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Abstract In this study, a novel method including the

concurrent use of nanoparticles and non-solvent is

proposed for surface modification of filter papers with

the aim of achieving superhydrophobicity that can be

used in oil/water separation applications. The effects of

polymer, nanoparticle and non-solvent contents were

investigated on the surface morphology, composition

and wettability of the samples. A comparison was also

made between the solution casting and dip-coating

techniques. It was found that the dip-coating technique

was not as efficient as solution casting because of the

lower adsorption of polystyrene macromolecules onto

the papers’ surfaces. Scanning electron microscopy

results demonstrated the role of non-solvent in the

surface morphology of the coatings. In fact, in the

absence of non-solvent, superhydrophobicity was not

achieved. X-ray photoelectron spectroscopy results

confirmed that the presence of non-solvent also

changed the surface composition of the coatings

significantly. The optimum composition was found to

have promising potentials in the separation of oil from

water because of the induced superhydrophobic and

superoleophilic properties. The findings of this funda-

mental research could be exploited in other systems for

more efficient oil/water separating devices.

Keywords Filter paper � Polystyrene �
Superhydrophobic � Oil/water separation � Nanosilica

Introduction

Surface modification of paper substrates has been

increasingly studied with the aim of extending their

applicability in novel materials including microelec-

tronics (Siegel et al. 2009), intelligent paper actuators

(Shen et al. 2010), and superhydrophobic papers for

oil/water separation (Du et al. 2014). In this regard,

various methods have been utilized such as photo-

attaching functional polymers to cellulose fibers
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(Böhm et al. 2013), nanoparticle coating via the liquid

flame spray technique (Teisala et al. 2014) and

modification by polyvinylsilsesquioxane via solution

immersion (Chen et al. 2016). One of the recent

applications of filter paper modification has been the

separation of oil–water mixtures, which is becoming

an important worldwide concern because of the

increased amounts of industrial oily wastewater and

polluted oceanic water as well as oil leakage accidents

(Feng et al. 2004; Yuan et al. 2008; Xue et al. 2014).

Thus, many studies have been conducted within the

recent years in order to develop cost-effective func-

tional materials with the capability of oil–water

separation. In fact, a diverse range of materials have

been used for the development of oil-absorbing

systems such as porous metal foams (Zhang et al.

2015), ultra-light carbon aerogels obtained from

nanocellulose (Meng et al. 2015), porous polymer

membranes (Li et al. 2016) and so on. In many of the

reported systems for oil–water separation, both super-

hydrophobicity and superoleophilicity have been

imparted to the used materials (Zhang et al. 2015; Li

et al. 2016). Very few studies have also reported on

separating oil/water mixtures through hydrophilic/

oleophobic systems (Tang et al. 2015). In their work,

wetting was tuned by paper surface modification using

a thin film of hydrolyzed methyltrimethoxysilane.

Within the last 2 decades, the development of

materials with special wettabilities has been the focus

of numerous studies worldwide; they have a vast range

of application in different industries such as the marine

industry, biomedical devices and so on (Hsu et al.

2011; Seyfi et al. 2015b, 2016; Hejazi et al.

2015b, 2016). In this respect, different methods have

been suggested to produce superhydrophobic materi-

als including nanoparticle surface embedding (Hejazi

et al. 2015a), electrospinning (Thorvaldsson et al.

2012), dip-coating (Zangi et al. 2016) and so on.

Researchers used a combination of superhydrophobic

and superoleophilic properties with the aim of devel-

oping oil–water separation systems. Several papers

have reported the efficiency of filter paper as a

separating unit upon surface modification (Wang

et al. 2010; Arbatan et al. 2012; Zhang et al. 2012;

Ogihara et al. 2013; Du et al. 2014; Gao et al. 2015).

For instance, Du et al. (2014) reported the fabrication

of superhydrophobic and superoleophilic filter paper

for oil–water separation via a colloidal deposition

method based on polytetrafluoroethylene nanoparti-

cles. Arbatan et al. (2012) attained superhydrophobic

paper via a two-step dip-coating method. In their

work, precipitated calcium carbonate (PCC) was used

to create the roughness, and cellulose nanofibers were

used as a binder to form and retain the PCC clusters

on the surface of fibers. In another work, superhy-

drophobic paper was produced through spraying

nanoparticle suspensions (Ogihara et al. 2013), and

it was found that the required concentration of

nanoparticles in the suspension should be 20 g L-1,

which is rather high. In a similar work to the current

study, Zhang et al. (2012) reported successful fabri-

cation of superhydrophobic filter paper via a simple

solution casting technique. However, they used a

very high inclusion of silica nanoparticles (50 wt%

with respect to the solid content). According to the

reported literature, it is realized that either the used

system was expensive or the concentration of

nanoparticles was exceedingly high. In this work, a

novel method is presented to render the filter paper

superhydrophobic and superoleophilic with the aim

of oil–water separation. The proposed method is

facile and needs no further modification step; also, it

requires a significantly lower content of nanoparticles

for achieving superhydrophobicity, which makes it

more desirable for large-scale production. Moreover,

non-fluorinated materials such as polystyrene and

silica were employed, which make it more environ-

mentally desirable. An attempt was also made to

compare the efficiency of the drop-coating and dip-

coating methods in attaining superhydrophobicity for

the filter paper.

Materials and methods

Materials

Polystyrene (Mw = 192,000 g/mol, softening point =

107 �C) was obtained from Sigma-Aldrich (St. Louis,

MO, USA). The hydrophobic fumed silica is a com-

mercial product (Aerosil R805) that was provided by

Evonic Industries (Essen, Germany) and used as

received. Aerosil R805 has a specific surface area of

150 ± 25 m2 g-1 and primary particle size of 12 nm.

Tetrahydrofuran (THF) and ethanol were supplied from

Merck (Darmstadt, Germany) and used as received.
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Modification process

Prior to the modification process, filter papers (What-

man) were first washed with distilled water and

acetone and then dried at 80 �C and 1 atm for 2 h to

remove any contaminations. After that, a certain

amount of PS granules (1 and 5 wt%) was dissolved

in 10 ml THF followed by the addition of silica

nanoparticles into the PS solution. The prepared

suspension was vigorously dispersed via the magnetic

stirring and ultrasonic bath methods. After attaining a

homogeneous mixture, non-solvent was added drop-

wise into the PS suspension. The majority of samples

in this work were fabricated through the solution

casting technique. To this end, several drops of the

prepared suspension were cast onto the surface of filter

papers that were then left to dry at ambient conditions.

A few samples were also prepared via dip-coating

technique in order to compare the efficiency of these

two methods. Therefore, after preparation of the

above-mentioned mixtures, the filter papers were

dipped into the mixture for 30 min followed by drying

at ambient conditions. Table 1 shows a list of prepared

samples along with their formulations.

Characterizations

A video-based contact angle measurement system

(OCA 15, DataPhysics Instruments GmbH, Filder-

stadt, Germany) was used to determine the WCA

values. The WCA measurements of each sample were

conducted at least three times across the sample

surface using the sessile drop method by dispensing

4-ll drops of de-ionized water on the surfaces.

Morphologies of the coatings’ surfaces were investi-

gated on a digital scanning electron microscope

(KYKY-EM3200, KYKY Technology Development,

Beijing, China) operated at 25 kV. To avoid any

electric charging, all the samples were plated with

gold coating. X-ray photoelectron spectroscopy (XPS)

analysis was conducted using XPS spectroscopy with

a monochromatic AlKa X-ray source (1486.6 eV

photons), operated at 180 W (12 kV and 15 mA)

and under ultra-high vacuum conditions.

Results and discussion

Wettability

In order to measure the wetting results for the modified

filter papers, water contact angle measurement was

employed. The water contact angle (WCA) results are

reported in Table 1, and the water droplet profiles are

shown in Fig. 1 for the modified filter papers.

According to Table 1, the optimum sample is

P1S0.5E15, which exhibits the highest WCA (165�).
Upon increasing the nanosilica content to from 0.5 to

1 wt%, not only was the WCA not increased, but it

also was reduced from 165 to 158�. On the other hand,
the reduction in the amount of nanosilica from 0.5 to

0.1 wt% caused a decrease in the WCA value from

165 to 155�. It is concluded that the optimum extent of

nanosilica should be tuned to around 0.5 wt% with

respect to the whole system. The effect of non-solvent

content was also evaluated by preparation of

P1S0.5E25. It was found that the increased amount of

non-solvent had an adverse effect on the WCA value

(151�); however, this sample still remained superhy-

drophobic. It should be noted that the lower content of

ethanol did not result in superhydrophobicity; thus, the

amount of non-solvent in this formulation should be

Table 1 List of the

prepared samples and their

water contact angle (WCA)

values

Note that the volume of

THF as solvent was kept

constant at 10 ml for all the

samples

Samples PS (wt%) Silica (wt%) Ethanol (wt%) Method WCA (�)

P1S0.5E15 1 0.5 15 Casting 165 ± 3

P1S0.1E15 1 0.1 15 Casting 155 ± 1

P1S1E15 1 1 15 Casting 158 ± 2

P1S0.5E25 1 0.5 25 Casting 151 ± 3

P1S0.5 1 0.5 – Casting 112 ± 5

P5S0.5E15 5 0.5 15 Casting 101 ± 6

P1S0.5_Dip 1 0.5 – Dip-coating 134 ± 3

P1S0.5E15_Dip 1 0.5 15 Dip-coating 153 ± 1
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adjusted at 15 wt%. According to the wettability

results, non-solvent plays a vital role in achieving

superhydrophobicity since the absence of non-solvent

in the optimum formulation resulted in a significant

loss in the WCA value from 165 to 112� in the case of
P1S0.5. The PS concentration was also varied, and it

was found that a very high content of PS in the

optimum formulation (P5S0.5E15) causes a substantial

decline to 101�, which is very close to the WCA value

of the pure PS coating.

A very important observation was that the attained

superhydrophobicity was not stable at longer periods

of time since the water droplet was found to gradually

wet the filter paper after 10 min. This behavior was

observed for all the samples with the WCAs beyond

150� except P1S0.5E15 and P1S1E15 for which the

superhydrophobic property was utterly stable till the

droplet was finally evaporated. Based on this finding,

it can be inferred that P1S0.1E15, P1S0.5E25 and

P1S0.5E15_Dip, all of which have WCAs above 150�,
should not be regarded as superhydrophobic because

of their water-absorbing property at longer periods of

time. Therefore, they cannot be used for the separation

of oil from water since the filter papers are in continual

contact with water by which they could be gradually

wetted. For this reason, the optimum sample was only

used for oil/water experiments. Apart from the quan-

tified results, the water profiles during WCA mea-

surement are also shown in Fig. 1 for different

samples. The changes in water profiles are marked in

this figure upon variations in non-solvent, nanoparti-

cles and polymer contents. The surface of filter paper

that has been modified with the optimum formulation

is also illustrated in Fig. 1f.

Surface morphology

Scanning electron microscopy (SEM) was employed

to explore the possible reasons for the observed

wetting behaviors. Figure 2 shows the surface mor-

phologies of samples made from different contents of

nanosilica. It can be evidently observed that upon

increasing the nanoparticle content, they became more

packed and aggregated on the surface of filter paper,

which is one of the reasons for the improved

hydrophobicity. It is seen that micron-scale spheres

were more profoundly present on the surface of

P1S0.1E15, which has the lowest amount of nanosilica.

Fig. 1 Water drop profiles for a P1S0.5E15 (optimum sample), b P1S0.5E25, c P1S1E15, d P1S0.5 and e P5S0.5E15. f The attained
superhydrophobicity on the filter paper modified by the optimum formulation
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Those spheres are made of PS macromolecules, which

were transformed into sphere shapes in the course of

phase separation process. According to Fig. 2b,

nanosilica and PS macromolecules are both simulta-

neously present at the top layer of the coating. Since

the PS macromolecules are not as hydrophobic as the

used nanosilica, theWCA for this sample is lower than

that of P1S0.5E15 and P1S1E15, both of which contain

much more nanosilica.

Those above-mentioned micro-spheres were also

formed in the case of P1S0.5E15 and P1S1E15 samples;

however, they were mainly covered with nanosilica

particles. The main difference is that the size of

spheres is larger for these two samples as compared to

P1S0.1E15, which could be attributed to the accelerated

phase separation as a result of higher inclusions of

nanoparticles (Khakbaz et al. 2015). According to the

SEM images, one can state that the incomplete

coverage of nanosilica particles on the coating’s top

layer is the major reason for the lower WCA value

observed in P1S0.1E15. However, the ultra-packed

structure of nanosilica in the case of P1S1E15 did not

further improve the hydrophobicity as compared to the

optimum sample. The reason for this behavior could

be ascribed to the use of a very high content of

nanosilica, which resulted in a non-uniform coating

from the macroscopic viewpoint.

Figure 3 illustrates the surface morphologies for

other samples from which several comparisons can be

made. First of all, comparing Fig. 3a and Fig. 2c

reveals that increasing the non-solvent content from

15 to 25 wt% caused formation of more distinct PS

spheres on the top layer of the coating. According to

the wettability results, increasing the non-solvent

content caused a reduction in the WCA value from

165 to 151�. It was expected that the presence of non-

Fig. 2 SEM images for a, b P1S0.1E15, c, d P1S0.5E15 and e, f P1S1E15 at different magnifications
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solvent would influence the surface morphology of

polymer macromolecules because of the occurrence of

the phase separation process. This influence becomes

more evident once the non-solvent is absent in the

formulation. Figure 3c, d shows the surface morphol-

ogy of P1Si0.5, which has been fabricated in the

absence of non-solvent. It is seen that the surface

morphology is severely changed, and many fewer PS

spheres were formed, resulting in a rather non-uniform

surface roughness, which causes a notable decline in

the hydrophobicity of the surface (Seyfi et al. 2015a).

Those large and irregularly shaped PS aggregates on

the top layer of the coating could act as physical and

chemical inhomogeneity, which might lead to higher

WCA hysteresis (difference in advancing and receding

WCAs) and thus lower hydrophobicity. In fact, this

sample exhibited a sticky behavior such that the water

droplet was stuck to the filter paper even when the

paper turned upside down. This observation confirms

the above claim, that is, the irregular PS aggregates

can act as inhomogeneity and increase the water

stickiness. This result is in agreement with the result of

our recent publication in which the uniformity of

rough surface features was found to be of great

importance (Seyfi et al. 2015a).

The effect of polymer concentration on surface

morphology can be clearly observed by comparing

Fig. 3e and Fig. 2c. It is seen that a very high amount

of polymer in this type of formulation could adversely

affect both the surface morphology and hydrophobic-

ity since the WCA was significantly reduced to 101�,
which is very close to that of the pure PS coating.

According to Fig. 3e, f, it can be assumed that PS

macromolecules are abundantly present at the

Fig. 3 SEM images for a, b P1S0.5E25, c, d P1S0.5 and e, f P5S0.5E15 at different magnifications
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surface’s top layer leading to a very non-uniform

surface roughness. The above hypothesis will be later

proved via XPS analysis.

Surface morphologies of samples prepared via

dip-coating method are presented in Fig. 4. Compar-

ing Fig. 4a and Fig. 3c, one could realize the

influence of the coating technique on the surface

morphology of P1S0.5. No more traces of PS aggre-

gates can be detected on the surface of P1S0.5_Dip.

More interestingly, the surface of P1S0.5E15_Dip is

also completely covered by nanosilica particles,

which is quite unexpected since non-solvent was

present in its formulation. As mentioned earlier, non-

solvent highly influences the surface morphology of

polymer macromolecules, which are not abundantly

present at the surface layer of this sample. Thus, in

contrast to the solution casting technique, it can be

concluded that the presence of non-solvent has a

weaker influence on the surface morphology and thus

hydrophobicity of the coatings. Another conclusion is

that PS macromolecules exhibited an insignificant

tendency to be adsorbed on the surface of filter paper

during the dipping process; instead, nanosilica par-

ticles were highly adsorbed and resulted in a very

uniform and packed morphology (Fig. 4c), which can

be considered as the major reason for the observed

high WCA value. It should be noted that contrary to

the solution casting method, the filter paper is held

vertically within the solution; thus, deposition of PS

and silica occurred unforcedly. Moreover, the intrin-

sically porous nature of filter paper facilitates the

adsorption of silica nanoparticles rather than PS

macromolecules.

Surface composition

X-ray photoelectron spectroscopy (XPS) analysis was

utilized to evaluate the changes made in the surface

composition of different samples. Figure 5 shows the

wide-scan spectra for two samples, which only

differed in their polymer content (P1S0.5E15 and

P5S0.5E15). It was previously observed that the surface

morphology of the optimum sample was significantly

changed upon using a higher amount of PS, which

caused a dramatic reduction in the WCA value. Apart

from that, the changes in surface composition could

also be regarded as another reason. Figure 5a shows

the XPS spectrum for the optimum sample (P1S0.5E15),

indicating the presence of O, C and Si atoms on its top

layer. The most prominent atom on the surface of the

optimum sample is oxygen, indicating the strong

aggregation of nanosilica (SiO2) particles on the

coating’s surface. According to Fig. 5a, PS macro-

molecules are also present at the surface layer. In

Fig. 4 SEM images for a, b P1S0.5_Dip and c, d P1S0.5E15_Dip at different magnifications

Cellulose (2016) 23:3913–3924 3919

123



contrast, once the polymer content is increased, the

majority of the surface layer is composed of carbon

atoms, implying the more profound presence of PS

macromolecules on the top layer of the coating.

The quantified XPS results are also reported in

Table 2. The surface composition of unmodified filter

paper is also reported. However, in the case of

unmodified paper, the oxygen atoms belong to the

cellulose polymer instead of silica molecules since the

used filter paper is made of cellulose. It is seen that the

carbon atomic content of the optimum sample is

doubled upon the increment of PS content from 1 to

5 wt%. On the other hand, the Si and O atomic

contents are both decreased, which suggests the

aggregation of PS macromolecules on the top layer

of the coating in the case of P5S0.5E15. Therefore, the

claim made earlier based on SEM observations is now

corroborated. In fact, such a strong presence of PS

macromolecules on the surface layer could be

regarded as responsible for the obtained WCA value

(101�), which is very close to that of pure PS (98�).
According to Table 2, one could observe that the

presence of non-solvent plays an important role in

the surface composition of the coatings since P1S0.5
exhibits a notably higher content of carbon atoms

with respect to the optimum sample (P1S0.5E15). The

results reveal that the nanosilica particles were less

aggregated on the surface of P1S0.5, which can be

considered as the main reason for the obtained low

WCA value (112�). Therefore, apart from the

induced non-uniformity in the surface morphology

of P1S0.5, the surface energy is also highly influen-

tial on the final wetting behavior. In other words, the

weaker presence of hydrophobic nanosilica particles

on the surface resulted in a higher surface energy as

compared with P1S0.5E15, which caused the WCA to

be severely decreased.

Oil/water separation

At first, it is worth determining the adsorption

percentages of PS macromolecules and silica nanopar-

ticles. The weights of both parent and modified filter

papers were measured, and the adsorption percentage

was obtained based on the following equation:

Fig. 5 XPS wide-scan

spectra for a P1S0.5E15 and
b P5S0.5E15

Table 2 Atomic contents of different atoms on the surface of

samples via XPS

Samples C (at.%) O (at.%) Si (at.%)

Unmodified paper 58.3 41.7 –

P1S0.5E15 22.5 51 26.5

P5S0.5E15 46 35.5 18.5

P1S0.5 31.5 45.5 23

3920 Cellulose (2016) 23:3913–3924
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Adsorption ð%Þ

¼ weight of modified paper� weight of parent paper

weight of parent paper
� 100

ð1Þ

The results are reported in Table 3. It is seen that the

optimum formulation was interestingly found to exhibit

a significantly higher adsorption value once the solution

casting technique had been employed. In other words,

the dip-coating technique caused a great reduction in the

adsorption value. This finding is in total agreement with

the suggested hypothesis based on the SEM images

shown in Fig. 4, that is,many fewer PSmacromolecules

were adsorbed to the paper’s surface via the dip-coating

technique; instead, nanoparticles showed a good level of

adsorption. Based on the obtained adsorption values for

P1S0.5E15 (11.5 %) and P1S0.5 (6.5 %), it can be

concluded that non-solvent plays a vital role in the

adsorption values by improving the phase separation

process, which leads to deposition of more amounts of

polymer chains on the surface of the paper.

Table 3 Absorption of PS and silica

Samples P1S0.5E15 P1S0.5E15_Dip P1S0.5 P1S0.5_Dip

Adsorption (%) 11.5 6.3 6.5 5.7

Each value is the average of three experimental data

Fig. 6 a Crude oil droplet completely sunk by the filter paper, b water droplets repelled by the filter paper, c stability of

superhydrophobicity after thermal treating and d separation of oil/water mixture

Cellulose (2016) 23:3913–3924 3921
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The thickness of the modified filter papers was

also measured via a digital micrometer upon

performing the measurements before and after the

coating process. The uniformity of the coating was

ensured by measuring the thicknesses at different

positions. It was found that the coating thickness for

P1S0.5E15 was 14.3 lm, whereas it was 8.9 lm for

P1S0.5E15_Dip. These results are in conformity with

the adsorption values reported in Table 3. It could

be inferred that the dipping technique resulted in a

thinner coating that was mainly composed of silica

nanoparticles. On the other hand, the solution

casting technique resulted in a thicker coating

wherein PS macromolecules were abundantly

adsorbed on the filter paper’s surface.

Figure 6a shows that the filter paper, modified by

the optimum formulation, exhibits a superoleophilic

property; thus, the crude oil droplet is completely

absorbed by the paper. On the other hand, Fig. 6b

demonstrates the ability of modified filter paper to

repelwater. Combining these two properties, one could

design efficient and simple systems for the separation

of oil fromwater. An example is given in Fig. 6dwhere

the whole filter paper was surface modified by the

presented method in this study and used as a separator

of crude oil from water. The efficiency of separation

was also determined using the following formula:

g ¼ v

v0
� 100 ð2Þ

where v0 and v are the volumes of water before and

after the separation process, respectively. Having v0 as

5 ml and v as 4.95 ml, the separation efficiency would

be as high as 99 %.

The thermal stability of the imparted superhydropho-

bic property was also investigated by placing the

modified filter paper in an oven (200 �C) for 2 h.

Figure 6c shows that the superhydrophobicity is still

retained (WCA = 158 ± 3, SA = 8�) after being

severely heated, indicating the excellent resistance of

the induced structure at the coating’s top layer of the

optimum sample. Figure 7a–c also shows the ability of

the modified filter paper in the absorption of motor oil

from an oil/water mixture. In order to prove the

efficiencyof the separation and the fact that themodified

paper only absorbs the oily phase, sequential images of

soaking the modified paper into the water are illustrated

in Fig. 7d–f. It is seen that the modified filter paper

remains completely dry after immersion into the water

bath.

Fig. 7 a–c Sequences of motor oil absorption from the oil/water mixture. d–g Sequences of soaking the modified filter paper into the

water
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Conclusions

In this work, the surface of filter paper was modified by

polystyrene and nanosilica via an improved phase

separation method that involves the use of both non-

solvent and nanoparticles simultaneously. The role of

non-solvent was essential in achieving the superhy-

drophobic property considering that the nanocomposites

made in the absence of non-solvent did not exhibit

superhydrophobic behavior. It was found that an

extremely high content of polymer had an adverse effect

on the hydrophobicity of the papers. It was also

demonstrated that the dip-coating technique is not as

efficient as the solution casting in preparation of

stable superhydrophobic coatings. According to the

SEM results, it was hypothesized that PS macro-

molecules were less likely to be adsorbed onto the

surface of filter papers; however, nanosilica particles

exhibited a very goodadsorption.XPSanalysiswas used

to prove the above-mentioned hypothesis and showed

that the extent of polymer adsorptionwas reduced on the

filter papers. All in all, it could be deduced that both the

surface roughness and surface chemistry should be

adjusted in a certain range to achieve superhydropho-

bicity. It was shown that the hydrophobically modified

silica changed the surface chemistry while the addition

of non-solvent during the fabrication process enhanced

the surface roughness. Therefore, the simultaneous

incorporation of nanoparticle and non-solvent acted

synergistically to impart superhydrophobic behavior

onto the intrinsically hydrophilic filter papers. Finally,

the experimental results showed that this type of

formulation could have promising potentials in oil/

water separation applications.
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