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Abstract
Climate change has become increasingly serious due to the greenhouse effect. It is therefore necessary to control the con-
tent of greenhouse gases such as carbon dioxide in the atmosphere, using, for instance, CO2-adsorbing materials. Here, we 
synthesized ultra-lightweight and spherical cellulose nanofibres aerogels by a suspension titration method using an efficient 
amination process. These functional materials with high porosity, higher than 96.54%, and three-dimensional network 
structure, were prepared by freeze-drying spherical cellulose nanofibres hydrogel. Their maximum CO2 adsorption capacity 
reaches 1.78 mmol/g, and they show excellent regeneration, of more than 10 cycles. This synthesis of bioaerogels represents 
a new method for the preparation of bio-CO2 adsorbents.
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Introduction

Since the industrial revolution, the increasing levels of car-
bon dioxide (CO2), one of the primary greenhouse gases, 
has resulted in several environmental issues, such as climate 
change and global warming (Kerr 2007; Lais et al. 2017). 
Thus, it is essential to develop more research concerning 
the efficient capture and subsequent utilization of CO2. The 
three conventional methods of current CO2 capture technol-
ogy involve (1) the adsorption method, (2) the membrane 
separation method, and (3) the low-temperature separation 
method (Chakraborty et al. 2002; Zhang et al. 2016). The 
adsorption separation method is attracting increasing atten-
tion because of its advantages, such as low-energy consump-
tion, lack of corrosion, simple operation, and easy realiza-
tion of automatic control (Rochelle 2009). However, most 
of the adsorbents have poor adsorption selectivity and low 
adsorption efficiency. To solve this problem, researchers 
have modified the adsorbents by grafting and dipping. One 

of the best modifications is that with an aminating agent. 
Through the amine modification, the adsorbent has excellent 
adsorption selectivity, which further improves the adsorp-
tion efficiency and increases the adsorption capacity of the 
adsorbent. For example, after modification by polyethylen-
imine (PEI) and other aminating agents, the CO2 adsorption 
performance of Santa Barbara Amorphous-16 (SBA-16) and 
other mesoporous materials is significantly enhanced (Kim 
et al. 2005; Chen et al. 2013; Vilarrasa-Garcia et al. 2015). 
The PPN-6CH2DETA adsorbent is obtained by grafting 
diacetamide (DETA) onto the polymer PPN-6 (PPN stands 
for porous polymer networks). PPN-6 is a covalently bonded 
carbon scaffold with a Brunauer-Emmett-Teller (BET) sur-
face area of 4023 m2/g, which is extremely stable towards 
strong acid and base). This new adsorbent’s selectivity to 
carbon dioxide adsorption is 3.6 × 1010 (Lu et al. 2013). 
However, these conventional adsorbents have several draw-
backs, such as secondary pollution to the environment, raw 
materials shortage, and complex synthesis methods.

In the context of a sustainable society, several criteria 
should be met for a material to be used as a CO2 absorbent, 
including a high CO2 absorption capacity and CO2 selectiv-
ity, a fast CO2 adsorption rate, high floatability (hence a low 
density), low cost, environmental friendliness, and excellent 
recyclability.

As a new generation of bioaerogels, cellulose aerogels 
show excellent characteristics. This material not only has 
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the advantages of traditional aerogels, including lightweight, 
high porosity, high specific surface area, and low dielectric 
constant (Shlyakhtina and Oh 2008), but also has its own 
unique advantages, such as low cost and high availability 
of raw materials, biocompatibility, and biodegradability 
(Huang et al. 2006). These properties are the reasons why 
bioaerogels from cellulose have been developed during the 
past decade (Cai et al. 2008; Gavillon and Budtova 2008; 
Sehaqui et al. 2011b), using cellulose derivatives (Fischer 
et al. 2006; Silva et al. 2012; Chen et al. 2014) or cellulose 
nanofibres (Zheng et al. 2014; Víctor-Román et al. 2015; 
Zheng et al. 2016).

In recent years, cellulose aerogels have been widely stud-
ied as adsorbents. In terms of oil absorption, the researchers 
obtained a highly oil-absorbing material by hydrophobiz-
ing ultra-lightweight and highly porous cellulose aerogels, 
and they can collect a wide range of organic solvents and 
oils with absorption capacities up to many times their own 
weight (Zhang et al. 2014; Jin et al. 2015). Recent stud-
ies have shown that nanofibrillated cellulose sponges could 
absorb up to 45 times their own weight in organic solvent 
or oil, depending on the liquid (Cervin et al. 2012). In the 
case of gas adsorption, the cellulose aerogels are modified 
by cross-linking with PEI. The composite cellulose aerogels 
obtained have an excellent CO2 adsorption capacity (Sehaqui 
et al. 2015). It can be foreseen that cellulose aerogels have 
great potential as a bio-adsorbent. In the current work, in 
order to obtain a green CO2 absorbent with high absorp-
tion capacity, we prepared the cellulose nanofibres by the 
chemical mechanical method, which uses eucalyptus pulp 
as a raw material. Next, the spherical cellulose nanofibres 
hydrogel was obtained by the suspension titration method. 
Finally, the amino-modified bio-spherical cellulose nanofi-
bres aerogels were prepared with the freeze-drying technol-
ogy and grafting modification method. The new materials 
have been evaluated in terms of morphology, structure, and 
CO2 adsorption performance.

Experimental section

Materials

Eucalyptus pulp was provided by a paper mill (Jiangsu, 
China). Potassium hydroxide (KOH) and sodium chlorite 
(NaClO2) were received from Nanjing Chemical Rea-
gent Co., Ltd. Glacial acetic acid (≥ 99.0%), tert-butanol 
(≥ 99.5%), calcium chloride (CaCl2), and hydrochloric acid 
(HCl) (36–38%) were of analytical grade, and they were 
all purchased from Nanjing Chemical Reagent Co., Ltd. 
N-(2-Aminoethyl)(3-aminopropyl)methyldimethoxysilane 
(AEAPMDS) (≥ 97%) was supplied by Alfa Aesar (UK). 
Distilled water was used in all experiments.

Preparation of cellulose nanofibres

In this experiment, 10 g of KOH was added to a beaker with 
the flocculent eucalyptus pulp and 500 mL of distilled water. 
The beaker was placed at an electrical agitator for 2 h at 90 °C. 
The resulting mixture was filtered to neutral. Subsequently, the 
filtered pulp was put into a beaker containing 400 mL of dis-
tilled water, 12 mL of glacial acetic acid, and 30 g of sodium 
chlorite. The mixed solution was agitated with an electrical 
agitator for 5 h at 80 °C. The aqueous suspension filtered to 
neutral was introduced into 500 mL of distilled water, and 
20 g of KOH was added. The aqueous suspension was agi-
tated with an electrical agitator for 2 h at 90 °C. After the 
resulting suspension was filtered to neutral, the suspension 
obtained was added to a 400 mL beaker with 12 mL of HCl. 
After the solution was subjected to a chemical reaction for 2 h 
at 80 °C, the solution was again filtered to neutral. Finally, 
the cellulose suspension obtained was high ground 6–8 times 
by Supermasscolloider Medium attritor (MKZA15-40J). The 
cellulose nanofibres suspension was obtained according to the 
published literature (Zhang et al. 2015; Zhao et al. 2015); then, 
it was centrifuged and the solid content was measured.

Synthesis of unmodified and amino‑modified 
bio‑spherical cellulose nanofibres aerogels

The cellulose nanofibres obtained as described above were for-
mulated as a 2% cellulose nanofibres hydrosol. After ultrasonic 
freezing for 40 s and standing for 5 min, the spherical cellulose 
nanofibres hydrogel was prepared by titrating the hydrosol to 
a specific concentration of CaCl2 solution which can promote 
gelation of cellulose nanofibres.

The same amount of spherical cellulose nanofibres hydro-
gel was introduced into beakers containing an aqueous solu-
tion of AEAPMDS with a mass fraction of 0, 3, 4, and 5%, 
respectively. These beakers were placed in water baths at 80 
and 90 °C for 10 h. Subsequently, the solution was displaced 
by tert-butanol alcohol. After 24 h, unmodified and AEAP-
MDS-modified bio-spherical cellulose nanofibres aerogels 
were obtained by freeze-drying. Finally, the AEAPMDS-mod-
ified bio-spherical cellulose nanofibres aerogels were denoted 
as 0-80-aerogel, 3-80-aerogel, 4-80-aerogel, 5-80-aerogel, 
0-90-aerogel, 3-90-aerogel, 4-90-aerogel, and 5-90-aerogel. 0, 
3, 4, and 5 indicate that the mass fraction of the AEAPMDS 
solution is 0, 3, 4, and 5% correspondingly; 80 and 90 mean 
that the temperatures of the chemical reactions were at 80 and 
90 °C, respectively.

Structure, physical, and chemical properties testing

The AJSE-7600 JEOL scanning electron microscope (SEM) 
operating at 15 kV was used to capture structural images 
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of the bio-spherical CNF aerogels. Images were taken at 
magnifications of 2000×, 5000×, 10,000×, and 20,000×. 
The structural images of the cellulose nanofibres were tested 
by transmission election microscope (TEM) analysis. The 
change of functional groups of amino-modified bio-spheri-
cal cellulose nanofibres aerogels could be investigated and 
compared with unmodified spherical cellulose nanofibres 
aerogels by Fourier-transform infrared spectroscopy (FTIR) 
(model: Nicolet 360, Thermo, USA). The thermal stabil-
ity of the bio-spherical cellulose nanofibres aerogels was 
studied by thermogravimetric analysis (TGA). The nitro-
gen content of bio-spherical cellulose nanofibres aerogels 
was obtained by the EA3000 Elemental Analyser. Nitrogen 
adsorption–desorption isotherms was obtained using a sur-
face area and pore size analyser (accelerated surface area 
porosimetry 2020 (ASAP 2020) Analyser Micromeritics, 
USA). The curve of the TG data was plotted using the soft-
ware Origin 8.0. TG analysis was carried out on Netzsch 
409PC thermogravimetric analyser.

Evaluation of the density and porosity 
of bio‑spherical cellulose nanofibres aerogels

The apparent volumetric mass density of the bio-spherical 
cellulose nanofibres aerogels was calculated by dividing 
their weight by their volume, as in the following formula:

where m and V are the weight and volume of the bio-spher-
ical CNF aerogels, respectively.

The porosity was calculated using the following equation:

where ρaerogels and ρs are the volumetric mass densities of 
AEAPMDS-treated cellulose nanofibres aerogels and den-
sities of the solid scaffold (cellulose or AEAPMDS-treated 
cellulose), respectively.

Considering that the AEAPMDS-treated cellulose nanofi-
bres aerogels can be regarded as composite cellulose aero-
gels, ρs was calculated according to Eq. (3), which was simi-
lar to the formula from the literature for modified cellulose 
aerogels (Zhang et al. 2014):

where wcellulose is the weight fraction of cellulose in the 
AEAPMDS-modified bio-spherical cellulose nanofibres 

(1)�aerogels =
m

V

(2)� =

(

1 −
�aerogels

�s

)

× 100%

(3)�s =
1

wcellulose

�cellulose

+
wAEAPMDS

�AEAPMDS

=
1

1−wAEAPMDS

�cellulose

+
wAEAPMDS

�AEAPMDS

aerogels and wAEAPMDS is the weight fraction of AEAPMDS. 
ρcellulose was fixed at 1.60 g/cm3 (Ganster and Fink 2003), 
and ρAEAPMDS was at 0.94 g/cm3.

wAEAPMDS was calculated according to Eq. (4):

where wN is nitrogen content in the AEAPMDS-modified 
bio-spherical cellulose nanofibres aerogels (shown in Fig. 2) 
and w is the weight fraction of nitrogen in the AEAPMDS 
with a value of 15.91%.

Carbon dioxide (CO2) adsorption performance test

The adsorption capacity of the cellulose nanofibres aerogels 
was obtained by custom-built adsorption test device (shown 
in Fig. 1A). The adsorption performance of the adsorbent 
was measured by the static method (Chen et al. 2016). The 
experiment was carried out as follows.

After the airtightness of the detecting device was 
ensured, the dried bio-spherical cellulose nanofibres aero-
gels were placed in the adsorbent bed 4. Next, opening 
the vacuum pump and all of the valves (except the valve 
v7 and the pressure reducing valve v1), the entire appa-
ratus was changed to a low-pressure state to remove the 
internal residual air. Subsequently, the valves (v3, v4, v6) 
and vacuum pump were closed, other valves (v7, v1) were 
opened, and a sufficient amount of pure carbon dioxide 
gas was introduced into control tank 5. Next, the needle 
valve v2 was closed. After stabilizing, the displayed pres-
sure and the temperature were denoted as P1 and T1 at 
this time. The needle valves (v3, v4) were subsequently 
opened to introduce carbon dioxide gas into the adsorption 
bed, which carried out the static method to test the adsorp-
tion performance of the adsorbent. Time and pressure were 
recorded every 5 min. When the pressure gauge and the 
thermometer no longer showed changes, it proved that the 
adsorption reached equilibrium, and the pressure (P2) and 
the temperature (T2) were recorded at this time. The maxi-
mum adsorption capacity of the adsorbent was calculated 
by Eq. (5) (the v1–v7 described above represented different 
valves, respectively):

where V1 is the total volume of all pipes between two v2 and 
v6, except for the volumes of the pipes between v3 and v4, 
including volume of the control tank 5. V2 is the total vol-
ume of all pipes between v2 and v6, including the volumes 

(4)wAEAPMDS =
wN

w

(5)N =

P1V1

RT1
−

P2V2

RT2

m
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of the control tank 5 and = adsorbent bed 4. m is the quality 
of the bio-spherical cellulose nanofibres aerogels.

The regenerability test of the cellulose nanofibres aerogels 
was performed by the home-made adsorption test device. After 
the adsorption test was completed, the sample was desorbed 
at 150 °C for 48 h. Then, the desorbed sample was replaced 
in the test device. The CO2 adsorption performance of the 
samples was tested again according to the above method, and 
the CO2 adsorption capacity was calculated; this was repeated 
for 10 cycles.

Results and discussion

Structure, physical, and chemical properties 
of the amino‑modified bio‑spherical cellulose 
nanofibres aerogels

Cellulose nanofibres were isolated from the eucalyptus pulp 
using the chemical mechanics method. TEM analysis of the 
resulting cellulose nanofibres suspension revealed the micro-
structure of cellulose nanofibres, which was similar to long 
sticks with diameters in the nanometre range and lengths 

Fig. 1   A Structure diagram of custom-built adsorption test device. 
B General scheme for the synthesis of amino-modified bio-spherical 
cellulose nanofibres aerogels. The chemical structure of AEAPMDS 
(N-(2-aminoethyl)(3-aminopropyl)methyldimethoxysilane). (a) Image 
and transmission electron microscope (TEM) micrograph of cel-
lulose nanofibres. (b) Image of unmodified bio-spherical cellulose 
nanofibres hydrogel. (c) Image of bio-spherical cellulose nanofibres 
hydrogel. (d) Image of bio-spherical cellulose nanofibres aerogels. (e) 

Image of amino-modified bio-spherical cellulose nanofibres aerogels. 
C The infrared spectra of the amino-modified bio-spherical cellu-
lose nanofibres aerogels. D Thermogravimetric analysis (TG) curves 
of the amino-modified bio-spherical cellulose nanofibres aerogels. E 
Differential thermal gravity (DTG) curves of the amino-modified bio-
spherical cellulose nanofibres aerogels. F Scanning electronic micros-
copy (SEM) micrographs of the amino-modified bio-spherical cellu-
lose nanofibres aerogels
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in the micron range (as shown in Fig. 1B-a). After ultra-
sonic freezing and standing, the morphological structure of 
the spherical cellulose nanofibres hydrogel obtained by the 
suspension titration method was a white sphere (Fig. 1B-b). 
It became a pale yellow sphere after the spherical cellu-
lose nanofibres hydrogel reacted with AEAPMDS for ten 
hours (Fig. 1B-c). The material turned into a white spheri-
cal solid and pale yellow spherical solid, respectively, after 
freeze-drying (Fig. 1B-d, e). As shown in the image, adding 
the modifier had almost no effect on the shape of the bio-
spherical cellulose aerogels. However, only the colour of the 
cellulose nanofibres aerogels has changed.

The SEM images of the amino-modified bio-spherical 
cellulose nanofibres aerogels are displayed in Fig. 1F. The 
internal structure of both unmodified and amino-modified 
bio-spherical cellulose nanofibres aerogels displayed three-
dimensional network structures composed of film-like struc-
tures and fibre silks. The film-like structure seemed to be 
caused by the coagulation of the fibrils during the freezing 
process (Jin et al. 2004; Svagan et al. 2008; Sehaqui et al. 
2011a). Compared with unmodified bio-spherical cellulose 
nanofibres aerogels, the film-like structure of the amino-
modified bio-spherical cellulose nanofibres aerogels was 
more evident, and the number of structures increased with 
higher AEAPMDS percentages. This could be the reason 
that AEAPMDS could connect the fibrils. Therefore, we 
observed that the porous structure of the 5-90-aerogel was 
almost entirely composed of the film-like structure. This 
finding indicated that the network structure of the bio-spher-
ical cellulose nanofibres aerogels could be affected by the 
modifier, and AEAPMDS accessed the cellulose nanofibres 
aerogels successfully.

The infrared spectra of amino-modified bio-spherical 
cellulose nanofibres aerogels are shown in Fig. 1C. The 
absorption peaks of the spherical cellulose nanofibres aero-
gels had obvious characteristic absorption peaks of cellulose 
macromolecules, the absorption peak at 3413 cm−1 was OH 
stretching vibrations, near 2900 cm−1 was assigned to CH 
stretching, CH2 symmetric bending at 1432 cm−1, OH and 
CH bending as well as C–C and C–O stretching appeared at 
1379, 1317, 1116 and 1162 cm−1 was assigned to C–O–C 
asymmetric stretching vibration from the glycosidic ring, 
1058 cm−1 was attributed to C–O symmetric stretching, CH 
out of bending vibration was assigned to 896 cm−1, and OH 
out of plane bending was at 667 cm−1 (Fu et al. 2016), which 
indicated that the amino-modified bio-spherical cellulose 
nanofibres aerogels still retained the internal structures of 
cellulose after the modification and heating process. Thus, 
they were still cellulose-based materials.

However, from Fig. 1C, we could see the following dif-
ferences. (1) The unmodified spherical cellulose nanofibres 
aerogels had a strong absorption peak at 1638 cm−1, which 
was the O–H bending vibration peak of the surrounding 

water absorbed by the cellulose (Shi et al. 2013). In contrast, 
this absorption peak of the amino-modified spherical cel-
lulose nanofibres aerogels was weak. There may be reasons 
that the hydrophilic of the modified aerogels was weaker 
than the unmodified cellulose nanofibres aerogels (Abdel-
mouleha et al. 2004; Gebald et al. 2011). (2) Compared with 
the unmodified spherical cellulose nanofibres aerogels, the 
AEAPMDS-modified bio-spherical cellulose nanofibres 
aerogels showed new absorption peaks, such as the NH3+ 
deformation at 1624 cm−1 (Mohammed et al. 2011) and N–H 
bending of the NH2 group at 1584 and 1482 cm−1 (Abdel-
mouleha et al. 2004; Niu et al. 2016). Simultaneously, the 
band at 1336 cm−1 was attributed to the C–N stretching 
vibration peak, the band near 1261 cm−1 the Si–C stretch-
ing vibration peak (Knöfel et al. 2009; Gebald et al. 2011), 
the band near 1033 cm−1 was attributed to the stretching 
vibration peak of Si–O–cellulose and the band at 798 and 
706 cm−1 were assigned to the Si–O–Si stretching vibration 
peak (Lu et al. 2008; Fu et al. 2016). The grafting condi-
tions employed herein were sufficient for covalent bonding 
of silane molecules, as corroborated by the appearance of 
signals associated with vibrations from silicon-based link-
ages at 1261 cm−1, 1033 cm−1, 798 cm−1 and 706 cm−1.

The thermal stability of the bio-spherical cellulose 
nanofibres aerogels was investigated by TG-DTG (Fig. 1D, 
E). The bio-spherical cellulose nanofibres aerogels modi-
fied by different AEAPMDS percentages was tested from 
0 to 700  °C under N2. The weight loss of the material 
below 150 °C could be attributed to removing the physi-
cally adsorbed water and the small amount of CO2 in the 
air. In the range of 300–600 °C, a sharp and narrow peak 
was observed, indicating an intense reaction (Fig. 1D). This 
stage accounted for most of the entire weight loss, which is 
due to releasing considerable gas (CO2 and H2O) because of 
the thermal degradation of the cellulose nanofibres aerogels. 
Simultaneously, the loss weight of the unmodified spheri-
cal cellulose nanofibres aerogels was more than that of the 
modified cellulose nanofibres aerogels. It may be that the 
thermal degradation of AEAPMDS in the modified cellulose 
nanofibres aerogels produced new substance, such as SiO2. 
This again confirmed the successful modification of the cel-
lulose nanofibres aerogels.

From Fig. 1E, the temperature of the maximum weight 
loss rate (Tmax) of the unmodified bio-spherical cellulose 
nanofibres aerogels was lower than that of the modified ones, 
and with AEAPMDS percentage increased, Tmax increased 
(272.57, 288.46, and 318.84 °C were the Tmax values of the 
0-90-aerogel, 3-90-aerogel, and 5-90-aerogel, respectively). 
This might be because bio-spherical cellulose nanofibres 
aerogels were modified by AEAPMDS, which increased 
the Tmax value, and it indicated that the amination of the 
cellulose nanofibres aerogels could improve their thermal 
stability to some extent.
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Adsorption performance of the amino‑modified 
bio‑spherical cellulose nanofibres aerogels

The adsorption mechanism of the amino-modified adsorbent 
adsorbing carbon dioxide mainly occurred in the following 
three ways (Sharma et al. 2012; Zhang et al. 2012):

The nitrogen content was very important to the car-
bon dioxide adsorbent. The percentage of nitrogen in the 
AEAPMDS-modified bio-spherical cellulose nanofibres 
aerogel was examined by EA3000 (Table 1). The maximum 
N content in the modified cellulose aerogels reached 5.482%, 
and the nitrogen content was positively correlated with the 
temperature (≤ 90 °C) and the mass fraction of AEAPMDS 
(≤ 5%). This finding confirmed that the composite cellulose 
nanofibres aerogels were well integrated with the modifier, 
which was likely to have selective adsorption of carbon 
dioxide.

The diameter, volumetric mass density, porosity, and spe-
cific surface area of unmodified and amino-modified bio-
spherical cellulose nanofibres aerogels are listed in Table 1. 
The diameter was measured by calculating the average diam-
eter of 50 bio-spherical cellulose nanofibres aerogels, and 
the measured porosities and densities were consistent with 
data from the literature for bioaerogels (Aulin et al. 2008; 
Sehaqui et al. 2010). The specific surface area, pore size, 
and pore volume were obtained by the BET method. Ultra-
lightweight and highly porous (≥ 96%) amino-modified bio-
spherical cellulose nanofibres aerogels were obtained. The 
diameter of the bio-spherical cellulose nanofibres aerogels 
basically remained the same; a gradual decrease in poros-
ity and a gradual increase in density were noted with an 

(6)CO2 + 2RNH2 → RNHCOO−
+ RNH+

3

(7)CO2 + 2R2NH → R2NHCOO
−
+ R2NH

+

2

(8)CO2 + R2NH + R�NH2 → R2NCOO
−
+ R�NH+

3

increase in the mass fraction of AEAPMDS and the tempera-
ture. These illustrated that amine modification did not affect 
the shape of the spherical cellulose nanofibres aerogels, and 
the density and porosity of the cellulose nanofibres aerogels 
decreased due to the ingestion of the aminating agent. From 
the table, we could see that the pore size, surface area, and 
pore volume of the unmodified cellulose nanofibres aerogels 
were smaller than those of the modified cellulose nanofibres 
aerogels, probably because of the AEAPMDS embedded 
into the pores of the cellulose nanofibres aerogels.

The adsorption capacity of the amino-modified bio-spher-
ical cellulose nanofibres aerogels was obtained by a home-
made detection device at an initial pressure (0.135 MPa) and 
room temperature (20 °C) (shown in Table 1). The modified 
cellulose nanofibres aerogels had a higher CO2 adsorption 
capacity than the unmodified samples, which was mainly 
due to the high nitrogen content of the modified cellulose 
aerogels. The adsorption capacity of aerogels obtained at 
90 °C was higher than that of 80 °C; the higher the nitrogen 
content, the higher the adsorption capacity. From Fig. 2A, 
the amino-modified bio-spherical cellulose nanofibres 
aerogels had a higher adsorption efficiency, and it took only 
approximately 30 min to reach the maximum adsorption 
capacity. This could be the reason that the beginning stage 
shows a sharp linear weight gain due to the surface chemical 
reaction, and the second stage involves a comparatively slow 
physical diffusion (Liu et al. 2014). According to the calcu-
lation with Eq. (5), the adsorption capacity of the 5-90-aero-
gel reached 1.78 mmol/g. This capacity was more than the 
adsorption capacity of the first stage grafted modified CO2 
adsorbent (Hiyoshi et al. 2005; Khatri et al. 2005) and higher 
than the adsorption capacity of some carbon dioxide adsor-
bents reported in the literature (Niu et al. 2016). This could 
be reason that the high efficiency of the coupling between 
AEAPMDS and bio-spherical cellulose nanofibres aerogels 
made the amine content higher.

Table 1   Structural property of the amino-modified bio-spherical cellulose nanofibres aerogels

BET Brunauer-Emmett-Teller

Sample The average 
diameter 
(mm)

Density (g/
cm3)

ρs (g/cm3) Porosity (%) BET surface 
area (m2/g)

Pore 
volume 
(cm3/g)

Pore size 
(nm)

N content (%) Adsorption 
capacity 
(mmol/g)

0-80-aerogel 5.519 0.0234 1.60 98.54 52.4 0.216 16.5 0 0.34
3-80-aerogel 5.412 0.0252 1.40 98.20 31.8 0.169 21.2 3.198 1.13
4-80-aerogel 5.452 0.0323 1.36 97.63 34.5 0.172 19.8 3.796 1.25
5-80-aerogel 5.503 0.0368 1.34 97.25 32.4 0.184 22.7 4.464 1.36
0-90-aerogel 5.489 0.0229 1.60 98.43 55.6 0.239 17.0 0 0.28
3-90-aerogel 5.509 0.0278 1.39 98.00 30.4 0.165 20.6 3.886 1.28
4-90-aerogel 5.505 0.0369 1.33 97.23 36.2 0.183 19.6 4.668 1.45
5-90-aerogel 5.495 0.0446 1.29 96.54 36.4 0.177 19.4 5.482 1.78
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The infrared spectrum of amino-modified bio-spheri-
cal cellulose nanofibres aerogels after CO2 adsorption is 
shown in Fig. 2C. Near 2360 and 2341 cm−1 were attrib-
uted to C=O vibration, which was caused by unreacted 
CO2 inside the CNF aerogels. This showed that the aero-
gels underwent physical adsorption process which was 
reason that unmodified aerogel had a certain adsorption 
capacity (shown in Fig.  2A). And band at 1568  cm−1 
resulted from the asymmetric stretching vibration of 
(N)COO−, and near 1469  cm−1 was ascribed to NH3+ 
deformation vibration and the band at 1411 cm−1 to (N)
COO− symmetric stretching vibration (Bacsik et al. 2011; 
Gebald et al. 2011; Danon et al. 2016). These indicated 
that CO2 reacted with the amino groups in the modified 
cellulose nanofibres aerogels to form carbamic acid and 
carbamates, as noted above for the reaction mechanism 
of the solid amine adsorbents, which confirmed that the 
chemisorption of the amino-modified bio-spherical cel-
lulose nanofibres aerogels took place.

Excellent adsorption materials not only need to have a 
large adsorption capacity but also must be reusable, that is, 
after several adsorption and desorption events, the material 

adsorption capacity should not change significantly. There-
fore, the 5-90-aerogel had been evaluated for several cycles 
of adsorption and desorption by a home-made detection 
device. The adsorption capacity of the 5-90-aerogel is shown 
in Fig. 2B. After 10 cycles of adsorption and desorption, 
the adsorption capacity of the 5-90-aerogel did not change 
significantly (from 1.52 to 1.78 mmol/g). This indicated 
that the 5-90-aerogel has good adsorption and desorption 
cycle stability and further confirmed that the link between 
the bio-spherical cellulose nanofibres aerogels and AEAP-
MDS was a combination of chemical bonds. Compared with 
the adsorbent, which was susceptible to deactivation after 
repeated cycles of desorption, this material had a higher 
surface thermal stability. Therefore, it is an adsorbent with 
potential industrial applications.

In addition, Table 2 provides a comparison of the reported 
CO2 adsorbents with our amino-modified bio-spherical 
cellulose nanofibres aerogels. From Table 2, the support-
ing materials of these samples generally needed a complex 
synthesis process or a high cost. Simultaneously, the raw 
material of some samples is scarce. Some adsorbents may 
also cause pollution to the environment, and it was difficult 

Fig. 2   A CO2 isotherms of the amino-modified bio-spherical cellu-
lose nanofibres aerogels at 20 °C. B Cyclic stability of 5-90-aerogel 
adsorption conditions: T = 20 °C, m = 0.12 g; desorption conditions: 
T = 150 °C, time = 48 h. C The infrared spectra of amino-modified 

bio-spherical cellulose nanofibres aerogels after CO2 adsorption. D 
Design diagram for amino-modified bio-spherical cellulose nanofi-
bres aerogels industrial circulation application patterns
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to address them. The application of silicone solid in this 
field has also attracted attention recently. The bottom half 
of Table 2 shows some works using silicone solid used the 
supporting material, such as SBA-15, mobil composition 
of matter No. 48 (MCM-48), and SBA-16. Compared with 
these reports, our amino-modified bio-spherical cellulose 
nanofibres aerogels displayed better adsorption properties. 
The bio-spherical cellulose nanofibres aerogels can be made 
from open crop straw, and these open crop straws are burned 
each year in China (Mehmood et al. 2017). So the prepara-
tion of bio-spherical cellulose nanofibres aerogels can not 
only increase the utilization of crop straws, but also indi-
rectly reduce release of particulate matter (PM) and gaseous 
pollutants. However, the material prepared also had some 
defects: its strength was low, and it was easy to be crushed 
and deformed; the preparation process need to vacuum 
freeze-dried, thus raising the cost; and the preparation of 
nanocellulose was also relatively complicated. Therefore, 
we still need to further explore the preparation of this mate-
rial, such as adding enhancer to increase its strength, trying 
to dry at atmospheric pressure or other drying methods, and 
exploring material preparation conditions (reaction time, 
temperature, the amount of AEAPMDS) to find the best 
preparation process.

Through the above results, design diagram for amino-
modified bio-spherical cellulose nanofibres aerogels indus-
trial circulation application patterns is shown in Fig. 2D. 
Amino-modified bio-spherical cellulose nanofibres aero-
gels are prepared by chemical mechanic method, whose 
raw materials come from industrial and agricultural waste 
like waste newspapers, straw. Then, these biological materi-
als are used for environmental treatment, such as industrial 
waste gas, and the obtained CO2 was reapplied to industrial 
and agricultural production. These materials apply to sus-
tainable development requirements and have great potential 
for development in the future.

Conclusions

In this article, we developed high-porosity, ultra-lightweight 
amino-modified bio-spherical cellulose nanofibres aerogels 
using a simple and highly efficient procedure based on the 
formation of C–O–Si bonds between cellulose nanofibres 
and AEAPMDS as an amine modifier in water. The bio-
spherical cellulose nanofibres aerogels were easily prepared 
by freeze-drying spherical cellulose nanofibres hydrogels 
into which the amine group had been successfully intro-
duced via the link to AEAPMDS. The cellulosic 3D struc-
tures obtained were mainly composed of fibre silk and thin 
sheets interconnected with nanofilaments covered by AEAP-
MDS. Compared with conventional inorganic porous carbon 
dioxide adsorbents, the amino-modified bio-spherical cellu-
lose nanofibres aerogels showed excellent thermal stability 
and high N content (5.482%), displayed a high absorption 
capacity towards carbon dioxide (up to 1.78 mmol/g) and 
good regeneration (10 cycles), would not bring secondary 
pollution, and is composed of low-cost raw materials which 
could be produced from a broad variety of cellulose sources 
(including agricultural wastes or recycled paper). This work 
demonstrated the potential of amination to functionalize 
spherical cellulose nanofibres aerogels for CO2 absorption 
and to give them multifunctional attributes. A wide library 
of functional amination is commercially available. Accord-
ingly, this versatile functionalization method should open 
new opportunities for the design of novel advanced func-
tional biomaterials with controlled properties. This new 
material showed an interesting application value in the field 
of CO2 capture.
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Table 2   Comparison of different samples for CO2 capture under dry conditions

APTMS 3-aminopropyltrimethoxysilane; HNTS  halloysite nanotubes; APTES (3-aminopropyl) triethoxysilane; HP20 20% Hep; DETA diaceta-
mide; TA (3-trimethoxhysilylpropyl)diethylenetriamine

Sample Support Amine CO2 capacity 
(mmol/g)

Temperature 
(°C)

References

Silicagel–PEI-50 Silicagel PEI 1.775 40 Xu et al. (2003)
30 PEI/bentonite Bentonite PEI 1.1 75 Vilarrasa-Garcia et al. (2015)
C-APTMS-PEI Montmorillonite nanoclay APTES + PEI 1.7 85 Roth et al. (2013)
HNTS-NH2 Halloysite APTES 0.13 25 Kim et al. (2016)
HP20/PEI Resin PEI 1.92 75 Chen et al. (2013)
Carbon–DETA Carbon DETA 0.91 20 Plaza et al. (2007)
TA/SBA-15 SBA-15 TA 1.58 60 Hiyoshi et al. (2005)
5-90-aerogel Cellulose nanofibres aerogels AEAPMDS 1.78 20 This work
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