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The separation of multicomponent and multiphase liquid mixtures is critical in many important applications,
e.g., wastewater treatment. While conventional technologies have been utilized in the separation, it usually
takes many steps, resulting in high cost and energy consumption. Here we have demonstrated that, using
a 3D-printed membrane device with multiple selectivity, a multicomponent and multiphase liquid mixture
can be separated in a much more efficient way. The water—benzene—heptane mixture has been
successfully separated with a 3D-printed "box”, which has a supported ionic liquid membrane (SILM) on
the side wall and a hydrogel-coated hydrophilic/oleophobic membrane on the bottom. The water and
oil (i.e., benzene/heptane) are separated by the hydrogel-coated hydrophilic/oleophobic membrane.
Then the benzene is separated from heptane with the SILM. To further increase the separation
throughput, the structure of the 3D-printed “box” has been optimized to increase the total surface area
of SILM. Our results suggest that 3D-printed membrane device with multiple selectivity is promising in
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1. Introduction

Separating multicomponent and multiphase liquid mixtures is
critical in many applications. For example, the purification of
oily wastewater, a worldwide challenge brought by the direct
discharge of sewage from many industries, requires effective
separation of multicomponent and multiphase liquid
mixtures.'™ The state-of-the-art technology involves multistep
processes, which are often costly and energy intensive. More-
over, there are challenges in separating both immiscible and
miscible liquid mixtures. For immiscible liquid mixtures,
conventional processes, such as air flotation, coagulation, and
flocculation, are limited by the low efficiency.'** For miscible
liquid mixtures, distillation has been widely utilized though it
has very high energy consumption. Nevertheless, some liquid
mixtures contain azeotropes where simple distillation without
supporting facilities will not work.>® Currently available distil-
lation processes for azeotrope separations are azeotropic,
extractive, and pressure swing distillations. However, these
technologies involve more steps and are all very energy inten-
sive. Another alternative process is liquid-liquid extraction. But
it takes large amounts of solvents and is not favored.®”
Membrane technologies, which did not come to light until
the mid-1970s, are promising in separating liquid mixtures due
to their environmental and economic advantages.’®"* To date,
membrane separation has been explored in separating both
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the separation of multicomponent and multiphase liquid mixtures.

immiscible and miscible liquid-liquid mixtures. For the sepa-
ration of immiscible liquid mixtures, i.e., oil-water separation,
membrane technology has attracted more and more interest in
past decades because of its low cost and high efficiency.” The
surface wettability of membranes has been optimized to
improve the separation efficiency. Both hydrophobic/oleophilic
and hydrophilic/oleophobic membranes have been studied,
and the latter are preferred because they improve not only the
separation efficiency but also the fouling resistance.”*
Regarding the separation of miscible liquid mixtures, Sup-
ported Ionic Liquid Membranes (SILMs) have been shown to be
promising due to lower energy consumption, easier operation,
less waste, and more flexibility in system design.'”** Ionic
liquids serve as the extraction solvent in SILMs and are
impregnated in the supporting membrane.”?® Due to their low
vapor pressure and high stability compared to conventional
liquids, ILs are expected to improve the reliability of SILMs.
Though membrane technology shows great promise in
separating both immiscible and miscible liquid mixtures, to
date there has been no report on the separation of multicom-
ponent and multiphase liquid mixtures using a single
membrane device. The key challenge here is that each
membrane only has single selectivity and it takes multiple
selectivity to separate multicomponent and multiphase liquid
mixtures. In the current paper, we take advantage of 3D printing
to integrate two types of membranes into one membrane device,
i.e. a 3D-printed “box” that has SILMs on the side wall and
a hydrogel-coated hydrophilic/oleophobic membrane® on the
bottom. A three-component and two-phase model liquid
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mixture, ie., water-benzene-heptane, has been successfully
separated with the 3D-printed “box”. The oil phase, ie.,
benzene-heptane, is separated from the water phase by the
hydrogel-coated hydrophilic/oleophobic membrane. Then
benzene is separated from heptane using a [Bmim][PF¢] based
SILM. To increase the separation throughput, we have opti-
mized the structure of the “box” to increase the total surface
area. Our results suggest that the 3D-printed membrane device
has great promise in separating multicomponent and multi-
phase liquid mixtures.

2. Method
2.1 Chemicals

Benzene (99.8%; anhydrous) was purchased from Sigma-
Aldrich. n-Hexadecane (99.5%) and n-heptane (HPLC grade)
were purchased from Alfa Aesar. 1-Butyl-3-methylimidazolium
hexafluorophosphate ([Bmim][PFe]; 98+%) was obtained from
Fisher Scientific. DI water was produced with a Millipore
Academic A10 system. These chemicals were utilized as
received. Viton fluoroelastomer rubber sheet (chemical-
resistant, 12” x 12", 1/32") were purchased from McMaster-
Carr. PVDF (Polyvinylidene fluoride) membrane filters (Milli-
poreSigma™ Durapore™: hydrophilic: 0.65 um pore size) was
purchased from Fisher Scientific.

2.2 3D printing of membrane device (“box”)

A desktop stereolithography (SLA) 3D printer (Form 2, For-
mlabs) was utilized to fabricate the integrated membrane “box”,
with a clear liquid photopolymer resin (Clear Resin 1L, For-
mlabs).?> Printing was performed on a platform with
a maximum 145 x 145 x 145 mm® building volume. Pre-
programmed Clear V4 settings in open mode at room temper-
ature with 100 um layer thickness were selected to print the
membrane “box”, which was pre-designed with a solid
modeling computer-aided design (CAD) software (i.e., Solid-
works). The 3D printing software (Preform, Formlabs) imports
STL files to the 3D printer with preferred printing layout
settings. After each printing task was completed, the printed
membrane “box” was further processed with a washer (Form
Wash, Formlabs) containing pure IPA for 20 minutes followed
by UV irradiation in a post-curing machine (Form Cure, For-
mlabs) for 60 minutes at 60 °C to produce the final integrated
membrane “box”.

2.3 Preparation of SILM

The 90 mm-diameter PVDF membrane was soaked in approxi-
mately 1.5 mL of [Bmim][PF¢] in a Petri dish, which was kept
inside a pressurized oven at 60 °C and 27 in. Hg for at least 24
hours to impregnate [Bmim|[PFs] into the PVDF membrane.*>**>*

2.4 Fabrication of hydrogel coated membrane

A hydrogel coating was developed in our lab previously** for oil-
water separation and is applied to 3D-printed membranes here
to separate water from organic mixtures. The hydrogel-coated
membrane for oil-water separation was fabricated following
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the same procedure in our previous work.* Briefly, a plastic
membrane was firstly fabricated by the desktop SLA 3D printer
(Form 2, Formlabs) and then immersed into a zwitterionic
hydrogel solution for 1 minute. After taking it out, the coated
membrane was placed on a Spectroline Bi-O-Vision trans-
illuminator (wavelength: 312 nm) for 5 minutes. After the
hydrogel has been in situ photopolymerized, the coated
membrane was immersed in deionized (DI) water for 1 day,
followed by being stored in an enclosed culture dish.*

2.5 Characterizations

To visualize the impregnation of ionic liquid on the supporting
membrane before and after separation, a scanning electron
microscope (SEM) characterization was performed with a Zeiss
SIGMA VP system at 3 kV accelerating voltage. The loss of ionic
liquid was also calculated by weighting the SILM before and
after the separation. To determine the composition of the liquid
mixture of both the feed and the receiving sides, thermogravi-
metric analysis (TGA) (SEIKO-220 TG/DTA) and nuclear
magnetic resonance (NMR) (Bruker AVANCE III 300 MHz)
analyses were performed to identify each component from both
sides of the membrane. Due to a higher boiling point, TGA can
differentiate hexadecane from benzene and heptane (BP: 98 °C)
so TGA was used to determine the amount of hexadecane
diffused across SILM to the feed side. For each test, approxi-
mately 40 mg of liquid sample was added into an aluminum
pan and heated to 120 °C at a rate of 10 °C min~ " under air
purging. The receiving side liquid was further analyzed using "H
NMR spectroscopy with an inverse observe probe. Acetone-de as
NMR solvent was referenced at 2.05 ppm chemical shift to trace
impurity. Receiving side component purities were calculated
using peak integrals from NMR spectra plots for each sample.
Because the NMR peaks representing heptane and hexadecane
hydrogen chemical shifts overlapped, the following system of
equations were used to calculate the molar fractions of heptane,
hexadecane, and benzene from the receiving side of the boxes.

x+y+z=1
peak integral of CH; 32 x+2y)
peak integral of CH, 2(5x+14 ) (1)
peak integral of CH;  3(2x+2y)
peak integral of benzene (6 2)

where x, y, and z are molar fractions of heptane, hexadecane,
and benzene respectively. Peak integrals were generated in the
NMR analysis software (Mnova, Mestrelab). Receiving side
component purities were calculated by solving the set of equa-
tions listed above. Only zero heptane and hexadecane exchange
trials were considered successful runs. All experiments were
repeated for at least three times.

3. Results & discussions

3.1 Characterizations of SILM and hydrogel coated
membrane

Characterization of the surface morphology of SILM using SEM
images shown in Fig. 1 illustrated the distribution of [Bmim]

© 2021 The Author(s). Published by the Royal Society of Chemistry
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[PFe] throughout the entire membrane after 24 hours of
impregnation. Fig. 1 shows an example of plain PVDF
membranes with 0.65 um pores and SILMs that are filled with
ionic liquids by using the pressure and vacuum method inside
a vacuum oven. For the ionic liquid choice used when preparing
SILM, [Bmim][PF,] was selected because it showed high selec-
tivity towards benzene/heptane separation.***?*

With our integrated membrane boxes, SILMs were used to
separate benzene from the initial three-component two-phase
mixture and the hydrogel-coated plastic membrane, Fig. 2,
was used to separate water from the feed mixture. A layer of
hydrogel was coated on 3D-printed plastic membranes through
in situ polymerization to realize the separation of immiscible
liquid mixtures such as oil and water. The microscope image in
Fig. 3(a) shows that the plastic membrane has a pore size of ~2
mm, which is consistent with the computer-aided sketch. After
being coated by hydrogel, the membrane pores were plugged by
hydrogel, while they can be “opened” again after the membrane
was immersed in water for a week, as shown in Fig. 3(b) and (c).
This is because the hydrogel trapped in membrane pores will
swell by absorbing water, through which the internal stress of
hydrogel builds up and eventually cracks the hydrogel to create
the small pore. Fig. 3(d) indicates those cracks were not lost or
enlarged even after running 31 cycles of oil-water separation.

3.2 3D-printed membrane “box”

The structure of 3D-printed membrane “box” is shown in Fig. 4.
There is a center box where the feed, ie., benzene (80 mL)/
heptane (80 mL)/water (80 mL) mixture, is added. Around the
center box there are four receiving box containing the receiving
solvent, ie., hexadecane (120 mL). As shown in Fig. 4, four
identical SILMs were sandwiched between the center and the
four receiving boxes with Viton rings to clamp them together,
respectively, and the hydrogel-coated membrane was mounted
on the bottom of the center box.

Oil (i.e., benzene and heptane) and water was separated by
the hydrogel-coated hydrophilic/oleophobic membrane at the
bottom of the “box”. Water goes through the membrane due to
the gravity and the hydrophilicity of the membrane. Oil cannot
go through the membrane because the capillary force, which is
induced by the oleophobicity of the membrane, is larger than
the gravitational force.”* The oil-water separation is complete
within 10 minutes and the separation results are summarized in

Fig. 1 The SEM images of supported ionic liquid membranes made
from PVDF membranes (0.65 um pore size) (a) without [Bmim][PF¢] (b)
impregnated with [Bmim][PFg]. Magnification setting: 1000x (original
image) & 5000x (enlarged image).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 A digital model of 3D-printed membrane (left) and 3D-printed
plastic membrane coated by zwitterionic hydrogel (right).

Table 1. The solution going through the hydrogel-coated
membrane has a water purity of 99.5% (v), indicating
a successful oil-water separation. The reusability of the 3D-
printed hydrogel-coated membrane was excellent and addi-
tional details on hydrogel-coated membranes are provided in
our previous study.*

As shown in Fig. 4, benzene was separated from heptane via
the SILMs. Since benzene is solvable in [Bmim][PF¢] while
heptane is not, benzene will go through the SILM and heptane
will not. During separation, the benzene in the center box goes
through four SILMs to the four receiving boxes. The separation
results are shown in Fig. 5. After 24 hours of separation, 2.7% of
the initial benzene went through each SILM. Thus, a total of
11 vol% of benzene was withdrawn from the initial benzene in
the center box.

3.3 Effect of surface area/volume ratio

While oil-water separation is reasonably fast, ie., within 10
minutes, the benzene-heptane separation with SILMs is much
slower, i.e., only ~2.7% of the initial benzene is separated after

dc
24 hours. The benzene throughput (E) , from the feed to the

receiving solution through SILMs can be described by eqn (2)
shown below :**

dc
G) = V3 (2)

Ak(C —
Here A is the surface area of the membrane that is in contact
with the solution, k is mass transfer coefficient of the solute, C;
and C, are concentrations of benzene in the feed solution and in
the receiving solution, respectively, V is the volume of the
receiving solution, ¢ is time. To increase the separation
throughput of SILMs, surface area to volume (A/V) ratio needs to
be maximized. To further verify this idea, three types of 3D-
printed cubes with different sizes (i.e., A/V ratios), as shown in
Fig. 6, were studied. Since A/V is disproportional to the size of
the cube, smaller cube is expected to increase the benzene
throughput (in percentage of initial benzene volume).

The SILM was sandwiched between two cubes with the
same size (see Fig. 6), i.e., one feeding and the other receiving.
The separation results are shown in Fig. 7. The benzene
throughput after 6 hours increases with the A/V ratio, which
conforms our hypothesis. Interestingly, after 24 hours, the

RSC Adv, 2021, 11, 40033-40039 | 40035
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Fig.3 Optical microscope images of a pore of (a) bare plastic membrane, (b) hydrogel-coated membrane before water immersion, (c) hydrogel-
coated membrane after water immersion and (d) hydrogel-coated membrane after 31 times oil—water separation. Reproduced with permission

of the American Chemical Society.®

Fig. 4 The CAD model (left) and the 3D-printed prototype (right) of
1st-design integrated membrane box.?

Table 1 NMR results for oil-water separation with a hydrogel coated
membrane in the 3D-printed integrated "box”

Initial feed ~ Remaining feed  Receiving side

Water separation  volume mixture mixture
Benzene 80 mL 54.8% 0.2%
Heptane 80 mL 44.6% 0.3%
DI water 80 mL 0.6% 99.5%
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Fig. 5 Benzene—heptane separation results with each SILM for 3D-
printed integrated membrane “box".

benzene throughput was similar for the 3 x 3 x 3 cm cube and
2 X 2 x 2 cm cube, which is ~1.5 times of that of the 6 x 6 x
6 cm cube. Compare with the clear A/V trend for 6 hour data,
a possible reason for losing A/V effects in long-term runs
might be due to the drop of concentration gradient which is
the driving force of SILM. For a higher A/V ratio, the batch
separation completes faster which could be a sign of reaching
equilibrium.

40036 | RSC Adv, 2021, 11, 40033-40039

(a)

(b)

(©)

Fig. 6 3D-printed cubes for surface area/volume ratio experiments (a)
2 x 2 x 2cmcube (b) 3 x 3 x 3cmcube (c) 6 x 6 x 6 cm cube.

3.4 Modified 3D-printed membrane “box”

Taking advantage of the idea that smaller cube with higher A/V
ratio results in higher benzene throughput, the structure of
the membrane “box” was modified. As shown in Fig. 8, the
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Cube Dimension (cm)

Fig.7 Total benzene diffusion across SILM for 6 x 6 x 6 cm cube, 3 x
3 x 3cmcube, and 2 x 2 x 2 cm cube comparison for 6 hour and 24
hour results. Vpir and Vitial are the benzene volume diffused through
SILM and the initial benzene volume in the feed mixture.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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modified “box” consists of three identical separation sectors
which hold a maximum capacity of 90 mL initial feed mixture.
The SILM is mounted between the neighboring separation
sectors. Each separation sector is composed of nine 1.5 x 1.5
x 1.5 cm cubes. The volume of the entire “box” is comparable
to that of the center box in the original design. For the
modified membrane “box”, each feed side within a separation
sector contains equal volume of benzene (10 mL), heptane (10
mL), and DI water (10 mL). The attached receiving side located
on the back of the neighboring separation sector contains
15 mL of hexadecane. Two separate sectors which only
includes a single feed or a single receive was used to sandwich
all other separation sectors. When clamping all sectors
together as shown in Fig. 8, feed solutions were added into
three feed sides from the top of each column. The receiving
side solvent, hexadecane, was added to the built-in receiving
side from the smaller top holes. A total of three individual
systems was tested for benzene diffusion experiments with
a left-side feed box, a right-side receiving box, and two center
boxes designed to function as both feed and receiving side for
separation across SILM. Viton sheets were used to sandwich
each SILM to provide supporting functions. The hydrogel-
coated membrane was “built-in” on the bottom of each

= SNVA n0§u0‘a

Fig. 8 Cross section view of the CAD model (top) and the 3D-printed
prototype (bottom) of 2nd-design integrated membrane box.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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separation sector. The hydrogel coating procedure is the same
as described in Section 2.4. In this design, all centerpieces (i.e.,
separation sectors) were identical and includes both feeding
and receiving functions. As a result, it can expand easily by
adding more separation sectors.

The separation results are shown in Fig. 9. More than
11 vol% of benzene is separated through each separation sector
after 24 hours of separation, which is significantly higher than
~2.7% (Fig. 9) in the original “box”. These results demonstrate
that the higher A/V ratio increases the benzene throughput,
which is consistent with previous reports.>*?® The purity of
benzene (benzene/(benzene + heptane)) in the receiving solu-
tion was ~100% up to 6 hours of separation. After 24 hours of
separation, it maintained at ~95 vol%, which indicates a small
amount of heptane also diffused through SILM. This could
result from the loss of ionic liquids. After 24 hours of separa-
tion, for both original and modified “box”, the benzene
throughout is ~11% of the initial feed benzene. However, the
modified “box” has much lower volume, needs less SILM and is
easier to scale up. These advantages result from the smaller
cube with higher A/V ratio. Oil-water separation results for the
modified 3D-printed membrane box is summarized in Table 2.
Hydrogel coated membrane built in at the bottom of the
membrane box remain efficient for oil-water separation.

Our results highlight the potential of 3D-printed integrated
membrane system with multiple selectivity in separating
multicomponent and multiphase liquid mixture. Although we
only tested the device on a three-component and two-phase
mixture (benzene/heptane/water), this approach can be
extended to other on-demand multicomponent and multiphase
liquid mixtures with modified and complex 3D-printing
designs. Compared to conventional multi-step separation
process, the novel prototype of a 3D-printed integrated device is
more compact, energy-efficient, cost-efficient, and produces less
wastes. Moving forward, the major challenge for industry
application is still the relatively slow SILM separation. The
solution could be a high A/V ratio via geometry optimization
plus a continuous flow process to enhance the reliability and
feasibility of the device. The 3D-printing approach could also
apply to the bio-separation field to address the advanced puri-
fication challenges.
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Fig. 9 Benzene and heptane diffusion across SILM for modified 3D-
printed integrated membrane "box”.
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Table 2 NMR results for oil-water separation with a hydrogel coated
membrane in the modified 3D-printed integrated "box”

Initial feed =~ Remaining feed = Receiving side

Water separation volume mixture mixture
Benzene 10 mL 51.9% 0.0%
Heptane 10 mL 46.3% 0.0%
DI water 10 mL 1.8% 100%

4. Conclusion

To conclude, a benzene/heptane/water mixture has been
successfully separated wusing a 3D-printed integrated
membrane, which contains supported ionic liquid membranes
and a hydrogel-coated hydrophilic/oleophobic membrane. The
separation results highlighted the ability of the 3D-printed
integrated membrane in separating a multi-component and
multi-phase liquid mixture. Our results also showed that the
separation throughput can be increased significantly by
increasing the total surface area of the SILM.

Abbreviations

CAD Computer-aided design

NMR Nuclear magnetic resonance
PVDF Polyvinylidene fluoride

SEM Scanning electron microscope
SILM Supported ionic liquid membrane
SLA Stereolithography

TGA Thermogravimetric analysis
[Bmim] 1-Butyl-3-methylimidazolium
[PFe] Hexafluorophosphate
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