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Abstract

3D printed nanofiltration (NF) composite membranes rface patterns minimising the

impact of concentration polarisation (CP) are presen
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1. Introduction

Concentration polarization (CP) occurs when non-interacting solutes build up near the
membrane-feed interface, resulting in a higher solute concertation than that in the bulk solution
[1]. This build up can induce water flux decline, reduce quality of produced water, increase
power consumption and operating costs in membrane-based water treatment [2, 3], including
reverse osmosis (RO) and nanofiltration (NF) processes [4, 5]. Numerous attempts have been
made to reduce the impact of CP through modification of the membranes, e.g. surface coating

these measures have shown

[6], grafting [7] and interfacial polymerization [8]. Howe
limited success since they also negatively impact ane flux and, moreover, the

uncertainty around their long-term stability and scal

the most versatile 3D printing technique that is used in
membrane fabrication fe d filtration is multi-jet printing (MJP). MJP offers a high
resolution, in the order o icrometres, and is able to create complex parts via the
controlled deposition of light-curable resins [17]. During the fabrication process using this
technique, the 3D printer utilizes two polymeric materials, one to build the structure and the
other as support, which is subsequently removed. Although there are many research studies on
the advancement of 3D printers, only few of them have used 3D printing to fabricate patterned
membranes, and all of which employed symmetric substrates [18].

Poly(vinylidene fluoride) (PVDF) membranes are widely used in water and wastewater

treatment applications due to their high mechanical and chemical stability along with good
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processability [19]. Commercially available in microfiltration (MF) and ultrafiltration (UF)
ranges, PVDF membranes, due to their hydrophobicity, are generally hydrophilized for better
performance [20]. PVDF UF composite membranes have been prepared via coating of
hydrophilic polydopamine (PDA) over MF and loose UF PVDF membranes as support [21-
23]. There is, however, no study on preparation of PVDF NF composite membranes in the

literature.

This work demonstrates the fabrication via 3D printing of NF composite membranes with a

wavy pattern, resulting in reduced CP build-up. The asy ic wavy supports were first

carefully designed to enable the fabrication of thin supp h higher intrinsic permeability,

factor. 5 tha i posite membrane as a reference.
2. Mate and method
2.1. Materia

A commercial 3D

inter (ProJet 3500 HD Max printer, 3D Systems, USA) was used to

fabricate the asymmet supports, using proprietary urethane acrylate (VisiJet®
M3-X, 3D Systems, USA) a pport wax (VisiJet® S300, 3D Systems, USA). PVDF (Kynar
761, Mw = 634,000 g mol~1, Arkema), N-Methyl-2-pyrrolidone (NMP, purity > 99%, Acros),
dopamine hydrochloride (DPA, purity > 98%, Sigma-Aldrich) and Trizma hydrochloride
(TRIS HCI, purity > 99%, Sigma-Aldrich) were used to prepare selective layer. Reactive black
5 (RB5, MW = 991 g mol™1, Sigma-Aldrich), Congo red (CR, MW = 697 g mol~1, Sigma-
Aldrich), acid red 1 (AR1, MW = 509 g mol~1, Sigma-Aldrich) and methyl orange (MO, MW
= 327 gmol™1, Sigma-Aldrich) were used as model dyes in the cross-flow nanofiltration

experiments. Sodium sulphate (Na>SOs, purity > 99%, Sigma-Aldrich) was used to prepare the
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salt solution for the concentration polarisation studies. All the solutions used in this work were

prepared using deionized water (DI, Purelab®, ElgaVeolia).
2.2. Preparation of the 3D printed nanofiltration composite membranes

The fabrication procedure for the 3D printed nanofiltration (NF) composite membranes
comprises three main steps: (i) Fabrication of the asymmetric supports using 3D printing; (ii)
preparation of the NF selective layer; and (iii) application of the NF selective layer onto the 3D
printed supports.

2.2.1. Fabrication of the asymmetric supports using 3 ng

The asymmetric support consists of a single 3D prin omprising two sections, a top

cylindrical pores (Figure 1). The asymmetri mechanical stability

[24]. The asymmetric support was designed USifg using a procedure reported

previously [18].
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3D asymmetric membrane support

’ Single support comprising two layers _L
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pore dimeter of 300 pm,

through ¢

with 50 mm overall diamet¢ S final computer-aided design (CAD) file was subsequently
converted into the stereolithography (STL) format using OpenSCAD and transferred to the 3D
printer using 3D Sprint software (2.0, 3D systems, USA). The flat supports were designed using
the same procedure. The final post-treatment step was to remove the wax from inside the pores

of the subsection using EZ Rinse-C oil [18].
2.2.2. Preparation of NF selective layer

The NF selective layer was obtained by coating PDA over an UF PVDF membrane. To prepare
a dope solution, PVDF (17.5 wt%) was first dissolved in NMP and then stirred using a roller

5
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mixer (120 VAC, Cole-Parmar) for two days. The dope solution was then left overnight to
degas. The bubble-free solution was cast on top of a clean glass plate at room temperature using
a casting knife with 50 pm gap height under ~35% relative humidity (Figure 2(a)). After 15 s
of exposure to air, the glass plate was immersed in a DI water bath at room temperature to
complete the phase inversion process. The DPA solution (2 g L™1, pH~8, 300 ml) preparation
involved first dissolution in DPA in TRIS HCI solution (pH = 8.5, 10 mM, 200 ml), followed
by pH adjustment to 8.5 by addition of sodium hydroxide solution (NaOH, 10 mM, 100 ml).

The as-prepared PVDF membrane was cut 6 cm diameter dises and placed into a customised

membrane holder so that only its front side was exposed oating solution. Subsequently,

the fresh DPA was poured into the membrane h ontinuously stirred using an
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a) Preperation of a NF selective layer

PDA coating over UF PVDF membrane NF selective layer

b) Deposition of NF selective layer over the 3D asymmteric support

')

. \M

NF selective layer

/ﬁi

3D asymmteric support v

the surface of the selective layer, an ATR-FTIR
spectrometer (Frontier, nj , Germany) was used. The spectra were collected as a
result of 16 running scans at.@ resolution of 4 cm™! within the 600 cm™! to 4000 cm™1

wavelength range.

The surface chemical composition of the selective layer was analysed by X-ray photoelectron
spectroscopy (XPS, K-alpha, Thermo Fisher Scientific) using Al Ka as the radiation source
over an area of around 400 um. Data was collected at pass energies of 150 eV and 40 eV for

survey (1 eV step size) and high (0.1 eV step size ) resolution scans, respectively.
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The water contact angle of the support, selective layer, and composite membrane was
determined using a contact angle goniometer (OCA20, DataPhysics Instruments, Germany) in
sessile mode at room temperature, using 5 pl droplets. The reported values are the average of

at least 10 measurements.

The surface roughness of the 3D supports was assessed using a digital microscope (VHX-6000,
Keyence, Japan) over scan areas of 100 x 100 um. The surface roughness of the selective layer
was analysed using atomic force microscopy (AFM, Bruker Multimode 1114, USA) over scan

ine = 256).

areas of 5 x 5 um in the tapping mode (time/line = 1 s, sam

A Zetasizer Nano (ZS, Malvern Instruments Ltd.) to measure the surface zeta

The filtration performance and CP a1 ated using

(1)

A is the effective membrane area (m?),
and Ap is th ] path The effective filtration areas for the flat and wavy

asymmetric suppe , respectively, calculated using 3D Sprint (3D

The dye rejection of the met was calculated using equation (2):

Cr —Cp (2)

R (%) = C
F

where Cr and Cp represent the solute concentration in the feed and permeate, respectively.

Dye concentration was measured using a UV-Vis spectrophotometer (Cary, Agilent, USA).

The mass balance in dye rejection tests was calculated using equation (3):
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3)

mass balance (%) = x 100

where C. is the retentate concentration (g L™1), Vp, V., Vi represent the permeate, retentate and

feed solutions volumes (L), respectively.

To assess the CP behaviour of the membranes, Congo red dye solution (0.01 gL™!) was
circulated through the setup and the membrane flux J,, (LMH) was measured. The mass transfer

coefficient k (m s™1) was calculated from equation (4) using the stagnant film model [27]:

4

concentration of dye at the memb i ional fluid

dynamics (next section).

The CP factor, I', was

(5)
25.C
To study the surface of flat and wavy composite membranes,
the conservatio ations along with mass transport equations for
steady-state flow in't i egime, were numerically solved using Laminar Flow and
Transport of Diluted ies i ces of COMSOL Multiphysics (COMSOL 5.6, Comsol

Inc., USA) software. Two- sional (2D) simulation domains (Figure S1) were created to
reproduce the cross section of the filtration cell with overall size of 4 mm % 50 mm (height x
length) [18]. The wavy structure was set at amplitude o = 0.70 mm, and wavelength A = 3 mm
following optimisation. Further details of the simulation are reported in the Supporting

Information.

CFD modelling was also used to simulate the permeance decline as a function of time for the
dye solution. This was then used to determine the local concentration of the dye at the

membrane surface, C,,, which, in turn, allowed calculating the mass transfer coefficient in

9
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equation (4). The simulated flux decline was compared to experimental profiles, with an
excellent match, discussed below. The CFD model has been previously validated using BSA

by the authors [18] and independently [28].

3. Results and discussion
3.1. Design and optimisation of 3D printed composite membranes

The optimisation process of the 3D printed wavy composit mbranes has been described

previously [18]. A combination of CFD simulations alo, material characterisation was

employed to optimise the wavy structure parameters plitude (o), and wavelength

properties where below a certain thick

pressure. For symmetric supports the

support resistance ar

pores in the top

regions caused

at Re = 700.

10
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Figure 3. Contour plot with differg by the wav cture based

due to its outstanding mee operties [30]. This systematic optimisation expanded the

‘optimal zone’, by raising the"@pper limit for o from 0.63 mm to 0.75 mm. In turn, higher a
values result in higher shear stress, further reducing fouling. This optimisation process let to
the selection of o = 0.70 mm and A = 3 mm to induce maximum shear stress (represented by
the red dot in Figure 3) over the membrane surface. By using PVDF as the selective layer, it
was possible to increase the amplitude o by 40% from 0.5 mm to 0.7 mm, resulting in

approximately doubling the shear stress from 0.7 Pa to 1.35 Pa, compared to 0.18 Pa for the

flat 3D printed membrane (o = A = 0). An extensive discussion of the interplay between the

11
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different parameters of the 3D printer, the selective layer and the hydrodynamic landscape has

been reported elsewhere [18].

3.2. Characterization of the 3D printed support, selective layer, and 3D composite

membrane

SEM micrographs of the 3D printed top dense section (Figure 4a) and bottom section with
cylindrical pores with diameter of 300 pm (Figure 4b) show ahighly regular structure with no

defects and following the wavy structure design (cftr. Figu though the top layer is dense,

i.e. there were no pores designed into this, there i ess some porosity due to the

128 nm =10

e
(-]
s
=
3.

Figure 4. SEM micrographs of (a) top dense section, (b) bottom section (with pore diameter
of 300 um) of the asymmetric 3D printed wavy support; (c) digital micrograph of the cross-
section of 3D printed wavy support; SEM micrographs of (d) surface, and cross section of the

PVDF/PDA selective layer at (e) x55K and (f) x75K magnification; optical micrographs of 3D

12
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wavy composite membrane from (g) top and (h) side, showing a conformal layer of the
PVDEF/PDA onto the wavy support; (i) digital micrograph of 3D wavy composite membrane.

Figure 4 (c) shows the cross section of the wavy support with no gaps between the two layers
confirming the asymmetric support was successfully printed as a single continuous object with
lower total thickness (~250 pm) and higher intrinsic permeability (9 + 1 x 10 *'> m?) compared
to the symmetric supports [18]. The SEM micrographs of the surface and cross section of the
PVDF/PDA selective layer are shown in Figure 4 (d-f). The densely packed PDA particles can

be clearly observed on the surface of the selective layer (Figune 4(d)). The deposition of PDA

can lead to the formation of numerous nanostructured P regates formed from the non-

covalent interactions between PDA oligomers [32]. section of the selective layer

of the wavy 3D composite membra

The FTIR spectra of the (a) pristine P

sharp peak at 873 cm assigne ‘ i ching vibration [33]. In the

1 and 1181 cm™! are attributed to

hile the sharp peak at 873 cm™1 is

confirming a strong bond be PVDF and PDA [30].

13
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selective and (c)

The C1s XPS spectra alongpwi ] iti ine PVDF and PVDF/PDA
membranes are sho
elements are present O

with PDA, i iti ioni fypincreased, with signals appears for N and

peaks at binding i ; and 289.1 eV (C-F) are observed [34].
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Figure 6. Cls X-ray photoelectron spectra of (a) pristine PVDF membrane and (b) PVDF/PDA

membrane; the inset tables summarise the surface atomic composition.

In the C1s XPS spectra of the PVDF/PDA membrane, the C-F band has disappeared and new
peaks appeared at binding energies of 284.6 eV (C=C/C-H), 285 eV (C-C/C-H), 286.3 eV (C-
C/C-0), 288.1 eV (C=0), and 291.2 eV (n-m stacking) [30]. These new bands confirm the
presence of PDA on the PVDF surface as PDA can adhere to polymeric surface through amino,

imino, hydroxyl and catechol functional groups [35]. The, Ols spectra of PVDF/PDA

membrane can be found in Figure S3.
The properties of the 3D printed support, pristi A selective layer and 3D
1. The water co

DA. This is attribu

wavy composite membrane are reported in angle of the pristine

PVDF dropped from 93° to 51° after coating the hydrophilic

amine and catechol groups of PDA , further cont

Table 1. Physica i support, pristine PVDF, PVDF/PDA selective layer and

Roughness parameters (nm)

Membrane Contact Surface Zeta R. Rrms
angle (°) Potential (mV)®
3D support 85+2 e 251+£15 -
Pristine PVDF 93+2 -70.9+3 22.7+£0.6 29.7+0.6
PVDEF/PDA selective layer 51+3 -89.1£5 90.1+8.0 121.7+9.7
3D wavy composite membrane 51+3 -89.1£5 90.1+8.0 121.7+9.7

@The surface zeta potential was measured at pH = 7.0.
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3.3. Filtration performance and CP characterisation

The 3D wavy composite membranes prepared using pristine PVDF had a pure water permeance
(PWP) of 41 + 1.5 LMH bar™! and 67% rejection for RB5 (MW = 991 Da), showing UF
performance. The PWP for wavy and flat composite membranes prepared from PVDF/PDA
selective layer are 14 =2 LMH bar~! and 10 = 2 LMH bar ™1, respectively (Figure 7a, at time
0). The higher PWP for wavy membranes is attributed to two factors: first, a ~20% larger
surface area compared to the flat one, even though they have the same footprint (50 mm). This

can be considered as one additional advantage of manufact patterned membranes using

3D printing compared to conventional techniques, wher e and the number of pores does

not reduce due to the printer’s high resolution [36]. S ced thickness of the laminar

negative charge, it Gambe assumedthat the dominant factor is size sieving. Since RB5, CR and
ARI1 have larger molect pared to MO, high resistance of the former dyes results
in their high rejection in t ation tests. The flat composite membranes prepared from
PVDF/PDA selective layer showed similar dye rejection to the wavy composite membranes
due to the fact that the rejection performance is attributed to the selective layer only [39]. The
MWCO value of the flat and wavy composite membrane is determined to be around ~550 Da.

Calibration curves for the dye rejection measurements are presented in Figure S4.
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Figure 7. (a) Dye solution permeance decline for t
and flat membranes: dots report experimental d,
from CFD simulations; (b) Dye rejection
prepared from pristine PVDF and PVDEF/P
concentrations of 0.01 g L™t. RB5;
methyl orange. The mass balance f

line refers to 90% rejection).

ver CP. To calculate k (equation (4)), the solute
aice (Cm) is needed, but this cannot be easily measured
experimentally [42]. On hand, CFD simulations have been effectively used to
calculate solute concentrationS@t the membrane surface, with high accuracy and reliability [43-
45]. CFD simulation results can be very accurate if the conservation of mass and momentum
along with mass transport equations are solved under laminar flow conditions [42, 46]. In this
work, the CFD simulations were performed at TMP of 2 bar and Re = 700 to determine the
maximum CR (solute) concentration at the surface of flat and wavy composite membranes.
Results confirm that the CFD permeance curves accurately model experimental data (Figure
7a). Further details of the model development can be found in the Supporting Information.

The steady state fluxes of CR dye solution (0.01 g L™1) at 2 bar for the wavy and flat membranes

17
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are 20 LMH and 10 LMH, respectively (Table S1). The maximum CR concentration (Cn),
mass transfer coefficient k and CP factor as a function of filtration time for flat and wavy
composite membranes are shown in Figure 8 (a — ¢). Cy, increases with time and reached a
steady state after 300 s, with values of 0.17 g L™ on the flat surface and 0.08 g L™t on the wavy
surface. The steady state is given by a balance between solute flow to the membrane surface,
solute flux through the membrane and backflow from the surface to the bulk. A lower C, value
indicates that a higher mass transfer coefficient was achieved for the wavy membrane
compared to the flat one (Figure 8 (b)). The CP factor for thegwavy membrane is consistently

lower than that of the corresponding time on the flat me in all instances (Figure 8 (c)).

A quantitative comparison between wavy and flat co branes in terms of k and CP

ase in permeance was associated with reduced colloidal

fouling for a nanoimprinted UF membrane [15]. It is worth mentioning that the osmotic
pressure difference (Am) of the Congo red solution, due to the low CR concentration, is

negligible (Supporting Information).
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at shear stress plays an important role in suppressing the

formation of concentration polarization formation [41, 47-49]. It can be observed from Figure

9 that the maximum shear stress increase by an order of magnitude, from 0.18 Pa on the flat

surface to 1.35 Pa on the wavy surface. It is worth mentioning that Re = 700 was chosen so that

the shear stress on the surface of the wavy membrane is within the range (0 - 1.5 Pa) used in

NF membranes for industrial wastewater treatment [50]. Higher Re values would have further

enhanced the effects of the wavy structure. The wavy structure induces a non-uniform shear

stress distribution on the membrane surface where high shear stress/rate values occur at the
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peaks and low shear stress/rate values occur in the valleys of the wavy structure. The average
shear stress on the wavy membrane is also larger than the flat counterpart. In the presence of a
higher shear stress gradient, there is a net migration of dye in the direction of a lower shear
rate. The presence of flow recirculating regions in the valleys also makes the laminar sub-layer
near the membrane thinner, thus reducing the overall flow resistance at the membrane surface.
The shear stress values presented in Figure 9 represent the maximum shear stress at the peaks

for the wavy structures.
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Figure 9. The maxi

accuracy of the pres experimentally ( £0.01 bar). CFD simulations reported a
pressure drop per uni and 2*10-5 Pa*m’!, for the flat and wavy membranes,
respectively. This negligib ence is to be expected given the laminar flow condition,
i.e. Re =700, employed in this study, and suggests that any additional energy consumption for
wavy membranes is outweighed by its improved performance in permeance and concentration
polarisation. It is, however, reasonable to expect the pressure drop caused by the wavy structure
to be higher at turbulent flow conditions, thus diminishing somewhat its more favourable
filtration properties. On the other hand, the reduction in concentration polarisation build up

would increase the operating time between cleaning cycles, leading to an overall reduced

downtime and resource requirement, as shown for UF membranes [14]. The authors have
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shown that wavy UF membranes retain up to 87% of their initial pure water permeance after

10 complete fouling cycles.

These results show that the impact of CP in NF membranes could be effectively reduced by
using 3D printed composite membranes designed to control hydrodynamics (i.e., shear stress

and flow patterns) over the membrane surface.

4. Conclusion

This work reports on the successful fabrication of NF 1te membranes comprising 3D

printed asymmetric wavy and flat support and NF selective layers prepared by

1ons of all authors.
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