, the adsorption

capacity of CPE-2 towards cationic dyes (MB, MG, RB) was close to 0.
The color change of these different dyes was also visually shown in
Fig. 7b, and the color of anionic dye solutions became almost clear after
adsorption, while the color of the cationic dye solutions didn’t change.
In this selective adsorption process, electrostatic attraction contributes
to the adsorption of anionic dyes. When CPE-2 was wetted in the water
at pH 6, the abundant amine groups on the aerogel wall would be pro-
tonated to make the surface possess a highly positive charge, which has a
strong force to attract negatively charged dyes by electrostatic in-
teractions. As is shown in Fig. S8, there are abundant positively charged
active sites on the pore surface, and when the mixed cationic and anionic
dye solutions passed the aerogel pores, the anionic dyes would be
captured onto the surface of the aerogel pore wall, however, the cationic
dyes cannot be adsorbed due to the strong electrostatic repulsion,
leading to the as-prepared aerogel having excellent selective adsorption
performance.

In order to explore the selective adsorption and separation perfor-
mance, more experiments were conducted in the MB/MMB (mass ratio
with 1:1) and MO/MG (mass ratio with 1:1) mixed solutions. Fig. 7c
showed the dark green MO/MG solution. When the composite aerogel
was put into the solution and squeezed and released for 30 s. The color
of the mixed solution changed from dark green to blue, which was the
color of MG. This phenomenon implied that MO was adsorbed and
removed from the water, and MG was still in the water. This change was
also supported by the UV-vis spectra of the solutions at different stages
(Fig. 7d). The absorbance peaks for MG and MO (464 nm) in the mixed
solution decreased dramatically because of the dilution after mixing MG
and MO solutions. After adsorption, the signal of MO disappeared, while
the absorbance of MG almost did not change, demonstrating MO was
selectively and completely removed from the mixed MG/MO solution by
CPE-2. The selective adsorption performance was also tested success-
fully by using MMB/MB solution, and MMB was removed completely
within 30 s, as is shown in Fig. 7e, f. This aerogel showed great potential
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for ultrafast separating anionic dyes from cationic and anionic mixtures.

3.6. Selective filtration and separation

According to the excellent selective adsorption performance, the
prepared composite aerogel could be applied for the separation of
cationic and anionic dye mixtures. As shown in Fig. 8a and Video S5,
MO/MB mixture in a mass ratio at 1:1 with the same concentrations of
25 mg L~! was used for testing the separating performance. When the
dark green MO/MB mixture passed through the aerogel membrane, the
color of the solution became blue, indicating MB dye passed through the
aerogel and remained in the filtrate, and MO dye was captured by the
composite aerogel. This result was also supported by the UV-vis spectra
of the solution before and after filtration (Fig. 8b). Furthermore, the MO
dye captured on the aerogel can also be easily released by filtrating
20 mL 0.5 M NaOH (Video S6). According to the excellent recyclability
of CPE-2, the smart separation and regeneration cycle was also achieved
and shown in Fig. 8c. The CPE-2 could maintain more than 97.21%
separation efficiency after 30 cycles. These results indicated the CPE-2
showed great potential practical applications for separating cationic
dyes and anionic dyes by filtration.

Supplementary material related to this article can be found online at
doi:10.1016/j.indcrop.2021.114513.

Supplementary material related to this article can be found online at
doi:10.1016/j.indcrop.2021.114513.

4. Conclusions

This work showed a facile method to fabricate ultralight and porous
CNF/PEI composite aerogels via physical and chemical cross-linking.
The obtained composite aerogels showed a highly porous structure
(porosity >98%), an ultralight density of 4.28-13.02 mg cm ™3, excel-
lent wet strength in different conditions, and rapid water-activated

shape recovery (5 s). The resultant CNF/PEI samples exhibited excel-
lent adsorption performance for the anionic dyes and the adsorption
capacity of CPE-2 toward MO was 1226 mg g+ (pH 6) and 1745 mg g~
(pH 2), which is much higher compared to most results of previous
works. In addition, the adsorption column packed with CPE-2 showed
excellent dye removal ability and could purify around 4L of dye-
contaminated water (10 mg L™1) at a removal efficiency above 90%.
What’s more, the CPE-2 exhibited excellent recyclability (over 84% after
10 cycles), continuous filtration—purification (99.9% purification effi-
ciency at a high flux of 3950 L m~2 h™! through a 1 cm thick aerogel
driven by gravity), selective adsorption and filtration for cationic and
anionic mixtures. Therefore, the prepared composite CNF/PEI aerogel
super-adsorbent has great potential as a promising material for the
removal of organic dyes from wastewater.
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