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Waste spunlaced facial puff derived monolithic
flexible carbon framework (WCF): an ultralow-cost,
recyclable and eco-friendly sorbent for oils and
organic solventsy

i '.) Check for updates ‘

Cite this: RSC Adv,, 2019, 9, 31255

Huiru Ren,?® Jingbiao Hao,® Weimin Kang,® Gang Wang,® Jingge Ju,?® Lei L *2°

and Bowen Cheng ®°

Due to the spunlaced effect, waste spunlaced facial puff has a high degree of fiber entanglement and an
abundant three-dimensional (3D) network porous structure, which make it form a 3D carbon framework
material more easily after carbonization. For the first time, the monolithic 3D carbon framework is
synthesized from waste spunlaced facial puff (WCF) and used as the adsorbent for contaminants in
water. The adsorption capacity of WCF for oils and organic reagents can be 34-137 times its own
weight. Over five adsorption-harvesting cycles, the adsorption capacity of WCF to organic pollutants can
recover up to 95% of its initial capacity. Moreover, WCF exhibits stable permeation flux and high
separation efficiency in a water—heavy oil system, which is about 7714 L m™2 h™ and higher than 99%,
respectively. With a combination of waste spunlaced facial puff with monolithic 3D porous structure as
a raw material, facile and green preparation process, low density, excellent hydrophobicity and
lipophilicity, WCF as an adsorbent has great superiority in removal of organic pollutant solvents and
environmental protection as well as other applications, such as energy storage materials, catalyst
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1. Introduction

Waste cotton materials have attracted great attention in
upgrading recycling due to their unique characteristics, such as
natural curls, high surface area, numerous active hydroxyl
groups and the main component of cellulose as a carbon
precursor.™* Initially, waste cotton-based materials were nor-
mally used in some traditional areas, including production of
clothing, geotextiles, carpets, nanoparticles and composite
materials.>® Recently, to further broaden their application field
and improve their application value, the waste cotton materials
are converted into carbon-based materials via carbonization or
other methods, and are being applied in some new fields, e.g.
secondary battery electrodes,®™* strain sensors and contami-
nant adsorbents.'*°
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of waste spunlaced cotton materials.

Over the last decades, water pollution triggered by oil
spillage and emissions of toxic organic solvents have become an
urgent global issue, which are greatly harmful to the environ-
ment and ecology.** Adsorption is considered to be the most
promising solution to solve the oil pollution problem due to its
high efficiency, ease of operation and recyclability.”*** There-
into carbon-based materials including active carbons,* carbon
nanoparticles®® and carbon nanofibers** have been widely
researched as oil and organic solvent adsorbents because of
their lipophilic inherent nature. Moreover, in order to further
improve their adsorption performance, the 3D carbon frame-
works such as carbon foams,”° carbon sponges*~* and
carbon aerogels®**~*° via physical/chemical assembly of carbon-
based building blocks (e.g. carbon nanotubes, graphene/
graphite nanosheets and so on) have captured more and more
attentions because of their light weight and high sorption
capacity. The carbon-based 3D frameworks synthesized through
this route usually exhibit a high sorption capacity and
outstanding recyclability when utilized for sorption of oils and
organic solvents. However, the complex synthesis processes and
high cost have hampered their massive production and prac-
tical use. Therefore, it is particularly required to develop novel
3D carbon framework materials with facile and green prepara-
tion method as well as low-cost raw materials.
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Spunlace is a fast-growing nonwoven processing method in
recent years, which uses a high-pressure water jet to wind
loose fiber components to endue final nonwoven fabric
strength,*® thereby improving its mechanical properties and
flexibility, and the resulting products present an obvious 3D
network porous structure. As is well-known, facial puff is
a common cotton material in our daily life, which is mainly
composed of cellulose.** It is worth noting that as a typical
spunlaced nonwoven product, the facial puff has some excel-
lent characteristics, such as inherent and obvious 3D network
porous structure, significantly enhanced fiber-to-fiber entan-
glement, and improved mechanical properties and flexibility,
which is an excellent 3D carbon framework precursor material.
In addition, facial puff is a kind of daily necessities for most
women, it has been estimated that the global market of facial
puff is up to 1.401 billion dollars in 2019, which is consumed
a lot in daily life. Nevertheless, at present, the vast majority of
this kind of cotton materials are discarded after use, which not
only causes waste of materials,*” but also leads to great envi-
ronmental pollution due to the residual chemical elements on
them after use. This indicates that the disposal of discarded
facial puff waste is very essential and urgently needed to
receive attention.

In this paper, a novel oil and organic solvent adsorbent with
3D carbon framework is prepared by using waste spunlaced
facial puff as raw material through simple pyrolysis process
(WCF). Interestingly, this adsorbent not only possesses excel-
lent flexibility, high adsorption capacity and outstanding
recycle performance, but also shows remarkable oil-water
separation properties. Besides, the WCF also has the potential
applications in other fields, e.g. energy storage, catalyst carrier
and so on. Particularly, this work would have great benefits to
the waste disposal and exploitation of novel oil and organic
solvent adsorbents.

2. Experimental section
2.1 Materials

Original waste spunlaced facial puffs (98% cellulose) were
collected from daily life. Walnut corn oil, sesame oil, soybean
oil and sunflower seed oil were purchased from local markets.
Methanol, ethanol, isopropyl alcohol, acetone, chloroform,
dichloroethane, dimethicone, pump oil, dimethylformamide,
deionized water and Oil Red O were all purchased from Tianjin
Guangfu Regent Co. LTD, which were analytical grade and
without further purification.

2.2 Preparation of 3D carbon frameworks from waste
spunlaced facial puff (WCF)

The 3D waste spunlaced facial puffs were placed into a tubular
furnace for pyrolysis directly without further treatment. The
heating furnace was heated up to 800 °C with a heating rate of
5 °C min~ ' and kept for 2 hours under nitrogen atmosphere.
Finally, the furnace was naturally cooled to room temperature to
acquire the 3D carbon framework materials.
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2.3 Characterization of waste spunlaced facial puff and WCFs

All samples were characterized by a field emission scanning
electron microscope (FESEM, Hitachi S4800). Elemental anal-
ysis was accomplished by energy-dispersive spectroscope (EDS)
attached to FESEM. Fourier transform infrared (FTIR) spectra
were obtained on a Nicolet iS50 spectrometer. For each spec-
trum, resolution was better than 0.09 cm ™. The contact angle
(CA) was measured by a contact angle tester (JC2000D, Power-
each Co., Ltd., Shanghai, China).

2.4 Sorption of oils and organic solvents

In a typical adsorption process, a piece of WCF (about 10 mg)
was contacted with a kind of oil or organic liquid. The adsor-
bent was removed for weight measurement in a certain time
later. Weight measurement should be made fast to avoid
measurement errors caused by the evaporation of adsorbed
volatile organic solvents. The weight of WCF before and after
adsorption was measured and used to calculate the weight
increase. The WCF recycling performance was tested via distil-
lation, combustion and extrusion methods, respectively,
depending on the characteristics of the adsorbates.

2.5 Separation of oils/water

The application of WCF in the field of oil/water separation was
initially tested. The layered solution obtained by mixing water
and heavy oil (chloroform dyed with Oil Red O dye) in a volume
ratio of 1 : 3 was directly poured into a filter cup. WCF was fully
wetted with the oil to reach the oil-absorbing saturation state, in
order to accurately measure its flux and separation efficiency.

The water rejection and permeation flux were calculated by
eqn (1) and (2), respectively.

R(%) = < G

— — ] x 100% 1
&) x oo )
where: R is the water rejection, C;, is the water concentration in
the permeation solution and Cr is the water concentration in
the feeding stream.

V
J:ﬁ (2)

where: J is the permeation flux (L m~> h™"), V is the permeation
volume (L), A is the effective permeation area (m?), and T is the
permeation time (h).

3. Results and discussion

3.1. Synthesis and characterizations of WCF

As mentioned, under the action of high-pressure water jets, the
fibers of the spunlaced facial puff are intertwined with each
other, forming a rich 3D network porous structure, which
makes it easier to form 3D carbon framework material after
carbonization. The 3D WCF is prepared by a simple pyrolysis
process using the waste spunlaced facial puff as raw materials.
Briefly, a prepared waste spunlaced facial puffs with 3D
frameworks are pyrolyzed at 800 °C and kept for 2 h under
nitrogen atmosphere to produce WCF materials (Fig. 1).

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematic diagram of the synthesis process of spunlaced facial puff and WCF.

After pyrolysis, the length of the 3D waste facial puff of 0.0786 g cm ®. Scanning electron microscopy (SEM) image
decreases from 6.04 cm to 4.48 cm (insets in Fig. 2a and b, exhibits that the waste spunlaced facial puff has apparent
respectively). In addition, the weight of the 3D waste facial puff interconnected 3D network porous structure, and the fibers are
drops from 427.06 to 97.86 mg, and the WCF has a low density entangled with each other due to the spunlace action. Besides,

Fig. 2 (a) SEM image of the cellulose fibers in waste spunlaced facial puff and the inset is the photograph of a piece of waste spunlaced facial
puff; (b) SEM image of the carbon fibers in WCF and the inset is the photograph of a piece of WCF; (c) photograph of water droplets supported on
the WCF and inset is the water contact angle of WCF; (d) water flows directly down as it impacts the WCF surface. (e) and (f) Contact angle of WCF
to walnut corn oil.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 31255-31263 | 31257
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the long fibers with different degrees of distortion are evenly
distributed, and the fiber diameter is between 10-20 pm
(Fig. 2a). In contrast, the WCF shows a smaller diameter of 5-10
um and a further distorted form. Moreover, the WCF still
remains abundant porous structure and fiber to fiber entan-
glement after pyrolysis process, which is beneficial to its organic
pollutant adsorption performance (Fig. 2b). Although the orig-
inal waste facial puff is hydrophilic, the WCF is hydrophobic
with the water contact angle of 134° (Fig. 2c inset) and can prop
up spherical water droplets on its surface (Fig. 2¢). In addition,
we use water to impact WCF, and the water flows directly down
the surface of WCF, as shown in the Fig. 2d. To further confirm
the hydrophobicity of the WCF, the water dyed with methylene
blue is dropped on the raw waste facial puff and WCF respec-
tively (Movie S1 in ESIT). The raw waste facial puff is instantly
soaked by water, while the water droplets remain on the surface
of WCF, showing a hydrophobic state. Then, tweezers are used
to pick up the dripping waste facial puff and the WCF. The water
is completely adsorbed by the raw waste spunlaced facial puff,
whereas the water rolls off the surface of WCF. Furthermore, the
oil contact angle of the WCF can be obtained by dropping the
walnut corn oil onto the surface of the WCF. As shown in the
Fig. 2e and f, the walnut corn oil penetrates into the WCF at the
moment of contact with the WCF, showing super lipophilicity of
the WCF material.

Theoretically illustrates the hydrophobic and lipophilic
properties of WCF. First of all, the atom compositions and
distribution of waste spunlaced facial puff fibers (Fig. 3a1-a4)
are characterized by EDS analysis. The EDS pattern of waste
spunlaced facial puff fibers reveals that the fibers contain
carbon (C), nitrogen (N) and oxygen (O) elements. The homo-
geneous distribution of carbon (C) and oxygen (O) elements
over fibers is further characterized by element mapping images
in Fig. 3a2 and a4. It can be seen that the distributions of
elements (C and O) are quite uniform, which provides the
elements required for hydrophilic properties. And then, the
atom compositions and distribution of WCF (Fig. 3b1-b4) are

C
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also characterized by EDS analysis. It reveals that the WCF
mainly contains carbon (C) elements, that means after the
pyrolysis process, the oxygen (O) elements contained in the raw
waste spunlaced facial puff fibers are basically removed, and the
remaining carbon is hydrophobic and oleophilic in nature.
More specifically, different wettability between waste spunlaced
facial puff and WCF can be demonstrated by Fourier transform
infrared spectroscopy (FTIR) analysis. The FTIR spectrum of the
raw waste spunlaced facial puff exhibits several hydrophilic
functional group peaks, such as C-O, C=0 and -OH. In
contrast, all adsorption bands of hydrophilic functional groups
disappear once the waste spunlaced facial puff materials are
pyrolyzed, leading to its hydrophobicity and lipophilicity
(Fig. S1 in ESIT). Therefore, WCF materials are hydrophobic and
oleophilic, and thus show potential applications in removing
organic matter from water.

In addition, it is necessary and essential for WCF to have
desirable flexible properties in its practical adsorption appli-
cation. As shown in Fig. 4b and d, the waste spunlaced facial
puff and the WCF have been folded several times, respectively,
which clearly proves that the WCF has outstanding flexibility. Of
course, this excellent flexibility is inseparable from the effective
entanglement between the fibers of waste spunlaced facial puff.
Moreover, when WCF is exposed to flame, it exhibits excellent
fire resistance, which suggests its potential application under
harsh high temperature condition (Movie S2 in the ESI{).

3.2. Sorption of oils and organic solvents by using WCF

In a word, WCF has many advantages, such as good flexibility,
light weight, hydrophobic and lipophilic, 3D structure, and
most importantly, the raw materials of WCF are from a large
amount of waste generated in daily life, energy saving and easy
to prepare. The monolithic WCF's entanglement of fiber to fiber
given by the spunlace process is beneficial to the adsorption.
Specifically, it is convenient to separate and does not easily
remain in the adsorbed liquid thus avoiding the secondary
pollution. These excellent physical and chemical properties

-
b3 -

Fig.3 EDS elemental mapping of C (a2), N (a3), O (a4) from waste spunlaced facial puff (al) and EDS elemental mapping of C (b2),

from WCF (b1).
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Fig. 4

(a) Photograph of a piece of waste spunlaced facia puff; (b) photograph of a piece of waste spunlaced facial puff that is folded several

times; (c) photograph of a piece of WCF; (d) photograph of a piece of WCF that is folded several times.

Fig. 5 Sorption of oils and organic liquids by WCF. (a) Photographs of the dimethicone sorption process at intervals of 10 s. Dimethicone stained
with Oil Red O floating on water is completely adsorbed within 30 s. (b) Photographs of the chloroform sorption process. Chloroform stained
with Oil Red O at the bottom of water is completely adsorbed within 2 s.

make WCF an ideal candidate for efficient removal of oils and
organic solvents. The adsorption processes of oils and organic
solvents using WCF are demonstrated in Fig. 5. Once the WCF is
in contact with the dimethicone layer (which is stained with Oil
Red O) on the water surface, the WCF can adsorb dimethicone
rapidly and completely within 30 seconds (Fig. 5a). Mainly due
to its hydrophobicity and low density, WCF floats on the water
surface after adsorption of the dimethicone, indicating that it is
easy to remove oil spills and chemical leaks, and recycle it with
little effort. Furthermore, the WCF can adsorb chloroform
(which is stained with Oil Red O) quickly within 2 seconds at the
bottom of the water (Fig. 5b).

In order to quantitatively study the adsorption capacity, the
weight increase (wt%) is defined as the weight of the adsorbate
matter per unit weight of the dried WCF. A variety of oils and
organic solvents are tested, including fats (e.g. sunflower oil and
walnut corn oil), commercial petroleum products (e.g. pump oil)
and ketones (e.g. acetone). All of them are common contami-
nants not only in our daily life but also from industry. Addi-
tionally, adsorption of organic liquids, including alcohols (e.g:
methanol, ethanol and isopropyl alcohol), and other organic

This journal is © The Royal Society of Chemistry 2019

solvents (e.g. chloroform and dimethylformamide), are also
studied. Obviously, the WCF exhibits a high adsorption capacity
for the above oils and organics. In a word, the ability of WCF to

Sunflower
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Pump
Dimethicone
DMF
Dichloroethane
Methanol
Ethanol
Acetone
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Chloroform
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Fig. 6 Sorption efficiency of the WCF for various oils and organic
liquids.
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Table 1 Comparison of various 3D sorbent materials

Sorbent Oils Sorption capacity (g g ') Ref.
CNF/carbon foam Wash oil 28 28

UFC foam Chloroform 158 29

CNF aerogels Carbon tetrachloride 75 33

GSs Diesel oil 129 35
Carbon aerogel Paraffin oil 86 36
MTMS-DMDMS gel Chloroform 14 51
Spongy graphene Petrol oil 86 48

WCF Dimethicone 137 This work

adsorb these liquids is up to 137 times its own weight (Fig. 6). By
comparison, WCF shows a higher adsorption capacity than
other previously reported materials, such as rice husks (5.02
times),* potato peel (2.15 times),** wool-based nonwoven (15
times),* luffa (85 times),* Kapok fiber (58.8 times)* and spongy
graphene (86 times).*® While the adsorption capacity of WCF for
oils and organic solvents is a little lower than that of CNF aer-
ogel,'® nitrogen-doped graphene foam* and ultra-flyweight
aerogels,* the preparation method of WCF is the simplest,
and its raw materials are not only environmentally friendly
biomass-based materials, which are the cheapest of all these
adsorbents, but also from waste spunlaced facial puff. Hence,
WCEF studied in our work is a cost-effective, the most environ-
mentally friendly and sustainable adsorbent for the removal of
oils and organic contaminants. Besides, in order to better
understand the adsorption performance, a table about the
comparison of the adsorption performance between this
material and other 3D materials is demonstrated (Table 1).

It is also necessary and essential for oil and chemical
cleanup to have the recyclability of sorbents and the recover-
ability of contaminants. Additionally, it is also very pivotal and
necessary that the adsorbent is not supposed to produce
secondary pollution after adsorption. In general, three common
approaches are applied to testify these properties of the
sorbents for recycling, such as distillation, combustion and
squeezing, which depends on the types of pollutants. More
specifically, for recovering those nonflammable and precious
contaminants with high boiling points, squeezing is a good
choice. Combustion is suitable for the recovery of the useless
and flammable pollutants, and distillation is an efficient and
attractive method to remove valuable contaminants or those
with low boiling points.” Different recycling processes of WCF
are demonstrated in Fig. 7. For instance, WCF adsorbed ethanol
can be efficiently removed by combustion, and the framework
remains in its original form, size and inherent 3D porous
structure after combustion (Fig. 7a). In contrast, walnut corn oil

Fig. 7

31260 | RSC Adv., 2019, 9, 31255-31263

(a) Photographs of the recycling process of WCF via combustion; (b) photographs of the recycling process of WCF via squeezing.
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with a high boiling point can be recovered by squeezing the
WCF materials (Fig. 7b).

In addition, the WCF are subjected to repeated cycle tests
through distillation (Fig. 8a), combustion (Fig. 8b) and
squeezing (Fig. 8c). Initially, the method of distillation is used
to test the adsorption of acetone to perform cycle test. There-
after, the material is heated to a certain temperature to release
the acetone vapor (which is chosen to evaporate at a tempera-
ture close to the boiling point of the adsorbate). The adsorption-
evaporation process is repeated 5 times. As shown in Fig. 8a,
after each cycle, there is almost no residual acetone in the WCF,
and there is no significant change in adsorption capacity after 5
cycles, which indicates that the WCF has stable adsorption and
recycling performance. Besides, no damage to the morphology
and structure of the WCF is observed after several cycles. In the
case of combustion recovery, ethanol is used as an example.
After 5 cycles of adsorption-combustion process, the adsorp-
tion capacity of WCF is almost the same as that of the first cycle
(Fig. 8b), indicating that the combustion method is also very
suitable for the recycling of WCF. In addition, after repeated
adsorption-combustion cycles, the 3D fiber network and
twisted structure of WCF still exist. Finally, for the cyclic
adsorption—extrusion test, particularly for those pollutants

700
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being nonflammable or having a higher boiling point, high
boiling point dimethicone is taken as an example. In the first
cycle, 972.6 mg of dimethicone can be adsorbed by the WCF.
After squeezing, due to incomplete compression of the WCF,
residual dimethicone is present with a remnant mass of
264.5 mg. In order to maintain the good adsorption capacity of
WCEF, the strain caused by extrusion should not exceed 68%,"
thus to retain the porous structure and twisted fiber
morphology. From the second cycle, the performance of the
WCF tends to stabilize, the weight gain remains unchanged
(Fig. 8c). Therefore, based on its outstanding monolithic flex-
ible framework and excellent thermal stability, the three
common methods mentioned above, namely distillation,
combustion and extrusion, or a combination thereof, can
circulate WCF according to the type of contaminant.

What is more, the adsorption mechanism of oils and organic
solvents is analyzed. The mechanism of oil-adsorbing materials
for oil spill treatment is very complicated, which can be affected
by various factors.> The mechanism of oil-adsorbing materials
for oil spill treatment can be divided into two types: capillary
action and van der Waals interaction. Owning to the high
porosity and unique pore structure caused by spunlace effect,
WCEF can adsorb considerable amount of organic pollutants to

700
‘ ® Remnant mass Acetone I [ = Remnantmass | Ethanol
600 |-| @ Absorbed mass 0 600 | | ® Absorbed mass l:)
— Absorption [ —= Absorption
500 - T L
-~ -+ Distillation s =Combustion
L |
(=]
a 400 E4oo L
£ -
= Q 3
@ 300 - 5 1. N X (@ 300 |
g \\ \\ \\ \\ E \\ \ Q\ e
\
200 - b . \\ X 200 Y N N N
\ \ \ K % \ \ \
\ R \ \ \ \ \\ \
100 | \\ \\ \\ \\ 100 |- \\ \\ < \\
\ N \ \ \ \ \\ \
\ N N
't 1 . t 3 4 °L : : ; :
5 1 2 3 4 5
Cycle Cycle
2000
Dimethicone

1800 || ™ Remnantmass
L | ® Absorbed mass
1600 [ — Absorption

1400 |

|~~~ * Squeezing
D1200
7 1000 |- 3
) \
@© 800 N
= \

C

Fig. 8

3
Cycle

(a) Distillation is applied to recycle the WCF for sorption of acetone; (b) combustion is applied to recycle the WCF for sorption of ethanol

and (c) squeezing is used to recycle the WCF for sorption of dimethicone.
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WCF material

Van der Waals interaction

Capillary action

Fig. 9 Oil (dyed with Oil Red O dye) adsorption of WCF material.

its pores through capillary action.**** Additionally, traditional
plant fiber oil-adsorbing materials have poor oil adsorption and
oil retention properties due to their large amount of hydrophilic
hydroxyl groups. However, after pyrolysis of the waste spun-
laced facial puff, the hydrophilic functional groups are gradu-
ally lost, such as C-O, C=0 and -OH, and the lipophilicity of
the surface increases, the oleophilic group of WCF adsorbs the
oil spilled molecules through van der Waals interaction. WCF
integrates the two adsorption mechanisms (capillary action and
van der Waals interaction adsorption mechanisms) to work
together, which greatly enhances its ability to adsorb oil and
organic pollutants, as shown in Fig. 9.

3.3. Analysis of WCF oil/water separation performance

Due to its flexible, abundant 3D porous structure, and excellent
hydrophobic and lipophilic performances, the application of
WCEF in the field of oil/water separation is initially tested. The
layered solution obtained by mixing water and heavy oil (chlo-
roform dyed with Oil Red O dye) in a volume ratio of 1:3 is
directly poured into a filter cup. It is found that chloroform
quickly penetrates the WCF while water remains on the upper
side of the WCF. The schematic diagram of the oil/water sepa-
ration process is shown in Fig. 10. The results show that WCF
exhibits stable permeation flux and high separation efficiency
for separating water-heavy oil system, which are about 7714 L

“ & Water

Removal

Fig. 10 Gravity-driven separation of a heavy oil (chloroform dyed with
Oil Red O dye) and water mixture with WCF material.
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m~>h~ " and higher than 99%, respectively. Moreover, WCF also
has great potential applications in many other areas, including
3D electrode material for energy storage devices (e.g. lithium ion
batteries and supercapacitors) and catalyst carrier.

4. Conclusion

In summary, the monolithic 3D carbon framework is synthe-
sized from waste spunlaced facial puff (WCF) and used as the
adsorbent for contaminants in water. Because of its high degree
of fiber entanglement and abundant three-dimensional (3D)
network porous structure, the waste spunlaced facial puff is
more easily to form the 3D carbon framework material after
carbonization. The adsorption capacity of WCF for oils and
organic reagents can be 34-137 times of its own weight. Over
five adsorption-harvesting cycles, the adsorption capacity of
WCF to organic pollutants can recover up to 95% to its initial
capacity. In addition, WCF shows stable permeation flux and
high separation efficiency in water-heavy oil separating system,
which are about 7714 L m > h™" and higher than 99%,
respectively. Most importantly, the rich raw material of waste
spunlaced facial puffs and simple pyrolysis preparation process
make WCF cost-effective for practical industrial organic
pollutant adsorption and separation application.
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