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/kapok/hollow polyester fiber-
based needle punched nonwoven composite
materials for rapid and efficient oil sorption

Yuxuan Zhou, a Borong Zhu,a Ting Yang,a Yuqing Liu,a Ke-Qin Zhang *a

and Jinxin Liu *ab

Nowadays oil pollution poses a serious threat to the environment and people's daily life. As reusable and

environmentally friendly materials, fiber-based oil sorption materials can effectively alleviate this

phenomenon. However, maintaining a high sorption rate along with improved mechanical properties

remains a challenge for oil sorption materials. Herein, we report a novel hollow PET/kapok/hollow PET

nonwoven with high porosity and oil retention, outstanding cyclic oil sorption rate and improved

mechanical performance using kapok as the oil preserver and hollow PET as the conductor and

structure enhancer. Benefiting from the three-layer composite structure fabricated by carding and

needle punching reinforcement, the resulting oil sorption materials, with kapok proportion more than or

equal to 60%, exhibited high oil sorption rate and oil sorption speed. The materials of 20HP/60K/20HP

component content present a high initial oil sorption rate of 28.22 g g−1, a maximum oil sorption rate of

31.17 g g−1 and a sorption rate constant of the Quasi second-order kinetic equation of 0.067 in plant oil.

On the other hand, when the proportion of kapok fiber in the material was below 60%, due to the

introduction of hollow PET, the mechanical properties were significantly boosted, and its oil retention

and reusability were distinguished, with a reuse rate stabilizing at a relatively high level (>93%) in plant oil

after undergoing three oil sorption cycles. The successful fabrication of hollow PET/kapok/hollow PET

nonwovens could provide a new approach for the design and development of oil sorption materials.
1. Introduction

The consumption of various oil resources is increasing signi-
cantly due to the development and production demands.
However, this poses a serious threat to the environment and
people's daily lives,1,2 specically through kitchen oil pollution,
industrial oil contamination, and oil leakage at sea. The result is
destructive impacts on marine life, water resources, and land
soil.3–5 Currently, oil pollution problems are typically tackled
using methods such as dispersion, solidication, fencing, and
sorption.6 The sorption method is a highly effective technique
for quickly and efficiently absorbing oil.7–9 The outer surface of
the oil sorption material quickly draws the oil into its interior,
where it is subsequently absorbed and retained in the pores of
the sorption medium. This not only treats the leaked oil, but
also separates the water and oil, leading to oil recovery,10,11

making it an environmentally friendly and energy-efficient
solution. Therefore, the development of an eco-friendly oil
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sorption material with a considerable level of strength has
emerged as an urgent concern among researchers worldwide.

Fiber-based oil sorption materials can reduce the negative
impact of oil products on both people and the environment. These
materials are low-priced, highly efficient, and environmental
friendly.12 However, utilizing a single natural or chemical
synthetic ber material for fabricating the oil sorption materials,
makes it challenging to achieve the necessary mechanical prop-
erties required and to meet the above-mentioned characteristics.
Therefore, two types of bers need to combined to maximize their
individual advantages.13,14 Kapok ber, as a natural material, is
known for its high hollowness, which enables it to efficiently
absorb and retain oil.15 Kapok ber is non-toxic, as it does not
pollute the ecosystem and has a high recovery rate.16–18 Synthetic
bers have also become popular material for oil sorption products
due to low cost, effectiveness and recyclability.19–21 Among them,
nonwoven fabrics made from hollow polyester bers exhibit
excellent performance. Ascribing to their large water contact
angle, lipophilic and hydrophobic properties, hollow polyester
bers are capable of absorbing a large amount of oil. Further-
more, their high crystallinity and regular structure provide excel-
lent mechanical properties, which enable the nonwovens to be
reused multiple times.22 Consequently, if the material structure of
natural ber and synthetic ber combination is used, it can not
RSC Adv., 2023, 13, 27077–27087 | 27077
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only enable the material to have good oil sorption performance,
achieving the purpose of rapid oil sorption, but also boost the
mechanical properties of the material.

Using natural ber assemblies or blending them with
synthetic bers to absorb oil has become an efficient method to
remove oil spills. Lim et al. studied the oil sorption capacity and
hydrophobic–oleophilic characteristics of packed kapok
assemblies. The results showed a high oil retention ability.23

Nevertheless, the assemblies offered low strength, which indi-
cates that further research works are required to improve the
strength of ber-based nonwovens for oil spill removal.24 The
preparation of nonwovens by blending various types of natural
bers was also attempted. Despite having a good oil sorption
performance, the mechanical properties of the nonwovens were
not enhanced.13 In a study by Lee et al., blending kapok and
polypropylene (PP) bers during carding was used to investigate
the oil sorption capacity of needle-punched nonwovens. They
found that the PP/kapok blend (50/50) sample exhibited the
highest synergy effect, having the lowest bulk density and the
best oil sorption capacity.24,25 This highlights the importance of
the porosity of brous assembly to obtain high oil sorption
capacity. However, a comprehensive study on the development
of natural ber nonwoven and hollow synthetic ber nonwoven
and their oil sorption capacities, tensile strength, and oil
sorption rate has not yet been reported.

Oil sorption materials with excellent quality should possess
the following characteristics: (1) good hydrophobic and lipo-
philic properties; (2) large surface morphology that increases
the contact area with oil, thereby quickly absorbing oil into the
interior and improving efficiency; (3) porous internal structure
that provides sufficient oil storage space to expand oil sorption
saturation; (4) certain mechanical strength that promotes
reusability, environmental friendliness, and pollution-free
properties.26–28 Based on these characteristics, we designed
and fabricated the following oil sorption nonwoven materials.

In this work, kapok ber and hollow polyester (PET) ber are
used as raw materials. Initially, kapok ber web and hollow PET
ber web with varying surface densities are produced via combing
and web forming technology. Next, a three-layer composite
structure of hollow PET/kapok/hollow PET nonwovens is prepared
through needle punching. The outer layer's hollow polyester ber
exhibits good hydrophobicity, lipophilicity, and liquid conduc-
tivity, while the middle layer's kapok ber aids in oil sorption and
preservation. The entire material is characterized by a high
number of pores and cavities, contributing to the abundant oil
sorption space. In addition, the unique peak-valley surface
morphology formed by the penetration of the needle through
three layers of materials enlarges the contact area between the oil
absorbing material and oil stains. The needle-punched pores of
the material are conducive to oil inltration, making the material
have good oil sorption ability and accelerating oil sorption and
transmission performance. Needle-punched nonwovens exhibit
superior reusability and oil retention compared to loose ber
assemblies.14 We conduct further research on the mechanical
properties, initial oil sorption rate, cyclic oil sorption rate, reuse
rate, and oil sorption saturation time of hollow PET/kapok/hollow
PET nonwovens.
27078 | RSC Adv., 2023, 13, 27077–27087
2. Experimental section
2.1 Materials

Hollow polyester (PET) bers with an average diameter of 30 mm
and an average length of 64 mm were provided by Huanqiu
Cotton Co., Ltd (Cixi, Zhejiang, China). Kapok bers with an
average diameter of 18 mm and an average length of 25 mmwere
supplied by Weiyu Textile Company (Nanning, Guangxi, China).
2.2 Fabrication of hollow PET/kapok/hollow PET nonwovens

Prior to the preparation of hollow PET/kapok/hollow PET
nonwoven composite materials, hollow PET and kapok ber
web were initially produced separately via a mixed colour
carding machine (FN300, Qingdao Textile Machinery Co., Ltd,
Qingdao, Shandong, China). Specically, polyester and kapok
bers of a certain mass were carded to form ber webs (Fig. 1a).
By controlling the feeding mass of the roller carding machine,
ve sets of hollow PET ber web with different surface densities
were prepared in this study, with feeding masses of 10, 20, 30,
40, and 100 g, respectively. Meanwhile, this study prepared 5
sets of kapok ber web with different surface densities, with
feeding masses of 100, 80, 60, 40, and 20 g, respectively.

Needle punching was adopted as a reinforcement method to
enhance themechanical properties of hollow PET/kapok/hollow
PET nonwovens. During this reinforcement process, the pre-
needle density, pre-needle depth, and pre-needle speed was
130 needles cm−2, 8.6 mm, and 20.6 m min−1, respectively,
while the main needle density, main needle depth, and main
needle speed was 130 needles cm−2, 3.4 mm, and 0.78 mmin−1,
respectively. The ber webs obtained from the mixed colour
carding machine were fed into the needle punching machine
(YBG343-110, Hairun Textile Machinery Co. Ltd, Yizheng,
Jiangsu, China) for needle punching process (Fig. 1b). By
combining and matching various grams of kapok and hollow
PET ber webs during needle punching, we have prepared 6
types of nonwoven composites materials, 100 g of kapok
nonwovens (100K), 10/80/10 g hollow PET/kapok/hollow PET
nonwovens (10HP/80K/10HP), 20/60/20 g hollow PET/kapok/
hollow PET nonwovens (20HP/60K/20HP), 30/40/30 g hollow
PET/kapok/hollow PET nonwovens (30HP/40K/30HP), 40/20/
40 g hollow PET/kapok/hollow PET nonwovens (40HP/20K/
40HP), and 100 g hollow PET nonwovens (100HP) (Fig. 1c).
2.3 Characterization

The surface and cross-sectional morphology of hollow PET/
kapok/hollow PET nonwovens were examined by scanning
electron microscopy (SEM; TM3030, Hitachi Ltd, Japan) aer
being sputter-coated with gold. It should be noted that in
a gesture to prevent the damage to hollow PET/kapok/hollow
PET nonwovens during the spraying process, the samples
were sprayed with gold by decreasing the current and extending
the spraying time. In the study, the gold spraying process was
carried out two times, with each spraying time of 90 seconds
and a spraying current of 2 mA.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of the (a) carding process, (b) needle punching process, and (c) hollow PET/kapok/hollow PET nonwovens.
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The diameters of hollow PET bers and kapok bers were
obtained by measuring 100 bers according to the SEM images,
with the soware Nano Measurer 1.2.5.

The contact angle was tested by the static drop method
utilizing a contact angle tester (OCA15EC, Dataphysics, Ger-
many). Take a long strip of hollow PET/kapok/hollow PET
nonwovens sample and atten it on both sides.

The mechanical properties of hollow PET/kapok/hollow PET
nonwovens in both the machine direction (MD) and the cross
direction (CD) were measured by an electronic strength tester
(YG026Q, Ningbo Textile Instrument Co. Ltd, Ningbo, Zhejiang,
China) using the strip method. The sample size, stretching
speed, clamping distance, and pre-tension was 200 × 50 mm2,
200 mm min−1, 100 mm, and 1 N, respectively.

The oil sorption performance of hollow PET/kapok/hollow
PET nonwovens was determined through oil sorption perfor-
mance test. The test area of the sample is 5 × 5 cm2. Test each
kind of sample 5 times and take the average value.
3. Results and discussion

In the application eld of oil sorption materials, oil sorption
nonwovens are commonly used in elds such as kitchen oil-
absorbing paper, industrial oil pollution, marine oil leakage,
etc. They play a dominant role in hydrophobic and fast oil
sorption, and preferably can be reused to protect the environ-
ment. Accordingly, our study concentrates on the technical
features of hollow PET/kapok/hollow PET nonwovens, such as
hydrophilicity, mechanical properties, and oil sorption
properties.
3.1 Morphologies and structures of hollow PET/kapok/
hollow PET nonwovens

Fig. 2 shows the optical surface morphology images of hollow
PET/kapok/hollow PET nonwovens with varying ratios of hollow
PET and kapok content. The appearance of kapok ber is yellow
(Fig. 2a), while the hollow PET ber is white (Fig. 2f). As shown in
Fig. 2, an increase in hollow PET proportion in the outer layer,
causes the outer surface colour of nonwoven materials to gradu-
ally whiten. Fig. 3 illustrates that the holes among the vers
marked by yellow circles are needle marks caused by the needle
punching process. As exhibited in Fig. 3a, we can observe that the
kapok bers are thin and narrow, which makes them easily at,
cracked, twisted, or folded along the axial direction. The
© 2023 The Author(s). Published by the Royal Society of Chemistry
arrangement of kapok bers is non-uniform, and their average
diameter is 18 mm. Fig. 3f reveals that the morphology of hollow
PET bers is full and regular in shape, smooth in appearance, and
axially straight without twisting. In the case of the 10HP/80K/10HP
sample, it is evident that hollow PET ber web covers the kapok
ber web (Fig. 3b). With the increase in the proportion of hollow
PET bers, the evenness of the hollow PET/kapok/hollow PET
nonwovens was also improved. The 30HP/40K/30HP sample
demonstrates a degree of homogeneity that is similar to that of the
100HP sample (Fig. 3b–e).

Fig. 4 demonstrates cross-sectional SEM photos of hollow PET/
kapok/hollow PET nonwovens with various ratios of hollow PET
and kapok content. The cross-section fracture of kapok ber
exhibits an irregular at round hollow structure, and it has
buckling in the longitudinal direction (Fig. 4a). The structure of
100K sample is relatively loose, and the gap between bers is
larger, which may be ascribed to the fact that kapok ber, as
a natural ber, is thin and so and has a natural twist. The needle
marks are perpendicular to thematerial surface in various types of
hollow PET/kapok/hollow PET nonwovens (blue dashed lines in
Fig. 4b) and the peak-valley structure is formed on the material
surface caused by needle punching process (green dashed lines in
Fig. 4b). As the proportion of hollow PET bers increase, the
layering effect becomes more apparent in the hollow PET/kapok/
hollow PET nonwovens, and it becomes more evident in every
layer of ber web. Meanwhile, the hollow PET ber web gets
thicker while the kapok ber web becomes thinner. Kapok ber
web is sandwiched between the top and bottom hollow PET ber
web (Fig. 4c–e). The overall structure of hollow PET/kapok/hollow
PET nonwovens is more compact and solid. The hollow PET ber
has a regular circular cross-section, which is at and smooth. The
ber wall is thicker, and the hollowness is slightly lower than that
of kapok ber. In hollow PET nonwovens (Fig. 4f), the gaps
between hollow PET bers are small, arranged neatly, but the
structure of the sample is regular. This could be attributed to the
great strength and shape retention of hollow PET bers, resulting
in even distribution aer the carding process. Moreover, the
structure of nonwoven material maintains in a relatively good
condition under the action of needle punching force.
3.2 Mechanical properties of hollow PET/kapok/hollow PET
nonwovens

Considering that oil sorption materials have certain requirements
for strength, the mechanical properties of various types of hollow
RSC Adv., 2023, 13, 27077–27087 | 27079
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Fig. 2 Surface morphology of various types of hollow PET/kapok/hollow PET nonwovens. Optical images of (a) 100K; (b) 10HP/80K/10HP; (c)
20HP/60K/20HP; (d) 30HP/40K/30HP; (e) 40HP/20K/40HP; (f) 100HP.
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PET/kapok/hollow PET nonwovens were measured in both the
machine direction (MD) and the cross direction (CD). As revealed
in Fig. 5, the tensile stresses of hollow PET/kapok/hollow PET
nonwovens inMD are 0.265, 0.585, 0.795, 5.28, 7.43, and 13.365 N,
respectively, at concentrations of 100K, 10HP/80K/10HP, 20HP/
60K/20HP, 30HP/40K/30HP, 40HP/20K/40HP, and 100HP, while
the tensile stresses in CD are 0.07, 0.14, 0.18, 0.91, 1.89, and
2.61 N, respectively. The results illustrate that the tensile stress of
hollow PET/kapok/hollow PET nonwovens increases proportion-
ally with the amount of hollow PET. Previousmorphology analyses
suggest the improved mechanical properties can be attributed to
the introduction of hollow PET, which is then strengthened by
Fig. 3 Surface morphology of various types of hollow PET/kapok/hollo
20HP/60K/20HP; (d) 30HP/40K/30HP; (e) 40HP/20K/40HP; (f) 100HP.

27080 | RSC Adv., 2023, 13, 27077–27087
needle punching. The latter results in narrower gaps between
bers and an increase in van der Waals forces between them.
Meanwhile, the strength of hollow PET as a synthetic ber is
signicantly greater than that of kapok ber. Gradually increased
proportion of hollow PET boosts the thickness of the hollow PET
ber web, thus enhancing the mechanical properties of the
material. Compared to the previously prepared nonwoven oil
absorbing materials, the hollow PET/kapok/hollow PET nonwo-
vens exhibit enhanced mechanical properties.13 The distribution
of both kapok and hollow PET bers is mostly random. However,
the bers trend to alignmore along themachine direction due the
movement of the web curtain, which leads to a higher stress in
w PET nonwovens. SEM images of (a) 100K; (b) 10HP/80K/10HP; (c)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Cross-sectional morphology of various types of hollow PET/kapok/hollow PET nonwovens. SEM images of (a) 100K; (b) 10HP/80K/10HP;
(c) 20HP/60K/20HP; (d) 30HP/40K/30HP; (e) 40HP/20K/40HP; (f) 100HP.
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MD. In contrast, the strain of CD is higher than that of MD.When
the material is stretched, the main force applied to it is the
adhesion force on the surface of the bers. The distribution of
bers is more uniform in MD as compared to CD. MD also has
higher ber orientation, greater cohesion, and less slip.29 There-
fore, the stress is stronger in MD and the strain is higher in CD.
3.3 Oil sorption properties of hollow PET/kapok/hollow PET
nonwovens

As shown in Fig. 6a, the contact angle between kapok nonwo-
vens and water is 159.4°, demonstrating that kapok ber is
allergic to water and has good lipophilicity as well. Besides, the
contact angle between hollow PET nonwovens and water is
123.1°, illustrating its superior hydrophobicity as well. Many
researchers have reported that kapok ber, similar to cotton
Fig. 5 Tensile stress–strain curves of various types of samples (a) MD; (

© 2023 The Author(s). Published by the Royal Society of Chemistry
ber, mainly consists of 64% cellulose and 13% lignin.15,30,31

Moreover, kapok ber contains a certain amount of oily wax on
its surface and interior, which makes it more hydrophobic than
cotton ber.32 Bao et al. found that the sugar ring of cellulose is
quite rigid, accounting for its hydrophobicity in the axial
direction.33 Lignin has been proven to have longer alkyl groups
(octyl).34 Owing to long molecular chains and a three-
dimensional network structure, each functional group con-
nected by neutral ether bonds and non-polar carbon–carbon
bonds, lignin demonstrates good lipophilicity. Furthermore,
lignin has been reported to reduce the permeability of water
through plant cell walls.35 Hollow PET has no polar groups
except for the terminal hydroxyl group, and contains fewer
hydrophilic groups. It is a linear polymer with high crystallinity
and orientation, which provide it with hydrophobic and
b) CD.

RSC Adv., 2023, 13, 27077–27087 | 27081
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Fig. 6 (a) Water contact angle of various types of samples, and (b) initial oil sorption rate of different kinds of samples in plant and engine oil.
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lipophilic properties.36,37 The sorption power of a material
comes from the van der Waals force between the material
surface and the oil, the capillary force between bers, and the
capillary force within the ber pore structure. The sorption
power determines the oil sorption speed of the material.

To investigate the oil sorption performance of six various
types of hollow PET/kapok/hollow PET nonwovens, we tested
their initial oil sorption rate q1, cyclic oil sorption rate qn, and
reuse rate Rn.

Submerge the sample in oil for 5 minutes and remove it from
the container. Transfer it onto a sieve and wait until any excess
oil droplets have ceased to drip. Weigh the sample and sieve
together aer oil sorption, then compute the initial oil sorption
rate q1 of the material. The initial oil sorption rate q1 is deter-
mined by the following formula:

q1 ¼ m1 �mw �m0

m0

where m1, mw and m0 represent the total mass of the initial oil
absorbing material aer drying and the sieve, g; the mass of the
sieve, g; and the weight of the oil absorbing material before oil
sorption, g, respectively. This equation indicates that a high q1
value reects a strong single oil sorption ability, and the higher
the q1 value, the stronger the single oil sorption ability.

Fig. 6b illustrates that when the ratio of the two bers in
hollow PET/kapok/hollow PET nonwovens is 100K, 10HP/80K/
10HP, 20HP/60K/20HP, 30HP/40K/30HP, 40HP/20K/40HP, and
100HP, the initial oil sorption rate q1 in the plant oil experiment
is 53.03, 34.28, 28.22, 23.18, 19.72, and 15.97 g g−1, respectively.
The results above are obviously much superior to that of
previously reported needle-punched nonwoven materials,
which is also composed of natural bers and synthetic bers,
which is almost three times the previous ones.25,38,39 As the
hollow PET proportion increases, the kapok proportion
decreases, and the corresponding water contact angle of hollow
PET/kapok/hollow PET nonwovens drops, revealing that the
hydrophobicity and lipophilicity of the material are becoming
less signicant (Fig. 6a). The q1 of hollow PET/kapok/hollow
PET nonwovens slowly declines, exhibiting that its initial oil
sorption performance gradually deteriorates. Due to the lower
27082 | RSC Adv., 2023, 13, 27077–27087
surface energy of kapok bers, the adhesion of oil droplet
molecules to the ber surface is stronger, and the oil sorption
performance is also superior.40,41 Moreover, the kapok density is
smaller, so the q1 value of the 100K material is the highest
during the initial oil sorption process. The oil storage space of
a material determines its oil sorption saturation. The sorption
process in this study includes both surface adsorption and
internal absorption. Researchers have stated that in nonwoven
materials that absorb oil, not only do oil adhere to the surface
and intersection of the bers, but also oil enters the internal
pores of the bers.42 In this study, the hollow PET/kapok/hollow
PET nonwovens oil storage space is mainly composed of gaps
between bers, pores of kapok, and pores of hollow polyester.
Kapok ber has a uffy texture in its natural state, with large
gaps between bers, and a ber hollowness of up to 80–90%.43

Credited to its large oil storage space, it exhibits excellent oil
sorption performance. The hollowness of hollow polyester is
lower than that of kapok, and the oil storage space is relatively
smaller. As a result, in the nonwoven materials fabricated in
this study, the quantity and size of ber pores and gaps between
bers provide a space for the material to absorb oil. The
morphology, structure, and distribution of kapok and hollow
PET bers have profound impacts on the oil sorption saturation
of hollow PET/kapok/hollow PET nonwovens. The introduction
of hollow PET bers occupies a portion of the oil sorption space
between kapok bers, reducing the porosity of hollow PET/
kapok/hollow PET nonwovens. Additionally, the hollowness of
hollow PET bers is smaller than that of kapok bers, resulting
in a reduced oil sorption capacity. More importantly, the
hydrophilicity of hollow PET bers is lower than that of kapok
bers, causing a gradual reduction in the q1 value. With the
climbing up of hollow PET proportion, the volume of kapok in
the material decrease. Following the needle punching process,
the gaps between kapok bers are narrowed, and the ber web
becomes thinner, further affecting the oil sorption performance
of the material, leading to a continuous decline in q1.

To compare with the oil sorption properties of hollow PET/
kapok/hollow PET nonwovens in different kinds of oils, we
also carried out sorption experiments in engine oil. The q1
© 2023 The Author(s). Published by the Royal Society of Chemistry
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values of six various types of hollow PET/kapok/hollow PET
nonwovens are 45.93, 30.29, 23.18, 17.87, 14.84, and 12.68 g g−1,
respectively, when absorbing engine oil. Considering the same
type of hollow PET/kapok/hollow PET nonwovens, the q1 value
for the plant oil experiment is signicantly higher than that in
the corresponding engine oil experiment, revealing that the
sorption performance of this material is better for plant oil than
for engine oil. This phenomenon may be ascribed to the fact
that the plant wax lipid on the surface of kapok ber mainly
consists of long-chain alkanes, fatty acids, esters and other
substances,44,45 but the engine oil belongs to mineral oil, which
is mainly composed of fatty hydrocarbons,46 and the plant oil, as
a substance composed of long-chain fatty acids and esters, has
a more similar molecular structure with plant oil than mineral
oil. Consequently, it is easy to form strong van der Waals forces
and dispersion forces, enabling kapok to have a stronger sorp-
tion capacity for plant oil than engine oil.

In an effort to systematically evaluate the oil sorption
performance of materials, we conducted multiple oil sorption
experiments on hollow PET/kapok/hollow PET nonwovens. The
samples aer the initial oil sorption were wrung dry, and oil
sorption tests were repeated three times to calculate the oil
sorption rates q1, q2 and q3.

According to Fig. 7, as the number of oil sorption times
increases, the cyclic oil sorption rates q2 and q3 of various types of
hollow PET/kapok/hollow PET nonwovens in plant oil decrease to
varying extents. The q values corresponding to 100K, 10HP/80K/
10HP, 20HP/60K/20HP, 30HP/40K/30HP, 40HP/20K/40HP, and
100HP are reduced by 11.70, 4.04, 3.28, 1.61, 1.35, and 1.08 g g−1

aer three oil sorption cycles, respectively. The difference in
sample oil sorption rate q is decreasing, illustrating that the cyclic
oil sorption performance is becoming more stable. This can be
attributed to the twisted ribbon structure of kapok bers, which
can be easily squeezed and deformed due to their fragile texture.
Kapok bers demonstrate a low resilience and undergo irrevers-
ible deformation. Aer two or more uses and drying, the internal
pores of the bers decrease in size, the gaps between the bers
narrow, and the material structure becomes more compact,
inuencing its morphology, structure, and function in the long
Fig. 7 Circulating oil sorption rate q1, q2, q3 and oil sorption rate drop o

© 2023 The Author(s). Published by the Royal Society of Chemistry
term. Therefore, higher kapok proportion results in a more
signicant decline in oil sorption rate in hollow PET/kapok/hollow
PET nonwovens sorption. In the meantime, the residual oil in the
previous drying cycle has effects on the oil sorption saturation in
the next experiment to some extent, so the oil sorption rate
measured in subsequent experiments differs dramatically from
the q1 value. There is a slow decrease in the oil sorption rate drop
of hollow PET/kapok/hollow PET nonwovens with the hollow PET
proportion climbing up. This can be explained by the fact that as
the proportion of hollow PET content grows up, the inuence of
its structure on material properties gradually becomes more
dominant. Comprehensively speaking, the morphology and
structure of hollow PET bers are relatively better, so their
distribution in the ber web is more uniform, and themechanical
properties of thematerial aremore outstanding aer being carded
by a carding machine. It can maintain a good structural shape in
every oil sorption cycle. The gap size between bers is also rela-
tively even, and the difference in capillary forces formed between
gaps is smaller, bringing about stable oil sorption performance of
the material.

We also conduct sorption experiments on the samples in
engine oil. From Fig. 7a and b, it can be seen that when
absorbing plant oil, the q3 values for six types of hollow PET/
kapok/hollow PET nonwovens are 41.33, 30.24, 24.94, 21.57,
18.38, and 14.89 g g−1, respectively. When absorbing engine oil,
the corresponding q3 is 36.42, 27.29, 21.19, 16.63, 13.81, and
11.80 g g−1, and the corresponding oil sorption rate drop is 9.51,
3.01, 1.99, 1.24, 1.04, and 0.88 g g−1, respectively. These data
above can be analyzed that for the same type of hollow PET/
kapok/hollow PET nonwovens with the same polyester and
kapok content, the q3 in the engine oil experiment is obviously
lower than that in the plant oil experiment. Meanwhile, the oil
sorption rate drop when absorbing engine oil is lower compared
to the corresponding plant oil experiment. The results indicate
that while the material has superior sorption performance for
plant oil, its sorption stability and oil retention for engine oil
are greater than that of the material for plant oil. The difference
in the sorption rate of hollow PET/kapok/hollow PET nonwo-
vens for plant oil and engine oil is mainly due to the variation in
f various types of samples in (a) plant oil and in (b) engine oil.

RSC Adv., 2023, 13, 27077–27087 | 27083

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03695b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 7

/1
5/

20
25

 7
:4

0:
26

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
viscosity between the two oils. The engine oil viscosity is higher,
together with good sorption and adhesion properties for bers.
There is residual oil that cannot be discharged during each
drying cycle, resulting in a less oil storage space for thematerial.
Thus, the oil sorption rate drop is correspondingly smaller.

In a bid to further measure the reusability of materials, we
introduce the concept of reuse rate Rn. This Rn rate is dened as
the percentage of oil sorption saturation rate of the oil
absorbing materials when they have been used multiple times,
compared to their sorption rate when they are initially used:

Rn ¼ qn

q1

where qn and q1 represent the circulating oil sorption rate for
the nth use, g g−1; and the initial oil sorption rate, g g−1,
respectively.

Based on the experimental research above, the curves of the R3
of various types of hollow PET/kapok/hollow PET nonwovens were
obtained (Fig. 8a). In plant oil, when the proportion of each
component in hollow PET/kapok/hollow PET nonwovens is 100K,
10HP/80K/10HP, 20HP/60K/20HP, 30HP/40K/30HP, 40HP/20K/
40HP, and 100HP, their R3 is 77.94, 88.21, 88.39, 93.05, 93.18,
and 93.25%, respectively, aer undergoing three oil sorption
cycles; while the corresponding R3 in engine oil is 79.29, 90.05,
91.39, 93.06, 93.00, and 93.09%, respectively. In the cyclic oil
sorption experiments conducted with both oils, we can clearly
observe that the R3 of 100K in the sample is the lowest, while the
R3 of hollow PET/kapok/hollow PET nonwovens slightly increased
with the falling down of kapok proportion. When the component
proportion is 20HP/60K/20HP, the reuse rate in plant oil is
88.39%, and the reuse rate in engine oil is 91.39%. The R3 value
stabilizes at a relatively high level (>93%) in both plant oil and
engine oil when the component reaches a proportion of 30HP/
40K/30HP. During the experiment, the structure of 100K was
damaged aer the initial oil sorption, rendering it unable to
maintain its initial morphology. Consequently, the subsequent oil
sorption cycled led to ber separation and fragmentation, signif-
icantly affecting thematerial's performance and reducing its reuse
rate. Because of the decrease of kapok ber proportion, the impact
of its structural changes of materials on the oil sorption perfor-
mance becomes slighter. In addition, attributing to the excellent
elastic recovery of hollow PET, it suffers less damage during
multiple cycles of oil sorption experiments and always maintains
good structure and function. Therefore, the R3 increases, which
illustrates that the oil sorption stability of hollow PET/kapok/
hollow PET nonwovens material has been improved, with good
oil retention and enhanced reusability. Investigations in reus-
ability were also carried out in previous studies. However, it is
reported that the relatively good results of reuse rate were nomore
than 75% aer undergoing three oil sorption cycles.23,47

When the proportion of each component in the sample is
20HP/60K/20HP, its reuse rate is still in the rising stage. None-
theless, when the proportion of each component reaches 30HP/
40K/30HP and beyond, its reuse rate stabilizes in both experi-
ments and remains largely unchanged. This indicates that, the
material has achieved oil sorption saturation. In order to further
investigate the relationship between the oil sorption saturation
27084 | RSC Adv., 2023, 13, 27077–27087
rate and the oil sorption time of hollow PET/kapok/hollow PET
nonwovens, two sets of samples, namely 20HP/60K/20HP and
30HP/40K/30HP, are selected for oil sorption saturation testing.
To perform the experiment, the sample must be immersed in the
absorbed oil. Aer immersing the sample in oil, it should be
removed using tweezers every ve minutes and placed on a sieve.
The sample should be le until there are no excess oil droplets
before proceeding to weigh it. Compare the oil sorption rate of the
sample at each oil sorption time. If the oil sorption rate of the
sample at a given time is equal to the rate at the previous time, it
suggests that the sample has reached saturation point. At this
time, the oil sorption rate is the oil sorption saturation rate of the
sample, and the previous moment is the oil sorption saturation
time of the sample.

In the plant oil experiment, the oil sorption saturation rate of
sample 20HP/60K/20HP is 31.17 g g−1, while the oil sorption
saturation rate of sample 30HP/40K/30HP is 24.06 g g−1. Mean-
while, in the engine oil experiment, the oil sorption saturation rate
of sample 20HP/60K/20HP is 26.32 g g−1, while the oil sorption
saturation rate of sample 30HP/40K/30HP was 19.27 g g−1. This
means, similar to the results obtained in the previous experiment,
the overall sorption performance of the sample on plant oil is
signicantly better than that on engine oil. At the same time, the
oil sorption rate of 20HP/60K/20HP is signicantly higher than
that of 30HP/40K/30HP. We can analyze from Fig. 8b and c that
although the oil sorption performance of each group of samples
differs in the experiments using the two types of oils, the variation
pattern of the oil sorption rate values remains consistent. Specif-
ically, the slope in the gure represents the oil sorption rate of the
sample. It can be seen that the slope gradually declines and tends
to zero around 20minutes, revealing that the oil sorption rate q of
20HP/60K/20HP continues to climb up in the initial 15 minutes.
During this period, due to the large oil sorption power and suffi-
cient storage space, the oil sorption rate grows up rapidly. In spite
of that, as time goes on, the growth rate of oil sorption speed
slowly decreases, reaching saturation at 20 minutes, which
represents the maximum oil sorption rate. The other group of
samples, 30HP/40K/30HP, demonstrates a rapid increase in oil
sorption rate within 10 minutes, followed by a decline in the
growth rate of that oil sorption rate within 10–15 minutes. It
reachesmaximum oil sorption rate saturation at approximately 15
minutes. We can conclude that the oil sorption saturation time of
30HP/40K/30HP is shorter than that of 20HP/60K/20HP. With
relatively less kapok ber proportion in 30HP/40K/30HP, the
internal pores of the bers are reduced, and the gaps between the
bers are narrowed. As a consequence, the materials oil storage
space is much less than that in 20HP/60K/20HP, causing earlier
saturation.

Oil sorption speed is an indicator of the speed at which the
material absorbs oil, while sorption kinetics is a theoretical
study of the relationship between sorption speed and time
during the sorption process. To clarify the sorption mechanism,
a Quasi second-order kinetic model is adopted to analyze the oil
sorption speed of materials in this study. The Quasi second-
order kinetic model was proposed by Ho and McKay, and its
expression is:
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Reuse rate of various types of samples, and oil sorption rate of two kinds of samples in (b) plant oil and (c) engine oil, and linear fit of t/qt
of 20HP/60K/20HP and 30HP/40K/30HP in (d) plant oil and (e) engine oil.
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dðqe � qtÞ
ðqe � qtÞ2

¼ �k2dt

where qe, qt and k2 represent the saturation rate of oil sorption, g
g−1; the oil sorption rate at time t, g g−1; and the sorption rate
constant of the Quasi second-order kinetic equation, g
g−1 min−1, respectively.48 Integrate the above equation and
apply boundary conditions: when t = 0, qt = 0; when t = t, qt =
qt. The following equation can be obtained:
© 2023 The Author(s). Published by the Royal Society of Chemistry
t

qt
¼ 1

k2qe2
þ t

qe

The oil sorption processes of 20HP/60K/20HP and 30HP/
40K/30HP are analyzed by using a Quasi second-order kinetic
model. Fig. 8d and e are scatter plots and tting linear equa-
tions obtained by integrating the Quasi second-order kinetic
equation and using t/qt to represent time t. It is evident from the
RSC Adv., 2023, 13, 27077–27087 | 27085
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results that there exists a linear relationship between t and t/qt,
and the experimental data agrees with the Quasi second-order
kinetic model. This suggests that the Quasi second-order
kinetic model can be used to describe the oil sorption process
of hollow PET/kapok/hollow PET nonwovens. In plant oil, the
slope of t/qt of 20HP/60K/20HP is smaller than that of 30HP/
40K/30HP, and its k2 is 0.067, less than 0.28 of 30HP/40K/
30HP, which means that it has a higher sorption speed for
plant oil. The results obtained from data analysis in engine oil
are similar to this.

4. Conclusions

In summary, kapok ber web and hollow polyester ber web
were successfully fabricated via a colour mixing carding tech-
nology. Needle punching reinforcement enabled the materials
to form a three-layer composite structure, contributing to a high
initial oil sorption rate, excellent cyclic oil sorption rate and
reuse rate. In addition, with the introduction of hollow PET, the
materials are endowed with enhanced mechanical properties,
which can satisfy the requirements of oil sorption materials for
reducing consumption and prolonging service life. When the
proportion of kapok ber in thematerial is greater than or equal
to 60%, its oil sorption rate is higher and the oil sorption speed
is faster. The materials of 20HP/60K/20HP component content
present an initial oil sorption rate of 28.22 g g−1, a maximum oil
sorption rate of 31.17 g g−1 and a sorption rate constant of the
Quasi second-order kinetic equation of 0.067 in plant oil. While
when the proportion of kapok ber in the material is below
60%, credited to the introduction of hollow PET, its mechanical
properties are signicantly boosted, and its oil retention and
reusability are outstanding, with a reuse rate stabilizing at
a relatively high level (>93%) in plant oil aer undergoing three
oil sorption cycles. Demonstrating its rapid and sufficient oil
sorption capacity, the hollow PET/kapok/hollow PET nonwo-
vens are expected to have a wider range of applications in the
eld of oil sorption.
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