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Efficient demulsification of ultralow-concentration crude oil-in-water
emulsion by three-dimensional superhydrophilic channels

Jian Jin!, Jun Su', Chengjie Xiang', Bo Xu? Kaiqgi Zhao', Hongyun Li' and Lidong Sun'"

ABSTRACT Efficient extraction of crude oil, the major en-
ergy resource of current concern and high demand worldwide,
is of paramount importance in both energy and environ-
mental fields. However, it remains a great challenge to sepa-
rate the crude oil-in-water emulsions with an ultralow oil
content of <200 ppm. Here, the three-dimensional and su-
perwetting channels are developed by coating titanium foams
with anodic TiO, nanotube arrays. The channels render su-
perhydrophilic and underwater superoleophobic feature,
which enables rapid formation of water channels that expel the
oil droplets. A high separation efficiency of ~96.8% and low
total organic carbon content of ~6 ppm are thus achieved for
the ultralow-concentration crude oil-in-water emulsions. The
pressure and time dependence of the separation process is
systematically studied with a critical pressure of 12.25kPa.
Such a high performance is close to the theoretical limit im-
posed by the ultralow concentration, and shows obvious ad-
vances over either organic membranes or inorganic
frameworks.

Keywords: oil/water separation, oil-in-water emulsion, crude oil,
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INTRODUCTION

Crude oil is one of the most important strategic resources, and
has been the worldwide focus as a nonrenewable and scare
energy resource. The oil exploitation usually utilizes a large
amount of water to drive out the oils from the strata. As such,
oil/water separation is a crucial process to extract the oil and
meanwhile clean the water [1-5]. In general, the free crude oil
(droplets >150 um) can be easily removed by biodegradation
[6,7], adsorption [8-10], and skimming [11,12]. However, it is
difficult to directly separate the stable crude oil-in-water emul-
sions (droplets <20 um) especially in the case of low concentra-
tions.

The crude oil generally exists in the form of mixture that
mainly consists of various alkanes [13]. A single species of
alkanes has been widely employed as an analogue to study the
separation process. Zhu et al. [14] separated the isooctane-in-
water emulsion using zwitterionic nanosized hydrogel-grafted
poly(vinylidene fluoride) (PVDF) microfiltration membrane,
with a separation efficiency of 99.8% and total organic carbon
content (TOC) of 19 ppm in the collected filtrate. Zhang et al.

[15] studied the separation of hexadecane-in-water emulsions,
and obtained a low TOC content of <40 ppm in the filtrate by
poly(acrylic acid)-grafted PVDF filtration membrane. However,
rare studies have been reported to demulsify the crude oil-in-
water emulsion with high separation efficiency and low oil
content in the filtrate. Nikolov et al. [16] reported the separation
of 500-800 ppm crude oil-in-water emulsion with a separation
efficiency of about 95% using air flotation. Shi et al. [17] sepa-
rated the crude oil-in-water emulsion with a volume ratio of 1:50
by waste brick powders-coated PVDF membrane, and the resi-
dual oil content of the filtrate was 115 ppm with a separation
efficiency above 99.3%. Xu et al. [18] demulsified the crude oil-
in-water emulsion containing 2.0 g oil and 198.0 g water with an
efficiency of 95.5% using magnetically responsive multiwalled
carbon nanotubes. Zhang et al. [19] separated the crude oil-in-
water emulsion containing 1000 ppm crude oil using a zwitter-
ionic nanohydrogel-grafed PVDF nanofibrous membrane with a
crude oil removal efficiency of 98.7% and TOC content of below
13ppm. All of these studies present relatively low separation
efficiencies or high oil contents in the filtrate, even for emulsions
of high concentration. It thus remains a great challenge to
separate the crude oil-in-water emulsions of ultralow con-
centration (<200 ppm), toward efficient oil extraction and water
purification.

In this work, three-dimensional (3D) superwetting channels
are employed to separate the ultralow-concentration emulsions
of crude oil, in the presence of conformal coatings of TiO,
nanotube arrays. The separation process is systematically studied
in terms of pressure and duration. The findings provide an
alternative for efficient separation of ultralow-concentration
crude oil-in-water emulsions.

EXPERIMENTAL SECTION

Titanium foams (thickness: 3 mm, nominal filtration accuracy:
10 um) were cleaned in detergent, tap water, alcohol, sulfuric
acid and deionized water in ultrasonic bath for 15min each.
Electrochemical anodization was carried out in ethylene glycol
(99.8% anhydrous, Sigma-Aldrich) with 0.3wt% ammonium
fluoride and 18.3vol% deionized water at 40 V for 3 h. Prior to
the anodization, the foams were soaked in the electrolyte solu-
tion for 40min to ensure a complete infiltration into the
microchannels. The as-anodized samples were rinsed with
deionized water and dried by nitrogen stream, and subsequently
annealed at 450°C for 3h in furnace (LE 14/11/B150, Naber-
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therm). The entire preparation process is schematically illu-
strated in Fig. S1. The structure of original foams was char-
acterized by X-ray micro-computed tomography (uCT)
technology (VersaXRM-500). The foam and nanotube
morphologies were examined by a field-emission scanning
electron microscope (FESEM, FEI Nova 400).

Crude oil (PetroChina Changqing Oilfield) and ultrapure
water (Millpore Direct-Q3) were mixed at an oil-to-water
volume ratio of 1:30, and sonicated for 30 min. This produced
the oil-in-water emulsion of a high concentration. The as-pre-
pared high-concentration emulsion was further diluted with
water at a volume ratio of 1 to 10, 20, 30, 40, and 50, and then
sonicated for another 30 min to prepare ultralow-concentration
oil-in-water emulsions. The TOC contents were measured by a
TOC analyzer (TOC-L, Shimazu) for detecting the oil con-
centration. The oil droplets were observed by using a fluores-
cence optical microscope (Olympus BX53). The attenuated total
reflection Flourier transform infrared (ATR-FTIR) spectroscopy
was obtained with an FTIR spectrometer (Thermo Scientific
Nicolet iS5 FTIR). Finite element simulation was conducted by
using a two-phase level set method by the commercial software
COMSOL Multiphysics 5.3. The finite element mesh was created
with some triangular elements. The target maximum element
size was 1.6600 um and the minimum was 0.0192um. The
maximum element growth rate was set to 1.08 and the curvature
factor was 0.25 in the mesh section. The hydrostatic pressure was

TiO, nanotube arrays

set as an independent variable parameter in the simulation.

RESULTS AND DISCUSSION

Fig. la illustrates the 3D inter-connected channels formed in an
original porous titanium foam, which are verified by 3D pCT.
The reconstructed uCT images reveal an average channel size of
about 14 um for the original foam, as shown in Fig. 1b, con-
sistent with the nominal filtration accuracy of 10um. The
microchannels provide the infiltration pathway for liquid med-
ium. However, the original foam exhibits a hydrophobic nature
with a water contact angle of about 113° (see Fig. S2), and
imparts a very slow infiltration of 62 min for a water droplet of
5uL (see Fig. S3). In contrast, upon decorating with TiO,
nanotube arrays of open-ended (Fig. 1c, d) and highly-ordered
(Fig. le) feature, the foam converts into dark color (Fig. S4) and
superhydrophilicity with a water contact angle of almost 0°. The
water droplet immediately infiltrates into the microchannels in
just 49 ms under the capillary force induced by the nanotubes, as
displayed in Fig. 1f and Video S1. The nanotubes are perpen-
dicular to the channel surface regardless of the position, with the
outer diameter being gradually decreased from the bottom to the
top because of the curved surface and chemical etching [20-26].
The ridges on the tube walls are resulted from the localized pH
oscillations during nanotube growth [27,28]. The super-
hydrophilic foam demonstrates an underwater oil contact angle
of 164° (Fig. 1g), rendering the underwater superoleophobicity.

Water

Figure 1 Superhydrophilic microchannels. A schematic illustration (a) and the corresponding reconstructed 3D uCT image (b) of an original titanium foam,
where the microchannels are coated with TiO, nanotube arrays. Typical surface (¢, d) and cross-sectional (e) FESEM images of the nanotubes at the
microchannels. Water droplet evolution (f) and underwater oil contact angle (g) on a nanotube-coated titanium foam.
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Note that the n-hexane droplet of about 5pL, a major compo-
nent of crude oil, was used for the underwater wettability test
(see Fig. S5 for more measurements using other alkanes). Such a
superhydrophilic and underwater superoleophobic feature
enables the microchannels as an efficient and competent
separator for oil-in-water emulsions.

In general, the crude oil is mainly composed of different
alkanes. It can form stable emulsions with water at low con-
centrations, especially for liquid species with carbon numbers of
6-16. As such, oil/water separation is an essential step in pet-
rochemical industry, and usually becomes much difficult as the
oil concentration decreases below 200 ppm. Fig. 2a shows a
typical photograph of crude oil-in-water emulsion prepared by
dispersing the original crude oil (see Fig. S6) in ultrapure water
with a dilution ratio of 900 (i.e., ViW/V, = 900:1). The oil droplets
of <10 um are clearly visible in the fluorescence optical micro-
scopic photographs, as displayed in Fig. 2b-d (see Fig. S7 for
more details). Both the droplet size and concentration decrease
with the increased dilution ratio. This is in line with the gra-
dually declined content of total organic carbon in the emulsions,
as shown in Fig. 2e. The TOC value drops drastically from an
initial 482ppm at V,/V, (the V,/V, refers to the water/oil
dilution ratio) = 300 to <200 ppm at V,,/V, = 900, and decreases
slightly thereafter. In principle, the small droplets tend to form
floated oil layer at the consumption of high surface energy via
coalescence [29,30]. Nevertheless, the results here indicate that
the emulsion keeps relatively stable with a TOC content of
<200 ppm, because of the large mean free path at an ultralow
concentration.

Fig. 2f compares the FTIR spectra of the ultrapure water, the
original crude oil, and the emulsion. The peaks at 1377 and
1464 cm ™ are assigned to the C-H bending in ~-CH,- and -CH;
[31-33], respectively. The band at 2850-3000 cm™ is attributed
to C-H stretching [30]. This is consistent with the major
absorption characteristics of n-octane, one of the main compo-
nents in crude oil, as displayed in Fig. S8. The peak at 1646 cm™"
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and the band of 3000-3700 cm™ are associated with the ~-OH
bending and H-OH stretching models of water molecules [34-
37], respectively. The spectra keep almost the same for the
emulsions of different dilution ratios (see Fig. S9). Accordingly,
the FTIR spectrum of the emulsion combines the features of
both crude oil and water, further indicating the well-dispersed
oil droplets in water.

The crude oil-in-water emulsions were separated by using the
superhydrophilic microchannels, as shown in Fig. 3a. The
separation apparatus consists of two quartz tubes and one
superhydrophilic foam in a sandwiched configuration. The
upper tube is filled with emulsion and the lower compartment is
used to collect the filtrate that passes through the microchannels.
The separation is driven by the hydrostatic pressure which is in
turn controlled by the constant feed height during the entire
process.

The separation performance was examined in terms of TOC
content and separation efficiency under different pressures. The
ultralow-concentration emulsions with a dilution ratio of V,/V,
= 900 (original TOC content <200 ppm) are employed in the
separation. Fig. 3b reveals that the TOC content in the filtrate
decreases with the enhanced pressure and exhibits a minimum
value of about 6 ppm at 12.25kPa, and drastically increases
thereafter. In the meanwhile, the separation efficiency renders an
opposite varying trend with a maximum point of 96.8% at
12.25kPa. The plots can thus be divided into three regions with
reference to the pressure, i.e., Regions I, II, and IIL

The oil droplets follow an approximate Brownian motion in
emulsion [37], because of water molecule collision. As such, the
droplets are capable of growing up by collision and coalescence,
and eventually form an oil layer on the emulsion surface, as
illustrated in Fig. S10. It is a spontaneous and slow demulsifi-
cation process in an emulsion. However, the demulsification
accelerates in the presence of superhydrophilic microchannels
and hydrostatic pressure. The microchannels allow the water to
pass through freely while expel the oil droplets back to the bulk
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Figure 2 Crude oil-in-water emulsion. A typical photograph (a) and fluorescence optical microscopic photographs (b-d) of crude oil-in-water emulsions
with a dilution ratio (V,,/V,) of 300 (b), 900 (a, c), and 1500 (d). (e) The TOC content as a function of dilution ratio. (f) FTIR spectra of water, crude oil, and

crude oil-in-water emulsion (V,/V, = 900).
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Figure 3 Emulsion separation. (a) Experimental setup. (b) TOC content and separation efficiency as a function of pressure. The changes of TOC content (c)

and filtrate volume (d) with time under different separation pressures.

emulsion, in light of the superhydrophilic and underwater
superoleophobic feature (see Fig. 1). This concentrates the
emulsion and therefore promotes the collision and coalescence,
facilitating the demulsification. In the meantime, the hydrostatic
pressure imposed by the emulsion height affects the mean free
path of the oil droplets, especially for those close to the foam
surface. The mean free path decreases with the enlarged pres-
sure, which is beneficial to the coalescence of droplets. Under
low pressures in Region I, the TOC content and separation
efficiency change slightly, as exhibited in Fig. 3b. In Region II,
the demulsification performance enhances with the pressure
because of the decreased mean free path. Nonetheless, the
separation degrades in Region III, as the oil droplets are also
driven through the microchannels under too high a pressure.
The influence of the hydrostatic pressure is well supported by
the finite element simulation. Fig. 4a compares the emulsion
separation process under different pressures. In the first 3 x
10™*s, no obvious differences are present between different
systems (see Fig. S11 for details). The oil droplets gradually
coalesce with a larger rate under a higher pressure, thus leading
to the increment in droplet size with pressure. At 0.001s, the
droplets that are close to the channel inlets infiltrate into the
microchannels. The infiltration depth increases with the pres-
sure, and the droplets are even driven out of the channels at
19.60 kPa. Subsequently, at a critical pressure of 12.25kPa, the
merged droplets that are larger than the channel size adsorb to
the foam surface, progressively grow up, and eventually float up
at a critical size. In contrast, at a higher pressure of 19.60 kPa,
the droplets are continuously forced into the channels before
reaching the critical size, therefore deteriorating the separation
performance. At lower pressures, the coalescing and growing
processes are slowed down. Based on the simulations, the
maximum droplet size that can be achieved in the separation
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process is summarized in Fig. 4b. The plot can also be divided
into three similar regions. This well echoes the experimental
results in Fig. 3b, and further discloses the essential role of
pressure in emulsion separation.

The separation stability of the microchannels was further
investigated by continuously feeding the upper compartment
with ultralow-concentration emulsion up to 51h. The TOC
content in the collected filtrates declines with time regardless of
the pressure, as presented in Fig. 3c. This is attributed to the
gradually concentrated emulsions that facilitate the demulsifi-
cation process. In the first a few hours, the pressure dependence
of the TOC content agrees well with the varying trend in Fig. 3b.
However, a lower pressure generally gives rise to a better
separation behavior after 7h. This is due to the accumulated oil
film in the feeding compartment that affects the emulsion
concentration and hence shifts the critical pressure.

Fig. 3d shows the changes of filtrate volume with time under
different pressures. The volume increases as the separation
prolongs, whereas the filtration rate gradually decreases. This is
attributed to (1) the promoted emulsion viscosity with the
increased oil content, and (2) the adsorbed oil droplets on the
microchannel surface. The FTIR spectrum of the super-
hydrophilic foam upon using for 51 h (see Fig. S12) discloses the
presence of C-H stretching vibration mode, demonstrating the
remained crude oil on the surface that could narrow and block
the microchannels. This results in the gradually declined filtra-
tion rate as the separation proceeds.

Besides, the amount of collected filtrate enhances with the
hydrostatic pressure. The filtrate volume can be expressed based
on the Darcy’s law [38-40], as follows:

V= kAPL3, (1)

where k is an empirical proportion coefficient, AP is the trans-
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foam pressure drop, and ¢ is the filtration time. The value of k is
determined to be about 15 by fitting the data at 4.9kPa in
Fig. 3d. As such, Equation (1) can be expressed as

V= 15AP¢3. )

The fitting curves are in good agreement with the experi-
mental results at 9.8 and 14.7kPa. This further suggests the
essential roles of the promoted viscosity and the adsorbed dro-
plets in the separation process, as the filtration flux is directly
associated with the feed viscosity and crude oil blockage resis-
tance according to the Darcy’s law. The well-fitted curves con-
firm that the separation process of crude oil-in-water emulsions
follows the conventional cake filtration theory [41]. The
separation rate decreases as the oil droplets gradually adsorb on
the channel surface.

The durability of the superhydrophilic foams was further
evaluated with recycling and harsh-environment tests. Fig. 5a
shows that the TOC content and separation efficiency keep
almost unchanged after 10 cycles of emulsion separation with
the superhydrophilic foams at 12.25kPa, maintaining around
6ppm and 96.5%, respectively. Although there are slight con-
taminants on the recycled foam surface in direct contact with the
emulsion (see Fig. S13), the nanotubes are still clearly visible
after 10 cycles, suggesting the high mechanical stability of the
nanotubes on the microchannel surface. Fig. 5b displays that the
foams also exhibit good separation performance after long-term
soaking in harsh environments (acid, base or high salinity
environment), with a high separation efficiency of >96.0% and
low TOC content of <7.5ppm. This implies the high chemical

7.34kPa EECEN

o
I °

12.25 kPa [N

| 3

stability of the nanotubes. Besides, the superhydrophilic foams
perform better under base condition.

The separation efficiency (1) of oil-in-water emulsion is
defined as [41,42]

3

where C. and C; are the TOC contents in the original emulsion
and filtrate, respectively. Equation (3) indicates that the
separation efficiency is closely related to the oil concentration in
the original emulsion, and a high efficiency is easily obtainable
with high-concentration emulsions.

Fig. 6a reveals that the theoretical efficiency drops drastically
with the original TOC content of <1000 ppm. In the case of
ultralow-concentration emulsion of <200 ppm, the separation
efficiency is theoretically smaller than 97.5% for a given TOC
content of 5ppm in the filtrates. In this study, a high efficiency
of 96.8% and low TOC content of 6 ppm is achieved, which is
close to the theoretical limit imposed by the ultralow con-
centration. This demonstrates the advances of superhydrophilic
microchannels over the existing methods. To date, there are few
reports on the separation of ultralow-concentration emulsion
system, not to mention the crude oil in a complicated mixture
form. Fig. 6b summarizes the relevant studies on ultralow-con-
centration emulsions in terms of water/oil dilution ratio,
separation efficiency and pressure. It clearly discloses the
superior performance of the titanium microchannels, as com-
pared with the conventional organic membranes and inorganic
frameworks.
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CONCLUSIONS

In conclusion, the 3D microchannels of superhydrophilic and
underwater superoleophobic feature are developed by percola-
tive anodization. A high separation efficiency of 96.8% and low
TOC content of 6 ppm are achieved using the microchannels,
toward separating the crude oil-in-water emulsion of ultralow
concentration (<200ppm). A critical separation pressure of
12.25kPa is obtained for titanium foams of 3mm in thickness

and

14 um in average channel size. The findings are promising

for future applications in petrochemical industry, water treat-
ment, and other relevant fields.
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