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Abstract In the present work, we developed a

simple, eco-friendly, and cost-effective approach to

fabricate a recyclable hydrophobic/superoleophilic

fabric filter using bismuth nanostructures and purified

terephthalic acid (PTA)-based resin. First, different

morphologies of bismuth nanostructures such as

dendritic, hierarchical, flower and cactus-like were

prepared by a facile one-step galvanic displacement

method. Afterwards, the coating composition of Bi/

PTA mixtures was applied on the surface of fabric

filters by a simple hand brushing route. The results

indicated that the water and oil contact angles of the

modified hydrophobic-superoleophilic fabric filter

were about 135� and 0�, respectively. The various

oil/water mixtures can be successfully separated by a

facile gravity-driven filtration using the as-coated

hydrophobic filter with the separation efficiency above

93% and repeatability for at least 10 times. Also, the

improved hydrophobic filter showed excellent self-

cleaning performance for the removal of surface

contaminants. The advantages of scalable production,

high efficiency, cost-effective, time saving,

sustainable and excellent reusability for the prepared

hydrophobic-superoleophilic filter make it to be a

potential candidate for oil/water separation and self-

cleaning applications.

Keywords Hydrophobic/superoleophilic � Fabric
filter � Bismuth nanostructures � Purified terephthalic
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Introduction

In recent years, oily wastewater arising from refinery

processes has appeared as a serious environmental

problem, which threatens the human, animal and plant

health. To address this global issue, various techniques

including extraction, filtration, chemical dispersion,

in situ burning, biological treatment and superhy-

drophobic materials, are currently developed to sep-

arate nonpolar organic contaminants from water

suspensions (Beshkar et al. 2017a, b, c; Subroto

et al. 2015; Lu et al. 2016; Pan et al. 2017; Malik et al.

2009; Zhang and Seeger 2011). Among these strate-

gies, membrane filtration with hydrophobicity and

oleophilicity properties has demonstrated superior

separation efficiency, repeatability, scalability, high

mechanical and chemical stability, low energy uti-

lization and so on, in the separation of oil derivatives

and nonpolar organic pollutants from aqueous solu-

tions (Zularisam et al. 2006; Zhu et al. 2014; Beshkar
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et al. 2020; Mortazavi-Derazkola et al. 2015; Masjedi-

Arani and Salavati-Niasari 2016; Ghanbari and

Salavati-Niasari 2015; Yousefi et al. 2011; Abbasi

et al. 2016).

On the other hand, artificial superhydrophobic

surfaces with high water contact angle have wide-

spread applications in oil/water separation, self-clean-

ing, anti-corrosion, anti-icing, etc. (Yue et al. 2017;

Cao et al. 2017a, b; Boinovich et al. 2016). Generally,

two stages are employed to fabricate a superhydropho-

bic surface, i.e., generation of rough surface structure

and hydrophobic modification of surface with low

surface energy materials (Cheng et al. 2017; Darmanin

and Guittard 2014). Therefore, by coating the hierar-

chical nanostructures combined with hydrophobic

modifiers, a rough and superhydrophobic surface can

be achieved. Heretofore, different methods have been

employed to fabricate the superhydrophobic surfaces

including chemical vapor deposition, lithography,

chemical etching, sol–gel, electro-spinning, self-

assembly, dip-coating, spraying, electro-deposition,

and polymerization)Dong et al. 2013; Cao et al.

2017a, b; Ruan et al. 2013; Taurino et al. 2008; Ganesh

et al. 2013; Qian et al. 2009; Hao et al. 2012). With the

help of the above mentioned methods, a widespread

range of materials and surfaces have been applied for

the extension of oil–water separation systems like

mesh membranes, non-woven textiles and polyur-

ethane sponges, polyester fabrics, aerogels and

nanoparticles (Kansara et al. 2016; Piltan et al. 2016).

A variety of work has been reported for the

fabrication of various superhydrophobic substrates,

like metal, wood, paper, ceramic, textile, and com-

posite substrates (Khattab et al. 2020; Ou et al. 2020).

Recently, hydrophobic fabrics have gained great

attention due to flexibility, lightness, portability,

durability, breathability, affluence, cost-effective,

and abundant applications such as membranes,

umbrellas, shadow shelters, clothing, textiles and

advertising materials (Xu et al. 2020; Patil and

Netravali 2020). Textile fabrics are made-up of

cellulose and due to the extensive quantities of

hydroxyl groups on the cellulose surface, its products

are inherently hydrophilic. The construction of super-

hydrophobic fabric filters by utilizing organic/inor-

ganic composites can be obtained through either

physical blending or chemical bonding between

hydrophobic organic polymers and inorganic nanopar-

ticles (Sanchez et al. 2011). The artificial

superhydrophobic surfaces are based on the principle

of manufacturing surface roughness using inorganic

micro/nanoparticles such as TiO2, ZnO, SiO2, CeO2,

CuO, Ag, and Au, followed by chemical modifications

using low surface energy polymers such as fluo-

roalkylsilane, polydimethylsiloxane, stearic acid,

polyacrylate, styrene–butadiene–styrene, polyamide,

polytetrafluoroethylene and so on (Khattab et al. 2020;

Xu et al. 2020; Patil and Netravali 2020; Beshkar et al.

2017a, b, c; Prasad et al. 2016; Beshkar et al. 2020;

Liao et al. 2017). It is worth mentioning that the

modified cellulose fabrics have particular functions in

smart textiles, including hydrophobicity, anti-UV,

conductivity, antibacterial, anti-wrinkle, flame-retar-

dancy and photocatalytic properties (Zanrosso and

Lansarin 2019; Kocić et al. 2019; Fallah Moafi et al.

2011).

So far, some works has been done to prepare

superhydrophobic metal surfaces such as Au on Cu

foil, Pt on Zn film, Ag on Cu substrate, Co

micro/nanostructure, nanostructured Ni film, Sn on

Zn substrate and so on (Song et al. 2009; Ning et al.

2011; Sarkar and Saleema 2010; Qiu et al. 2011; Gu

and Tu 2011; Cao et al. 2013). Moreover, recently

bismuth compounds have emerged in some fields

including medicine, nontoxic pigment, alloy and

chemical industry, photocatalysis, semiconductor

and hydrophobicity (Sun et al. 2004; Hu et al. 2015;

Leonard et al. 2011; Li et al. 2017; Yan et al. 2015; Yu

et al. 2018a, b). Heretofore, only a few reports focused

on fabricating hydrophobic bismuth-based surfaces,

including BiOCl film, Bi2WO6 nanosheets layer,

Bi2S3 nanostructure, Bi/Bi2O3/ZnO surface, Bi

nanoparticles, Bi/Bi2O3 film, BiOCOOH and (BiO)2-
CO3 micro/nanomaterials (Yu et al. 2018a, b; Cao

et al. 2014; Yang et al. 2017; Su et al. 2015).

It is well known that fractal structures which are

hierarchically self-similar, show interesting properties

due to their special physical characteristics related to

the fractal dimensions. In particular, hierarchical

dendritic nanostructures are one of the most popular

structures to synthesis superhydrophobic/super-

oleophilic surfaces (Su et al. 2015; Feder 1988). It

has been reported that galvanic replacement reactions

and hand brushing are two efficient methods for the

preparation of hierarchical structures and superhy-

drophobic surfaces owing to their simplicity in

equipment and manipulation, mild conditions, mor-

phology-controllable, and facility for the construction
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of large-area surfaces (Cao et al. 2014; Alamri et al.

2018).

During the past years, purified terephthalic acid

(PTA) compounds, which are made by the reaction

between para-xylene and acetic acid, have been

widely used as raw materials for fabricating a wide

range of products such as high-performance plastics,

polyester fiber, resin, film, textile fibers and poly-

ethylene terephthalate bottles. Due to the excellent

hardness, anticorrosion, stain resistance and

hydrophobicity of the PTA materials, they can be

employed as coatings resins to improve the intended

properties (Kleerebezem et al. 2005; Verma et al.

2010).

Herein, we developed a simple and low-cost route

to produce a durable hydrophobic/superoleophilic

fabric filter using hierarchical bismuth nanostructures

and purified terephthalic acid (PTA) resin for separat-

ing oil derivatives and nonpolar organic solvents from

their aqueous mixtures. First, different morphologies

of bismuth nanostructures including dendritic, flower,

hierarchical and cactus-like were generated by a

green, quick and effective galvanic displacement

method. Afterwards, the composition of Bi/PTA

mixtures were coated on the surface of fabric filters

by a simple hand brushing route. The results repre-

sented that various oil/water mixtures can be separated

by a simple gravity-driven filtration using the modified

hydrophobic filter. Also, the improved hydrophobic

filter showed excellent self-cleaning activity for the

removal of surface contaminants. The advantages of

scalable production, high efficiency, cost-effective,

time saving, sustainable and excellent reusability for

the as-fabricated hydrophobic-superoleophilic filter

enable it to be an outstanding candidate for self-

cleaning and oil/water separation usages.

Experimental

Materials and methods

All chemicals were purchased from Merck Company

and used without purification. Gasoline was purchased

from Esfahan Oil Refining Company, Isfahan, Iran.

Also, purified terephthalic acid (PTA)-based resin was

purchased from Vikram Resins and Polymers Com-

pany, Bengaluru, Karnataka, India. X-ray diffraction

(XRD) analysis was measured by a Philips-X’PertPro,

X-ray diffractometer using Cu-Ka radiation

(k = 0.15418 nm). Scanning electron microscopy

(SEM) images were taken on Hitachi S-4160. Fourier

transform infrared (FT-IR) analysis was measured via

Magna-IR, spectrometer 550 Nicolet in KBr pellets in

the range of 400–4000 cm-1. Water and oil contact

angles were evaluated using a contact-angle meter

(Veho USB microscope 400x, china) equipped with a

CCD camera at room temperature. Transmission

electron microscopy (TEM) and High-Resolution

TEM (HRTEM) images were obtained on a JEM-

2100 with an accelerating voltage of 200 kV.

Synthesis of Bismuth nanostructures

Various morphologies of bismuth nanostructures were

fabricated by a facile and simple galvanic replacement

reaction. In a typical synthesis, first zinc foil was

immersed in 6 M HCl aqueous solution for 20 min to

remove zinc oxide layer followed by washing with

distilled water and dried at room temperature. After-

ward, cleaned foil was immersed in aqueous solution

of Bi(NO3)3.5H2O containing 1 mL of concentrated

HNO3. Also, different surfactants including PEG600,

Triton X100 and SDBS with mole ratio of 1:1 to

bismuth salt were used. Final products were rinsed

three time with distilled water and ethanol, then dried

in a vacuum oven at 70 �C. The production details of

bismuth nanostructures are presented at Table 1.

Preparation of hydrophobic fabric filter

First, a piece of commercial fabric filter was cleaned

with 6 MHCl aqueous solution and dried in an oven at

70 �C for 30 min. On the other hand, 1 g of as-

prepared bismuth nanostructures were dispersed in

10 g of purified terephthalic acid (PTA) resin after

20 min of ultrasonication. Subsequently, the obtained

mixtures were coated on the fabric filter surfaces

utilizing a facile and effective one-step hand-brushing

procedure. Finally, the modified filter samples were

cured at 70 �C in an oven for 1 h. Figure 1 shows the

un-coated fabric filter (left) and as-modified

hydrophobic fabric filter (right).
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Oil/water separation performance of hydrophobic

fabric filter

In order to appraise the oil/water separation profi-

ciency of the optimized hydrophobic fabric filter, five

artificial oily solvents containing various oils of

gasoline, decane, petroleum ether, toluene and hexane

were employed. In a typical experiment, 20 mL of

gasoline and water mixture with volume ratio of 1:1

was employed as oil/water mixture. The water was

colored by methylene blue dye. The as-modified

hydrophobic fabric filter was applied as a filter

membrane, which was put in a 3-way distillation

adapter of the round-bottom flask. The gasoline/water

mixture was dropped onto the hydrophobic filter. The

gasoline fell into the flask, while the water dropped

into the cylinder. The separation efficiency (SE) of the

as-coated hydrophobic fabric filter was computed

according to the following equation:

SE ¼ Wa
Wb

� 100 ð%Þ ð1Þ

where Wb is the weight of oil before separation, and

Wa is the penetration weight of oil after filtration.

Result and discussion

X-ray diffraction (XRD) measurement was used to

determine the phase composition and crystallinity of

the as-prepared bismuth sample. Figure 2a shows the

XRD pattern of the sample no. 2. As seen in the

Table 1 Details of the synthesis and water contact angles of bismuth nanostructures

Sample no. Concentration of Bi(NO3)3�5H2O (mM) Time (s) Surfactant Morphology Water contact angle (�)

1 4 60 – Rod 118

2 20 60 – Dendritic 133

3 40 60 – Sheet 115

4 20 10 – Spherical 112

5 20 150 – Hole 121

6 20 60 PEG-600 Hierarchical 135

7 20 60 Triton X100 Cactus 127

8 20 60 SDBS Flower 119

Fig. 1 The color change of the fabric filter: (left) un-coated and (right) coated fabric filter by hierarchical Bi nanostructures and PTA

resin
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Fig. 2a, XRD pattern completely matched with the

standard reference card of elemental Bi (JCPDS No.

05-0519). According to the XRD results, prepared

bismuth nanostructures have rhombohedral crystal

system with R-3 m space group. The broad and sharp

diffraction peaks indicate that the bismuth nanostruc-

tures have high crystalline phase with the average

crystal size about 24 nm. Moreover, we recognized no

diffraction peaks of any other impurities, which

exhibits the high purity of the product. In addition,

FT-IR analysis was employed to investigate the

surface functional groups of bismuth nanostructures.

Figure 2b illustrates the FTIR spectrum of the as-

synthesized bismuth nanostructure (sample no. 2). As

seen from the FTIR spectrum, there is no transmit-

tance peaks for the elemental bismuth nanostructure

that shows the preparation method, washing and

drying processes were effective. To further verify of

modification of the fabric filter, the FT-IR analysis of

treated fabric by Bi/PTA nanocomposite was taken

and illustrated in Fig. 2c. It is obvious that the esteric

bonds can be formed between carboxylic groups of

PTA and hydroxyl groups of cellulose chains of

fabrics. As shown in FT-IR spectrum, the character-

istic peaks at around 1075, 1448, 2919 and 3420 cm-1

are attributed to the C–O stretching, CH2 symmetric

bending, C–H stretching and O–H stretching of

cellulose, respectively (Xu et al. 2015; Wulandari

et al. 2016). It is reported that the characteristic peaks

of carboxyl groups in PTA are located at about

1680 cm-1 (C=O) and 1280 cm-1 (C–O), whereas,

the peak of carbonyl groups in esters emerges at

Fig. 2 a The XRD pattern, b FTIR spectrum of the dendritic-like bismuth nanostructures and c FTIR spectra of the modified fabric

filter by Bi/PTA nanocomposite
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around 1720 cm-1. Therefore, the transmittance peak

at 1740 cm-1 can be ascribed to the asymmetric

stretching vibrations of ester carbonyl groups, which

indicates that the PTA has formed covalent ester bonds

with cellulose polymer on the fabrics. As well as, the

peak at 1296 cm-1 can be assigned to the C–O

stretching of PTA compound (Fig. 2a–c) (Zhao et al.

2018; Khajavi and Berendjchi 2014; Zhou et al. 2019).

On the other hand, the as-created polymeric network

can surround and immobilize the bismuth

Fig. 3 a–h The SEM images of the various morphologies of bismuth micro/nanostructures (sample nos. 1–8), respectively, prepared

by galvanic replacement approach
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nanostructures onto the fabric surface (as shown in

Fig. 4c) and thus, a durable hydrophobic fabric filter

can be achieved.

Herein, various morphologies of bismuth nanos-

tructures were prepared by a novel and real fast

galvanic replacement method. Bismuth nanostructures

can be prepared in a few seconds at room temperature.

During the replacement reaction, Zn atoms are

oxidized to Zn2? ions and subsequently, Bi3? ions

can be reduced to the Bi element. We also engineered

morphology of final products by changing the reaction

conditions. Particle size and morphology of a

Scheme 1 Possible mechanism for the effect of the reaction time on the morphology of bismuth products

Fig. 4 The SEM images of a, b pristine fabric filter and c, d modified fabric filter by dendritical Bi-PTA sample
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nanostructure have significant effect on its properties

and performances (Beshkar et al. 2017a, b, c; Namvar

et al. 2017).

Concentration of bismuth precursor is an important

parameter which impacts on the final morphology of

the Bi products. In this case, by fixing the reaction time

at 60 s, when the concentration of Bi(NO3)3�5H2O

was 4 mM (sample no. 1), rod-like nanostructures

were achieved (Fig. 3a). According to the Fig. 3b, c,

by increasing the concentration to 20 mM (sample no.

2), dendritic-like bismuth nanostructure were obtained

(Fig. 3b), while raising the concentration to 40 mM

(sample no. 3) lead to form sheet-like bismuth

nanostructures (Fig. 3c).

Another important parameter is reaction time of

galvanic replacement process. Herein, three different

times (10, 60 and 150 s) were studied at constant

concentration (20 mM). Figure 3d, e illustrate the

influence of the reaction time on the shape of final

samples. As seen in Fig. 3d, the reaction time (10 s)

was not enough to form the dendritic nanostructures

(sample no. 4). In this time, initial nuclear of bismuth

was formed. By increasing the reaction time to 60 s,

dendritic nanostructures were formed (Fig. 3b). It

seems that, by increasing the reaction time to 60 s,

primary particles of bismuth had enough time to

growth and form the fractal structures. In other words,

the arrangement of Bi dendrites was compatible with

the situation of orientated formation of as-prepared Bi

nanoparticles. When the reaction time was extended

further to 150 s (sample no. 5), more bismuth ions was

reduced and filled the free spaces between the

branches in sample no. 2, and finally the hole-like

nanostructures were achieved (see Fig. 3e and

Scheme 1) (Cao et al. 2014).

Figure 3f–h represent the SEM images of bismuth

structures fabricated in the presence of various

surfactants (PEG600, Triton X100, and SDBS) at

concentration of 20 mM and reaction time for 60 s. It

is evident that the hierarchical nanostructures

(Fig. 3f), cactus-like structures (Fig. 3g) and flower-

like micro/nanostructures (Fig. 3h) were prepared

utilizing PEG600 (sample no. 6), Triton X100 (sample

no. 7) and SDBS (sample no. 8), respectively. As

observed, the interesting morphologies of bismuth

samples were achieved by changing the type of

surfactant. The various morphologies of Bi structures

can be attributed to the high value of defect sites/va-

cancies, steric hindrance and the selective reaction on

specific facets arising from the surfactant effect

(Cobley and Xia 2010; Najafian et al. 2019).

Moreover, as we know the wettability phenomena

depends on the morphological structure of the surface.

As illustrated in Fig. 4a, b, the pristine fabric filter is

fabricated by the uniform intertwined bunches of very

smooth fibers. In addition, the SEM images of the

treated fabric filter by Bi/PTA nanocomposites were

displayed in Fig. 4c, d. It is obvious that the as-coated

fabric filter by hierarchical Bi micro/nanostructures

(sample no. 6) and PTA resin demonstrates high

roughness at both the micro-and nano-scales. By

depositing the Bi/PTA coatings on the fabrics surface,

the hierarchical Bi micro/nanostructures were ran-

domly dispersed on the surface and constructed the

valleys and hills upon the fabrics surface. As well as, it

is clear that the PTA resin can uniformly stick to the

Fig. 5 a The TEM and b HRTEM images of the as-prepared

dendritic-like bismuth nanostructure (sample no. 2)
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fabrics surface, and improve the adhesion between the

Bi structures and fabrics. Ultimately, by incorporating

of the Bi-based roughness and the layer of PTA resin,

the treated fabric filter represents relatively hydropho-

bicity with the WCA of 135� (Fig. 6f). This observa-
tion approves that creating the optimal surface

roughness on a substrate is essential for improving

its hydrophobicity.

The detailed length of the stem and side branch of

the dendritic-like bismuth nanostructure (sample no.

2) was evaluated by transmission electron microscopy

(TEM). The TEM image (Fig. 5a) displays that the

Fig. 6 a–hWater contact angle images of the fabric filters modified by various morphologies of bismuth micro/nanostructures (sample

nos. 1–8, respectively) and PTA resin

123

Cellulose (2020) 27:9559–9575 9567



bismuth structures have dendritic-like shape which the

length of the Bi stem along the axis can be as long as

4 lm and the diameter is about 200 nm, whereas the

length of its side branches is around 50 nm. Also, the

detailed structure information of sample no. 2 was

further appraised by high-resolution transmission

electron microscopy (HRTEM). As shown in Fig. 5b,

the interlayer distance of 0.33 nm correspond to the

(012) lattice plane of hierarchical bismuth nanostruc-

tures, which was in accordance with the XRD data.

As we know the geometrical structure and chem-

ical composition of a surface can characterize its

wettability properties. Also, both the surface rough-

ness and surface functional groups modification

induced the surface to have considerable hydropho-

bicity/oleophilicity properties, because the plentiful

air trapped in the water/substrate interfaces can

suspend the water droplet upon the surface (Beshkar

et al. 2017a, b, c; Cao et al. 2016). Therefore, it is

anticipated that as-coated fabric filter with particular

hierarchical micro/nanostructures may result in a

remarkable hydrophobicity. The wetting properties

of the as-prepared hydrophobic fabric filters were

evaluated by water contact angle (WCA) measure-

ments. The various morphologies of bismuth

micro/nanostructures were employed to increase the

surface roughness of the filters. The results of WCAs

analysis of the sample nos. 1–8 are depicted in

Fig. 6a–h and Table 1. As can be seen, all prepared

bismuth samples enhanced the hydrophobicity of the

filters. Among them, the dendritic-like (sample no. 2)

and hierarchical (sample no. 6) shapes exhibited the

higher hydrophobicity effect with water contact angles

about 133� and 135�, respectively (Fig. 6b, f). It is

evident that as-produced hierarchical bismuth archi-

tectures with special micro/nanostructures can lead to

a notable hydrophobicity of the filter. As hierarchical

Bi micro/nanostructures deposited on the filter sur-

face, the membrane surface became rough because the

branch porous structures scattered well over the

surface, and these particular micro/nanostructures

are similar to the protrusions on the lotus leaf surface

(Fan et al. 2019). As well as, the hierarchical

structures, which are rough on both micro- and

nanoscale (so called micro-nano-binary structures)

can minimize the contact area of the air trapped

between the solid surface and the water droplet, and

finally enhance the hydrophobicity of the surface

(Khranovskyy et al. 2012).

Fig. 7 Micrographs of the contact angles for the water droplets

on the surface of the a pristine fabric filter, b purified

terephthalic acid resin-coated filter and c the gasoline droplet

on the surface of the as-coated filter and d the graphical

illustration for the surface hydrophobicity-superoleophilicity of

the modified filter toward water and gasoline droplets
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Moreover, Fig. 7a, b, illustrate the micrographs of

the water droplet on the surface of the pristine fabric

filter and purified terephthalic acid resin-coated filter,

respectively. As can be seen, for the pristine and resin-

coated filters, the corresponding WCAs are deter-

mined to be 33� and 85�, respectively, which indicate

that they have hydrophilic effect and need to be further

modified to gain the hydrophobicity property. The

hydrophobicity and oleophilicity properties of a filter

are two chief factors for the oil/water separation

application. It is reported that the textile filters are

potential candidates for oil/water separation due to

Fig. 8 Graphical illustration of oil–water separation experiment by optimized hydrophobic fabric filter (a–c). The water was colored
by methylene blue dye
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their selectivity, softness, flexibility, reusability and

endurance (Kansara et al. 2016; Li et al. 2012; Lim and

Huang 2006). As can be seen in Figs. 6f and 7c, the

bismuth/resin-coated filter exhibited hydrophobicity

with the water contact angle of 135� and super-

oleophilicity with the oil contact angle of 0�, which
causes the water droplets slip from the filter surface,

while allowing the oil droplets (in this case gasoline)

to permeate through the filter quickly (Fig. 7d).

Therefore, the oil–water separation tests were per-

formed utilizing the as-prepared hydrophobic fabric

filter under gravity-driven separation system. When

the gasoline–water mixture was poured onto the

hydrophobic filter, gasoline easily infiltrated through

the filter and rapidly dropped into the flask below. On

the other hand, water droplets could not penetrate

through the filter and thus was poured into the cylinder

below (Fig. 8a–c). After filtration, only pure and

transparent gasoline was observed which exhibits the

excellent oil–water separation activity of the as-

modified hydrophobic fabric filter. Scheme 2

demonstrates the schematic design of the fabrication

of the hydrophobic/superoleophilic fabric filter by

bismuth nanostructures and PTA resin and its perfor-

mance for the oil/water separation and self-cleaning.

Moreover, the separation performance of the other

oily solvents by optimized hydrophobic filter are

shown in Fig. 9a. As illustrated in Fig. 9a, the

separation efficiencies of the fabricated hydrophobic

filter with hierarchical bismuth/resin layers for various

oil–water mixtures were all above 93%, especially for

gasoline it was about 98%. The facile, time saving,

high separation efficiency and gravity-driven oil/water

separation of the hydrophobic/superoleophilic filter

can provide more chances for widespread industrial

applications. As well known, for industrial oil cleanup

utilizations, the recyclability of the membrane and

recovery of the oils or organic solvents characterizes

its service lifetime and large scale application value

(Jin et al. 2015). Recycle test of the as-obtained

hydrophobic/superoleophilic filter was also carried out

for 10 times of gasoline/water separation to investigate

Scheme 2 Schematic design for the fabrication of the hydrophobic bismuth/PTA-resin-based fabric filter and its oil/water separation

and self-cleaning performances
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the reusability of our filter. Oil separation efficiency

remained constant even after 10 consecutive cycles

without significant change in the oil separation

performance as illustrated in Fig. 9b. Even after 10

times of repetition, the hierarchical bismuth/resin-

coated filter still exhibited superior separation effi-

ciency of gasoline as about 98%, indicating that the as-

prepared hydrophobic filter is stable and reusable.

Furthermore, the stability of the hydrophobicity

feature of the bismuth/PTA-coated fabric filter was

Fig. 9 a The separation performance of the various oil–water mixtures, b the recycle test of the as-fabricated hydrophobic filter for 10

times of gasoline/water separation and c the stability test of the modified hydrophobic filter after recycling and washing processes

Table 2 A comparison of typical examples for various types of oil/water separation materials

Separation materials Separated compound WCA

(�)
Separation efficiency

(%)

Refs.

Polydivinylbenzene-coated cotton fabric Silicon oil 147 98 Cheng et al. (2019)

TiO2/vinyl trimethoxysilane-coated cotton

fabric

Oil free air

compressor

150 98 He et al. (2020)

Bi-coated iron mesh hexane 163 96 Yu et al. (2018a, b)

Cu–graphite/SBS-based cotton filter Gas condensates 152 94 Beshkar et al.

(2020)

Bi/PTA-based fabric filter Gasoline 135 93 This work
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evaluated by washing and recycling of the as-modified

filter for 10 runs and the change inWCAwas recorded.

As demonstrated in Fig. 9c, the hydrophobic filter

exhibited excellent hydrophobicity with WCA of

around 130� after 10 cycles of washing and reusing.

This result can be ascribed to the good affinity between

the bismuth/PTA composites and fabric filter.

A broad range of oil/water separation compounds

has been evaluated in the previous literatures. Here,

for a better comparison, some typical oil/water

separation compounds are listed in Table 2. As can

be seen, the separation performance of our-synthe-

sized Bi/PTA-based fabric filter is almost similar to

the performance of other reported materials, but it can

be stated that our-modified filter has been obtained by

a facile fabrication process, inexpensive cost, eco-

friendly, favorable absorption properties and large

scale production.

The hydrophobic surfaces with low water adhesion

commonly possess the potential for self-cleaning

applications. In the self-cleaning effect, water droplets

can easily roll off the substrate and passingly remove

the contaminants on its surface. As observed, the

micro/nano-protrusions formed by hierarchical Bi

structures created the uniform valleys and hills over

fabric surface, which leads to the generation of more

air pockets on the surface and subsequently lowest

contact area between water droplet and surface (Fan

Fig. 10 a Roll-off angle of the optimized hydrophobic filter and b–e the self-cleaning performance of the as-modified filter by rolling

the water droplets on the surface to remove the dust powder
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et al. 2019). Figure 10a demonstrated that the roll-off

angle of the modified hydrophobic filter was about

25�, indicating the coated filter can be used as a self-

cleaning material. The self-cleaning activity of the

hydrophobic hierarchical bismuth/resin-modified fil-

ter was investigated, as shown in Fig. 10b–e. Dust was

applied as a target pollutant which was sprinkled on

the surface of tilted filter, and after that the filter

surface was rinsed with water droplets. It could be

clearly seen in Fig. 10b–e, when water droplets

touched the surface, they immediately rolled down

the hydrophobic filter surface and took dust particles

away. Finally, as shown in Fig. 10e, the fabric surface

was taken out from the dirt after several water drops,

verifying the modified filter has a good non-wetting

characteristic and can be employed for self-cleaning

applications.

Conclusion

In summary, the hydrophobic/superoleophilic fabric

filter was fabricated based on bismuth nanostructures

and PTA resin utilizing a green and simple brushing

approach. Various morphologies of bismuth nanos-

tructures such as hierarchical, dendritic, cactus and

flower-like were prepared by controlling the galvanic

displacement reaction parameters such as type of

surfactant, reaction time and concentration of bismuth

precursor. When the hydrophobic/superoleophilic

covering was put on the surface of fabric filter, the

modified membrane demonstrated high separation

efficiencies with values greater than 93% during the

separation of various oil/water mixtures. Also,

reusability evaluation of the as-prepared hydrophobic

filter showed good repeatability for at least 10 times of

the gasoline/water separation. Moreover, the modified

hydrophobic filter exhibited excellent self-cleaning

activity for the elimination of the surface pollutants.

The results indicate that the as-fabricated hydropho-

bic/superoleophilic filter can be employed for the

efficient oil/water separation and self-cleaning perfor-

mance for industrial-scale applications.
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