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Additive manufacturing, or three-dimensional (3D) printing, is an accessible, quick, and user-friendly tool
for fabricating reactors and chemical processing devices. Here we report a method for printing filtration
and separation devices using fused-deposition modelling (FDM) which incorporate commercial porous
membranes. By using exogenous membranes, membrane pore size and material can be arbitrarily specified
allowing much greater versatility in device design. We show for the first time that fully operational
monolithic devices can be created without need for post-printing assembly and demonstrate the efficacy
of the approach by making and testing three distinct devices: dead-end filters, which can be made in a
range of sizes and are shown to fully remove micron-sized particles from a heterogenous mixture; liquid-
liquid separators, which are shown to completely separate segmented flows of immiscible liquids; and a
cross-flow filtration device, which is shown to achieve near full dye removal from an aqueous stream with
a residence time of 3.4 minutes. For the cross-flow filtration device we describe a new “double-sided”
printing technique whereby the plastic is directly printed onto both sides of the membrane to ensure the
membrane is fully bonded to the 3D printed body. The range of devices showcased here highlights the
versatility of the approach and its potential for use in chemical processing applications that require porous
membranes.
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Additive manufacturing, or three-dimensional (3D) printing is
a fabrication process that can directly create complex and
bespoke parts from computer-aided design (CAD) files.!
Typically used in manufacturing industries for rapid
prototyping, it has recently seen significant traction for
fabricating fluidic devices®> with recent reports describing
devices for synthesis,®* fluid mixing,” dialysis,® and
analysis."” It's continuing development within the flow
chemistry and microfluidic communities, is highlighted by
various recent reviews on the topic.”** !

Several different methods have been used to make fluidic
devices including stereolithographic’*™** and polyjet'>*®
printing, however fused deposition modelling (FDM) is highly
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attractive for its low cost, wide range of available materials,
and the ease with which other elements (actuators, sensors
etc.) can be incorporated to enable additional functionality.”
FDM printers create objects by extruding a thermoplastic
through a nozzle moving in a two-dimensional plane,
building up the 3D object layer by layer. At any point external
materials can be easily incorporated using the “print-pause-
print” (PPP) approach® whereby the print is stopped, the
external element is inserted into a pre-designed recess, and
then printing resumed to encapsulate it. This enables fully
functional, integrated devices to be fabricated with minimal
intervention and no post-printing assembly. PPP has been
demonstrated using polyjet® and stereolithographic
printers,'® however FDM allows a much greater range of
materials, allowing extra functionality (e.g. using conductive
or flexible materials) and/or high chemical compatibility (e.g.
when printing with polypropylene or polyvinylidene
difluoride) - essential for synthetic chemistry applications.
The PPP approach has been used to embed commercial
objects such as stirrer bars,”'® glass windows,*"*!
electrodes,®  sensors,”®>  LEDs,*®  circuits,”?**  and
electromagnets®* to increase the functionality of printed fluid
devices. Incorporation of membranes is particularly
interesting as these can be used for a range of different
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filtration®>*® and separation® applications. Multi-material
FDM printing has been used to print permeable barriers
within devices using a secondary, porous material,>” however
there are only a handful of printable porous materials, in
stark contrast to the huge range of membrane materials and
pore sizes possible if incorporating commercial membranes
using PPP. Polyjet printing has been used to develop
membrane-based separation devices using PPP and
commercial membranes®* however these required post-
printing assembly - increasing the fabrication complexity
and potential failure points. While a previous report has
shown proof-of-principle that FDM printing can be used to
incorporate commercially purchased membranes using
PPP,*® there have been no reports, to the best of our
knowledge, describing fully functional devices incorporating
membranes that do not require post-printing assembly.

In this report we show how the PPP technique can be used
to integrate commercial membranes into monolithic FDM
printed devices to make useful systems for filtration and
separation. We demonstrate the versatility of the approach by
producing three distinct devices that utilize the properties of
the inserted membrane in three different ways: a dead-end
filter (a syringe filter more specifically), a liquid-liquid
separator, and a cross-flow filtration device. For the cross-
flow filtration device we showcase a novel “double-sided”
printing technique to ensure optimum adhesion between the
membrane and the printed part. In each case the printing
parameters are carefully controlled to ensure the devices are
leak free, the membrane is sealed in place, and the final
device operates as designed without need for any subsequent
assembly. All device dimensions can be customized
depending on user needs.

Experimental methods
Materials

Clear polypropylene filament (2.85 mm cross section
diameter, Ultimaker brand) was obtained from RS.
Membranes were purchased from Thermo Fisher (Whatman,
mixed cellulose ester ¢ = 20 mm, 30 mm, 125 mm;
Fisherbrand, mixed cellulose ester and nylon, @ = 47 mm);
and VWR (Cytvia, nylon, J = 90 mm). Where 40 mm
membranes were used, these were manually cut from larger
filters. Zn(NO3),-6H,O (98%), 2-methyl imidazole (98%),
methylene blue, and ethanol were purchased from Sigma
Aldrich. Fluorinert FC-40 fluorinated oil was obtained from
Acota Ltd UK. ZIF-8 was synthesised from zinc nitrate and
2-methyl imidazole through a simple one pot synthesis at
room temperature in deionised water over 48 h using a zinc:
imidazole molar ratio of 1:12, according to previous
reports.”’

Device design and general fabrication protocol

All devices were designed using a combination of AutoCAD
(Autodesk) and SOLIDWORKS (Dassault) software. All designs
included inlet/outlets that incorporated threads for standard
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17-28 fittings so that they could be easily interfaced with
external tubing. All designs featured a cavity for the
membrane. The height of the cavity was 100 pm and the
diameter was set to be 200 um larger than that of the
membrane. The 3D design files (.3mf) were prepared for
printing using Cura (Ultimaker). They were printed using an
Ultimaker 3 FDM printer in polypropylene (PP), with an
Ultimaker adhesion sheet applied to the print bed to ensure
adhesion. The default print parameters were as follows: layer
height, 100 um; infill, 100%; print speed, 40 mm s '; flow
rate, 110%; fan speed, 0%. Post-processing scripts were used
in Cura to add a pause at a predefined point so that the
membrane could be added. During this pause the membrane
was inserted, with a small quantity of an all-purpose paper
adhesive (UHU) lightly applied to the circumference to ensure
it did not move when subsequent layers were printed on it.
The next two layers after the print was resumed had altered
print parameters (specified in the Cura software using the
“ChangeatZ” function) to ensure the membrane was
incorporated with a liquid-tight seal: a slower print speed (20
mm s™') and increased flow rate (150%). After these two
layers, all remaining print layers were printed with the
original print speed and flowrate (40 mm s ' and 110%
respectively) until completion. Using the general protocol, a
series of syringe filters (J = 20 mm, 30 mm, 40 mm) were
fabricated using Whatman grade 1 membranes (mixed
cellulose ester, pore size = 11 pm, ¢ = 20 mm, 30 mm, 125
mm) and Fisherbrand membranes (nylon, pore size = 0.45
pm, @ = 47 mm). Where 40 mm membranes were used, these
were manually cut from larger filters. Separator devices
incorporated Fisherbrand membranes (nylon and mixed
cellulose ester, pore size = 0.45 um, @ = 47 mm) and the
cross-flow filtration device incorporated a Cytvia membrane
(nylon, pore size = 0.2 pym, @ = 90 mm). Dimensions of
individual devices and any changes to this default protocol
are described in the results section. All 3D device design files
are included in the ESLY

Syringe filter testing

Preformed ZIF-8 particles were dispersed in DI water (30 mg,
5 mL) by sonication to yield a cloudy suspension. It was
transferred to a syringe with a Luer lock. The 3D printed
syringe filter was fitted and the syringe contents passed
through it. The quantity of ZIF-8 in the resulting fluid was
assessed via light transmission measurements using a UV-
2700 Shimadzu spectrophotometer.

CT scanning

Micro-focus X-ray CT (uCT) scanning was used as a non-
destructive analysis tool for volumetric assessment of the
internal bond between the 3D printed housing and filter
insert within a tested syringe filter. Using a 160 kVp Zeiss
Xradia Versa 510 X-ray microscope CT scanner (Carl Zeiss
Microscopy GmbH, Germany), the syringe filter was
orientated in the sample holder assembly such that the inlet/

This journal is © The Royal Society of Chemistry 2024
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outlet ports were perpendicular to the axis of rotation and
positioned with a source-to-object distance of 25 mm and an
object-to-detector distance of 150 mm. A two-stage (low
resolution /high resolution) scanning process was used to
image a region of interest incorporating the boundary
between the 3D print and the edge of the filter material.

For the low resolution scan (5.0 pum voxel size), the
X-ray conditions were set to 110 kVp peak voltage and 10
W power, and the imaging configuration used the 0.4x
objective (binning = 1) with a 6 s exposure time; 3201
projection images were acquired throughout 360 degrees
rotation. All these parameters are summarised in the ESIL}
along with corresponding parameters for the high
resolution scan (2.5 pm voxel). Projection data was
reconstructed into TXM files using the Zeiss XM
Reconstructor software (Carl Zeiss Microscopy GmbH,
Germany). These were subsequently converted to 16-bit
raw volumes for visualisation in Image].

Liquid-liquid separator testing

A segmented flow of aqueous/non-aqueous fluid (water/FC-
40) was generated using a syringe pump (Harvard PHD2000)
to drive each fluid through PTFE tubing (0.8 mm inner
diameter) into a T-junction (Upchurch Scientific, P-712). The
water was coloured with red food dye to aid visualisation.
The T-junction outlet was connected to the 3D printed
separator. Capillary tubing (@ = 0.56 mm, L = 0.5-7 m) was
applied to the retentate outlet (i.e. the outlet on the same
side of the membrane as the incoming fluid) to provide a
pressure difference across the membrane, with the length of
the capillary systematically varied to change the
backpressure. The permeate fluid (fluid that had passed
through the membrane) and retentate fluid were collected,
weighed and used to determine the separation efficiency at
various flow rates (0.1-0.3 mL min ).

Cross-flow filtration testing

A 0.01 mM methylene blue solution in water was made,
collected in a syringe and loaded into a syringe pump. A
syringe loaded with DI water was loaded into a second
pump. The syringes were directly connected to the 3D
printed device via PTFE tubing and 1/4"-28 fittings at
opposing sides to give counter current flow above and
below the membrane with outlet tubing directed to vials
for fluid collection. A micrometering valve (IDEX Health
and Science, Micro-ming, P-445) was applied to the top
outlet stream to apply a manually adjusted back pressure.
Equal flow rates were applied from each syringe (25-2000
uL min~'). The system was allowed to equilibrate after
each flow rate change, then periodic collection of the
outlet fluid was taken and analysed via UV-vis absorption
spectrometry (UV-2700, Shimadzu). The amount of dye
removed from the process fluid and hence, the separator
efficiency could then be quantified.

This journal is © The Royal Society of Chemistry 2024
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Results and discussion
Syringe filter

The simplest possible filtration device is a dead-end filter,
where the fluid is driven through a filter membrane. Syringe
filters — dead-end filters that can attached to syringes via a
Luer adaptor - were fabricated as shown in Fig. 1. The filter
design (Fig. 1A) is shown in the orientation it was printed,
with accompanying cross sections showing the fluidic
channels (dark blue, height = 500 um) immediately above
and below the membrane. To ensure a watertight seal on the
membrane after it was inserted, plastic was extruded with an
increased flow rate (ensuring no gaps between the membrane
and the 3D printed monolith) and a reduced print speed
(ensuring the lateral movement of the printhead did not
displace the membrane) as shown inset in Fig. 1A. A final
printed filter using a 30 mm diameter membrane is shown in
Fig. 1B with the incorporated Luer lock feature ensuring an
easy leak-free fit to a Luer-tipped syringe.

To show the efficacy of the syringe filter, it was used to
separate a heterogenous dispersion of ZIF-8 crystals (a
prototypical Zn-imidazolate metal-organic framework) in
water which featured particle sizes of 0.3 to 15.0 um (Fig. 24A).
While the starting dispersion (Fig. 2B left) was a cloudy white
mixture, the resulting filtrate optically clear
(Fig. 2B right) indicating the solid material had been

was
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Fig. 1 A) Computer generated images showing the internal geometry
of the syringe filter. The red area represents the membrane cavity,
while blue areas represent the channel system above and below the
membrane. All scale bars represent 4 mm. B) Image of a finished
syringe filter (30 mm diameter membrane) attached to a syringe via
the Luer fitting. C) Images of syringe filters of different size
(membranes of 20, 30, and 40 mm diameter) showing how the design
can be easily changed as required.
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Fig. 2 A) SEM image of the metal organic framework particles within the sample that was filtered. B) Images of the suspension before and after a
single pass through the 3D printed syringe filter. C) The corresponding optical transmission spectra.

successfully removed. This was confirmed by examining each
solution by spectrophotometry (Fig. 2C). The cloudy
dispersion prior to filtration reduced light transmission at
low wavelengths due to scattering, while the filtrate showed
no scattering effects - indicating good removal by the syringe
filter in a single pass.

Anecdotally, we note that the plastic extruded directly onto
the membrane forms a close conformal bond such that upon
cooling, the membrane is physically attached to the extruded
plastic as previously reported,®® and that this bond did not
notably differ with membrane material. To investigate the
bond between the extruded material and membrane, pCT
was used to non-destructively image the internal structure of
a used syringe filter (Fig. 3). The fibrous, intertwined
structure of the membrane can be clearly seen attached to
the upper side of the void at the places where plastic has
been extruded directly onto the membrane (Fig. 3B and C). At
the plastic/membrane interface there is close conformal
contact (Fig. 3B) with the structured surface of the
membrane, and occasional fibres are seen encapsulated
within the plastic itself (e.g. highlighted in Fig. 3B by the red
arrow). It is noteworthy that this bond is still present despite
the syringe filter having been previously used, evidenced by
the solid white MOF deposits remaining (Fig. 3C). A slight
bowing of the membrane between the polypropylene contact
points (e.g. Fig. 3C, right hand side) is consistent with the
plastic shrinking slightly during cooling but maintaining a

firm bond with the membrane. Furthermore, these results
preclude the idea that the membrane material is melted or
otherwise compromised during extrusion.

The same protocol can be used to make various filters
with different membrane materials (e.g. cellulose, mixed
cellulose esters, nylon) and sizes (e.g 20 mm, 30 mm, 40
mm, Fig. 1C) demonstrating the versatility of the approach.
3D printed syringe filters have been previously reported using
stereolithographic & inkjet 3D printing,>' but this is the
first 3D printed design printed from a single monolithic
structure, meaning no manual assembly and hence fewer
potential failure points.

Liquid-liquid separator

The same 3D printing technique was applied to the more
complex problem of membrane-based devices for separating
mixtures of immiscible fluids. Membrane-based separators
are typically used for inline separation of fluids with similar
densities which prohibit gravimetric separation, exploiting
the differing wetting properties of immiscible fluids. Fig. 4A
illustrates the operation of a membrane-based separator
showing how an incoming stream of immiscible fluids
(vellow and red) can be split into two single-phase streams. If
the membrane is made of a hydrophilic material, a small
applied trans-membrane pressure difference will drive the
hydrophilic phase through the membrane pores (red, the

Fig. 3 A) CAD diagram with planes showing where CT images were taken from; B) a high resolution and C) low resolution CT scan showing the
membrane conformally bonded to the extruded plastic on one side. The red arrow indicates a singular membrane fibre having been incorporated

within the plastic.
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Fig. 4 A) Cartoon illustrating the liquid-liquid separation method B) 3D computer generated image showing the internal geometry of the
separator, with the inlet on the left and outlets on the right. C) The corresponding view of a finished device. D) Views of the finished device from
above and below, showing clearly how the two outlet channels come from different sides of the membrane.

“permeate” phase) but not the hydrophobic phase (yellow,
“retentate” phase) due to its reduced affinity for the
membrane and higher associated capillary pressure. Indeed
the hydrophobic phase will not pass through the membrane
as long as the pressure difference across the membrane is
less than the total capillary pressure.**** The reverse
behaviour (retention of hydrophilic phase, permeation of
hydrophobic phase) would be expected if the (hydrophilic)
membrane was replaced with a hydrophobic material.

The 3D-printed liquid-liquid separator (Fig. 4B-D)
consisted of a single inlet leading to a spiral channel (semi-
circular cross section, @ = 1.1 mm, length = 895 mm)
contacting the membrane. An identical spiral channel

mirrored this on the opposing side of the membrane and
each spiral channel was connected to an outlet as shown in
the computer generated 3D image, Fig. 4B, with the
equivalent fabricated device shown in Fig. 4C. The
incorporated membrane can be easily seen in the birds-eye
view of the finished device in Fig. 3D. The membrane
incorporation procedure followed the general protocol
described for the syringe filter and devices were printed using
both hydrophilic and hydrophobic membranes - mixed
cellulose ester (MCE) and PTFE, respectively.

The separation efficiency was assessed using different flow
rates (0.1-0.3 mL min'), whilst tuning the backpressure
across the membrane by varying the length of a silica

A B (o i
MCE & & & . PTFE <&
AT QY $ O
531 = <85% INZEO A S o, m <85% >oa
g * 8595% S, 7 ' ¢ 8595% 2
£301 4 95100 % « S e T 14 95100% .
@ 2 [ 4 r «Q 6 , o
£ A - 0% g p 2"
5254 re s A & -
= // v ‘/ - =54 - g
] s ;l . w” £ 7 (2
€ 20 e 7 @ 15 o e ©
5 S - 20 54 . . 297
& A S K& a7 & E . A A
5 e - o S - . -
& 15 S - & e e &
= ’ - 5 A R
2 s 2 - « 12m
4 g ) - A2
a : A Y S
H § o = _ AT
g 2 . o 05m
< < e g
s - e i
O T T T T T T 0 T T T T T T
000 005 010 015 020 025  0.30 000 005 010 015 020 025  0.30

Flow rate / mL/min

Flow rate / mL/min

Fig. 5 A) Image of a liquid-liquid separator with a hydrophilic MCE membrane separating an incoming segmented flow (top) of FC-40 fluorous oil
and red-dyed water. The permeate and retentate outlets (bottom, labelled “P” and “R” respectively) show uniform colours indicating successful
separation. B) and C) Separation efficiency of separators with MCE (B) and PTFE membranes (C) as a function of flow rate and backpressure.
Dashed lines correspond to the different lengths of capillary used to apply the backpressure, with the lengths specified. Green data points indicate
a separation of 95% or greater, orange points indicate a separation between 85 and 95%, while red data points represent poor separation (<85%).
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capillary (# = 0.56 mm) on the retentate outlet. Careful
control of the trans-membrane pressure is important®*?* — if
insufficient to drive the permeate across the membrane some
permeate will still be present in the retentate outlet, while if
the pressure is increased above the capillary pressure,
retentate fluid will be forced across the membrane and exit
with the permeate. Images depicting these failure modes are
shown in the ESLf If the applied backpressure is between the
permeate and capillary pressures, the fluids are fully
separated. This is shown for example in Fig. 5A and the ESI}
video. Both show successful separation of a segmented flow
of FC-40 fluorous oil and red-dyed water using a device with
an MCE membrane. While the inlet clearly shows a
segmented flow, the outlets (labelled “P” and “R” in Fig. 5A
for permeate and retentate, respectively) show uniform colour
indicating full separation.

The separation efficiencies across the tested flow range
are shown in Fig. 5B and C for devices using MCE and PTFE
membranes, respectively. In each case the applied pressure
differential is calculated from the capillary dimensions using
the Hagen-Poiseuille equation and separation was defined as
the volumetric flow rate of liquid collected in the uniform
(non-segmented) outlet stream relative to the expected
volumetric flow rate (there will always be one uniform
stream). Both the MCE and PTFE devices successfully
separated the mixture within the flow rate range tested up to
transmembrane pressures (APpen) of 25.5 kPa and 3.68 kPa,
respectively. One key difference between the two devices was
that during perfect separation the fluids exited the devices
through opposite outlets (permeate vs. retentate) which is

Donor stream

—_—

—_—

Acceptor stream

5. Pause after cavity printed.
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consistent ~ with  hydrophilic =~ membranes favouring
permeation by hydrophilic fluids and vice versa. It is also
important to note that the observed dependence of
separation efficiency on flow rate and backpressure
qualitatively matches the theoretical trends and those
previously observed in a similar device,®® consistent with
expected behaviour.

Cross flow filtration

Cross flow filtration relies on the diffusion of a solute across
a concentration gradient from a starting (donor) flow into an
acceptor flow, as illustrated in Fig. 6A. The two flows (donor
and acceptor) travel along a membrane in opposite directions
to ensure a concentration gradient throughout the device
which should, given sufficient time, allow complete transfer
of solutes without any change in volumetric flow.

An initial prototype device was made with a similar design
to the liquid-liquid separator, but with the addition of a
further inlet to allow two independent flows either side of
the membrane. In testing we found that the backpressure in
the channel printed above the membrane was greater than
that below the membrane, likely due to the over-extrusion
used to seal the membrane reducing channel dimensions,
which resulted in bulk fluid transport across the membrane.
Hence a backpressure was applied at the exit port of the
lower channel to compensate. This increase in pressure
however had the unexpected effect of causing the device to
expand below the membrane, causing separation of the
membrane from the structures below it. Consequently, fluid

2. Membrane onto build plate. 3. Print resumed. 4. Part one completed.

8. Completed.

6. Part one inserted,
membrane side up.

7. Print resumed.

Fig. 6 A) Diagram illustrating the operation of the cross-flow filter, with the net movement of the dye (red arrows) from the donor to the acceptor
stream. B) Process flow showing how the final device is built up in an 8-stage process. C) 3D computer generated image showing the final device with the
membrane and channels above the membrane visible. D) Corresponding image of the fabricated device. E) Views of the device from above and below.
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was free to travel along the most direct path from inlet to
outlet rather than through the patterned channels, resulting
in low residence times and poor dye removal. The expansion
of the device below the membrane, with no expansion
observed above, is consistent with the observation that while
hot plastic extruded directly onto the membrane gave a
conformal bond, there will be no such bond when the
membrane is merely placed on top of a pre-existing printed
structure. It should be noted that while the swelling of the
volume below the membrane was not seen in the separator
device, this is likely due to the smaller device size, much
narrower and lower flow rate range, and hence lower
pressures. The same effect would likely be seen when
working at higher pressures.

To make a robust usable device it was therefore important
that the membrane was bonded to the device on both sides.
This could be achieved using an adhesive at all contact
points,”® however the addition of adhesive is subjective and
challenging for reproducible fabrication. It also poses
technical challenges due to potential wicking of the adhesive
into the membrane. Hence a novel fabrication technique was
developed whereby channels were directly patterned (and
thus bonded) onto both sides of the membrane. This was
achieved in a process shown in Fig. 6B, which involved two
separate printing phases corresponding to the part areas
shown in orange and blue.

The first phase started by printing an outline onto the
print bed representing the membrane filter cavity (Fig. 6B-1).
A pause after this first layer meant the membrane filter could
be placed on the print bed (Fig. 6B-2) with a very small
amount of a weak adhesive applied at the circumference to
ensure it didn't move in the subsequent step. The print was
resumed and a channel design directly patterned on the
membrane surface (Fig. 6B-3) with additional layers sealing
the channels (Fig. 6B-4). This part, which represented the
channel network on one side of the membrane, was removed
from the print bed and the second phase commenced by
printing a hollow receptacle (Fig. 6B-5, blue) for the first part.
Part one (orange) was placed within the receptacle (Fig. 6B-6)
with the exposed membrane surface facing upwards and the
print resumed. The channel design was once again printed
directly onto the exposed surface (Fig. 6B-7) until full
encapsulation and completion of the print (Fig. 6B-8) to yield
the finished device (Fig. 6C-E).

During printing it was critical that the first component
fitted within the cavity of the second such that the
membrane was level with the print bed so that subsequent
printing could proceed accurately, and that the channels
were in the correct position for the next set of channels (-
Fig. 6B-7) to be printed in the same relative position across
the membrane. To achieve this a part height (Fig. 6B-4) and
receptacle depth (Fig. 6B-5) of 3.9 mm and 4.0 mm
respectively were used, while the x,y-dimensions of both the
first component and receptacle void were identical. The
channels above and below the membrane had an identical
concentric pattern (length = 1042.9 mm) but differed slightly
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in cross-section. The channels above the membrane (Fig. 6B-
7) were slightly wider (1.24 mm vs. 1.0 mm) to allow for
alignment imperfections. In both cases the channel height
was the same (500 um).

To test the device an aqueous solution of the organic dye
methylene blue (0.01 mM) was flowed through the donor
channel and deionised water through the bottom channel of
the device in a counter current arrangement at varying flow
rates (25-2000 uL min~" for each fluid) corresponding to
residence times of 0.25 to 20.3 minutes. A micrometering
valve was used at the outlet of the top channel cavity and
manually tuned to ensure equal flow rates at the device
outlets. Both the donor and acceptor fluid were collected at
the outlet and analysed via absorbance spectroscopy to
determine dye concentration.

The device performed as expected: as the residence time
was increased (0.25-2.54 min) there was a steep linear
increase in dye removal before plateauing after 3.4 min at
near full dye removal (98.2%) (Fig. 7). The diffusion
coefficient for methylene blue has been reported as 6.74 X
10™® em?® s7.*° Using this value and the nominal channel
dimensions a theoretical residence time for 100% removal
was calculated as 3.09 minutes - in good agreement with the
experimental findings. Beyond this point, dye removal varied
slightly around 98.2% and did not achieve 100% removal,
highlighting the difference of experimental to theoretical
values and likely a result of the random motion of dye
molecules, a characteristic assumed negligible within Fick's
law.

The results show the cross-flow filtration device to be
highly effective, and did not encounter any of the problems
experienced in the earlier prototypes, even at the highest flow
rates. This is consistent with the successful bond between
the membrane and the device body using our novel double-
sided printing approach. As for all the devices reported in
this work, there is large scope for customisability, both in

100
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80
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40 1

Dye concentration (%)

20
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[}

Residence time (min)

Fig. 7 Experimental data for the removal of methylene blue from an
aqueous flow (0.01 mM) using the cross-flow filtration device.
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terms of the 3D printed structure but also the membrane
material and size.

Conclusion

In conclusion, we have shown how commercial porous
membranes can be incorporated into FDM 3D printed fluidic
devices using the print-pause-print technique to make
functional separation devices. This is the first time that fully-
functional, membrane-containing devices have been
fabricated using 3D printing without needing subsequent
post-printing assembly. The versatility of this approach is
shown by the fact that we have shown three distinct devices,
with three different functionalities and that these can be
arbitrarily customised and tailored depending on end user
requirements. We have shown a new approach to print on
both sides of the membrane for instances where it is
important that printed structures are firmly attached to both
sides of the membrane. While the three device-types
showcased here give examples of the type of device that can
be made when incorporating membranes into 3D printed
structures, there are numerous other types of chemical
processing equipment and chemical reactors that could
exploit the same approach; for example, applying to reactor
technology for combined synthesis and workup in a single
device, or as a route for addition or removal of gases during
a reaction. The versatility of 3D printing and the increasing
maturity of 3D printing technology, means that the
incorporation of membranes via PPP will be an enduring tool
for fabrication of fluidic devices - not only for separation and
filtration, but for chemical processing devices more generally.
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