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ABSTRACT: Cellulose aerogels with low density, high mechanical strength,
and low thermal conductivity are promising candidates for environmentally
friendly heat insulating materials. The application of cellulose aerogels as heat
insulators in building and domestic appliances, however, is hampered by their
highly flammable characteristics. In this work, flame retardant cellulose
aerogels were fabricated from waste cotton fabrics by in situ synthesis of
magnesium hydroxide nanoparticles (MH NPs) in cellulose gel nanostruc-
tures, followed by freeze-drying. Our results demonstrated that the three-
dimensionally nanoporous cellulose gel prepared from the NaOH/urea
solution could serve as scaffold/template for the nonagglomerated growth of
MH NPs. The prepared hybridized cellulose aerogels showed excellent flame
retardancy, which could extinguish within 40 s. Meanwhile, the thermal
conductivity of the composite aerogel increased moderately from 0.056 to
0.081 W m−1 k−1 as the specific surface area decreased slightly from 38.8 to 37.6 cm2 g−1, which indicated that the excellent heat
insulating performance of cellulose aerogel was maintained. Because the concepts of the process are simple and biomass wastes
are sustainable and readily available at low cost, the present approach is suitable for industrial scale production and has great
potential in the future of green building materials.
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■ INTRODUCTION

In recent years, large volumes of waste cotton fabrics (WCFs)
were produced annually by the manufacture of clothing and
other textile products.1 Used clothes and leftover materials of
the textile industry are usually landfilled or incinerated.2 These
disposing methods caused two major problems: waste of
valuable cotton resources and environmental pollution. Hence,
it is an attractive and viable attempt to recycle WCFs or other
biomass wastes3−5 into value-added products for both environ-
mental and economic benefits. A number of methods have been
reported about recycling WCFs. Ratanakamnuan et al. prepared
cellulose esters from WCFs under microwave activation, which
did not change the chemical structure of the esterified
cellulose.6 Tian et al. developed a mechanochemical method
to prepare carboxylate-functionalized cellulose from WCFs for
the removal of cationic dyes from aqueous solutions.7 Sun et al.
extracted microcrystalline cellulose by hydrolyzing WCFs and
introduced it into poly(vinyl alcohol) for promoting the melt-
processability of this composites.8 Hong et al. reported that
WCFs pretreated with ionic liquid have a potential to serve as a
high-quality carbon source for bacterial cellulose production.9

However, none of these methods have been translated into
commercial application due to the high processing cost. Until
now, the large scale and effective conversion of WCFs into

value-added products is still a challenge for the textile industry
and environmental engineers.
One potential way to add value utilizing WCFs is preparing

cellulose aerogels from WCFs and use them as thermal
insulating materials for building or domestic application (e.g.,
refrigerator insulation material).10 Cellulose aerogels with low
density, excellent mechanical properties, large surface area, and
ease of modification have recently emerged as a new class of
advanced materials.11 It can be manufactured from biomass
wastes by using a very cheap NaOH/urea aqueous solution.12

This renewable and environmentally friendly material has been
used in various applications, such as flexible electronic
devices,13 catalyst support,14 wastewater treatment,15 prototype
for carbon aerogel production,16 and so on. Cellulose aerogel is
considered as one of the most promising thermal insulating
materials due to its abundant internal pores and good heat
insulation performance.10,17 However, cellulose aerogel is easy
to ignite, which makes it impossible to be used as building
materials or domestic appliances. Therefore, the flame retardant
modification of cellulose aerogel is crucial for expanding the
application field of this advanced material, but it remains a
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challenge. The main obstacle is how to realize fine dispersion of
flame retardants in the high viscosity cellulose solution and
avoid the collapse of the three-dimensionally nanoporous
structures with the addition of abundant inorganic fillers.
Instead of the traditional mixing of flame retardants in a

polymer matrix, we propose a new approach using three-
dimensionally nanoporous cellulose gels prepared by dissolu-
tion and coagulation of cellulose from aqueous NaOH/urea
solution as templates for the nonagglomerated growth of
magnesium hydroxide nanoparticles (MH NPs).18−20 The
resulting composite gels were freeze-dried to prepare aerogel
with a low density, high mechanical properties, excellent flame
retardancy, and heat insulation. Through this facile and green
approach, we successfully addressed the agglomeration of flame
retardants in cellulose matrix, as well as the collapse of the
three-dimensionally nanoporous structures of cellulose aero-
gels. This eco-friendly method for the preparation of cellulose-
based flame retardant aerogels nanocomposites from WCFs not
only reduces the WCFs pollution but also promotes the
application of cellulose aerogels in heat insulating materials.

■ MATERIALS AND METHODS
Materials. Waste cotton fabrics (WCFs) without further

purification or bleaching were collected from tailoring workshops
and subjected to cutting and shredding processes. Sodium hydroxide,
urea sulfuric acid, and magnesium chloride hexahydrate were
purchased from Chengdu Kelong Chemical Plant and used without
further purification.
Synthesis of MH NPs@Cellulose Composite Aerogels. The

schematic of the preparation process for MH NPs@cellulose
composite aerogels is shown in Figure 1. Initially, WCFs were

smashed into pieces, and 100 g of aqueous solution with 7 wt %
NaOH and 12 wt % urea was precooled to −12 °C in a refrigerator,
which is proposed as a promising candidate for cellulose dissolution
owing to its low cost, nontoxicity, and environmental friendliness.21

Subsequently, 2 g (2 wt %) of WCFs was added immediately to the
precooled solvent and stirred vigorously for 5 min at ambient
temperature. After degasification, the viscous cellulose solution was
casted, coagulated in 5 wt % H2SO4, and regenerated for 12 h at room
temperature forming cellulose hydrogel with a three-dimensional
cellulose fibrillar network nanostructure. The resulting cellulose
hydrogels were washed with running water and deionized water to
remove all soluble substances. Then, cellulose hydrogels were
immersed into the magnesium chloride solution of various

concentrations (0.25, 0.5, 0.75, and 1.0 mol/L) for 24 h. The
obtained cellulose hydrogel containing Mg2+ were dipped in excess
sodium hydroxide to synthesize MH NPs. The resultant MH NPs@
cellulose composite hydrogels were washed with deionized water to
remove the residual chemical reagents. Afterward, lyophilization of the
frozen mixture took place within a freeze-drier apparatus at −54 °C
under vacuum for 24 h. The removal of water phase in the composite
hydrogel resulted in a porous nanostructure. Thus, a three-dimensional
porous MH NPs@cellulose composite aerogel was obtained. Aerogels
with different MH NPs loadings were coded as CA1, CA2, CA3, and
CA4 in order to distinguish with the aerogel without MH NPs, which
was coded as CA0. In other cases, the viscous cellulose solution was
directly added with an appropriate amount of magnesium hydroxide to
synthesize the composite aerogel.

Characterization. The morphology of the sample was observed by
scanning electron microscope (SEM, JEOL JSM-5600, Japan) and
transmission electron microscope (TEM, JEOL JEM-100CX, Japan)
equipped with energy dispersive X-ray spectroscopy (EDS). X-ray
diffraction (XRD) patterns were recorded on a Philips Analytical
X’Pert X-diffractometer (Philips Co., The Netherlands) with Cu Kα
radiation (λ = 0.1540 nm) at 40 kV and 30 mA in the range of 5−80°
at room temperature. The specific surface area was determined by N2
sorption at 77 K with automatic adsorption apparatus (Quantachrome
Instruments, NOVA2000e). Thermogravimetric analysis (TGA)
measurement was performed from room temperature to 700 °C
with a heating rate of 10 °C/min under steady nitrogen on a TG209
F1 instrument (NETZSCH Co., Germany). MH NPs content of the
composite aerogel was calculated by weighing the sample and neat
cellulose aerogel. Density of the aerogel was calculated by weighing the
sample and measuring its volume. Porosity of the aerogel was
calculated according to the eq (1 − ρ*/ρ) × 100%, where ρ* is the
density of the MH NPs@cellulose composite aerogel and ρ is
theoretical density of cellulose.22 The thermal conductivity of aerogels
was measured by the transient plane source method (Hot Disk 2500,
Sweden). The compressive strength of aerogels (diameter of 20 mm
and height of 10 mm) was measured on an Instron 5567 universal
testing machine at a compression speed of 1 mm/min. The flame
retardant properties were evaluated by the measurement of
combustion velocity within 10 s (50 mm × 10 mm × 3 mm). The
samples of neat cellulose aerogel and MH NPs@cellulose composite
aerogels (CA2) were used for SEM, TEM, XRD, TGA, and N2
sorption measurements.

■ RESULTS AND DISCUSSION

Characterization of MH NPs@Cellulose Composite
Aerogels. The XRD patterns are shown in Figure 2, which

Figure 1. Schematic illustration of the in situ synthesis of MH NPs@
cellulose composite aerogel.

Figure 2. XRD patterns of neat cellulose aerogel and MH NPs@
cellulose composite aerogel (CA2).
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depict the crystal structure of the neat cellulose aerogel and
MH NPs@cellulose composite aerogel. The diffraction peaks at
2θ = 12°, 20°, and 22° for (11-0), (110), and (200) planes are
characteristic of cellulose II crystal.23 The peaks located at
18.6°, 38.2°, 50.7°, 58.7°, and 61.8°, corresponding to the
(001), (101), (102), (110), and (111) lattice planes,
respectively, indicate the successful synthesis of the hexagonal
structure MH NPs (JCPDS file number 7-239).24 Furthermore,
there is no sign of the disappearance of the characteristic peaks
of cellulose and MH NPs, which indicates no interference in
structure formation between the two components. However,
the intensity of characteristic peaks of cellulose II decrease and
peaks of (110) and (200) manifest as shoulder peaks compared
to the neat cellulose aerogel. These might be the result of the
incorporation of MH NPs into the cellulose aerogel. The
coexistence of the cellulose and MH NPs peaks indicated that
the MH NPs@cellulose composite aerogel was prepared
successfully.
The structure and morphology of neat cellulose aerogel and

MH NPs@cellulose composite aerogel were characterized by
SEM and are shown in Figure 3a and b. Meanwhile, the MH
NPs content was measured by the weighing method and is
shown in Figure 3d. The neat cellulose aerogel displays a
homogeneous porous structure (Figure 3a). The pore structure
results from the sublimation of frozen water during the freeze-
drying process.22 The MH NPs@cellulose composite aerogel
also exhibits a homogeneous porous structure even with the
incorporation of a large amount (approximately 82 phr; parts
per hundred parts of cellulose) of MH NPs (Figure 3b), which
reveals that MH NPs did not have a remarkable influence on

the nanoporous structure of cellulose aerogels by this in situ
synthesis method. With high-magnification SEM, the magne-
sium hydroxide nanoparticles can be observed in the composite
aerogel (Figure S1, Supporting Information). In contrast, as
shown in Figure 3c, the MH-cellulose composite with 82 phr of
MH content prepared by the directly mixing method does not
has a homogeneous porous structure due to the collapse and
blockage of the nanoporous structure with the agglomerate MH
NPs. This could be explained that the agglomeration of MH
NPs was obstructed by the 3D nanoporous structure of
cellulose aerogel, which played as a good scaffold/template for
the nucleation and growth of MH NPs.25 According to the
aforementioned results, MH NPs@cellulose composite aerogels
with a homogeneous nanoporous structure can be fabricated via
in situ templated synthesis of MH NPs in the cellulose gel
scaffold.
The nanostructure of the MH NPs@cellulose composite

aerogel was further examined by TEM and EDS analysis. As
shown in Figure 4, MH NPs, which can be clearly observed
Figure S2, Supporting Information, are evenly distributed in the
cellulose matrix. In addition, EDS spectra show that the main
elements in the composite aerogel are Mg, C, and O. The peak
at ca. 8 eV can be assigned to the peak of Cu26 because the
sample was deposited on the copper grid for TEM observation.
This result demonstrates the successful formation and good
dispersion of MH NPs in the composite aerogel, which is
consistent with the XRD result.
To further investigate the pore structure of the aerogels,

nitrogen adsorption and desorption isotherm techniques were
conducted. Figure 5a shows the adsorption and desorption

Figure 3. SEM images of (a) neat cellulose aerogel (scale bar: 30 μm), (b) MH NPs@cellulose composite aerogel (CA2) (scale bar: 30 μm, 5 μm for
inset), and (c) directly mixed MH NPs-cellulose composite (scale bar: 30 μm), (d) MH NPs content in the composite aerogels (phr: parts per
hundred parts of cellulose).
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isotherms, which exhibit a hysteresis typical of a porous system.
No distinct changes in the shape of isotherms and N2
adsorption amount could be observed in the isotherms.
According to Brunauer−Emmett−Teller (BET) analysis, a
total specific surface area of 38.8 and 37.6 m2 g−1 are obtained
for the neat cellulose aerogel and MH NPs@cellulose

composite aerogel, respectively. Additionally, the pure cellulose
aerogel only exhibits one peak at 33 nm as shown in Figure 5b,
while the MH@cellulose composite aerogel shows two peaks at
33 and 13 nm. The peaks at 33 nm of pure cellulose aerogel as
well as MH@cellulose composite aerogel arise from the
cellulose network structure in aerogels. The sharp peak at 13
nm of the MH@cellulose composite aerogel can be attributed
to the finer structure due to the incorporation of MH NPs into
the cellulose network structure.27 The results indicate that the
incorporation of MH NPs into the cellulose aerogel did not
significantly block or result in the collapse of its porous
structure, which is in accordance with the morphology
observation.

Heat Insulation Performance of MH NPs@Cellulose
Composite Aerogels. To evaluate the heat insulation
performance, the transient plane source (TPS) method was
used to measure the thermal conductivity. As the main factors
to affect the heat insulation property of materials, the density
and porosity of aerogels are measured and shown in Figure 6a
and b.28 The neat cellulose aerogel has a low density and high
porosity. As a result, the thermal conductivity of neat cellulose
aerogel is only 0.056 W m−1 k−1 (Figure 6c). With the
increased content of MH NPs, the density increases while the
porosity shows a slight decrease. Meanwhile, the thermal
conductivity of aerogels increases. Generally, the thermal
conductivity of dense solid is always higher than that of still
air. At normal temperatures, the increase in solid matter
content in unit volume leads to higher thermal conductivity,
while an increase in porosity can restrict the propagation of
phonon in aerogels,29 which results in a better heat insulation
property. In the case of MH NPs@cellulose aerogels, due to the
introduction of MH into cellulose, MH NPs@cellulose aerogels
exhibited higher density and lower porosity, thus resulting in
higher thermal conductivity when compared to pure cellulose
aerogel. However, the highest thermal conductivity of the
composite aerogels (CA4) is 0.081 W m−1 k−1, which is still at a
lower level. Hence, the thermal conductivity of MH NPs@
cellulose composite aerogels have changes slightly with the
introduction of MH NPs.

Mechanical Properties of MH NPs@Cellulose Compo-
site Aerogels. Good mechanical strength is essential for heat

Figure 4. TEM image (a) and EDS spectra (b) of MH NPs@cellulose
composite aerogel (CA2).

Figure 5. Nitrogen adsorption and desorption isotherms (a) and BJH pore size distribution (b) of neat cellulose aerogel and MH NPs@cellulose
composite aerogel (CA2).
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insulating materials. The compressive stress−strain curves of
the composite aerogels are shown in Figure 7a. At the
beginning of stress−strain curves, the upward trend is very slow
and then rises sharply, indicating ideal compressive strength.30

Obviously, the compressive strength increases with the
increment of MH NPs content (Figure 7b). For the neat
cellulose aerogel, the compressive strength is 141 KPa, while for
the composite aerogel CA4, the compressive strength is 467
KPa, enhanced by 231.2%. The compressive strength of the
MH NPs@cellulose composite aerogel is much higher than that
of the neat cellulose aerogel. These results reveal that the MH
NPs play an important role in the improvement of the

mechanical strength of cellulose aerogel. This could be because
the introduction of MH NPs make a more condensed structure
to avoid collapse of the three-dimensionally nanoporous
structures of cellulose aerogels, resulting in a higher
compressive strength. Because of the enhanced compressive
strength, the MH NPs@cellulose composite aerogels are
potentially useful as heat insulating material with high
mechanical strength.

Flame Retardancy of MH NPs@Cellulose Composite
Aerogels. In order to investigate the flame retardancy
performance of the composite aerogels, the aerogels were
ignited and the combustion velocity was calculated. In this case,
the neat cellulose aerogel was ignited quickly with rapid flame
propagation and burned completely after 10 s of combustion
(see the video in Supporting Information). However, the MH
NPs@cellulose composite aerogels still remained to some
extent after 10 s of burning, and the residual length did not
change notably among CA2, CA3, and CA4 (Figure 8a,b). The
digital photo in Figure 8c shows the residues of the CA2 after
self-extinguishing. With an increase in MH NPs content, the
combustion velocity of aerogels decreases from 5 to 0.8 mm s−1

(Figure 8c). The results indicate that the incorporation of MH
NPs could efficiently increase the flame retardancy of the
cellulose aerogel. It is interesting to note that the composite
aerogels self-extinguished when the MH NPs content reached
82 phr. When the CA2 was ignited, flame propagation
apparently slowed, and then the flame gradually became
smaller and finally extinguished within 40 s (see the video in
Supporting Information). The results indicate that the addition
of MH NPs endowed the cellulose aerogel with good flame
retardant properties.

Thermal Stability of MH NPs@Cellulose Composite
Aerogels. In view of the importance of thermal stability for the
practical application of heat insulating materials, the thermal
decomposition of the composite aerogel was investigated by
TGA analysis and compared with the neat cellulose aerogel. As
shown in Figure 9, a slight weight loss occurs at relatively low
temperature (<100 °C) for both of the samples due to the loss
of moisture. The stage of weight loss around 314.2−371.0 °C
can be attributed to the depolymerization of cellulose with
generation of CO2 and volatile hydrocarbons. The starting
decomposition temperature of the MH NPs@cellulose
composite aerogel is lower than that of the neat cellulose
aerogel. This may be attributed to the decomposition of MH
NPs, which undergoes decomposition at lower temperature
than ordinary magnesium hydroxide.31,32 The maximum
decomposition temperature of the composite aerogel is 353.3
°C and that of the neat cellulose aerogel is 349.9 °C. As a result,
the thermostability of aerogels did not change significantly with
the incorporation of MH NPs.

■ CONCLUSIONS
MH NPs@cellulose composite aerogels with a homogeneous
nanoporous structure were fabricated successfully from waste
cotton fabrics via in situ templated synthesis of MH NPs in the
cellulose gel scaffold. This is a simple, low cost, efficient, and
environmentally friendly process to realize fine dispersion of
flame retardants in cellulose aerogel and avoid collapse of its
nanoporous structure. The as-prepared composite aerogels still
have highly porous networks and excellent heat insulation
performance with the low thermal conductivity. Besides, the
composite aerogels exhibit good flame retardant properties and
mechanical properties. This environmentally friendly and low

Figure 6. Density (a), porosity (b), and thermal conductivity (c) of
aerogels as a function of MH NPs content.
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cost process opens new opportunities for the use of inexpensive
waste-derived cellulose to fabricate heat insulating materials. It
may be suitable for industrial scale production and has a great
potential application in the future of green building materials.
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