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ARTICLE INFO ABSTRACT

Keywords: To address the environmental pollution and human health issues caused by oily wastewater and PVC plastic
PVC f°°d wrap waste, a practical zero-waste solution has been developed. In this study, PVC sponges with superlipophilic and
Plastic superhydrophobic properties were prepared using vapor induced phase inversion and recycling PVC food wrap,
:?;Itligce without the use of any additives. This sponge effectively separates oil and water. The pore size of PVC sponges

could be adjusted by varying the PVC concentration and solvent ratio, which led to improvements in pore
density, specific surface area, porosity, oil sorption capacity, and emulsion separation performance. The emul-
sion separation experiment demonstrated that the 7 wt% PVC sponge (7-0-1) can efficiently separate oil from
water-in-oil emulsion, with excellent separation efficiency and a flux of 161.5 L-m 2h lbar L. Moreover, the
sponge exhibits impressive properties such as elastic recovery, flexibility, self-cleaning, and mechanical strength.
Remarkably, even after recycling, the sponge maintains its hydrophobicity and emulsion separation perfor-
mance. This hydrophobic sponge has great potential for mass production and oil-water separation such as in oil

Emulsions separation

spill accidents.

1. Introduction

Oily wastewater treatment has become a critical environmental
concern owing to oil spills, as well as the discharge of organic pollutants
and petroleum wastewater from industries. This pollution inflicts severe
harm on marine ecosystems, the environment, and human health [1,2].
In response, several studies have focused on isolating oil pollutants,
organic pollutants, and emulsions from water [3-5].

Porous materials have taken the lead as a remarkable category of
separation materials, finding extensive application in the retrieval and
partitioning of crude oil [6,7], organic reagent [8] and emulsion [9,10],
eclipsing metal mesh [11,12], composite membrane [13], and func-
tional particle materials [14-16] due to their unique three-dimensional
network structure, impressive adsorption capacity, lightweight nature,
and outstanding compression capabilities. For example, Wang et al. have
demonstrated the efficacy of a novel silica aerogel membrane with a
mesoporous structure and superhydrophobicity of 161° prepared via the

sol-gel method. This aerogel membrane boasts a separation efficiency
exceeding 99.9% for surfactant-stabilized water-in-oil (w/0) emulsions
[17]. Wang and Weng developed a methodology for fabricating poly-
acrylonitrile fiber/graphene oxide (PAN/RGO) composite porous ma-
terials. By ingeniously merging hydrothermal reactions and freeze-
drying techniques, they utilized the potential of discarded poly-
acrylonitrile fiber (PAN) alongside the dynamic properties of graphene
oxide (RGO) as the elemental building blocks [18]. While numerous
reports on porous materials have surfaced, encompassing biomass aer-
ogels [19,20], polymer sponges [21] and composite materials [22],
several limitations have impeded their practical application and mass
production. These shortcomings primarily come from convoluted
preparation processes and unsatisfactory elasticity. Such predicaments
restrict their potential in real-world scenarios and large-scale
manufacturing endeavors. There is, therefore, an exigent need for
porous materials that offer straightforward preparation, economical raw
materials, and emulsion separation capabilities.
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Apart from the environmental threat of oil pollution, the recycling
and treatment of waste plastics constitute another significant challenge
[23,24]. Plastics, especially polyvinyl chloride (PVC), exhibit remark-
able resistance to water, acid, alkali, and chemical corrosion, making
them ubiquitous in food, packaging, construction, and other industries
[25,26]. Unfortunately, PVC is inherently unstable when subjected to
high temperatures and prolonged exposure to light, leading to its
decomposition and the release of hydrogen chloride, which is harmful to
human health [27]. Moreover, the fragments of decomposed PVC
remain in the soil and rivers, threatening the survival of aquatic plants
and animals [28]. Given the ubiquity of PVC in everyday life and the
resulting production of waste PVC plastics, there is an urgent need to
address the resultant “white pollution” problems. Recycling PVC plastics
provides an effective solution to reduce environmental pollution,
minimize the secondary pollution caused by landfill and incineration of
waste plastics, and realize resource utilization. At the same time,
compared with the novel separator skimmer [29], the technology that
can effectively recycle PVC plastic and prepare the separated material is
more economical and easier to realize the actual industrial production.

After a comprehensive literature review, it was determined that
materials capable of emulsion separation exhibit at least one of two
fundamental characteristics [30]: (1) a unique micro-nanostructured
surface that breaks the emulsion and facilitates separation [31,32], or
(2) a distinct internal pore structure that under the influence of gravity
or an external force enables the emulsion to break, allowing one phase to
pass through while the other is retained in the material’s surface or pores
[33,34].

Yang et al. investigated the separation mechanism of a sodium
alginate/graphene oxide/silica aerogel (SA/GO/SiO,-M) for w/o emul-
sions. They discovered that the SA/GO/SiO3-M aerogel possesses a
zigzag porous structure with superhydrophobic/superlipophilic char-
acteristics. This enables the aerogel to filter the oil phase through an
interconnected microchannel, while water droplets are blocked on the
surface. Water droplets coalesce to form larger drops, resulting in
droplets significantly larger than the aerogel’s pore size, enabling effi-
cient demulsification and separation [35].

Despite the excellent water and chemical resistance properties of
PVC food wrap, its limited solubility in water and inadequate share-
ability for porous material direct production hinders its utilization in
oil/water separation applications. Additionally, there are limited reports
on hydrophobic PVC materials. Therefore, a novel approach is proposed
that involves dissolving hydrophobic PVC materials in a suitable solvent
and regenerating them through a water bath to construct a specialized
porous material with emulsion separation capability. To the best of our
knowledge, the development of PVC sponges from PVC food wrap has
yet to be reported.

This study successfully transformed PVC food wrap into PVC
sponges, which were employed for oil-water and emulsion separation.
The raw material was subjected to a vapor induced phase inversion
process to create a shape-controllable, superhydrophobic porous mate-
rial with efficient oil sorption, emulsion separation, and reusability. The
morphology, structure, and properties of the sponges were compre-
hensively analyzed, including their oil-water separation performance,
emulsion separation performance, mechanical performance, and recy-
cling performance. The potential applications of PVC sponges in high-
value engineerings, such as oil spill treatment and oil-water separa-
tion, were also discussed. By developing PVC sponges, this study not
only upcycles PVC as a valuable material but also expands its potential
value.

2. Experimental section
2.1. Materials

Polyvinyl chloride (PVC) food wrap, 10 pm thick, was obtained from
Nanjing Yuehuo Household Articles Co., Ltd. N,N-Dimethyloctanamide
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(DMF, > 99.5%), and N,N-Dimethylacetamideand (DMAC, > 99.5%)
were purchased from Tianjin Xinbote Chemical Co., Ltd. Petroleum
ether (>98%), copper sulfate solution (CuSO4, > 99%), sodium chloride
(NaCl, > 99%), and potassium chloride (KCl, > 99%) were purchased
from Tianjin Yongsheng Fine Chemicals Co., Ltd. n-Hexane and n-hep-
tane (>98%) were purchased from China Pharmaceutical Corporation
Beijing Co., silicone oil from Sigma-Aldrich, and diesel from Sichuan
Chehao Trading Co., Ltd. Cyclohexane (>99.5%) was purchased from
Tianjin Fuyu Fine Chemicals Co., Ltd. All the water used in the experi-
ment was deionized. The chemicals and reagents used in this experiment
were not subjected to any further purification.

2.2. Preparation of PVC sponges

Fig. la presents the flow chart for the preparation of PVC sponges,
which involves the following steps: first, the PVC food wrap is cut up,
and then PVC solutions with concentrations of 5, 6, 7, 8, and 9 wt% are
prepared by mixing DMF and DMAC solutions in different volume ratios
(DMF/DMAC score of 1/0, 1/1, 1/2, 1/4, and 0/1, respectively) using
magnetic stirring. Next, 5 mL of the PVC solution is transferred to a glass
petri dish with a diameter of 40 mm and a height of 10 mm. The mold
containing PVC solution is then placed in a 180 mm dryer for 12 h, in a
container containing saturated CuSO4 (98% relative humidity). To
compare the oil-water separation performance and hydrophobic angle
of PVC sponges, saturated NaCl (76% relative humidity) and KCI (86%
relative humidity) solutions are used. Once the water vapor-induced
phase inversion is complete, the obtained PVC hydrogels are soaked in
water for 1 day, with the water being changed every 4 h. Finally, the
PVC sponges are obtained by refrigeration and freeze-drying. The ab-
breviations used to represent the PVC sponges prepared in this paper are
as follows: for example, 7-0-1 indicates that the sponge is prepared using
a PVC concentration of 7 wt% and a DMF/DMAC volume ratio of 0/1.
Unless otherwise specified, PVC sponges are prepared using saturated
CuSO4. Additionally, 10 wt% PVC sponges are prepared using the same
procedure described above; however, these samples are not analyzed
because none of the 10 wt% PVC sponges pass the w/o emulsion test.

Fig. 1b shows the experimental process involved in the preparation
of PVC sponges. As can be seen from the picture, the colorless PVC so-
lution turns into a white hydrogel after vapor deposition and induction
by water vapor replacement, with a slight reduction in volume. After
freeze-drying, a white PVC sponge is formed.

2.3. Preparation of recycled PVC sponges

For instance, the 7-0-1 was used in this study. The previously utilized
PVC sponges were dried in an 80 °C oven for 6 h and subsequently cut
into pieces to replace the PVC food wrap. The recycled PVC sponges
were produced in the same manner as the original PVC sponges.

2.4. Density and porosity of PVC sponges

The density (ps) of PVCis 1.4 g/ em®, determined by the thickness and
weight of the PVC food wrap. The density (p, g/ cm®), and porosity (P, %)
of PVC sponges were calculated using Eq. (1) and Eq. (2) [36]:

m
= 1
P v (€]

P(%) = <1 75) x 100% @

s

where m (g) and V (cm®) are the weight and volume of PVC sponges,
respectively.

2.5. Oil sorption and oil/water separation testing of PVC sponges

During a typical sorption test, the PVC sponge was immersed in a
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Fig. 1. (a) Schematic illustration of the synthetic procedure of the PVC sponges; (b) Photos taken during the synthetic process of the PVC sponges.

mixture of oil and water that had been dyed with oil red and methylene
blue, respectively. After reaching adsorption and saturation, the PVC
sponge was removed and weighed to determine its saturated mass. The
adsorption capacity (Q, g/g) was then calculated using Equation (3):

my — ny

0 3

m

where m; (g) and my (g) represent the total mass of the sponges before
and after oil sorption, respectively.

2.6. Separation performance evaluation of water-in-oil emulsions of PVC
sponges

The w/0 emulsions were prepared by adding 1 mL of deionized water
and 0.25 g of surfactant Span 80 to 100 mL of various oils (n-hexane,
cyclohexane, n-heptane, and petroleum ether). The mixture was soni-
cated for 1 h in a bath sonicator, followed by vigorous magnetic stirring
for 3 h. The separation performance of PVC sponges for the different
emulsions was evaluated using a self-made filtration device (see Fig. S1),
and the flux (F, L-m~2h~!-bar 1) of PVC sponges was calculated using
Poiseuille’s Law (Eq. 4) [37,38]. For each separation process, 5 mL of the
w/o emulsion was poured onto pre-wetted PVC sponges driven by an
SHB-III circulating water multi-purpose vacuum pump.

4v

F=——
nd? AtAP &

where V (L), d (m), At (h) and AP (bar) represent the emulsion volume,
effective diameter, passing time of PVC sponges, and additional pres-
sure, respectively.

2.7. Testing of oil sorption cycle and emulsion separation cycle of PVC
sponges

To conduct the oil absorption cycle test of the PVC sponge, the
sponge is immersed in oil until it reaches adsorption saturation. The
adsorption capacity is then calculated using the weighing method. The
sponge is then dried at room temperature for the next cycle of adsorp-
tion, and this cycle is repeated 10 times.

In the w/0 (n-hexane) emulsion separation cycle test of the PVC
sponge, the sponge is placed into a self-made separation device. The
time taken by the 7-0-1 to separate a 5 mL n-hexane emulsion under
external force is recorded, and the n-hexane flux is calculated using
Poiseuille’s Law Eq. (4). The PVC sponges are then removed and dried at

room temperature for the next cycle of the test. This cycle is repeated 5
times.

2.8. Instrumentation

Chemical properties were determined using fourier transform
infrared spectroscopy (FTIR; VERTEX 70, Bruker, Germany) over the
wavenumber range of 500-4000 cm!. The specific surface area and
pore size were analyzed by Brunauer-Emmett-Teller (BET;
Quantachrome-EVO, America). Surface morphology was observed using
scanning electron microscopy (SEM; Zeiss sigma 300, Germany). Ther-
mal stabilities were evaluated via thermal gravimetric analysis (TG; TGA
550, America) in the temperature range of 30-600 °C, with a tempera-
ture rate of 10 °C/min, and samples in Ny atmosphere. Heat-release
characteristics and glass transition temperature (Tg) were determined
by differential scanning calorimeter (DSC; DSC Q2000, TA, America),
conducted from 25 °C to 220 °C under N5 flow of 50 mL/min, with a
heating rate of 10 °C/min.

Air wettability was characterized by measuring the water contact
angle (WCA) and oil contact angle (OCA) using a contact angle instru-
ment (JJ2000B, Zhongchen, Shanghai, China). The elastic resistance of
sponges (20 mm in length and 6 mm in width) was measured using a T-
Series materials testing machine (H5K-T, Tinius Olsen, America) at a
drawing speed of 50 mm/min. Droplet sizes of emulsions were deter-
mined using a nanometer particle potentiometer (Nano ZS90, Malvern,
America). Viscoelastic properties were measured using a dynamic me-
chanical thermal analyzer (DMA; DMA Q800, TA, America), while the
modulus and machining performance of the samples were tested using a
rotational rheometer (TA DHR-1, TA, America).

3. Results and discussion

The pore sizes of sponges are closely related to their preparation
parameters, particularly the solvent and PVC concentration. Fig. 2 il-
lustrates the significant influence of the PVC concentration on the
diameter, thickness, quality, density, and porosity of PVC sponges.
Conversely, the DMAC/DMEF solvent ratio, although intriguing, does not
appear to exert a substantial impact at lower concentrations, yet mani-
fests a significant influence at higher concentrations.

The diameter (Fig. 2a) and thickness (Fig. 2b) of sponges decrease
with an increase in the PVC concentration, which is also evident from
the photos in Fig. 2c. Conversely, the quality (Fig. 2d) and density
(Fig. 2e) of the sponge increase with the increase in PVC concentration,
while the porosity decreases (Fig. 2f). Additionally, the hardness of the
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Fig. 2. The relationship between PVC sponges and solvent ratio and concentration. (a) diameter, (b) thickness, (c) photos, (d) quality, (e) density, (f) porosity, (g)

FTIR spectra, (h) and (i) N, adsorption-desorption hysteresis curve.

prepared sponges indicate that higher solvent ratios and higher PVC
concentrations lead to harder sponges. This phenomenon is attributed to
its density and aligns with the results in Fig. 2e.

The FTIR spectra of PVC sponges are presented in Fig. 2g. The
stretching and bending vibrations of ~CHy- in PVC were observed at
2928 and 1428 cm 7, respectively, while the telescopic vibrations of C-
Cl were detected at 694 and 614 cm™! [39]. The peak shapes of all PVC
sponges were similar to those of the PVC food wrap, and no new char-
acteristic peaks were observed. This suggests that the formation of PVC
sponges involved physical dissolution, stacking, and recombination
rather than a chemical reaction.

The N, adsorption-desorption curve of PVC sponges is shown in
Fig. 2h and 2i. All PVC sponges exhibited typical type IV isotherms,
indicating the presence of mesopores [40-42]. With increasing PVC
concentration, the specific surface area of the sponges initially increased
and then decreased, while the pore size displayed the opposite trend.
The 8-0-1 had the highest specific surface area of 3.813 m?/g (Fig. 2h).
This may be due to the large interlayer spacing of sponges formed at low
concentrations, resulting in a smaller surface area. Conversely, at high
concentrations, the interlayer spacing was too small, causing the PVC
microspheres to stack tightly and cover some of the surface areas inside
the PVC, thereby reducing the specific surface area of the sponge.

However, the solvent had a significant impact on the specific surface
area and pore volume of sponges (Fig. 2i). The 7-1-1 and 7-1-4 dis-
played relatively large specific surface areas and pore volumes because
the solvent influences the crystallization and formation of PVC sponges,
leading to different molecular arrangements. This result is consistent
with the SEM images presented in Fig. 3, which depict irregularly ar-
ranged 7-1-1 and 7-1-4, exposing more specific surface area. The BJH

pore size distribution plots and BET data for PVC sponges are presented
in Fig. S2 and Table S1.

3.1. Morphology and structure analysis of PVC sponges

The microstructure of sponges is a crucial factor in determining their
adsorption and separation properties. To analyze the microstructure of
PVC sponges, SEM images were taken on both the surface and interior of
the sponges. In the SEM images of the upper surface of PVC sponges
(Fig. 3a), it is evident that the sponges are composed of microspheres of
varying sizes and shapes, with rough surfaces that contribute to their
unique surface property. Additionally, the concentration of PVC plays a
significant role in determining the dispersion and aggregation of pellets
on the sponges’ surface. At higher concentrations of PVC, the spheres on
the surface of the sponges tend to agglomerate and form larger blocks,
resulting in the formation of multiple pellets clustered and wrapped
aggregate blocks. The smaller the DMAC/DMF value, the easier it is for
the pellets on the surface of the PVC sponges to aggregate into larger
blocks.

SEM images (Fig. 3b) of the section of the sponges revealed a regular
layered structure, with smaller and denser layer spacing observed at
higher concentrations of PVC. When the PVC concentration reached 8 wt
%, the layer spacing was very small, and the layers were tightly ar-
ranged, with no apparent layer structure visible. Moreover, the solvent
used in the preparation process can also influence the layer arrange-
ment, causing the PVC molecules to be arranged irregularly, as seen in
Fig. 3b images of 7-1-1 and 7-1-4. It is plausible that the dissimilar
solubility of DMAC and DMF in PVC food wrap may account for the
observed phenomenon. By consulting the physical and chemical
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Fig. 3. The SEM images of (a) the upper surface and (b) the section of PVC sponges.

characteristics of these two solvents in Table S2, one can discern notable
distinctions. Specifically, DMAC exhibits a greater molecular weight,
higher viscosity and density, and a smaller solubility parameter.
Adhering to the principles of similar miscibility and considering the
solubility parameter of PVC to be 9.5 (cal/cm®)!/2, it becomes apparent
that DMAC surpasses DMF in terms of solubility with PVC. Conse-
quently, DMAC facilitates the dispersion of PVC molecules. Assuming
the solvent solely comprises either DMAC or DMF. In such a scenario, the
absence of steric effects from the other solvent allows the system to
consist exclusively of a single solvent and PVC molecules. This enables
the PVC molecules to disperse uniformly throughout the solvent,
thereby resulting in a regular layered structure within the PVC sponge.
Nevertheless, when both DMAC and DMF coexist within the solvent, a
competitive relationship ensues as the two solvents vie for PVC mole-
cules, driven by the interplay of solubility parameters and steric hin-
drance. DMAC, possessing superior solubility, a greater spatial ratio, and
a more favorable affinity for PVC food wrap, may cause PVC molecules
to gravitate towards it. This preference gives rise to an inherently less
stable system wherein the dispersion of PVC molecules becomes uneven,
ultimately leading to the formation of porous materials with an irregular
arrangement of PVC. These unique features of the layered structure
endow the sponges with exceptional compressibility and resilience. For
the SEM images of sponges with a large doubling speed, please refer to
supporting information Fig. S3.

We investigated the microstructure of the 10-1-0 that failed to pass
through the w/0 emulsion (Fig. 3). The upper surface of the 10-1-0 ex-
hibits a relatively dense structure composed of microparticles of varying
sizes. Meanwhile, its cross-section reveals a grid structure similar to
hollow or solid spherical material links. The unique compact structure of
the upper surface and the unconnected pore structure of the cross-
section endow the 10-1-0 with unconnected properties. Under
external force, the emulsion breaks upon contact with the sponge sur-
face, and water droplets can adhere well to the sponge surface. However,
due to the absence of network channels, oil droplets cannot be separated
from the sponges. Consequently, we excluded the 10 wt% sponges from

all subsequent experiments.

Morphologies of the sponges may differ depending on the different
environments on the upper and lower surfaces, making SEM images on
the lower surface essential to study the formation of its structural
morphology. In Fig. 3, the morphology and arrangement of porous
materials exhibit a profound interplay with their concentration.
Evidently, the superficial characteristics of 5-0-1, 6-0-1, and 7-0-1
manifest striking dissimilarities. On the other hand, a comparative
investigation of the SEM images captures a semblance between the
upper surface of 8-0-1, 9-0-1, and 7-0-1, attained through the utilization
of distinct solvents. Consequently, we elect to undertake a SEM analysis
on the lower surface of 5-0-1 (depicted in Fig. 4a), 6-0-1 (depicted in
Fig. 4b), and 7-0-1 (depicted in Fig. 4c). SEM images on three sponges
with relatively different upper surface morphologies revealed that the
structure of the lower surface of the three sponges is similar, with an
intersected three-dimensional structure seen in all of them. Besides, the
lower surface of the 10-1-0 features a planar structure with a pit
structure, and consistent with the above results (Fig. 4d). However, the
lower surface appears relatively smooth compared to the upper surface,
as if it was pressed by a glass sheet, possibly because of its contact with
the glass surface dish. Fig. 4e is a schematic diagram of the upper and
lower surfaces of the sponge and with one side exposed to vapor
designated as the upper surface, and the other side in contact with the
surface dish designated as the lower surface.

The SEM results of the sponges demonstrate that the upper surface
(Fig. 3a), section (Fig. 3b), and lower surface (Fig. 4) of PVC sponges are
pore structures surrounded by microspheres, a layered structure, and
pressurized network structure, respectively. This particular lamellar
structure and surface structure is a result of its preparation method
(vapor deposition). The hypothetical forming mechanism is as follows,
building upon the understanding that PVC food wrap consists of a
mixture of PVC molecules and plasticizers [43]. When PVC food wrap
comes into contact with organic reagents, let’s take dimethylformamide
(DMF) as an example, the plasticizer within the PVC food wrap initially
dissolves into the DMF solvent, creating an effective pathway for the
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Fig. 4. The SEM images of the lower surface of (a) 5-0-1, (b) 6-0-1, (c) 7-0-1 and (d) 10-1-0; (e) The schematic diagram of surface indication of PVC sponges; (f) The

schematic diagram of the formation of PVC sponge.

infiltration of DMF into the PVC molecules. Simultaneously, as the
plasticizer content diminishes and the DMF content increases within the
PVC food wrap, the spacing between PVC molecules expands, resulting
in weakened interactions between PVC molecular chains. This weak-
ening allows the PVC chains to fragment into multiple PVC molecules,
which disperse uniformly within the DMF solvent as the dissolution time
progresses.

Additionally, water is a bad solvent for PVC. Consequently, when
PVC molecules in the solution come into contact with water molecules,
PVC swiftly undergoes a phase transformation and precipitates out of
the solution. Due to the even dispersion of PVC molecules in DMF, an
abundance of water molecules exists on the upper surface of the PVC
molecules during gas-induced phase transition technology. As water
molecules move, the surface PVC molecules within the DMF solution
come into contact primarily with the swifter and more numerous water
vapor molecules. This phenomenon leads to the formation of clustered
blocks on the upper surface of the PVC sponges.

Within the interior of the sponges, the larger volume of water vapor
in the environment encounters resistance after the initial precipitation
on the surface. Consequently, the smaller volume of water vapor in the
environment can penetrate the PVC solution and establish contact with
PVC molecules, thus resulting in a relatively uniform structure of PVC
sponges. As water vapor gradually permeates the PVC solution from top
to bottom, each layer within the PVC sponges acquires a comparable
structure.

However, the bottom of the sponges interfaces with the glass surface,
resulting in a smoothed lower surface. This process continues until all
PVC molecules within the solution complete the phase conversion and
precipitate, forming a hydrogel with a distinct layered structure
comprised of multiple spherical compositions and stacks. The PVC
sponge obtained through freeze-drying effectively preserves the original
layered structure.

3.2. Thermal properties, rheological properties and processability of PVC
sponges

The thermal properties, rheological properties and processability of
the sponge are described in the supporting information.

3.3. Mechanical properties

To evaluate the mechanical properties of the sponges, we conducted
bearing capacity and elastic properties tests on the 7-0-1 using the
manual bearing weight method. As depicted in Fig. 5a, the rectangular-
shaped 7-0-1 (length: 20 mm, width: 6 mm) was able to support a weight
of 700 g without breaking even after being kept for 1 min. However,
when an 800 g weight was applied, the sponge could only lift the weight
off the table for a few seconds before breaking. Furthermore, as the
weight increased, the sponge showed signs of elongation. These results
suggest that the PVC sponges exhibit a remarkable load-bearing capacity
and a certain degree of flexibility, with the ability to withstand a force of
at least about 7 N.

Manual deformation experiments were performed to investigate the
elastic properties of the sponge, and it was found that the sponges could
be restored to their original shape after arbitrary extrusion deformation
(Fig. 5b, videos 1 and 2). This indicates that the PVC sponges possess
good flexibility and elastic recovery force, which allows them to adapt to
the complex situations encountered in actual industrial applications.
Moreover, the stress—strain plot of the sponges depicted in Fig. 5c reveals
that the stress of the sponge increases with increasing PVC concentra-
tion, which may account for the observed increase in thickness and
hardness of the sponge with increasing PVC concentration. Notably, the
elongation at break of the PVC sponge is more than 100%, with an in-
crease in PVC concentration leading to an increase in elongation at break
except for 8-0-1, which exhibits a disordered structure that results in a
larger distance between molecular chains and increased movement
range of molecular chains. Consequently, the elongation at the break of
8-0-1 reaches 332%.

Furthermore, the stress-strain diagram of the sponges prepared from
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Fig. 5. (a) PVC sponges load bearing image; (b) Compression motion picture of PVC sponges; (c, d) Elastic stress—strain diagram of PVC sponges.

a 7 wt% PVC solution at different solvent ratios (Fig. 5d) revealed that
the stress and elongation at break of the sponges do not show any sig-
nificant regularity with an increase in DMAC/DMF ratio, which may be
associated with the internal pore structure of the sponges (Fig. 3).
Nevertheless, the elongation at break of the sponges remains at 150%.
These findings indicate that PVC sponges possess excellent flexibility.

3.4. Effect of structure of PVC sponge on surface wettability and oil
sorption properties

The surface wettability of the sponge was assessed by contact angle
measurement. As shown in Fig. 6a, the PVC sponges exhibit remarkable
wettability characteristics, with a contact angle of approximately 140°,
which remains unaffected by the concentration of PVC and the ratio of
DMAC/DMF. Fig. 6b demonstrates the ultra-lipophilicity (OCA = 0°)
and hydrophobicity of the PVC sponges, with water droplets remaining
on the surface of the sponge without significant alteration after 180 s,
indicative of excellent hydrophobic stability. Furthermore, water drop-
lets with acid, alkali, salt, and dye also maintain their droplet shape on
the surface of the sponge, signifying their remarkable resistance to acid,
alkali, and salt. This attribute expands the potential applications of the
sponge in the environment. In addition, the sponge exhibits excellent
plasticity, allowing it to be fabricated into various shapes, such as round
sheets, cubes, flat bars, and pentagonal stars (Fig. 6¢), rendering it
highly versatile for practical applications.

The super-hydrophobic nature of the sponge affords it the ability to
separate oil from water. As demonstrated in Fig. 6d, oil (n-hexane)
stained with oil red is selectively adsorbed onto the sponge, while water
stained with methylene blue remains unadsorbed, thereby enabling
efficient separation of oil-water mixtures. Notably, n-hexane is rapidly
sorption into the sponge within 1 s (Fig. 6e and video 3). The sorption
capacity of n-hexane on sponges, fashioned under various preparation

conditions, displays variation (see Fig. 6f). As the PVC concentration
increases, the sorption capacity of the PVC sponges for n-hexane di-
minishes, while a minor decrease is observed with a decrease in the
DMAC/DMF ratio. This finding is consistent with the outcomes obtained
for the mass, pore density, and porosity of the PVC sponges. It thus
becomes apparent that the oil sorption capacity of the PVC sponge is
closely intertwined with its pore size and porosity. The sorption capacity
for n-hexane decreases as the pore size diminishes, whereas it increases
with an escalation in porosity. This arises from the fact that larger pore
sizes in the sponge correspond to augmented effective pore volume,
heightened porosity, amplified oil capacity, and consequently, an
elevated oil sorption capacity. The sorption capacity of sponges fabri-
cated with 5 wt% PVC concentration for n-hexane is the highest, at
approximately 3 g/g. Higher concentrations of sponge result in
increased mass and density, decreased interlayer spacing, and effective
pore volume, leading to reduced sorption capacity.

Upon checking the adsorption of n-hexane through an assortment of
plastic adsorbents, as concisely summarized in Table 1, one can readily
observe that the adsorption potential of the PVC sponge, as explored in
this investigation, rivals that of other plastic adsorbents documented in
previous studies. Moreover, the raw materials employed in this under-
taking exude a greener and simpler disposition, while the experimental
protocol itself espouses an inclination towards simplicity and energy
conservation. Moreover, the PVC sponge exhibits excellent recyclability
and stability. For instance, the sorption capacity of 7-0-1 on n-hexane,
cyclohexane, n-heptane, and petroleum ether remains stable even after
10 cycles (Fig. 6g). Remarkably, the hydrophobic angle and n-hexane
sorption capacity of 7-0-1 prepared under copper sulfate, potassium
chloride, and sodium chloride conditions do not vary, with values of
approximately 140° and 1.5 g/g, respectively, indicating the univer-
sality of PVC sponges.
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Fig. 6. (a) Water contact angle of PVC sponges; (b) Wettability of 7-0-1; (c) Flexibility of 7-0-1; (d) Dynamic diagram of oil-water separation of 7-0-1; (e) Oil sorption
dynamic diagram of 7-0-1; (f) Sorption capacity diagram of PVC sponges for n-hexane; (g) Sorption cycle diagram of four kinds of oil on 7-0-1; (h) n-hexane sorption

capacity and water contact angle of 7-0-1 prepared in three environments.

Table 1
The sorption of n-hexane on plastic-based materials.
Materials Raw materials Methods Q(g/ Refs
g)
MnO, nanowires/PU Polyether polyol (NJ-330), hydrophobic MnO,, KH 570, IPDI, Hydrothermal (100 °C, 3 h) ~7.5 [44]
foam NaHCOg, silicone oil
PVDF aerogel PVDF, DMSO Vapor induced phase inversion (water vapor, 25 °C) 3.1 [34]
Porous CNT/PVDF PVDF, CNT, DMF Vapor induced phase inversion (methanol vapor, 3 days) 3.3 [45]
PC/cMWCNTs cMWCNT, PC granules, THF Thermally induced phase separation (40 °C) 8.06 [46]
monolith
PP aerogels PP granules, xylene Thermally induced phase separation (80 °C) ~2.9 [47]
PS/PP monolith PS, PP, ethanol - ~7 [48]
Porous PLA film PLA (Mn = 69000), 1,4-dioxane, ethanol Phase separation (ethanol) ~3.5 [49]
Flat PLA film ~0.5
Shellac aerogel Shellac, Na,COs, gluconic acid lactone, trimethylsilyl chloride Sol-gel (-10 °C, 24 h); chemical vapor deposition (40 °C, 24 ~3 [50]
h)
PP/PTFE foams PP pellets, PTFE powders Twin-screw extrusion (100 ~ 200 °C); supercritical CO2 ~4.5 [51]
foaming (180 °C)
CNT/styrofoam Commercial styrofoam, carbon nanofiber, acetone Doping 3.38 [52]
PP/ZIF-8-1 PP non-woven fabric, 2-methylimidazole, Zn(NO3),-6H50, In-situ grown ~0.5 [53]
methanol
PVC sponge (5-1-2) PVC food wrap, DMF, DMAC Vapor induced phase inversion (water vapor, room 3.1 This
temperature) work

Note: PU (polyurethane); IPDI (isophorone diisocyanate); PVDF (polyvinylidene fluoride); DMSO (dimethylsulfoxide); CNT (carbon nanotube); cMWCNT (carboxyl-
functionalized multiwalled carbon nanotube); PC (polycarbonate); THF (tetrahydrofuran); PS (styrene monomer); PLA (polylactic acid); PP (polypropylene); PTFE
(polytetrafluoroethylene).
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3.5. Effect of structure of PVC sponge on emulsion separation
performance properties

Fig. 7a presents a diagram illustrating the separation of water-in-n-
hexane emulsions using PVC sponges. The results show that the emul-
sion flux of PVC sponges decreases as the concentration of PVC in-
creases. Additionally, decreasing the DMAC/DMF ratio also results in a
smaller emulsion flux. This is because the flux of emulsions passing
through sponges is determined by their pore size and interlayer spacing.
The smaller the pore size of the sponge, the longer the time required for
the emulsion to pass through, resulting in a smaller flux. Similarly, the
smaller the layer spacing of the sponge, the denser its pore structure, the
greater the resistance of the liquid, and the longer the time required to
pass through the sponge, leading to a smaller flux.

However, not all sponges can effectively separate emulsions. Only
when the PVC concentration is high and the DMAC/DMF ratio is high (7-
0-1, 8-1-2, 8-1-4, 8-0-1, 9-1-1, 9-1-2, 9-1-4, 9-0-1), can the sponges

Chemical Engineering Journal 471 (2023) 144752

effectively separate the emulsions (Fig. 7c). After separation, the
emulsion changed from turbidity to transparency. The size of water
droplets in the emulsion before separation was mainly between
300-1000 nm, but it significantly decreased to a range of 3-6 nm after
separation (Fig. 7b). These different separation and flux results of PVC
sponges to emulsions may be caused by the three-dimensional lamellar
structure inside the sponges. When the concentration of PVC is low, the
sponge is relatively soft, and its internal pore structure and layer spacing
are large. This macropore structure is larger than the size of water
droplets in the emulsion, allowing the emulsion to quickly pass through
the sponge under external force, resulting in a large flux. However, as
the concentration of PVC increases, the inner layer structure of the
sponge becomes more compact, making it more difficult for the emul-
sion to pass through the sponges, resulting in a decrease in its flux.
Nonetheless, the macroporous structure is not improved, and the
emulsion cannot be separated.

Only when the ratio of DMAC/DMF decreases and the internal
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Fig. 7. (a) Flux of PVC sponges to 5 mL water/n-hexane emulsion; (b) Dimensions before and after 7-0-1 separation of the water/n-hexane emulsion; (c) The optical
photo of PVC sponges after separation of the water/n-hexane emulsion; (d) Flux of 5 mL water/n-hexane emulsion of 7-0-1 prepared in three environments; (e)
Circulation diagram of 7-0-1 separation emulsion (Inset are SEM of the section before and after five cycles of sponge); (f) BET plots of 7-0-1 before and after five
cycles; (g) Flux of 7-0-1 to six w/o0 emulsions; (h) Comparison of optical photographs of 7-0-1 before and after separation of a w/o emulsion.
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aperture of the sponge is reduced or the arrangement is irregular, can the
sponge effectively separate the emulsion under the action of external
force. In this way, oil can pass through, but water cannot, resulting in the
separation of the emulsion. However, when the concentration is 9 wt%
and the ratio of DMAC/DMF is reduced to 0/1, the emulsion finds it
difficult to pass through the sponges, resulting in a very small emulsion
flux. Therefore, the 7-0-1 was selected for the adsorption of other oils
and performance testing of other emulsions.

The 7-0-1, prepared in the three different environments of copper
sulfate, potassium chloride, and sodium chloride, exhibited excellent
water-in-n-hexane emulsion separation capabilities, with fluxes
exceeding 161.5 L-m 2h 1.bar", as depicted in Fig. 7d. These results
surpass those of reported emulsion separation materials. In comparing
our PVC sponge with other separation materials, it is clear that the flux
of emulsion cannot be easily equated. This flux is intricately linked to the
thickness and wettability of the material [54]. Through our statistical
investigation, we have observed that PVC-based materials are seldom
employed in the separation of water-in-oil emulsions, and presently, we
have come across no relevant reports on the matter. Simultaneously,
when compared with other materials for n-hexane-in-water emulsions
that have been reported (as shown in Table 2), the raw materials utilized
in our PVC sponge exhibit simplicity and environmental friendliness.
Furthermore, our sponge for water-in-hexane separation falls within a
moderate range, surpassing certain water-in-oil materials. However, the
cycle performance of the 7-0-1 sponge for emulsion separation was
found to be poor (Fig. 7e). After the second cycle, the emulsion flux
decreased by 55% from 161.5 Lm 2h ‘bar! to 107.3
L-m~2h~1.bar! in the first cycle. Furthermore, each subsequent cycle
reduced by approximately half compared with the previous cycle until
the fifth cycle, where the flux was only 12.9 L-m~2-h ™ -bar 1.

To investigate the reason for the decline in emulsion flux, we
compared the cross-section of the 7-0-1 before and after cycling five
times. As shown in Fig. 7e and Fig. S6, the interlayer spacing of the
sponge was noticeably reduced, and the density was increased after
cycling five times, indicating that the sponge was compressed, and the
resistance of the emulsion passing through the sponge was increased.
The existence of the emulsifier may have contributed to the reduction in
flux, as the tight layer structure may have made it difficult for the
emulsion to demulsify, or the oil in the emulsion may have been unable
to pass through, resulting in a significant decrease in the emulsion flux.
The BET results of the sponge after five cycles (Fig. 7f and S7) showed
that the specific surface area and pore volume increased to 4.577 m?/g
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and 0.0155 cm3/g, respectively, while the pore size decreased to 3.065
nm, indicating that the sponge was compressed.

In addition to its ability to separate w/o (n-hexane) emulsions, the 7-
0-1 can also effectively separate other organic reagents and w/o emul-
sions, as demonstrated in Fig. 7g. The sponge exhibits varying separa-
tion fluxes for different types of emulsions, with superior performance
observed for emulsions prepared with n-hexane, cyclohexane, petro-
leum ether, and n-heptane. Conversely, the sponge’s separation effi-
ciency for emulsions containing diesel and silicone oil is suboptimal,
resulting in a lower flux. Remarkably, the 7-0-1 can even separate
cloudy emulsions into transparent organic reagents and oil, as illustrated
in Fig. 8h. This behavior can be attributed to the viscosity of the organic
reagents and oils, as detailed in Table S4 of the supporting information.
The viscosity of the oil affects the resistance of the formed emulsion to
pass through the sponge and also influences its adherence to the sponge.
Consequently, the 7-0-1 is particularly well-suited for separating w/o
emulsions of organic reagents with lower viscosity. Overall, these results
underscore the versatility of the 7-0-1 as a separation material for
various types of organic reagents and w/o emulsions. Its unique prop-
erties and superior performance make it a promising candidate for a
range of practical applications.

To provide a more comprehensive understanding of the impressive
separation ability of the sponge, we employed optical microscopy to
observe the emulsions prepared with four organic reagents, both before
and after separation. As shown in Fig. 8a, the optical image displays
distinct circles (water droplets) present in the n-hexane, cyclohexane, n-
heptane, and petroleum ether emulsions before separation. However,
the image captured after separation reveals no discernible circles,
indicating that the separation efficiency of the sponges emulsion is
remarkably high. Indeed, the sponges effectively remove water from the
emulsion, yielding clean oil.

Based on these observations, we propose a plausible separation
mechanism (as illustrated in Fig. 8b). The superior hydrophobicity and
oil-water separation performance of the PVC sponges may be attributed
to the presence of multiple hydrophobic -Cl groups along the PVC chain.
Furthermore, the internal multi-layer network structure of the PVC
sponges confers exceptional emulsion separation performance. When
the external force is applied, the emulsion in contact with the surface of
the sponge is driven downwards, causing demulsification to occur at the
contact surface of a small aperture. Since the sponges’ pore size is
generally smaller than that of the water droplets, the water droplets
become trapped on the surface and inside the sponge. In contrast, oil

Table 2
Comparison of preparation methods and water-in-n-hexane emulsion fluxes of different separation materials.
Materials Raw materials Methods Flux refs
PDA/PET/PVDF Coca bottles, PVDF, TFA, DCM, dopamine-HCl, ethylene diamine, Electrospinning; surface chemical ~2000 [55]
membrane DMF, acetone modification L-m 2h Lbar!

PET@ZnO membrane Cola bottles, TFA, DCM, Zn(CH3COO0),-2H50, Dual-solvent dissolution; electrospinning; 887 [56]
in-situ growth Lm 2h!

PVDF aerogel PVDF, DMSO Vapor induced phase inversion method ~225Lm 2h7! [34]
(water vapor, 25 °C)

PE aerogel membrane Waste PE, hexadecane, ethanol, tert-butanol Swelling (100 °C, 1 h; 135 °C, 4 h); solvent 1726 L-m 2h! [57]
extraction

Wood slice Pine wood slice (1 mm), NaOH, Cu(OH),, dodecanethiol, ethanol Vacuum impregnation; surface modification 8 [58]

Lm 2h!
Porous PVDF membrane PVDF powder, citric acid monohydrate, DMF, NaHCOj3, ethanol In-situ elimination 79.58 L-m 2h~! [59]
Cu(OH), coated mesh stainless steel meshes, acetone, ethanol, CuCl,, NaOH, PU, n- Facile spraying; surface modification ~12.5L-m 2h! [60]
dodecanethiol
UIO-66-F4@rGO/filter TFTPA, ZrCly, FPSO, DBTDL, TEOS, acetone, glacial acetic acid, In-situ growth (110 °C, 24 h); cross-linking 549.29 L-m~2%h~! [31]
paper membrane filter paper, methanol, GO, n-heptane
ZnO/mesh Stainless steel mesh, ZnO, ethanol, PU, stearic acid Spraying; impregnation ~22 [61]
Lm 2h7!

PVC sponge (7-0-1) PVC food wrap, DMF Vapor induced phase inversion (water 161.5 This

vapor, room temperature) L-m 2h bar? work

Note: PDA (polydopamine); PET (polyethylene terephthalate); PVDF (polyvinylidene Fluoride); TFA (trifluoroacetic acid); PE (polyethylene); DCM (dichloromethane);
PU (polyurethane); TFTPA (2,3,5,6-tetrafluoroterephthalic acid); DMSO (dimethylsulfoxide); FPSO (hydroxyl-fluoropolysiloxane); DBTDL (dibutyltin dilaurate);

TEOS (tetraethoxysilane); GO (graphene oxide).

10



D. Lang et al.

Chemical Engineering Journal 471 (2023) 144752

b 4
ﬁ @ )
,/’\\ & €
\\\“ b
H H2 H l
o e R
n - ~
o~ ~ - /,‘\ ~o
el ey ey , ©
N2 N2 / o o, N
. B I/ & \
\
I N \
L & & & 6,
\ 1
e \ Nagw y /
(', Water-in-oil : e - 4
emulsion N4 y e
I \\\\ < @ ’//
Water I ~———-
|
]

Fig. 8. (a) Micrographs before and after separation of four water-in-oil emulsions of n-hexane, cyclohexane, n-heptane and petroleum ether by 7-0-1; (b) Schematic
diagram of separation of water-in-oil emulsion for PVC sponges separation; (c) Self-cleaning dynamic diagram of PVC sponges.

droplets can smoothly pass through the sponge, enabling efficient sep-
aration and recovery of the emulsion. Notably, our conclusion is
consistent with the previously reported literature [34]. Moreover, the
PVC sponge exhibits excellent self-cleaning properties. As illustrated in
Fig. 8c, water droplets on the sponge surface can rapidly roll and slide,
effectively removing any sand present on the sponge surface. This self-
cleaning capability further underscores the potential of the PVC
sponge as a promising material for oil-water separation applications.

3.6. Recyclability

In light of the strategic requirements for sustainable development
and heightened environmental awareness, investigating the regenera-
tive properties of sponges has gained significant importance. As illus-
trated in Fig. 9a, a PVC sponge can be regenerated with ease. Simply
dissolving the used PVC sponge in DMAC and DMF solvents followed by
vapor deposition and freeze-drying leads to the production of the re-
generated sponge. This regenerated sponge exhibits excellent emulsion
separation properties and avoids the risks of secondary pollution or
alteration of the sponges’ structure and characteristics.

Comparing the 7-0-1 to the recycled 7-0-1 obtained from the for-
mer’s usage (Fig. 9b), we observed that the latter had a smaller diameter
and thickness. This result could be due to the partial dissolution of
auxiliary agents from the PVC food wrap into the mixed DMAC/DMF
solvent. During water vapor-induced precipitation, these additional
agents were not precipitated, leading to a smaller sponge size relative to
the auxiliary agents. However, the recycled 7-0-1 was obtained from
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PVC sponge with fewer additional agents, causing the concentration of
PVC in its solution to be relatively high, resulting in reduced volume
size.

Furthermore, the infrared diagram peak shape of the recycled 7-0-1
was consistent with that of the 7-0-1 (Fig. 9c), indicating that the
recycled 7-0-1 underwent no chemical structure change and was derived
from the 7-0-1. These observations demonstrate the excellent regener-
ative properties of PVC sponges, thereby providing promising avenues
for sustainable and environmentally conscious technological advance-
ments. Upon analyzing the SEM images of the regenerated PVC sponge,
a remarkable observation comes to light: the regenerated PVC sponge
bears an uncanny resemblance to the specimen 7-0-1, showing an
appearance characterized by a layered arrangement. Such findings are
captured in Fig. 9d, e, and f.

The recycled 7-0-1 exhibited a larger pore radius and porosity than
the 7-0-1, with a smaller specific surface area and pore volume of 2.038
m?/g and 0.004613 cm®/g, respectively (Fig. 9g). The pore size distri-
bution is presented in Fig. S8, which is consistent with the findings
obtained for PVC sponges. Furthermore, the recycled 7-0-1 showed
similar sorption and separation cycling capacity for n-hexane and w/o
emulsions, as observed for the 7-0-1.

The recycled sponges perform similarly to PVC, exhibiting superior
oil/water separation and emulsion separation performance, and cycle
regeneration performance (Fig. 9h and 9i). With readily available raw
materials and simple preparation methods, PVC sponge has the potential
to be produced on an industrial scale and utilized in various separation
applications of oily wastewater and w/o emulsions.
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Fig. 9. (a) Diagram of a recycling process from a waste sponge to a new sponge: (1) The optical image of PVC sponge. (2) The optical image of PVC sponge after
emulsion separation. (3) The optical image of recycled sponge obtained by dissolving mixed solution of DMAC and DMF, vapor deposition and freeze-drying; (b)
Comparison of pictures before and after PVC sponge regeneration; (c) The FTIR image of PVC sponge and recycled 7-0-1; The SEM images of (d) the upper, (e) the
section and (f) the lower surface of recycled 7-0-1; (h) The BET plots of PVC sponge and recycled 7-0-1; (i) n-hexane sorption cycle diagram of recycled 7-0-1; (g)

Water-in-n-hexane emulsion flux cycle diagram for recycled 7-0-1.
4. Conclusion

This investigation presents a novel method for the synthesis of PVC
sponge material with a distinctive layered structure and internal pores
using recycled PVC food wrap. The oil-water separation and emulsion
separation performance of the sponge material were evaluated, with
excellent results. The sponges’ layered structure was achieved through
vapor deposition, while the PVC concentration and solvent determined
the sponge’s compactness. The sponges’ ability to effectively separate
oil from emulsified oil is attributed to the interaction between internal
pore size and stratification. The emulsion separation of the PVC sponge
was found to be clearer, and the flux smaller, with higher concentrations
of PVC and lower DMAC/DMF values. Specifically, when the PVC con-
centration was 7 wt% and DMAC/DMF = 0/1, the sponge demonstrated
superior emulsion separation performance. Due to the inherent prop-
erties of the PVC food wrap, the PVC sponge exhibited excellent elastic
resilience, hydrophobicity, oil-water separation performance, and oil
sorption stability. Remarkably, even after the second dissolution, vapor
deposition, and freeze-drying process, the recycled sponge maintained
good hydrophobicity, oil absorption stability, and emulsion separation
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performance. The preparation of this sponges material presents a
promising solution to alleviate the pollution caused by PVC plastics, and
provides an effective means for the efficient utilization of resources and
energy, promoting sustainable development.
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