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Abstract
In recent years, the treatment of textile waste has been attracted more and more attention around the
world. The reuse of textile waste can contribute to the reduction of carbon emissions and the sustainable
development of the economy. Herein, we proposed a facile and cost-effective approach to fabricating
aerogel by using textile waste �bers as the matrix and polyvinyl alcohol (PVA) and glutaraldehyde (GA) as
crosslinking agents. After coated with methyltrimethoxysilane (MTMS) via chemical vapor deposition,
both the interior and exterior of the whole textile waste aerogels surface exhibit a super-hydrophobic
property with a water contact angle of up to 136.9°. A comprehensive investigation of its structure,
thermal performance and oil absorption capacity has been carried out for high-value applications such as
building insulation and oil spill cleanup. The textile waste �bers aerogels have ultra-low density and high
porosity, good thermal stability and outstanding heat insulation properties (K avg = 0.049–0.061 W/m·K).
It has a competitive commercial application value that the maximum oil absorption value reaches 18.6
g/g.

Introduction
The textile industry is still one of the largest and most vibrant industries in the world [1]. The consumption
of textile products has increased tremendously from 78 million tons to more than 103 million tons during
the last decade. Due to population and economic development, this trend is expected to continue [2, 3].
The average consumption of textiles per person has increased from 7 kg in 1992 to 13 kg in 2013.
According to one forecast, about 148 million tons of waste textiles will be produced in 2030, and more
than 150 million tons of waste clothing will be incinerated or land�lled in 2050 [4]. The main components
of textile wastes are polyester and cotton, which mainly include three categories, namely clothing,
household materials, and industrial textiles and are mainly prepared by polyester and cotton [5–8]. Due to
space constraints and leachate issues, the land�ll method is banned in many regions and countries [9–
11]. Such as European Union (EU) legislation has forbidden the land�ll disposal of organic materials,
including textile wastes, since 2016. Additionally, the member states of EU will be required to set up a
separate collection for discarded textiles by 2025. Incineration can reduce the amount of textile wastes in
a short period of time, while the combustion process of synthetic textiles will produce toxic chemicals
(such as benzene derivatives and polycyclic aromatic hydrocarbons (PAHs)) and emit a large amount of
greenhouse gas carbon dioxide[12, 13].

Therefore, an environmentally benign disposal process to upcycle and recycle the textile wastes is
necessarily required to alleviate potential health, fossil energy and environmental issues. Textile waste
materials have applications in the production of ethanol [14], glucose[10], nanocellulose and cellulose
nanocrystals, microcrystalline cellulose [15], biogas [16], thermal and sound insulation materials [17],
concrete and bricks [2], and polymer composites [18], and so forth. The traditional treatment method has
complicated procedures or low economic value. In order to change the situation, there is an urgent need
for more products with high economic value, such as aerogels, to enhance the �nancial incentive for
textile waste recycling.
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Aerogel, as a new material composed of solid framework structure and two different phases of gaseous
medium, has the characteristics of typical nano-porous network structure, high speci�c surface area, high
porosity, low density, excellent thermal insulation, outstanding acoustic insulation properties, low
dielectric constant, high adsorption and so on[19]. Moreover, due to the size effect, surface effect and
macroscopic quantum hazard effect caused by the nanoscale of the skeleton and pores, they have been
widely used in many �elds such as mechanics, thermal science and optics [20]

The application prospect for aerogel is broad. With the rapidly developing new energy automobile
industry around the world, the global market for automotive sound insulation and heat insulation
materials is expected to reach 3.2 billion USD by 2022 [21]. Thermal insulation energy-saving buildings
have become a new trend. In addition, the market for absorbents used to absorb spilled oil is expected to
reach 177.63 billion USD by 2025 [21]. Driven by the environmental issues and potential market
application, we successfully developed aerogels from textile wastes with a facile and cost-effective
method. The hydrophobicity, absorption capacity and thermal conductivity of textile waste aerogels have
been comprehensively studied for the application of oil spill cleaning and heat insulation.

Experiments

Materials
The textile wastes �bers (TWF) have a length of approximately 2–20 mm from crushed waste clothing.
Polyvinyl alcohol (PVA, 1799), glutaraldehyde (GA, 25% in water), NaOH, and methyltrimethoxysilane
(MTMS) were purchased from Sinopharm Chemical Reagent Co. Ltd. Motor oils of 5w-30 and 5w-40 were
purchased from Mobil.

Fabrication of textile waste �bers aerogels
Table 1

Chemical compositions of various textile waste �bers aerogels and the Thermal
conductivity

Sample Name Composition Fiber Conc. (wt%) Thermal conductivity (W/m·k)

TWF1a TWF:PVA = 1 2.0 0.05731

TWF1b TWF:PVA = 3 2.0 0.05050

TWF1c TWF:PVA = 4 2.0 0.04891

TW01 TWF:PVA = 2 2.0 0.05162

TW02 TWF:PVA = 2 3.0 0.05818

TW03 TWF:PVA = 2 4.0 0.05916

TW04 TWF:PVA = 2 5.0 0.06164
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The textile waste �bers aerogels were developed through using textile waste as the matrix and polyvinyl
alcohol (PVA) and glutaraldehyde (GA) as crosslinking agents. The speci�c processes are as follows. In
the initial stages of the process, the TWF were pretreated with alkali NaOH (40 g/L) at 80°C for 30 min
with 1:100 material-to-liquor ratio is before being used as the matrix [11, 22]. Second, the different volume
TWF were immersed in the PVA/GA/H2O mixed solution and next sonicated for 400 W, 80°C for 20 min.
The TWF concentrations were changed from 2 to 5 wt.%, The speci�c ratio of the TWF and the PVA is
shown in Table 1. 50 µL the GA solution was added to each sample. Then the mixture was cured at 80°C
for 3 h in oven. Lastly, the mixture was put in the refrigerator at -18°C to gel for 12 hours, and then freeze-
dry at -60°C for 48 h.

Development of the super-hydrophobic TWF aerogels
The developed hydrophilic TWF aerogels were coated with MTMS on their highly porous network surface
to form the super-hydrophobic aerogels materials [23–25]. The TWF aerogels and a small beaker
containing MTMS were placed in a large closed container. Then, the container was heated in oven at 70°C
for 3 h in oven. After the TWF aerogels surface was completely silanized, the excessive MTMS was
removed by placing the aerogel sample in a vacuum oven.

Characterization
The structure and morphology of the TWF aerogels were examined using scanning electron microscope
(Phenom Pro of China). The samples were coated with an ultrathin layer of gold for the 90 s at 20 mA
using a sputter coater (SD-900, Vision Precision Instruments, China).

The hydrophobicity of the MTMS-coated aerogels was investigated by water contact angle which was
carried out on an OCA25 goniometer (Dataphysics Products Inc., Germany). During the test, 10 µL water
drops were dripped onto the surface of the aerogels and controlled by the syringe system of the tester.
The contact angle was calculated according to the acquired photographic image with the angle between
drop and surface measurement on the software system.

The thermal conductivity was analyzed using the TPS2500S Hot Disk (Hot Disk AB, Sweden) and
transient plane source method. The samples were tested at a room temperature of 25°C.

The thermal gravimetric analysis (TGA) was carried out using a HCT-3 Thermogravimetric Analyzer
(Henven, China) to evaluate the thermal stability of the specimens by heating from room temperature to
700°C at 10°C min− 1 under air.

The aerogel was put into a beaker with motor oil to study the oil absorptivity. Two motor oil used for the
absorption tests were 5W-30 and 5W-40. The motor oil speci�cations are displayed in Table 2. The
sample was weighed and placed in motor oil for 1 h to ensure a swelling equilibrium. Then the wet
sample was lifted from the oil container, drained for 30 s in air and weighed again. The second Motor oil
absorption capacity was calculated using the following formula:
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Qt =
Mw − Md

Md

1
Qt is the crude oil absorption capacity of the aerogel, Mw (g) is the weight of the aerogel after absorption,
and Md (g) is the weight of the aerogel before absorption.

The squeezed ratio of crude oil (Qs) was calculated using the formula :

 Qs =
Mw −Ms
Mw −Md

 ×100% (2)

Ms (g) is the weight of the aerogel after squeezing. 

Table 2
Speci�cation of motor oil.

Motor oil Viscosity ( mPa·s )

25 oC 50 oC 75 oC

5W-30 96.6 50.4 21.0

5W-40 117.8 55.6 29.6

Results And Discussion

Morphologies and structures of aerogels
The TWFs aerogels obtained after freeze-drying were hydrophilic due to the large number of hydroxyl
groups on the PVA and TWFs. Therefore, for cleaning oil spill applications, it is necessary to modify the
surface of the aerogel to transform its properties from hydrophilic to hydrophobic. To achieve this, MTMS
was coated on the surface of the aerogel through a simple chemical vapor deposition process to generate
hydrophobic silane groups. For investigating the super-hydrophobicity of the coating aerogels effect,
water contact angle measurement was performed on both the external and internal surfaces of aerogels.
The aerogels without MTMS coated could immediately absorb water droplets during the test, resulting in
no measurable contact angle. As shown in Fig. 3a, the large contact angles of 136.9° was measured on
the external surface. To analyse the internal coated effect of aerogel, the sample was cut, and water
contact angle of 123° was measured on the cross-section of the sample (Fig. 2b), proving that the entire
aerogel is hydrophobic. Therefore, it indicates that the surface of the porous network was successfully
chemically modi�ed by MTMS to make the entire aerogel hydrophobic. The water contact angle value of
the external surface is higher than that of the cross-section, which may attribute to by more opportunities
for the external surface to contact MTMS and a higher degree of silanization.

Thermal properties of aerogels
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Thermal conductivity of aerogels
The thermal insulation properties of the TWFs aerogels were characterized by thermal conductivity
measurement at room temperature of 25°C and demonstrated in Table 1 and Fig. 4. The TWFs aerogels
present excellent thermal insulation owing to ultra-low thermal conductivities (Kavg= 0.049–0.062W/m·K)
which are comparable with conventional thermal insulation materials such as foams and wools. This can
be explained as air occupies most of the space in the porous structure of TWFs aerogels, which is a
thermal insulator with very low thermal conductivity at ambient temperature and pressure. Figure 4 and
Table 1 show that keeping the amount of TWF constant, the thermal conductivity decreases with the
increases of the ratio of TWF and PVA. Keeping the ratio of TWF and PVA unchanged, the thermal
conductivity increases with the increase of TWF's weight. In summary, the thermal conductivity increases
with the increase of the total weight of the TWFs and PVA. The thermal conductivity of TWF1c with the
least weight and TW04 with the most weight are 0.0491 W/m·K and 0.06164 W/m·K, respectively. This
tendency can be explained by the increase in the volume of the aerogel solid phase in the unit space,
which leads to a decrease in the volume of internal air, thus increasing the thermal conductivity [29]. In
addition, the increase of �bers in the TWFs aerogel increases the heat transfer channels, which also
causes the increasing of thermal conductivity. Generally, TWFs aerogels own ultra-low thermal
conductivity and are prepared by textile wastes using environmentally friendly, low-cost, and less toxic
emissions methods, which are promising candidates for practical thermal insulation applications.

Thermal stability of TWF aerogels
In order to evaluate the thermal stability properties of TWFs aerogels, TGA tests were measured and
shown in Fig. 5 with different concentrations. It can be observed that the mass change exhibit three
phases by the temperature as follows: (1) 50–125°C, (2) 220–500°C and (3) 500–700°C. Between 50°C
and 125°C, the uncoated aerogel exhibit 3% weight loss, which likely be caused by the removal of the
absorbed atmospheric moisture. The reason for this phenomenon may be that the materials contain
many hydroxyl groups on PVA which absorb water in the air after fabrication. On the other hand,
negligible weight loss was shown on the aerogels with coated MTMS. At the next phase between 220 and
450°C, a weight loss of about 70 wt.% can be observed for all samples, likely due to the oxidation
decomposition of the TWF and PVA. At the �nal thermal degradation between 500°C and 700°C, the
weight of all samples decrease slightly, which possibly be caused by the oxidation of the charred residue.

Oil absorption capabilities of the TWF aerogels
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Table 3
The absorption capabilities of motor oil

Sample
Name

Composition Fiber Conc.
(wt%)

Density

(g/cm3

)

Oil absorption capacity (g/g)

5W-30 5W-40

25 oC 75 oC 25 oC 75 oC

TW01 TWF: PVA = 
2

2.0 0.158 18.6 ± 
1.2

15.3 ± 
0.3

16.0 ± 
1.5

15.5 ± 
0.3

TW02 TWF: PVA = 
2

3.0 0.194 14.1 ± 
0.5

13.7 ± 
0.3

13.5 ± 
0.5

13.3 ± 
0.3

TW03 TWF: PVA = 
2

4.0 0.242 11.6 ± 
0.5

10.2 ± 
0.3

10.6 ± 
0.4

10.1 ± 
0.2

TW04 TWF: PVA = 
2

5.0 0.406 9.4 ± 
0.2

8.3 ± 
0.1

8.7 ± 
0.3

8.4 ± 
0.1

The oil absorption capabilities of the TWF aerogels were investigated through the motor oil of 5W-30 and
5W-40. Table 3 and Fig. 6 show the �rst round of oil adsorption capacity. When the amount is kept to be
TWF: PVA = 2 and increasing the �ber concentration from 2 to 5 wt.% at 25 ℃ or 75 ℃, the measured
5W-30 and 5W-40 absorption capacities of the aerogels decreased respectively. The maximum
absorption capacity of 18.6 g/g is achieved with the 2 wt.% �ber aerogel for 5W-30 due to it has more
space within the per unit volume. The absorption capacity of aerogels materials for the 5W-30 motor oil is
higher than the 5W-40 caused by its lower viscosity. As exhibited in Table 3 and Fig. 6, the maximum oil
absorption capacity of TWF aerogels diminishes, when the temperature increases from at 25 ℃ or 75 ℃.
This trend occurs in the absorption behaviour of two oils on all aerogels. The absorption process of oils
on adsorbent material is affected by compatibility between the oils and absorbents, capillary effect, van
der Waals forces, pore morphology, diffusion effect and oil viscosity [23, 30]. Temperature is considered
to be the signi�cant factor involving the viscosity and the diffusion rate of the oils penetrating into the
interior of the aerogel. It can be observed in Table 2 that the viscosity of the oil decreases with increasing
temperature, which facilitates oil penetration into the porous aerogel networks. On the other hand, the low
viscosity reduces the amounts of the oil anchored in the porous structure of aerogel for the oils, having a
negative effect on the total oil absorption of the aerogel. At 75°C, the adsorption capacity of aerogels to
the two kinds of motor oil is similar, due to the viscosity of the two oils being lower. At 25°C the amount
of 5W-30 adsorbed is higher than 5W-40, probably due to 5W-30 having a lower viscosity than 5W-40,
which is bene�cial to diffusion into the porous structure. The amount of adsorption at 75°C is lower than
that at 25°C caused by the viscosity of the oil being too low at 75°C, which is not conducive to the
anchoring of the oil inside the aerogel. The experimental results demonstrate that the super-hydrophobic
TWF aerogels with excellent oil absorption capacity could be the candidate materials for oil spill cleaning.
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The absorbed motor oil can be re-collected through extruding oil containing aerogel. Figure 7a shows the
effect of cycles of sorption on the oil absorption capacity of the TW01 aerogel on 5W-30 at 25°C. The
sample achieved a high absorption capacity of 18.6 ± 1.2 g/g in cycle 1. However, the absorption capacity
dramatically dropped to 3.2 ± 0.3, 2.8 ± 0.2, 2.7 ± 0.2 and 2.8 ± 0.2g/g in cycles 2, 3, 4, and 5, respectively.
Figure 7b exhibits the squeezed ratio of the absorbed oil. 77.9 ± 3.0, 97.3 ± 1.3, 98.5 ± 1.0, 99.3 ± 0.4, and
99.4 ± 0.3% of the absorbed motor oil was re-collect after cycles 1, 2, 3, 4, and 5, respectively, by simple
squeezing. This phenomenon can be explained based on the change of the aerogel volume and weight.
The sample used in cycle 2 was squeezed while collecting the oil absorbed in cycle 1, causing partial
collapse of the porous structure of the aerogel, which could not be completely recovered in later cycle. In
addition, the adsorbed oil could not be completely removed, and the initial weight of the sample in cycle 2
increased, which sharply reduced the oil absorption values. In later cycles, the oil absorption values and
the squeezed ratio are similar to the value after the �rst cycle, may due to the sample structure having not
changed anymore and the weight of the remaining oil in the squeezed aerogel is close in each cycle.

Conclusions
In conclusion, an advanced and cost-effective method of the textile waste �bers aerogels from textile
waste has been successfully developed. After being coated with MTMS, the developed aerogels exhibit
excellent super-hydrophobicity with a water contact angle of up to 136.9°. The textile waste �bers
aerogels can be used as heat insulation materials of buildings with excellent heat insulation properties
and thermal stability. It is found that the initial �ber concentration, the temperature and the oil viscosity
signi�cantly affect the oil absorption. This development will provide yet another way to deal with waste
textile and a new method to enhance the commercial value of the textile wastes.

Declarations

Declaration of competing interest
The authors declare that they have no known competing �nancial interests or personal relationships that
could have appeared to in�uence the work reported in this paper. 

Acknowledgements
This work was supported by the Overseas Visiting and Training Program for Outstanding Young Talents
of Colleges and Universities of Anhui (gxgwfx2018080), the Key Discipline of Materials Science and
Engineering, Chizhou University (czxyylxk03), Science Research Project of Chizhou University
(CZ2020ZR01), Innovation and Entrepreneurship of College Students of Anhui (S202111306028) and the
Demonstration and Leading Base for First-class Undergraduate Talents in Materials and Chemical
Engineering(2020rcsfjd028).



Page 9/14

References
1. Abbas S, Chiang Hsieh L-H, Techato K (2021) Supply chain integrated decision model in order to

synergize the energy system of textile industry from its resource waste,Energy,229

2. MalaiŠKienĖ J, NagrockienĖ D, SkripkiŪNas G (2015) Possibilities To Use Textile Cord Waste from
Used Tires for Concrete. J Environ Eng Landsc Manage 23:183–191

3. Määttänen M, Gunnarsson M, Wedin H, Stibing S, Olsson C, Köhnke T, Asikainen S, Vehviläinen M,
Harlin A (2021) Pre-treatments of pre-consumer cotton-based textile waste for production of textile
�bres in the cold NaOH(aq) and cellulose carbamate processes. Cellulose 28:3869–3886

4. Kamble Z, Behera BK (2021) Fabrication and performance evaluation of waste cotton and polyester
�ber-reinforced green composites for building and construction applications. Polymer Composites

5. Todor MP, Bulei C, Heput T, Kiss I (2018) Researches on the development of new composite materials
complete / partially biodegradable using natural textile �bers of new vegetable origin and those
recovered from textile waste, IOP Conference Series: Materials Science and Engineering, 294

�. Todor MP, Bulei C, Kiss I (2018) Composite materials manufacturing using textile inserts with natural
origins �bres, IOP Conference Series: Materials Science and Engineering, 393

7. Vanzetto AB, Beltrami LVR, Zattera AJ (2021) Textile waste as precursors in nanocrystalline cellulose
synthesis. Cellulose 28:6967–6981

�. Todor M-P, Kiss I, Cioata VG (2021) Development of fabric-reinforced polymer matrix composites
using bio-based components from post-consumer textile waste, Materials Today: Proceedings, 45
:4150–4156

9. Carrete IA, Quionez PA, Bermudez D, Roberson DA (2021). Incorporating textile-derived cellulose �bers
for the strengthening of recycled polyethylene terephthalate for 3d printing feedstock
materials.Journal of Polymers and the Environment, 29(2)

10. Li X, Hu Y, Du C, Lin CSK (2018) Recovery of Glucose and Polyester from Textile Waste by Enzymatic
Hydrolysis, Waste and Biomass Valorization, 103763–3772

11. Hong K, Le D, Gek N, Zhang X, Nhan PT, Umeyr K (2018) D. Hai, Advanced Recycled Polyethylene
Terephthalate Aerogels from Plastic Waste for Acoustic and Thermal Insulation Applications, Gels, 4
43

12. Li C-T, Zhuang H-K, Hsieh L-T, Lee W-J, Tsao M-C (2001) PAH emission from the incineration of three
plastic wastes. Environ Int 27:61–67

13. Huang B, Zhao J, Geng Y, Tian Y, Jiang P (2017) Energy-related GHG emissions of the textile industry
in China, Resources, Conservation and Recycling, 119: 69–77

14. Gholamzad E, Karimi K, Masoomi M (2014) Effective conversion of waste polyester–cotton textile to
ethanol and recovery of polyester by alkaline pretreatment. Chem Eng J 253:40–45

15. Ling C, Shi S, Hou W, Yan Z (2019) Separation of waste polyester/cotton blended fabrics by
phosphotungstic acid and preparation of terephthalic acid. Polym Degrad Stab 161:157–165



Page 10/14

1�. Ismail ZZ, Talib AR (2016) Recycled medical cotton industry waste as a source of biogas recovery. J
Clean Prod 112:4413–4418

17. Islam S, Bhat G (2019) Environmentally-friendly thermal and acoustic insulation materials from
recycled textiles. J Environ Manage 251:109536

1�. Song R, Teruo K, I.J.J.o.T E, Haruhiro (2010) Papermaking from Waste Silk and Its Application as
Reinforcement of Green Composite, 56:71–76

19. Aegerter MA, Leventis N, Koebel MM (2011) Aerogels Handb 155–170. 10.1007/978-1-4419-7589-8

20. Gesser HD, Goswami PCJCR (1989)Aerogels and Related Porous Materials, 89

21. Ba Thai Q, Ee Siang T, Khac Le D, Shah WA, Phan-Thien N, Duong HM (2019) Advanced fabrication
and multi-properties of rubber aerogels from car tire waste. Colloids Surf A 577:702–708

22. Gupta D, Chaudhary H, Gupta C (2015) Sericin based bioactive coating for polyester fabric. Indian J
Fibre Text Res 40:70–80

23. Nguyen ST, Feng J, Le NT, Le A, Hoang N, Tan V, Duong HM (2013) Cellulose Aerogel from Paper
Waste for Crude Oil Spill Cleaning. Ind Eng Chem Res 52:18386–18391

24. Feng J, Le D, Nguyen ST, Tan Chin Nien V, Jewell D, Duong HM (2016) Silica cellulose hybrid aerogels
for thermal and acoustic insulation applications. Colloids Surf A 506:298–305

25. Feng J, Nguyen ST, Fan Z, Duong HM (2015) Advanced fabrication and oil absorption properties of
super-hydrophobic recycled cellulose aerogels. Chem Eng J 270:168–175

2�. Shirvanimoghaddam K, Motamed B, Ramakrishna S, Naebe M (2020) Death by waste: Fashion and
textile circular economy case. Sci Total Environ 718:137317

27. Lee SG, Ihm SD, Kim BS, Mun SP, Rhee JM (1995) Recycling of the Waste Cellulose II. Preparation of
Hydroxyethyl Cellulose from Knit-Cotton-Waste. Text Color Finish 7:32–39

2�. Dave J, Kumar R, Srivastava H (1987) Studies on modi�cation of polyester fabrics I: Alkaline
hydrolysis. J Appl Polym Sci 33:455–477

29. Do NH, Tran VT, Tran Q, Le KA, Thai QB, Nguyen PT, Duong HM (2021) Recycling of pineapple leaf
and cotton waste �bers into heat-insulating and �exible cellulose aerogel composites. J Polym
Environ 29:1112–1121Le

30. Gui X, Li H, Wang K, Wei J, Yi J, Zhen L, Fan L, Cao A, Zhu H, Wu D (2011) Recyclable carbon
nanotube sponges for oil absorption. Acta Mater 59:4798–4804

Figures



Page 11/14

Figure 1

(a) The textile wastes, (b) the raw TWFs obtained from shredding the textile wastes, (c)the textile wastes
�bers aerogel

Figure 2

SEM images of the textile wastes �bers aerogel TW01 with different magni�cation



Page 12/14

Figure 3

Water contact angles on (a) the external surface and (b) the cross-section of the MTMS-coated TWFs
aerogel.

Figure 4
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The thermal conductivity of TWFs aerogels

Figure 5

TGA curves of the TWF aerogels with different �ber concentrations
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Figure 6

The absorption capabilities of motor oil (a) 5-W30, (b)5W-40

Figure 7

Effect of cycles of sorption on (a) oil absorption capacity and (b) squeezed ratio of absorbed oil.
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