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Abstract
Cellulose aerogel (CA) isolated from tea stem wastes (TSW) is a good fire retardant and heat insulator, environmentally 
friendly, thermally stable and highly porous material with a network structure. These outstanding properties have attracted 
a huge interest in the materials world. In this study, firstly, following delignification and removing hemicellulose, pure raw 
cellulose was isolated using TSW, hydrogel form of cellulose was prepared by regeneration of cellulose solution, and then, 
the final product (CA) was produced via freeze-drying. The data results showed that the aerogel had a three dimensionally 
network structure. Moreover, it can be deduced that thermal durability of the studied CA could be effective because of its fire 
retardant and heat insulating property. In addition, the production process of CA is easily available at low cost and sustainable.
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Introduction

Cellulose, the most abundant bio-polymer substance on 
Earth, in its various modifications is a natural macromol-
ecule produced mostly by plants in large amounts per year, 
roughly a billion tons [1]. The main sources of cellulose are 
wood, cotton and flax [2]. Also, cellulose is one of the most 
commonly used natural matters and has become one of the 
most significant commercial raw materials [3]. An important 
reason why cellulosic materials are favoured is that it has a 
low cost, high surface area, bio-compatibility and degrada-
bility [4]. Moreover, the using of cellulosic wastes for recy-
cling performs a considerable role in terms of decreasing in 
economical expenses. Functional materials with high value 
added, fibers, thin films and sponges can be produced from 
cellulose-based materials such as cellulose nanocrystals, 
nanofibers, hydrogels or aerogels [5–8]. Thus, this advan-
tage can reduce costs of raw material requirements and pro-
vides an opportunity in areas where sustainable resources 
are limited.

In the recent times, scientists’ attention in aerogel origi-
nating from cellulose obtained from woody or vegetable 
wastes, which are biodegrade in a short while, has progres-
sively increased owing to its intriguing properties such 
as thermal insulator, super-absorbent flame retardant and 
highly porous structure [9, 10]. In addition to flame retar-
dancy and heat insulating properties, cellulose aerogels can 
be used in many areas in real life such as biomedical applica-
tions, adsorbent in oil/water separation [11]. Aerogel from 
cellulosic materials, which is one of the lightest matters and 
new three-dimensionally solids, is environmentally friendly 
and non-toxic in comparison with conventional aerogels 
such as silica [12–14]. In addition, traditional aerogel mate-
rials, including polypropylene (PP), graphene, resorcinol/
formaldehyde, silica and activated carbon, are often used in 
the treatment of adsorption, but they suffer from disadvan-
tages such as poor reusability, insufficiently selective mate-
rial adsorption capacity, toxicity, high cost and a lack of 
biodegradability [11].

In this regard, when taken into consideration the diver-
sity of present sources, the utilizing of TSW, which is found 
plentiful in Rize/Turkey (East Black Sea region), has a 
particular importance as an economical worth. With this 
study, a novel bio-polymer, which is a “green” product, low-
cost, biodegradable, heat insulator and fire-retardant, was 
synthesized using a pure raw material (cellulose) isolated 
from pruning wastes of the tea wood, which is one of the 
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important crops in the aforementioned area. In addition to 
the flame retardant and surface properties of cellulose bio-
polymer aerogel, thermal and structural characteristics were 
examined through the instrument of BET surface analysis 
techniques (specific surface area pore size and volume), 
fourier transformed infra-red spectroscopy (FT-IR), the 
scanning electron microscopy (SEM), thermal analysis (TG-
DTG/DTA), X-ray diffraction (XRD) spectroscopy and the 
tests of flame retardant property. Besides, it is predicted that 
it could be a potentially thermal insulating material.

Materials and Methods

Materials

All chemicals (sodium hydroxide, urea, and ethanol) were 
purchased from Merck and used without further purification. 
The studied solutions were prepared with deionized (DI) 
water. The isolation of raw pure cellulose from pruning tea 
stem wastes (TSW) was performed by an eco-friendly treat-
ment for bleaching and extraction of cellulose.

Cellulose Production from TSW

Pure cellulose production was made same as previous study 
[14]. For obtaining a sawdust, TSW was ground and sieved 
(150–210 µm). It was then washed several times with DI 
water and filtrated using a cloth sieve removing of impuri-
ties such as water-soluble. Alkaline process was carried out 
in 4% NaOH solution at 80 °C for 3 times. Fibres (alkaline 
processed) were treated with H2O2 or NaClO2 bleaching of 
1.7 wt% in acetic acid buffer at 80 °C for four times. The 
resulting fibres were filtered by a cloth strainer and rinsed 
with DI water until it reached neutrality. The powder of TSW 
sawdust was then oven dried at 105 °C.

Acid Treatment

Bleached TSW was subjected to pre-heated H2SO4 (64 wt%) 
in order to hydrolyze [15]. The excess acid was removed 
by centrifugation at 10.000 rpm for 10 min and this was 
repeated for a few times. The final cellulose product was 
washed using DI water and filtered by a cellulose membrane 
or glass filter up to pH 5.

Cellulose Aerogel Production

In this study, sonicator-ultrasonic treatment was used for the 
first time in the preparation of aerogel. It was found that the 
utilization of sonicator had a positive effect on porosity and 
crystallinity index, which directly affected the strength of the 
structure. Cellulose fibres (5 wt%), dispersed into a sodium 

hydroxide/urea solution (1.9 wt%/10 wt%), was sonicated 
for 6 min via sonicator. The solution was then placed in a 
freezer for more than 24 h to occur gelation. After the freez-
ing of the gel, it was thawed at room temperature, followed 
by submersion into 99% ethanol for coagulation (4 h). The 
material thickness was adjusted around 1.0 cm with a diam-
eter of 3.8 cm using a beaker as a mold. After coagulation, 
solvent exchange process was made by immersing the gel 
in DI water for 2 days. Freeze-drying was carried out for 
the sample for 24 h at − 98 °C with a freeze-dryer after pre-
freezing the sample at − 12 °C for 12 h.

Instrumental Characterization

For SEM studies (JEOL JSM-6610 at 10 and 20 kV), the 
aerogel bulk samples on carbon tapes were coated with a thin 
layer of gold before being inserted into the SEM chamber. 
FTIR spectra were recorded in the region of 3500–600 cm−1 
on a Spectrum-100 FTIR spectrometer at a resolution of 
4 cm−1. XRD spectra for CA was carried out on a Rigaku 
DMAX-3C automated diffractometer using Ni filtered CuK-
beta radiation (40 kV and 30 mA). Diffractograms were 
recorded from 5° to 40° at a scan rate of 3°/min. Nitrogen 
adsorption/desorption isotherms were obtained in the rela-
tive pressure range of 0.05 < P/P0 < 1.00 with an Autosorb-
iQ-2 analyser [Quantachrome Instruments, Florida, USA]. 
The samples were degassed at 100 °C for 5 h prior to the 
textural measurements at 77 K. Density studies were con-
ducted by using a gas (helium) pycnometer (Quantachrome 
ULTRAPYC-1200e) and verified by Quantachrome Pore 
Master-60 mercury-porosimeter [Quantachrome Instru-
ments, Florida, USA]. In the porosimeter, some mecha-
nisms perform severally. First, the powder is pressed and 
condensed until the inter-particle contacts become strong 
enough to resist the pressure of the mercury. With further 
increasing pressure, the pores are filled and the density of 
the powder no longer increases. For all powders, the meas-
ured density is similar to the skeletal density. The thermo-
gravimetric analyses were performed using SII A6 6300 
model thermal analyzer in a dynamic nitrogen atmosphere 
(heating rate: 10 °C min−1, platinum crucibles, mass ~ 10 mg 
and temperature range: 20–800 °C).

Results and Discussions

Effect of Freeze‑Drying Method on Porosity

The freeze-dried sample porosity was demonstrated in 
Fig. 1. Freeze-drying process has an important effect on 
porosity. While the porosity was determined as 0.95 cm3/g 
at low temperatures, it decreased at higher temperatures. 
Along freeze-drying, negative effects may take place like 
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the collapse upon the aerogel scaffold itself and it was stated 
that “the melting of ice which plasticized the matrix and 
decreased the porosity, as the initial sample temperature was 
increased” by Krokida et al. [16].

SEM Analysis

The morphological and structural features of CA were 
revealed in SEM images (Fig.  2a–c). It is obviously 
seemed that the surface of the aerogel with a widely 
porous and network structure is comprised of cellulosic 
micro-fibres (Fig. 2c). The porosity comes from remov-
ing of frozen water in the course of the freeze-drying 
process [17, 18]. This feature is compatible with those 
of nitrogen isotherm data (adsorption/desorption), which 
is determined in "XRD Analysis" section. Additionally, 
during slow freezing, it is observed that ice crystal film-
like structures are formed as well as porous structures in 
the cellulose microfibril scaffold [19]. According to the 
aforementioned findings, the CA with a structure with 
micropore heterogenous can be formed via in situ tem-
plated production of material in the gel framework of cel-
lulose [17, 20–22]. Figure 2a and b show that an irregular 
and complicated porous structure has fine interconnections 
between the cellulosic pores. Therefore, it can be said that 
cellulose aerogel can be used as a potential adsorbent due 
to tunnel-like spaces inside the network scaffold structure.
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Fig. 1   Effect of freeze-drying temperature on porosity of the sample

Fig. 2   a SEM image of cellulose aerogel (×140). b SEM image of cellulose aerogel (×500). c SEM image of cellulose aerogel (×1000)
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FT‑IR Analysis

The IR signal related to the characteristic functional groups 
is demonstrated in Fig. 3. It can be observed that the vari-
ous components of the CA are most likely consisted of 
aromatics, ketone, esters, alkenes and alcohol with differ-
ent functional groups (oxygen-containing) observed, e.g., 
OH (3460–3320 cm−1), C=O (1777–1150 cm−1), C–O–C 
(1150 cm−1), and C–O–(H) (1000 cm−1) [23, 24]. The FTIR 
spectrum of the aerogel reveals various structural charac-
teristics (Fig. 3) The vibration located at 3329 cm−1 can 
be attributed to intermolecular hydrogen bonding while 
the vibration at 3432 cm−1 is because of intramolecular 
hydrogen bonding. In addition, the FTIR absorption band 
at 1415 cm−1 was assigned to a symmetric CH2 bending 
vibration [25]. This band, which is seen in Fig. 3 at high 
intensity, is also known as “ the crystallinity band” for the 
cellulose structure [26].

Thermal Analysis

Taking into account potential applications of heat insula-
tors, thermal characteristics of the aerogel was examined by 
thermogravimetric analysis (TGA). As displayed in Fig. 4, a 
gradual mass loss takes place from 20 to about 500 degrees. 
The mass loss in temperature range of 0–200 °C can be 
ascribed to removal of moisture in both inner and outer sur-
face where the removal of water is more difficult relatively 
[23]. The grade of mass loss between 300 and 500 °C can be 
referred to the depolymerization of cellulose with formation 
of volatile hydrocarbons and CO2 [17, 27]. Finally, it is seen 
that the aerogel has a fine thermal durability (mass loss only 
50% at around 350 °C).

XRD Analysis

XRD spectra for CA were carried out on a Rigaku DMAX-
3C automated diffractometer using Ni filtered CuK-beta 

radiation (40  kV and 30  mA). Diffractograms were 
recorded from 5° to 40° at a scan rate of 4°/min. Figure 5 
demonstrates typical diffraction peaks for the plane (200) 
at 2θ = 22.30° and (110) at 2θ = 20.7° corresponding to 
crystal form of cellulose [28]. In order to determine crys-
tallinity index (CrI) of cellulosic structure of the aerogel, 
the intensity of the 200 peak (I200, 2θ = 22.30°) and the 
minimum intensity between 200 and 110 (Iam, 2θ = 20.7°) 
peaks was calculated using the empirical equation [12]

(1)CrI =
[(

I
200

− I
am

)

∕I
200

]

× 100 = 95.71%

Fig. 3   FT-IR spectrum of cellulose aerogel

Fig. 4   Mass loss% with temperature of cellulose aerogel

Fig. 5   XRD spectrum of cellulose aerogel
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Considering CI data, It is clear that the cellulose aero-
gel has a higher crystallinity (95.71%) than the woody 
raw amorphous materials, probably due to the removal of 
lignin and hemicellulose [29]. This result also indicates 
that crystalline and amorphous regions of cellulose are 
significantly divided.

BET Specific Surface Area

In order to examine the aerogel porosity, measurement 
techniques of nitrogen adsorption and desorption iso-
therm were carried out. Morphological and porous prop-
erties including specific surface area (from N2 adsorption 
measurements), average pore diameter and the total pore 
volume of the aerogel are studied and given in Table 1. 
The results showed the aerogel with average pore diam-
eter and total pore volume as 5.45 nm and 0.475 cm3/g, 
respectively. Besides, from Fig. 6, the nitrogen adsorption 
at 77 K of cellulose aerogel is similar to type II isotherm 
(according to IUPAC classification), which is the charac-
teristic physical adsorption on microporous solids. This 
characteristic property of the isotherm is the reversible 
process at relatively lower pressures and the hysteresis 
loop at relatively higher pressures [30–32]. According to 
BET (Brunauer–Emmett–Teller) specific surface area anal-
ysis, a value of 327.42 m2 g−1 is recorded for the aerogel.

Flame Retardancy of CA

To investigate the fire (flame) retardant feature of the aero-
gel, the sample was enkindled and velocity of burning was 
recorded. During igniting of the sample, it was observed 
that the aerogel was taken to fire slowly and the part of only 
30% was enkindled after 79 s of combustion. It has been 
found that the cellulose aerogel has intrinsic flame retardant 
properties as a result of the three dimensional arrangement 
of the scaffold structure [33]. The pictures before and after 
burning were given in Figs. 7 and 8, respectively. However, 
another cellulose aerogel was quickly enkindled (about 10 s) 
and burned completely after 10 s of combustion in the lit-
erature [17]. The velocity of aerogel combustion decreases 
from 80 to 79.7 mm s−1. Also, when the aerogel with the 
length of 80 mm was enkindled, flame propagation promi-
nently slowed down and then the fire became get smaller 
and was ultimately extinguished within about 263 s. The 
results demonstrate that the aerogel is extremely effective 
for flame retardant. 

Thermal Conductivity Analysis of CA

It has been revealed that aerogels, especially those which are 
cellulose based are widely used as effective heat insulators 
[33]. Within the scope of the paper, thermal conductivities 
of cellulose aerogel specimens obtained from TSW samples 
were analysed by C-THERM TCi model device. The results 
from using the transient plane source (TPS) method at 25 °C 
are given in Table 2. In addition, the thermal conductiv-
ity coefficients of some commercial materials recorded in 
the literature [34–37] have also been shown in the table in 
terms of comparison. As is seen from the table, it is obvi-
ously observed that the lowest (0.030 W/mK) coefficient 
of thermal conductivity belongs to the aerogel with 5.0% 

Table 1   B.E.T. analysis data of cellulose aerogel

Sample Specific surface 
area (m2 g−1)

Average pore 
diameter (nm)

Total pore volume 
(cm3 g–1)

CA 327.42 5.45 0.475

Fig. 6   N2 Adsorption–desorp-
tion isotherms of cellulose 
aerogel
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(w/w). It can be clearly seen that this value is almost similar 
to the values of products such as polyurethane, polystyrene 
and fiberglass which are used as heat insulation materials in 
many fields. Considering all these results, cellulose-based 
aerogel materials obtained from TSW are thought to have a 
potential to be used as thermal insulation materials in many 
areas.

Conclusion

Studied cellulose aerogel in this paper, which has a high 
porosity structure, was produced from pruning tea stem 
wastes via in situ transforming cellulose hydrogel to aero-
gel scaffold. This study is an influential, environmentally 
friendly and low-cost process for obtaining efficient porous, 
potential super absorbent and flame retardant material. It 
was clearly revealed that the obtained cellulose aerogel has 

Fig. 7   Before burning of CA

Fig. 8   After burning of CA

Table 2   Thermal conductivity coefficients of CA and some materials

The samples shown with * are based on literature knowledge

Samples Thermal conductivities 
(W/mK) (25 °C)

Aerogel
Cellulose ratio of aerogels (%) 2.0 0.200

5.0 0.030
9.0 0.110
12.0 0.085
15.0 0.105

Pressed TSW 0.100
Polystyrene* 0.030
Polyurethane* 0.030
Polyethylene* 0.500
Polyester* 0.050
Natural rubber* 0.130
Fiber glass* 0.040
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a very porous structure, an excellent flame-retardant and heat 
insulating performance. Also, the aerogel has fine thermal 
stability and crystallinity feature. It is thought that this paper 
will provide new opportunities for the use of inexpensive 
cellulosic waste derivatives and “green” materials.
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