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a b s t r a c t

Membrane-based separation is a promising technology to eliminate water impurities from the oil phase.

However, it remains a great challenge to separate water from highly emulsified viscous oil owing to the

high stability of the water droplets in oil. Herein we report a surface wettability engineering on an alu-

mina ceramic membrane to achieve an efficient separation of a water-in-oil (W/O) emulsion. Silanes with

different carbon chain lengths and fluorinated status were introduced to endow the alumina membrane

with different surface wettabilities. While all the modified membranes exhibited excellent separation of

the W/O without Span 80 (surfactant), the one with amphiphobic wettability and lowest surface energy

failed to separate the Span 80 stabilized W/O. The presence of Span 80 reduced the interfacial tension

of water droplets, making them easier to deform and penetrate the modified membrane with the lowest

surface energy. It reveals that engineering proper surface wettability is the key to separating the oil and

water phases. Besides, the modified membranes maintained decent separation performance and stability

under long-term run separation of the emulsified W/O.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The increasing waste oil discharge from anthropogenic activities

such as petrochemical, food, textile, and mechanical industries has

become a critical issue for the environment [1,2]. These waste oils

have complex compositions and are harmful to the ecological sys-

tem [3,4], and have been listed as hazardous solid waste by the

Ministry of Ecology and Environmental Protection of China. Oil re-

cycling offers a sustainable venue for treating these waste oils [5].

However, one major challenge is that the waste oil is usually highly

emulsified with water and surfactant (classified as the water-in-oil

emulsion, W/O), which makes it extremely difficult to be purified

[6]. Therefore, the separation of oil and water emulsion has be-

come an emerging issue in both academic and industrial commu-

nities.

Compared with traditional techniques such as mechanical and

absorption separation [7], membrane separation has emerged as

a competitive candidate for emulsified oil separation owing to its

high efficiency, low chemical consumption, and continuous oper-
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ation mode [8,9]. Numerous efforts have been dedicated to the

design of membrane materials with special wettabilities, most of

which focused on superhydrophilic membranes for treating oil-

in-water emulsions (O/W) [10,11]. It is obvious that the mem-

brane wettability for separating W/O is quite different from what

is needed for O/W. In fact, the separation of W/O emulsion is more

challenging than the O/W because of the much higher viscosity

and the lower density of the oil phase compared to the water

phase. Such features make the W/O emulsion separation process

kinetically slow and hard to take advantage of gravity as the driv-

ing force.

It is widely accepted that the membrane surface should be hy-

drophobic and oleophilic for W/O emulsion separation so that the

membrane can repel the water droplets while allowing the oil to

transfer. Based on this consideration, researchers have employed

low surface energy materials like fluorinated alkyl silane (FAS)

[12], polytetrafluoroethylene (PTFE) [13,14], and polydimethylsilox-

ane (PDMS) [15] to construct a superhydrophobic/superoleophilic

surface [16,17]. Li et al. prepared a superhydrophobic fiberglass

membrane, which shows high separation efficiency above 99% for

water-in-liquid paraffin emulsions [18]. Zhang et al. reported a

copper oxide-based superhydrophobic microfiltration membrane,
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which was used for separating various water-in-transformer oil

emulsions with an efficiency exceeding 99.995% [19]. However,

most of researches used low-viscous organic solvents, such as

toluene and hexane, to prepare the synthetic W/O emulsion (Ta-

ble S1 in Supporting information). It remains unknown how the

membrane surface wettability impacts the W/O emulsion separa-

tion when the oil phase is relatively viscous, let alone the corre-

lation between wettability and separation efficacy. Moreover, the

long-term stability and performance of the membranes also need

to be investigated for practical application purposes.

Herein the commercial alumina membrane was employed as

the substrate, the surface energy of which was further engineered

via surface silane modifications to construct oleophilic membranes

for separating water-in-transformer oil emulsion. Four silanes with

different carbon chain lengths and fluorinated statuses were intro-

duced to evaluate the carbon chain and fluorination effects on the

surface wettability. The separation performance and the membrane

stability of the as-prepared membranes were then investigated to-

wards the W/O emulsions with and without the presence of Span

80. Finally, the W/O emulsion separation mechanism with different

types of silanes was discussed.

The commercial alumina membrane has an α-Al2O3 phase, as

proved by the XRD result (Fig. S2 in Supporting information). Since

alumina is a hydrophilic material, it is necessary to reverse its

wettability to oleophilic for the W/O emulsion separation. Based

on this consideration, four different silanes were chosen to en-

dow the membrane with oleophilicity, i.e., C3, C3-F, C10, and C10-

F. The four silanes were distinguished by the carbon chain length

and fluorinated status. The modified alumina membranes are de-

noted as C3/M, C3-F/M, C10/M, and C10-F/M, respectively (detailed

experimental section is given in Supporting information). All five

membranes showed similar dense porous structures, suggesting

the silane modification did not significantly affect the membrane

structure (Figs. 1a-e). Surface elemental analyses using SEM-EDS

demonstrated that the silane-modified membranes exhibited much

stronger C and Si signals than the pristine alumina membrane. Be-

sides, the F signals on the C3-F/M and C10-F/M were stronger than

those on the other three, indicating the successful modification of

fluorinated silanes.

The surface chemical compositions of the above membranes

were further analyzed by XPS. After silane modifications, the sur-

face elemental compositions of the membranes exhibited signifi-

cant changes (Table S2 in Supporting information). The increase of

the relative amounts of C and Si for all the modified membranes

demonstrated the occupation of the silanes on the surface. The sur-

face atomic ratios of F were 27.3% and 28.54% for the C3-F/M and

C10-F/M membranes, respectively, further confirming the presence

of fluorinated silanes. These results also indicate the high modifica-

tion densities of those silanes on the alumina surface. In addition,

the high-resolution XPS spectra of C 1s clearly revealed the pres-

ence of -CH2–CF3 and -CH2–CF2- for the C3-F and C10-F/M mem-

branes, respectively (Fig. 1f) [20]. In the F 1s spectra, only one peak

was observed for the C3-F/M membranes representing the terminal

group -CF3. For the C10-F/M membrane, two peaks could be de-

tected representing -CF2- and -CF3, respectively (Fig. 1g). Besides,

the Si-O bonding was also significant in the XPS spectra, which

was formed during the silane hydrolysis process. Moreover, both

C3/M and C3-F/M membranes showed higher peak intensity than

C10/M and C10-F/M membranes (Fig. 1h), indicating that silanes

with short carbon chains hydrolyzed more easily than those with

long carbon chains.

The surface wettability of the as-prepared membranes was eval-

uated by the contact angles (CAs) tests. As observed in Fig. 2a, the

original pristine alumina membrane could be instantly wetted by

water, mineral oil, and transformer oil droplets. On the other hand,

Span 80 did not completely wet the pristine membrane, although

its CA was relatively low (< 20°). This observation could be as-

cribed to the highly viscous nature of the Span 80 and its rela-

tively low hydrophilic-lipophilic balance (HLB) value (4.3), which

prevented it from fully spreading over the hydrophilic alumina sur-

face. In comparison, distinct CA changes were observed after silane

modification. The C10-F/M exhibited the highest CAs for all four

testing liquids, which was obviously due to the fluorinated long

carbon chain silane modification that endowed the membrane with

low surface energy [21,22]. In contrast, the C10/M showed a high

CA for water but low CAs for Span 80 and mineral oil. This result

is expected because the C10 silane is hydrophobic and oleophilic.

Besides, due to its lower viscosity than mineral oil, the transformer

oil droplet could completely wet into the C10/M membrane.

Counterintuitive results were observed for the CA measure-

ments on the short-chain silane-modified membranes. The water

CA on the C3/M membrane was about 142°, much higher than that

on the C3-F/M membrane and even the C10/M membrane. This ob-

servation should be associated with the silane hydrolysis process,

which was also indicated by the XPS results (Fig. 1h). We have re-

cently demonstrated that small silica nanoparticles (NPs) will be

formed during the hydrolysis process when using triple hydrolysis

site silanes [23]. In this study, all four silanes have triple hydroly-

sis sites, and thus theoretically, they would all crosslink into silica

nanoparticles during surface modification. However, silanes with

a longer carbon chain would be more difficult to crosslink than

shorter ones due to the greater steric hindrance. Similarly, fluori-

nated silanes would be even harder to crosslink due to the lower

surface energy (Fig. 2b). Based on the above considerations, it is

very likely that the C3 silane would generate more SiO2 NPs on the

surface than its fluorinated counterpart, resulting in higher surface

roughness. According to the Cassie-Baxter theory, a higher rough-

ness would lead to a higher apparent CA [24]. Therefore, the water

CA on the C3/M membrane was higher than the C3-F/M and even

the C10/M membrane. On the other hand, while the transformer oil

droplet wetted the C3/M membrane, the Span 80 and mineral oil

had much smaller CAs on the C3/M membrane compared to those

on the C3-F/M membrane. These results could be explained by the

Wenzel theory, which can be applied when the rough surface is

in complete contact with the testing liquid. In these scenarios, the

Wenzel theory predicts that a higher roughness will result in a

smaller apparent CA, which is in good agreement with our obser-

vations [24].

Liquid entry pressure measurement was conducted to identify

suitable operation pressures for the five membranes. According to

the classical theory, the LEP can be calculated by the following

equation (Eq. 1) [25,26]:

LEP = −2Bγlcosθ0
r

(1)

where B is a geometric factor accounting for the noncylindrical

nature of the membrane pore structure, γ l is the liquid surface

tension, θ0 is the intrinsic contact angle, and r is the equivalent

pore radius. Assuming that the pore size and pore geometry did

not change after silane modification, the LEP will be mainly de-

termined by the CA of the liquid. The LEP results shown in Fig.

2c met the above assumption quite well. The four modified mem-

branes showed oleophilic properties as their transformer oil LEPs

were lower than their water LEPs, opposite to the pristine mem-

brane. It is also worth noting that the water LEP of the C3/M mem-

brane was higher than that of the C3-F/M membrane, consistent

with Eq. 1 and water CA results. In the case of the C10-F/M mem-

brane, CA measurements revealed that it is actually amphipho-

bic. Consequently, it is more difficult for the oil phase to perme-

ate through the C10-F/M membrane, which is why its oil LEP is

higher than other modified membranes. Nevertheless, its oil LEP
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Fig. 1. SEM images and the corresponding elemental mappings of the pristine alumina (a), C3/M (b), C3-F/M (c), C10/M (d), and C10-F/M (e) membranes. The scale bar

represents 100μm. And the XPS spectra of the as-prepared membranes: (f) C 1s, (g) F 1s, and (h) Si 2p.

was lower than the water, suggesting that the C10-F/M membrane

was still suitable for the separation of W/O emulsion.

Unlike the separation of O/W emulsion, which can utilize grav-

ity as the driving force, the separation of W/O emulsion requires

an additional driving source, a vacuum pump at the permeate side

in this study, to force the oil across the membrane (Fig. S1c in Sup-

porting information). However, the applied pressure should not ex-

ceed the LEP of water, otherwise the water phase would also pen-

etrate the membrane. Therefore, the applicable pressure window

lies between the oil LEP and the water LEP of each membrane. In

this study, we keep the �p (the pressure above the correspond-

ing oil LEP) constant (10 kPa) for every membrane in the following

tests.

Prior to the W/O emulsion separation tests, the basic flux for

the pure transformer oil on the as-prepared membranes was mea-

sured. The pristine alumina membrane had a flux close to zero,

owing to the relatively low �p applied. The C3/M, C10/M, and

C10-F/M membranes had similar fluxes between 15 and 20 L m−2

h−1 bar−1 (Fig. S3 in Supporting information). Overall, the fluo-

rinated silane-modified membranes delivered higher fluxes than

the nonfluorinated ones. The promoting effect of the fluorinated

silane modification on flux might be ascribed to the fact that the

fluorinated silane could form a self-lubricate layer on the mem-

brane surface [27], which facilitated the mass transfer of the oil

molecules. Unexpectedly, the C3-F/M membrane afforded a much

higher flux relative to all the other membranes. This might be as-

cribed to two aspects: (1) The short carbon chain of C3 that in-

duced a low mass transfer resistance; and (2) the smaller rough-

ness (less SiO2 NPs formed by silane hydrolysis) on the surface that

induced appropriate surface energy [28]. The latter was suggested

to be one more decisive factor for the flux as the C3/M and C10/M

delivered similar fluxes.

The W/O emulsion separation was first tested using a water-

transformer oil mixture (v:v=1:1) without Span 80. The average

size of the prepared emulsion was ∼2.6 μm in diameter (Fig. 3a).

As observed in Fig. 3b, only the pristine membrane did not have

measurable flux, similar to the result shown in Fig. S3. Further-

more, all four modified membranes showed complete water re-

jection, which could be attributed to the size exclusion effect.

Flux decline was observed for C3/M, C3-F/M, and C10/M mem-

branes throughout the 2.0 h testing period, possibly due to the

water droplets coalescing on the membrane surface and blocking

the pores under negative pressure [29]. However, the flux of the

C10-F/M membrane increased at the beginning of the test and re-
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Fig. 2. (a) Contact angles of pure water, Span 80, mineral oil, and transformer oil on the as-prepared membranes. (b) The schematic diagram of silanes crosslink into silica

nanoparticles. (c) Liquid entry pressures of water and transformer oil for the as-prepared membranes.

Fig. 3. (a) Size distribution of the water microdroplets from surfactant-free 1:1W/O emulsion and surfactant-stabilized W/O emulsion. (b) Separation performance of the W/O

emulsion without Span 80 using the five alumina membranes. (c) The schematic diagram of separation for surfactant-free W/O emulsion. The driving force of the separation

was supplied by a vacuum pump, and the pressures for the pristine membrane and modified membranes were LEPwater +0.01MPa and LEPoil +0.01MPa, respectively.

mained stable afterward. This phenomenon can be rationalized by

the fact that the C10-F/M membrane has the lowest surface tension

[30,31], and thereby the water droplets could be easily coalesced

and released under stirring. The process is illustrated in Fig. 3c.

The modified membranes were also used for the separation

of the Span 80-stabilized W/O emulsion. The average size of the

W/O emulsion was ∼2.3 μm in diameter (Fig. 3a). The presence of

surfactants in emulsion will usually change the interfacial prop-

erty between the water droplet and oil phase, making the demul-

sification and separation process more challenging. As shown in

Fig. 4, short-chain silane-modified membranes (C3/M and C3-F/M)

exhibited excellent water rejection rates (96% for the C3/M and

97% for the C3-F/M), which were slightly better than the C10

(92%). All of the modified membranes exhibited reduced original

flux compared with the results shown in Fig. 3, suggesting that

the surfactant-stabilized emulsion was easier to accumulate and

block the membrane surface. One interesting observation is that

the C10-F/M membrane failed to separate the emulsion at the very

beginning of the test, accompanied by a dramatic flux decline.

Unlike the separation of surfactant-free W/O emulsion, the pris-
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Fig. 4. Separation performance of the Span 80-stabilized W/O emulsion using the

five alumina membranes. The driving force of the separation was supplied by a vac-

uum pump, and the pressures for the pristine membrane and modified membranes

were LEPwater +0.01MPa and LEPoil +0.01MPa, respectively.

tine membrane shows separation ability for the Span 80-stabilized

W/O emulsion. For surfactant-free W/O emulsion, water droplets

have a great affinity with the membrane surface, resulting in wa-

ter droplets adsorbed on the surface and blocked the hole. After

adding Span 80, water droplets did not come into direct contact

with the membrane surface, thus, the pristine membrane could

separate the emulsion. Nevertheless, all the tested membranes, in-

cluding the failed C10-F/M membrane, had similar and relatively

stable oil fluxes during the 24h continuous separation test, and

they also show stable separation performance for another Span 80-

stabilized water-in-mineral oil emulsion during five cycles (Fig. S4

in Supporting information), which indicates the high stability of

these membranes.

Since the results of W/O emulsion separation with or without

surfactant are substantially different, it is evident that the presence

of Span 80 changed the membrane separation behavior. As shown

in Fig. 3a, the droplet sizes of the W/O emulsion with and without

Span 80 were similar and much larger than the membrane pore

size (>2μm vs. 100nm). Therefore, the major separation mecha-

nisms are size exclusion and the hydrophobic surface that repels

the water phase, in agreement with literature reports [32]. How-

ever, the distinct behaviors observed on the pristine membrane

indicate that the addition of Span 80 lowered the oil penetration

threshold on the pristine membrane, which could result from the

lowered liquid surface tension. Meanwhile, the full rejection of the

water phase on the pristine membrane could be ascribed to the

fact that the membrane surface was fully wetted by the oil phase.

Therefore, the pristine membrane performed well in separating the

Span 80-stabilized W/O emulsion.

Although the C10-F/M membrane has the lower surface energy

among the modified membranes (2.76 mN/m for C10-F/M and 3.06

mN/m for C10/M), it unexpectedly failed to separate the surfactant-

contained W/O emulsion. The average emulsion size of the perme-

ate was about 1 μm (Fig. S5 in Supporting information), still much

larger than the pore size. This failure is unlikely due to the water

droplets breaking down into smaller nano-sized droplets, as this

process generates more water/oil interface and is thermodynami-

cally highly unfavorable. Therefore, we must consider the possibil-

ity that the water droplets penetrate the membrane without size

breakdown. This is also a thermodynamically unfavorable process

because it would increase the droplet surface area and the surface

energy. However, this process would be possible in the presence

of Span 80 to lower the interfacial tension and a cross-membrane

driving force to overcome the deformation energy barrier. On the

other hand, C10-F/M membrane modification has the lowest surface

energy among the four silanes and has been reported as a “slip-

pery” coating in many studies [33,34]. We believe that this slippery

nature of the C10-F coating further reduces the energy required for

the water droplet deformation and enables the droplets to pene-

trate the membrane.

To verify the above assumption, the C10-F/M and C10/M mem-

branes were selected for the further characterization of water re-

jection in the separation of W/O emulsion under increased operat-

ing pressure (Figs. 5a and b). When separating the surfactant-free

W/O emulsion, the increased operating pressure resulted in a lim-

ited reduction in the separation performance (Fig. 5a). Their water

rejection rates were still greater than 96% under a high operating

pressure of −0.09MPa. For surfactant-stabilized W/O emulsion, the

water rejection of C10-F/M and C10/M membranes reduced as the

pressure increased (Fig. 5b). The C10-F/M membrane completely

failed to separate Span 80-stabilized W/O emulsion under high op-

erating pressure. When applied the same operating pressure, both

the C10-F/M and C10/M membranes showed higher water rejections

in the separation of surfactant-free W/O emulsion as compared to

Span 80 stabilized W/O emulsion. This phenomenon indicates that

Span 80 lower the deformation energy of water droplets, thus al-

lowing them to enter the membrane pores more easily.

A mechanistic insight was proposed to better understand the

interaction of modified membranes with water droplets under var-

ious conditions (with or without Span 80 surfactant) during the

separation process (Figs. 5c and d). The interaction force between

the water droplets and the C10M was higher than that on the C10-

F/M. Consequently, the water droplets must overcome a larger re-

sistance as they attempt to deform and permeate the C10M. In

other words, it is more difficult for the water droplets to deform

with C10M under the same operating pressure condition. Thus,

C10M offers better water rejection than C10-F/M at elevated op-

erating pressures. As a comparison, fluorinated long carbon chain

silane-modified C10-F/M membrane displays a “slippery” surface,

which causes little interaction force between water droplets and

C10-F/M. Moreover, the combination of surfactant, the “slippery”

surface, and an elevated pressure facilitates the deformation and

penetration of water droplets. This phenomenon emphasizes the

importance of membrane surface wettability and the interfacial in-

teraction between the droplets and membrane pores for W/O sep-

aration. It is essential to engineer a surface with proper wettability,

which could stop the water phase while allowing the transport of

the oil phase.

Another issue that should be mentioned is the low oil flux of

our membranes compared with the fluxes reported in the litera-

ture. There are several reasons accountable for this issue. First, the

oil we used in this study was transformer oil with a much higher

dynamic viscosity than those organic solvents used in the litera-

ture (such as alkane and toluene), making the mass transfer much

slower. Second, the substrate membrane used in this study has a

pore size of 100nm, much smaller than those micron-sized mem-

branes used in other studies.

The separation of W/O emulsion is still a challenging task for

wastewater treatment. Our results suggest that while the mem-

brane technology is a competitive candidate for emulsion separa-

tion, the membrane surface wettability should be carefully engi-

neered to achieve desired separation goals. The comparison using

four different silanes demonstrates that although long-chain fluo-

rinated silane gives low surface energy to the membrane, it does

not necessarily deliver the best separation performance. In our

case, the C3-F/M membrane, a short-chain and partially fluorinated

silane, exhibited the best performance in terms of flux and wa-

ter rejection. The continuous and cyclic emulsion separation tests

also suggest that the silane-modified alumina membrane has ex-

cellent stability and separation performance. Furthermore, our ob-

servations emphasize the correlation between the surface wettabil-

ity and separation mechanism, which could be extended to other

emulsion systems.
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Fig. 5. Water rejection of C10-F/M and C10/M membranes for the separation of W/O emulsion without (a) or with (b) Span 80 under different operating pressure, mechanistic

insights into interaction of the C10/M (c) and C10-F/M (d) modified membranes and water droplets with Span 80. The driving force of the separation was supplied by a vacuum

pump, and the pressures for C10/M and C10-F/M were ranged from −0.04 MPa to −0.09MPa.
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