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ABSTRACT

Bacterial cellulose (BC) derived from Nata de coco waste was modified and used

to develop environmentally friendly superhydrophilic BC membranes with

highly efficient oil removal properties. Spherical SiO2 nanoparticles were syn-

thesized by hydrolyzing tetraethoxysilane (TEOS) in the presence of ammonia

and deposited on the surface of the BC membranes to improve their surface

roughness and wettability. The modified BC membranes show an efficient water

flux ranging from 142 ± 39 to 195 ± 24 Lm-2 h-1 MPa-1 for oil-in-water

emulsions and a separation efficiency of up to 99%. The membranes exhibit

good mechanical properties, excellent reusability with high efficiency about 96%

after several separation cycles and also good antifouling properties with

a higher flux recovery rate (FRR) and reversible fouling ratio (Rr), and a lower

irreversible fouling ratio (Rir). Furthermore, the obtained membranes show

stability in severe conditions. Thus, the membrane has considerable promise for

practical application in the treatment of emulsion wastewater.
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GRAPHICAL ABSTRACT

Introduction

Oil-contaminated wastewaters are harmful environ-

mental pollutants that have been a source of concern

for many decades [1, 2]. Many industries, including

the petrochemical industry, crude oil production, and

metal processing facilities, generate significant

amounts of oil-contaminated wastewater. The treat-

ment of surfactant-stabilized oil-in-water emulsions

that contain oil droplets with diameters of the order

of 0.1–20 lm is particularly challenging. Several

methods can be used in principle, including electro-

chemical treatment [3], flocculation [4], and adsorp-

tion [5, 6], but they are limited by low efficiency, high

energy consumption, and/or secondary pollution.

Membrane technology is an effective and energy-

efficient separation method that is a priori ideal for

the separation of emulsified oil and water mixtures

[7, 8]. Recently, several membranes with suit-

able wettability and pore size have been developed

for this process. In particular, poly(vinylpyrrolidone)

(PVP) and poly(ethylene glycol) (PEG) were widely

used to increase the hydrophilicity and porosity of

asymmetric membranes. It was observed that more

than 90% of oil could be effectively captured with the

best membranes [9, 10]. Moreover, blends of

poly(methyl methacrylate) (PMMA) and PVDF were

used instead of the more hydrophobic PVDF in

ultrafiltration membranes. It was shown that the

hydrophilicity and surface porosity of the mem-

branes increased with the PMMA content, resulting

in improved water permeability [11]. Other studies

have shown that superhydrophilic membranes with

underwater superoleophobicity are generally more

suitable for separating oil-in-water (O/W) emulsions,

whereas superoleophilic membranes with under-oil

superhydrophobicity are preferable for the separa-

tion of water-in-oil (W/O) emulsions [12, 13]. Nev-

ertheless, the widespread use of such membranes for

large-scale separation is still stifled by limitations

such as complex operational processes, high opera-

tion costs, high toxicity, poor recyclability and haz-

ardous by-products [14]. Therefore, it is of great

importance to research cost-effective and environ-

mentally friendly materials for oil/water emulsion

separation.

We propose that some of these problems can be

mitigated by separation membranes based on bacte-

rial cellulose (BC) produced by the Acetobacter aceti

subspecies xylinum through fermentation of coconut

water [15]. This process results in a gelatinous pro-

duct known as nata de coco, in which the BC adopts a
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three-dimensional (3D) nanofibril structure. BC,

which is sustainably sourced, is biodegradable and

non-toxic to humans and has been widely used as a

renewable and functional biomaterial [16, 17] due to

its good mechanical properties, low density, and high

porosity [18, 19]. Modified BC membranes can be

prepared by various methods such as electrospin-

ning, surface grafting, phase inversion, and sol–gel

processes [20–23]. Previously, the hydrophilicity of

inorganic coatings such as Cu(OH)2 [24], TiO2 [25],

zeolite [26], and especially SiO2 has been exploited to

modify membranes to enhance membrane perfor-

mance [27]. Jiang et al. added SiO2 into the PES

membrane to improve its permeability and antifoul-

ing properties [28], and also, Li et al. coated SiO2

meshes for separating contaminated oil from corro-

sive [29]. Recently, Hou et al. reported the deposition

of the modified SiO2 on dried BC membranes with

chlorodimethyloctadecylsilane (CDMOS), which was

achieved by hydrolysis and condensation [2]. The

nanofiber network membranes exhibited a pore size

of 0.5–1 lm and underwater superoleophobicity and

under-oil superhydrophobicity characteristics that

allowed separating W/O emulsions. Moreover,

Wahid et al. fabricated bacterial cellulose-based

superhydrophilic membranes by blending commer-

cial dopamine hydrochloride with SiO2 micro-sized

particles (SiO2 MPs) to obtain BC-SiO2 MPs@PDA

composite membranes for O/W emulsion separation

[30]. However, MPs can cause an increase in the

accumulation of micro-sized particles, possibly

causing waste disposal issues in both terrestrial and

aquatic environments, including freshwater, sedi-

ments, and soil.

BC can be produced with different carbon sources in

static and agitated cultures, and its production and

structure are affected by several factors such as the

types of BC-producing bacterial strains, fermentative

media, carbon sources, and growth conditions. These

factors can be altered to produce BC with desirable

properties [31]. The commercially most relevant pro-

duct containing BC as a structural component is a gello-

like food product known as nata de coco [32]. The

waste collected during the manufacturing process

contains a considerable amount of BC, and little infor-

mation is available on the characteristics and functions

of BC isolated from such waste. Even though super-

hydrophilic BC membranes have been reported for

O/W emulsion separation, there are still some chal-

lenges that need to be more investigated such as

different BC sources, complex polymerization methods,

anti-oil fouling, durability, mechanical properties, oil/

water emulsion separation and especially renewable

materials that can be used in wastewater treatment. To

our best knowledge, there have been no reports on

developing environmentally friendly superhydrophilic

BC membranes and separating properties with oil

rejection, reusability, pH stability, mechanical proper-

ties and anti-oil fouling from bio-based materials from

such waste and a few studies have examined the con-

cerning properties of the flux recovery rate (FRR),

reversible fouling ratio (Rr), and irreversible fouling

ratio (Rir) for emulsified oil/water separation. We show

here that a simple and convenient deposition of SiO2

nanoparticles providing different synthesis approach

regarding the development of bio-membranes can be

used to transform nata de coco waste from food

industries into superhydrophilic membranes that allow

a remarkably efficient separation of emulsified oil/

water mixtures. Moreover, the SiO2-modified BC

membranes not only demonstrate promising emulsified

oil/water separation performance for various oil-in-

water emulsions but also offer great recyclability and

cost-effective material.

Experimental

Materials

Nata de coco waste was provided by Ampol Food Pro-

cessing Ltd., Nakorn Pathom, Thailand. Tetraethoxysi-

lane (TEOS) and25%aqueous ammoniawerepurchased

from Merck Ltd. Ethanol, toluene, petroleum ether and

sodium hydroxide 99% were supplied by RCI lab scan

Ltd. Sodium chloride was purchased from KEMAUS.

Sunflower oilwas provided by ThanakornVegetableOil

ProductsCo., Ltd. Essential oilwaspurchased from local

department store, Bangkok, Thailand. Cetyltrimethy-

lammonium bromide (CTAB)was obtained from Tokyo

Chemical Industry Co., Ltd. All the chemicals were used

as received.

Preparation of bacterial cellulose membrane

500 g of nata de coco waste was cut using a QY-767

blender at ca. 6000 rpmat room temperature.Aqueous

NaOH (2%, 2.4 mL per g of slurry) was added and the

mixture was stirred at 60 �C for 1 h to remove sugar

and impurities. Subsequently, the BC was neutralized
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bywashingwith deionized (DI) water until a pH of 7.0

was reached and the wet BC was isolated by vacuum

filtration. After that, 10 g of wet BCwas redispersed in

50 mL of DI water and the mixture was homogenized

in the QY-767 blender at 30,000 rpm at room temper-

ature for 15 min. This suspension was then processed

into a BC membrane by vacuum filtration through a

Büchner funnel with a diameter of 6 cm. The mem-

brane was dried at 50 �C for 24 h and had a weight of

ca. 0.25 g and a thickness of ca. 74 lm.

Preparation of modified bacterial cellulose
membrane—general procedure

The BC membrane was wetted with ethanol before it

was immersed for 1 h in 25 mL of a TEOS/ethanol

(70:30 v/v) mixture. To hydrolyze and condensate the

TEOS and form the SiO2, the TEOS-treated membrane

was then placed into 50 mL of a 10% NH4OH in

ethanol solution (25% aqueous NH4OH/deionized

water/ethanol = 1:1.8:2.75 mL) and ultrasonicated at

25 �C for 30 min. Finally, the membrane was

immersed for 1 h in ethanol and for 1 h in water to

remove any residual reactants and by-products. The

resulting BC-SiO2 membrane was then dried for 24 h

at 50 �C. Parameters that were varied include the

immersion time in the TEOS solution, the TEOS/

ethanol ratio, the concentration of theNH4OHsolution

in ethanol, and the time of the hydrolysis and con-

densation steps; these data are provided in Table 1.

Preparation of surfactant-stabilized oil-in-
water emulsions and separation
experiments

The surfactant-stabilized oil-in-water emulsions were

prepared by dissolving 100 mg of cetrimonium bro-

mide (CTAB) in 50 mL of water and adding 2 g of oil

(toluene, sunflower oil, chloroform, essential oil or

petroleum ether) at room temperature. The mixture

was stirred for 30 min, followed by sonication for

30 min to obtain stable emulsions, which were used

for separation experiments. The separation experi-

ments were carried out by vacuum filtration. The

modified BC membranes were clamped between a

separation funnel and a vacuum flask (Fig. S1) with

an effective area of 12.57 cm2. 50 mL of the oil-in-

water emulsions were poured into the separation

funnel and vacuum filtrations were carried out at an

operating pressure of 0.088 MPa. The permeation

fluxes were measured every 10 min during the sep-

aration for 1 h. The flux and oil rejection of the

membranes were calculated by Eqs. (1) and (2):

Flux ¼ V

A� Dt� P
ð1Þ

R ¼ 1�
Cp

Ci

� �
� 100 ð2Þ

where Flux (Lm-2 h-1 MPa-1) is the membrane flux,

V (L) is the volume of filtrate after filtration, A (m2) is

the effective membrane area, Dt (h) is the separation

time, and P (MPa) is the operating pressure. R (%) is

the oil rejection rate, and CP and Ci are the concen-

trations of oil in the permeate and the feed emulsion,

respectively.

Reusability and anti-oil fouling

The reusability of the modified BC membranes was

evaluated by carrying out five consecutive separation

cycles. Thus, 50 mL of oil-in-water emulsion was

separated by the modified BC membrane. After that,

the modified BC membrane was washed with dis-

tilled water and was then reused for separating

another 50 mL of oil-in-water emulsion in the next

cycle. The flux recovery rate (FRR), reversible fouling

ratio (Rr), and irreversible fouling ratio (Rir) were

used to examine the anti-oil fouling property of BC-

SiO2 membranes, and these three terms are calculated

by Eqs. (3), (4) and (5):

FRR ¼
Jw;f
Jw;i

 !
� 100 ð3Þ

Rr ¼
Jw;f � Jp

Jw:i

� �
� 100 ð4Þ

Rir ¼
Jw;i � Jw;f

Jw;i

 !
� 100 ð5Þ

where Jw,i (Lm
-2 h-1 MPa-1) is the initial flux of pure

water through the BC-SiO2membrane, Jw,f is the flux of

pure water through the cleaned BC-SiO2 membranes

after 5-cycle emulsions filtration, and Jp is the filtra-

tion flux of the BC-SiO2 membrane of the fifth cycle.

Characterization

The functional groups and chemical structure of the

BC and BC-SiO2 membranes were identified by FTIR

spectroscopy (Thermo scientific, Nicolet iS5, USA)
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with an iD7 attenuated total reflectance setup. The

spectra were measured in the range of 4000–650 cm-1

at a resolution of 4 cm-1 and a total of 128 scans for

each sample. The chemical composition and ele-

mental distribution were further assessed by x-ray

photoelectron spectroscopy (XPS) (Kratos, Axis ultra

DLD, UK). The morphological properties were

investigated by field-emission scanning electron

microscopy (FE-SEM) (Hitachi, S-4800, JP). The sam-

ples were sputter-coated with platinum for 3 min

under vacuum prior to the examination in order to

induce particle charging. For each membrane, the

dimensions of 100 SiO2 nanoparticles and 50 pores

were extracted from the FE-SEM micrographs using

ImageJ software. The water and underwater oil

contact angles were measured with a contact angle

tester (Kruss, DSA10-Mk2, DE). The composition of

samples was observed using energy-dispersive X-ray

spectroscopy (EDX) (Hitachi, S-4800, JP) with an

acceleration voltage of 20 kV. The surface roughness

of membrane with 2 9 2 cm was determined by

atomic force microscopy (AFM) (Seiko, SPA400, JP)

under trapping mode. The oil-in-water emulsion

droplets were analyzed by optical microscopy (Leica,

DMRXP, DE). The concentration of oil in the feeds

and the filtrates was determined by total organic

carbon (TOC) analysis (Shimadzu, ASI-L, JP). The

stability of modified membranes was tested in acid

solutions with 10–1 M HCl (pH 1), 10–3 M HCl (pH 3)

and 10–5 M HCl (pH 5), base solutions with 10–5 M

Table 1 Reaction parameters and characteristics of BC-SiO2 membranes

Sample Immersion time in

TEOS

(h)

Ratio of TEOS/

Ethanol

(v/v)

Ammonia

concentration

(wt.%)

Hydrolysis/condensation

time

(min)

Pore size

(lm)

SiO2 particle

size

(nm)

Neat BC – – – – 0.62 ± 0.45 –

BC-SiO2-

1

1 30/70 10 30 0.12 � 0.05 47 � 10

BC-SiO2-

2

3 0.17 � 0.06 47 � 7

BC-SiO2-

3

6 0.16 � 0.05 80 � 12

BC-SiO2-

4

12 0.15 � 0.06 79 � 12

BC-SiO2-

5

24 0.12 � 0.04 83 � 16

BC-SiO2-

6

1 50/50 10 30 0.14 � 0.04 57 � 19

BC-SiO2-

7

70/30 0.14 � 0.04 60 � 19

BC-SiO2-

8

100/0 0.13 � 0.09 68 � 14

BC-SiO2-

9

1 70/30 5 30 0.14 � 0.04 53 � 13

BC-SiO2-

10

2 0.15 � 0.03 50 � 13

BC-SiO2-

11

1 0.14 � 0.04 47 � 13

BC-SiO2-

12

1 70/30 10 20 0.29 � 0.18 84 � 20

BC-SiO2-

13

10 0.30 � 0.13 89 � 25

BC-SiO2-

14

5 0.22 � 0.97 90 � 21
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NaOH (pH 9) and 10–2 M NaOH (pH 12) and satu-

rated salt solutions with 6.2 M NaCl, respectively.

The mechanical properties of as-prepared mem-

branes, including tensile strength, breaking elonga-

tion, and Young’s modulus, were measured at a

stretching rate of 2 mm/min by universal testing

machine (Instron, 4206, USA). The membrane is cut

into a rectangular shape 10 mm in width 9 50 mm in

length. In this test, each sample was tested at least

five times and then averaged. The modified mem-

branes were immersed into the above-mentioned

solutions for 24 h, subsequently washed with DI

water, and dried at 50 �C for 24 h. The water contact

angles, underwater oil contact angles, and FE-SEM

images of the modified membrane after stability tests

were investigated to evaluate their stability under the

various conditions.

Results and discussion

Membrane preparation and characterization

The fabrication process to produce superhydrophilic

BC-SiO2 membranes is illustrated in Fig. 1. The neat

BC membranes were prepared by vacuum filtration

of an aqueous suspension derived from nata de coco

production waste. The morphology of the mem-

branes was investigated by scanning electron micro-

scopy (SEM). As shown in Fig. 2a, the pristine BC

membranes are microporous networks of individual

BC fibers and are characterized by an average pore

size of 0.61 ± 0.45 lm. The neat BC membranes were

immersed in a TEOS/ethanol mixture. The TEOS

thus absorbed was subsequently hydrolyzed under

catalysis with ammonia and condensed into SiO2

nanoparticles that decorate the surface of the BC

fibers and increase the hydrophilicity of the mem-

branes. The parameters that were varied are the

immersion time in the TEOS/ethanol mixture, the

ratio of TEOS and ethanol, the concentration of the

NH4OH solution that was used to catalyze the

hydrolysis, and the reaction time; these data are

provided in Table 1. A first set of modified mem-

branes, denoted as BC-SiO2-1–BC-SiO2-5, was pre-

pared by immersing the neat BC membranes for 1, 3,

6, 12, and 24 h, respectively, in a solution with a

TEOS/ethanol ratio of 30:70 v/v. The concentration

of ammonium hydroxide in the hydrolysis/conden-

sation step (10%) and the reaction time (30 min) were

kept constant. SEM images (Fig. 2b–f) reveal that in

the BC-SiO2-1–BC-SiO2-5 membranes, the BC fibers

are densely coated with SiO2 nanoparticles; in fact,

the individual BC fibrils appear to be encased with a

layer of SiO2 nanoparticles, and this led to a consid-

erable reduction in the pore size to 0.12–0.17 lm,

independent of the immersion time (Table 1). The

average diameter of the individual SiO2 nanoparticles

size was in the range of 47 ± 10–83 ± 16 nm. The

data reflect an increased nanoparticle diameter for

immersion times in the TEOS solution of 6 h or more,

suggesting that the precursor is predominantly ad-

sorbed on the BC surface at short immersion times,

whereas extended immersion times may lead to

swelling of the BC with TEOS. Energy-dispersive

X-ray (EDX) spectroscopy mapping was carried out

for BC-SiO2-1 and the data reveal that the surface is

composed of C, O, and Si (Fig. 2g, top panel,

Table S1), consistent with the fact that silica and

oxygen are the constituent elements of the SiO2

Figure 1 Schematic

representation of the process

used to prepare the

superhydrophilic BC-SiO2

membranes and the hydrolysis

and condensation reactions

occurring on the TEOS-coated

BC membrane.
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nanoparticles, while carbon is attributed to the

structure of BC. The strong Pt signal observed in the

EDX is due to the Pt-coating that was applied to the

sample for imaging. The mapping of C, O, and Si can

be clearly observed as shown in the lower panel of

Fig. 2g. The results reveal that SiO2 nanoparti-

cles are homogeneously distributed on the surface

membrane.

The surface chemistries of the BC membrane and

the modified BC-SiO2-1 membrane were probed by

ATR-FTIR spectroscopy (Fig. S2). The FTIR spectra of

the unmodified BC membrane show a broad peak

around 3200-3340 cm-1 corresponding to the -OH

stretching vibration of hydroxyl groups. Other char-

acteristic signals of cellulose include peaks at

1456 cm-1 (asymmetric angular deformation of C-H

bond), 1169 cm-1 (asymmetric stretching of the

C-O-C glycoside bond) and 1050 cm-1 (C-OH

bond stretching in secondary and primary alcohols).

The increased intensity of the peak at 1107 cm-1,

which is assigned to Si-OH stretching vibration, and

the shifted peak at 887 cm-1 in the modified mem-

branes is interpreted with the presence of silanol

groups, which are the main source of superhy-

drophilicity. In addition, new peaks are observed at

1163 cm-1 and 1058 cm-1, which correspond to the

symmetric stretching vibration of the Si–O–Si and

alkyl groups (CH3), respectively [33]. These results

indicated that the surface of precipitated silicas is

covered by silanol groups (Si-OH) [34].

We also prepared membranes by following proto-

cols in which the immersion time in TEOS/ethanol

was kept constant at 1 h and the other process

parameters were varied. When the TEOS/ethanol

ratio was increased to 50:50 v/v (BC-SiO2-6–BC-SiO2-

8, Fig. 3a–c), highly aggregated SiO2 nanoparticles

were found on the surface. Their average diameter

(57 ± 19–68 ± 14 nm) was slightly reduced vis a vis

the membranes prepared with a lower TEOS con-

centration, whereas the pore size of the membranes

remained unchanged within statistical error. These

findings suggest that the ethanol may encourage

hydrolysis and condensation, which reduce the effi-

ciency of reactions, resulting in the production of

smaller silica nanoparticles [35]. In addition, the

ammonia concentration was reduced from 10 to 5%,

2%, or 1% v/v (BC-SiO2-9–BC-SiO2-11, Fig. 3d–f). The

amount of SiO2 deposited on BC fibers decreases

with decreasing ammonia concentration, reflecting

that ammonia plays an important role in the

hydrolysis and condensation reactions, while the

average diameter of the SiO2 nanoparticles was

increased (47–53 ± 13 nm) when the ammonia con-

centration was increased to 10%. This result indicates

Figure 2 SEM images of a the neat BC membrane and the SiO2

decorated membranes made by varying the immersion time of the

neat BC membrane in a solution with a TEOS/ethanol ratio of

30:70 v/v. The concentration of ammonia in the

hydrolysis/condensation step (10%) and the hydrolysis time

(30 min) were kept constant: b BC-SiO2-1 (1 h), c BC-SiO2-2

(3 h), d BC-SiO2-3 (6 h), e BC-SiO2-4 (12 h), and f BC-SiO2-5

(24 h). g EDX spectrum analysis (top) and the element of mapping

corresponding C, O, and Si of BC-SiO2-1 (bottom).
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that the ammonia concentration increases not only

the hydrolysis but also the condensation rate,

resulting in faster kinetics and greater particle sizes

[36], while no obvious influence on the pore size was

observed. We also explored conditions in which the

ammonia content was kept at 10 wt.% and the

hydrolysis/condensation time was varied between 5

and 20 min (BC-SiO2-12–BC-SiO2-14, Fig. 3h–i). In

this case, the density of SiO2 particles is irregularly

coated and aggregated on the fibers. The average

diameter of SiO2 particles was slightly decreased

(84–93 ± 10 nm), indicating that at the initial stage of

the hydrolysis and condensation, an interconnected

particle network may form, resulting in a small

number of large unstable particles on the membrane

which affected larger fiber diameters. Therefore,

more complete SiO2 particles have not yet been

formed and stable smaller particles may form at a

later stage of the process [37]. Moreover, the pore size

of the membranes was increased due to the

density of SiO2 formation on fiber entanglements.

This parameter is important for the fouling and other

characteristics of the membranes. The pore size and

distribution of deposited SiO2 particles may cause the

microstructure membrane to achieve superhy-

drophilic characteristics, which are desirable for oil/

water mixture separation, but the smaller the pore

diameter, the higher the pressure required for the oil

droplets to pass through the membrane. Some of the

BC-SiO2 membranes indeed displayed superhy-

drophilic/superwetting (h\ 5�–10�) characteristics

(BC-SiO2-1–BC-SiO2-8), whereas others simply dis-

played hydrophilic (h\ 90�) properties (BC-SiO2-9–

BC-SiO2-14) (Fig. 4). The water contact angle is dra-

matically decreased for superhydrophilic/hy-

drophilic membranes, especially with great

distribution of hierarchical SiO2 nanoparticle struc-

ture and high surface roughness. This water can

readily be trapped inside the micro- or nanoscale

rough surface of the membrane, resulting in a high-

Figure 3 SEM images of BC-SiO2 membrane with the ratio of

TEOS/ethanol of a 50/50, b 70/30 and c 100/0 v/v were prepared

with an ammonia concentration of 10 wt.% and

hydrolysis/condensation times of 30 min, respectively. The

ammonia concentrations of (d) 1, (e) 2 and (f) 5 wt.% were

prepared with a TEOS/ethanol ratio of 70/30 and a

hydrolysis/condensation time of 30 min. The

hydrolysis/condensation times of (g) 5, (h) 10 and (i) 15 min

were prepared with a TEOS/ethanol ratio of 70/30 and an ammonia

concentration of 10 wt.%, respectively.
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water flux, as demonstrated by the pure water flux of

the BC-SiO2-7 membrane (Fig. 5). It is relevant that

modification of superhydrophilic membrane signifi-

cantly influences high permeation flux with appro-

priate pore size and wettability. Therefore, the

optimal superhydrophilic BC-SiO2-7, which is syn-

thesized in a 70/30 ratio with an ammonia concen-

tration of 10 wt.% under a reaction time of 30 min,

was chosen for further experimentation and discus-

sion in the following section.

To demonstrate the successful hierarchical modi-

fication, the pristine BC and BC-SiO2-7 membranes

were analyzed using X-ray photoelectron spec-

troscopy (XPS). For the pristine BC membrane, the

photoelectron peaks characteristic of only carbon and

oxygen can be observed in the scan (Fig. S3a). Besides

both of these elements, Si was detected on the mod-

ified membrane (BC-SiO2-7), which is deposited as

SiO2 upon the hydrolysis and condensation of TEOS.

The deconvoluted high-resolution XPS spectra in the

O 1s and Si 2p regions are presented in Fig. S3b-c.

The deconvolution of the O 1s spectrum suggests the

presence of three components, corresponding to the

most intense oxygen atoms of the siloxane groups at

532.3 eV (SiO2), non-stoichiometric oxides at

531.40 eV (SiOx,), and silanol groups at 533 eV

(SiOH), respectively [38]. The presence of SiO2 and

Si–OH is considerable at the deposition site and the

formation of the Si–OH bond is possibly due to the

hydrolysis and condensation of TEOS. Thus, the high

concentration of the latter is expected to enhance the

hydrophilicity of the membrane. In addition, the Si

2p peak can be deconvoluted into four components,

which correspond to the most intense Si–C bonds at

100.53 eV (Si-C), the Si atoms of siloxane groups at

102.88 eV (SiO2,), the shifted Si–O–C bonds and sto-

ichiometry of SiOx at 99.69 eV, and the shifted ele-

mental silicon at 98.19 eV, respectively [39],

confirming again the formation of the expected sili-

con species.

We also collected higher-resolution SEM and

atomic force microscopy (AFM) images of the pristine

BC membrane and BC-SiO2-7 membranes. As shown

in Fig. 6a–b, the pristine BC membrane consists of a

three-dimensional fibrous network structure that is

formed by BC fibrils having a smooth surface. The

BC-SiO2-7 membrane was obviously coated with SiO2

nanoparticles produced during hydrolysis and con-

densation, resulting in a much rougher surface

(Fig. 6c–d). This is evidenced by AFM results, which

show that the average roughness (Ra) of the BC-SiO2-

7 membrane (226.3 nm) was about doubled in com-

parison with that of the pristine BC membrane

(107 nm).

Surface wettability

The wettability of the pristine BC and BC-SiO2-7

membranes was investigated by water contact angle

(WCA) measurements (Fig. 4). As shown in Fig. 7a,

Figure 4 Water contact angles of the pristine BC and the BC-

SiO2 membranes. Pictures were taken 1s after deposition of the

water droplet, and angles are reported for the same time.

Figure 5 Water flux though the BC and the BC-SiO2 membranes.
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b, the pristine BC membrane exhibited a WCA of

about 48�, indicating hydrophilic characteristics that

are due to the presence of hydroxy groups on the

membrane. The modification with SiO2 led to an

increase in roughness due to the formation of

nanoparticles (Fig. 6c) and the formation of silanol

groups (Si-OH) contributes to high polarity. As a

result, the WCA of BC-SiO2-7 sharply decreased to

about 0�, indicating that the water completely spread

across the surface in 1s, and demonstrating the suc-

cessful transformation of hydrophilicity into

superhydrophilicity. The significant change is ascri-

bed to the distinct hierarchical layer-nanosphere

coatings with hydrophilic chemical compositions

[40]. In addition, we monitored the WCA as a func-

tion of time. The WCA of the pristine BC membrane

changed over the course of 30 s from 48� to 8�, indi-
cating slow wetting of the porous structure. The BC-

SiO2-7 was immediately wetted and when the dura-

tion was prolonged to 30s, considerable swelling was

observed as water penetrated through the membrane.

Figure 6 SEM images and AFM graphs of a–b the pristine BC membrane and c–d the BC-SiO2-7 membrane.

Figure 7 Water contact angle of a the pristine BC membrane, b the BC-SiO2-7 membrane and c underwater oil contact angle of the BC-

SiO2-7 membrane.
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The underwater oil contact angle (UWOCA) of BC-

SiO2-7 was also investigated. As shown in Fig. 7c, the

UWOCA was measured for several types of oil, such

as sunflower oil, chloroform, essential oil, toluene

and petroleum ether, and was always greater than

126�, implying that the modified membrane exhibits

good underwater oleophobicity due to its high sur-

face roughness and hydrophilicity [41, 42].

Oil-in-water emulsion separation

On account of the superhydrophilicity and under-

water oleophobicity of BC-SiO2-7, the flux of pure

water through this membrane (597 ± 118 Lm-2

h-1 MPa-1) is much higher than that through the

neat BC membrane (94 ± 26 Lm-2 h-1 MPa-1,

Fig. 5), in spite of the much smaller pore size in the

latter, which should generally promote a higher

water flux [43, 44]. The water flux and separation

efficiency of the BC-SiO2-7 membranes were deter-

mined for several types of surfactant-stabilized oil-in-

water emulsions, as shown in Fig. 8a. Sunflower oil,

chloroform, essential oil, toluene and petroleum ether

were used in this study, and we investigated the

separation of sunflower oil/water, chloroform/wa-

ter, essential oil/water, toluene/water and petroleum

ether/water mixtures stabilized with a surfactant

(CTAB). The average droplet sizes of the various

organic oils in the emulsions were in the range of

0.5–18 lm (Fig. S4). The milky toluene-in-water

emulsion became transparent after filtration (Fig. 8b–

c and Supporting Video 1), and no oil droplets

remained in the filtrate without oil/water phase

separation (Fig. 8d–e). In the case of sunflower oil-in-

water, chloroform-in-water, essential oil-in-water and

petroleum ether-in-water emulsion separation, no oil

droplets in the filtrate and phase separation of oil and

water were observed (Fig. S5). This is due to the high

roughness and superwettability of the membrane

surfaces which were useful in breaking the emulsion

droplets when the emulsion contacted with the

membrane surface and repelling oil separation from

the highly hydrophilic hydroxyl groups from SiO2

NPs, as well as hydroxyl groups from BC. This

modified BC membrane could readily absorb water

molecules and block oil droplets rolling on the

membrane surface. However, the residual surfactant

which is dissolved in water may be present in the

filtrate [40]. The water flux of BC-SiO2-7 measured for

such separations ranged from 142 ± 39 to 195 ± 24

Lm-2 h-1 MPa-1. In addition, the separation effi-

ciencies for sunflower oil-in-water (98.30%), chloro-

form-in-water (97.0%), essential oil-in-water (97.23%),

toluene-in-water (99.0%), and petroleum ether-in-

water (97.19%) emulsions were all higher than 97%.

Thus, BC-SiO2-7 exhibited excellent membrane flux

and high separation efficiency toward oil-in-water

emulsions.

Reusability and anti-oil fouling property

The reusability of BC-SiO2-7 membranes was inves-

tigated by five repeated separations of toluene-in-

water emulsions. As shown in Fig. 9a, the membrane

Figure 8 a Membrane flux and separation efficiency of BC-SiO2-

7 for different oil-in-water emulsions. b Pictures showing the

separation of a toluene-in-water emulsion by filtration through a

BC-SiO2-7 membrane. c Photograph of the pristine toluene-in-

water emulsion (left) and the collected filtrate after filtration (right)

through BC-SiO2-7. (d,e) Optical microscopy images of d the

pristine emulsion and e the collected filtrate. The scale bars are

100 lm.
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flux of BC-SiO2-7 first increased, then decreased with

the number of separation cycles. This is likely the

result of swelling of the membrane during the first

cycles, which should increase the permeation, before

the deposition of oil droplets causes a reduction in

the membrane flux after several separations. How-

ever, after five cycles, the membrane flux of BC-SiO2-

7 was still 108 Lm-2 h-1 MPa-1, and thus compara-

ble to that of the first cycle. Meanwhile, the separa-

tion efficiency of BC-SiO2-7 was hardly affected and

remained high efficiency about 96% over five sepa-

ration cycles.

The anti-oil fouling properties of BC-SiO2-7 were

examined with various oil-in-water emulsions. After

the fifth cycle, the BC-SiO2-7 showed a flux recovery

rate (FRR) of[ 85%, a reversible fouling ratio (Rr)

of[ 85%, as well as a low irreversible fouling ratio

(Ri) (\ 15%) (Fig. 9b). These findings suggest that any

absorbed oil droplets on the surface of modified

membranes can be removed by simply rinsing the

membranes with water and that oil droplet fouling

can be reverted for the hydrophilic membranes

studied. It appears that the high roughness of the

membrane surface was useful in breaking the emul-

sion droplets and also that the superwettability could

promote the anti-oil fouling properties of the mem-

brane. Moreover, the oil droplet, for example, chlo-

roform, was further evaluated. The oil droplet

touching the membrane underwater was deformed

by pressing down and then gradually removed from

the surface of the membrane (Fig. S6). The oil droplet

could be easily lifted off the surface of the membrane,

indicating that the membrane exhibited good

underwater oil resistance. This result was attributed

to the abundance of hydroxyl groups with the

hydration layers on the membrane surface, which

could facilitate water permeation. After five cycles of

reusing the filtration process, no obvious change is

Figure 9 a Reusability of BC-SiO2-7 for the separation of

toluene-in-water emulsions. Shown are the flux and separation

efficiency for five consecutive separations. b Flux recovery rate

(FRR), reversible fouling ratio (Rr), and irreversible fouling ratio

(Rir) BC-SiO2-7 for separating different oil-in-water emulsions.

Data are after five separation cycles. c WCA and UWOCA of BC-

SiO2-7 after separating different cycling test. d SEM, e WCA and

f UWOCA images of BC-SiO2-7 after five separation cycles.
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observed and abundant nanospheres are still exiting

on the membrane surface (Fig. 9c, d). Accordingly,

the WCA and UWOCA did not change considerably

(Fig. 9e, f).

The comparison of different membranes derived

from various raw materials and methods for surfac-

tant-stabilized oil-in-water emulsion separation is

summarized in Table 2. The wettability of our BC-

SiO2 membranes and most of other reported mem-

branes were superhydrophilic/hydrophilic to

remove oil from emulsions. The pore size of the BC-

SiO2 membranes was in the range of 0.12–0.17 lm,

which was sufficiently small to repel oil droplet sizes

with particles of 0.5–18 lm. We obtained BC-SiO2

membranes with the highest oil rejection of 99% and

water fluxes ranging from 142 to 195 L-1 m-2 h-1 -

MPa-1. The fouling resistance of BC-SiO2 membrane

displayed high FRR, Rr values, and low Rir values for

surfactant-stabilized oil-in-water emulsions because

the fouling resistance analysis with higher FRR, Rr,

and lower Rir generally implies superior anti-oil

fouling properties of membranes. These findings

were attributed to a hierarchical layer of silicon

nanoparticles on BC membranes, which could per-

form surfactant-stabilized oil-in-water emulsion sep-

arations comparable to those of membranes.

Stability and mechanical properties

The stability of the SiO2 modified membranes was

examined using acidic HCl (pH = 1, 3, and 5,

respectively), alkaline NaOH (pH = 9 and 12,

respectively), and salt NaCl (saturated sodium chlo-

ride) solutions. After treatment with the above solu-

tions for at least 24 h, the WCA and UWOCA of the

BC-SiO2-7 membrane remained unchanged, with

values of between 0�–14� and 120�–140�, respectively
(Fig. 10a) and there was still a superhydrophilic

membrane requirement. Furthermore, hierarchical

SiO2 nanosphere structures can be seen in SEM

images of the BC-SiO2-7 membrane after the treat-

ment under different conditions (Fig. 10b–g), and

there was no obvious influence on morphology of

membrane, indicating the stability of the hierarchical

layer-nanosphere coatings. These findings suggest

that the BC-SiO2-7 membrane is robust under a wide

range of conditions.

The membrane in practical surfactant-stabilized

emulsion separation usually run withstand high

hydrostatic pressure or even violent mechanical

vibrations from pumps, the mechanical strength of

the BC-SiO2 membranes is important. The mechanical

properties of as-prepared BC membranes in terms of

tensile strength, elongation at yield and Young’s

modulus are shown in Table S2. It can be seen that

the tensile strength and Young’s modulus of pristine

BC membranes decreased after modification (BC-

SiO2-7 membranes) ranging from about 39 to 24 MPa,

and 2911 to 2075 MPa, respectively. This is due to the

aggregation of SiO2 NPs increasing microstructural

dispersion on the membrane surface and acting as

stress concentration sites, which decreases the

mechanical stability of the membrane. The elongation

at break gradually increased from 0.040 to 0.048 mm/

mm due to the increased interfacial adhesion

between 3D network structure of BC and the deco-

rated SiO2 NPs.

Conclusion

The BC-SiO2-7 membrane derived from nata de coco

waste was obviously decorated with a hierarchical

layer of silica nanoparticles by hydrolysis and con-

densation processes using this in situ method. BC-

SiO2-7 membranes showed successfully superhy-

drophilicity (almost 0�) and underwater oleophobic-

ity ([ 126�) and the rougher BC-SiO2-7 membrane

was found to be beneficial the oil-in-water emulation

separation. BC-SiO2-7 membranes could effectively

separate oil-in-water emulsions with the highest oil

rejection of 99% and efficient membrane flux. More-

over, BC-SiO2-7 membranes exhibited good

mechanical properties, excellent reusability through-

out several filtration cycles, good anti-oil fouling

ability and also stability in pH treatment. Thus, this

simple method, environmentally friendly and low-

cost starting material fabrication process had great
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potential for particle use of oil-in-water emulsions in

wastewater.
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