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1. Permeation pressures for different density membranes
An HPLC pump (LD class, Teledyne SSI, State College, PA, USA) was used to deliver water or heptane into a 20 cm length of 6.35 mm O.D. membrane with one end sealed. The pressure generated due to permeation at varying flow rates was recorded via an in-line pressure gauge or by the pump pressure transducer.
Table 1. Permeation pressures for water through ePTFE membrane
	Membrane density (g/cm3)
	Flow rate (mL/min)
	Permeation pressure (psi)

	1.03
	2.5
	4

	
	5.0
	6

	
	10.0
	8

	1.15
	2.5
	16

	
	5.0
	20

	
	10.0
	22

	1.52
	2.5
	125

	
	5.0
	155

	
	10.0
	185









Table 2. Permeation pressures for n-heptane through ePTFE membrane
	Membrane density (g/cm3)
	Flow rate (mL/min)
	Permeation pressure (psi)

	1.03
	2.5
	< 1

	
	5.0
	< 1

	
	10.0
	1

	1.15
	2.5
	1

	
	5.0
	1.5

	
	10.0
	2.5

	1.52
	2.5
	18

	
	5.0
	38

	
	10.0
	75



2. 3D-printed back pressure regulator
Fluidic ports in the lower part of the body are designed with Unified Fine (UNF) 1/4-28 threads which are then printed as part of the design. The threads are cleaned after printing with a UNF 1/4-28 tap to account for shrinkage that may occur during the printing and annealing processes. The film used is purchased as thin A4 sheets of polymer purchased from RS Online (Dublin, Ireland) and cut to shape to fully cover the O-rings with a small excess (Figure 1). The O-rings are BS020 standard size (1.78 mm CS, 21.92 mm I.D., 25.51 mm O.D.). Perfluorinated/FFKM O rings were used to give the widest chemical compatibility.BS020 O ring (lower)
BS020 O ring (upper)
Polymer film
Connection A - 1/8-27 NPT threaded port for pressurisation line
Connections B,C -1/4-28 UNF threaded ports for fluidic fittings
4.5 mm Ø holes for M4 bolts
Figure 1. Exploded image of BPR showing assembly of O-rings and polymer film

In operation as a single unit isolated from other pressure sources, pressurization of the top section of the regulator can be connected to a gas line of controlled pressure or pressurized and sealed with standard fittings. To displace the polymer film and flow through the device from Connections B and C, a process flow must reach the pressure on the Connection A side of the device and imparting this pressure upstream of the back pressure regulator. 
Where elevated or variable pressures occur in operations downstream that may affect or prevent the separation of liquid phases by differential pressure for permeation within membrane-based liquid-liquid separators. A differential pressure regulator can be used to equalize the pressure between the permeate and retentate outlets. This could be implemented with a commercial differential pressure regulator, or the back pressure regulator shown in Figure 1. For the regulator shown in Figure 1, by connecting a branch (using a standard T fitting) from the outlet line whether retentate or permeate from the separator with the higher downstream pressure, to Connection A in Figure 1 above. The device will set pressure of the any stream flowing through Connections B,C, in the bottom part of the device to the operating pressure of the line connected to Connection A. Therefore, achieving differential pressure regulation and mitigating the effects of problematic downstream pressure or variable process related pressure sources.
In such a case a second BPR on the retentate side upstream of a differential pressure regulator will also be needed to set the differential transmembrane pressure in the system to drive separation of phases within the liquid-liquid separator.
3. Parts for separator construction
Tubular ePTFE membranes with outer/inner diameters of 3.00/2.10, 6.35/3.00 and 12.7/9.53 mm were used for all separators in this work. Swagelok parts used for the construction of typical lab scale and larger scale separators are below. An additional example in corrosion resistant alloy is also given with some other manufacturer part numbers.
The amount of housing tubing required will vary with the desired length of separator. Short tubing sections are also required to connect the reducing unions to the union tees, these should be kept as short as possible to reduce the dead volume of the system, run tees can also reduce the dead volume.
3.1 Stainless steel housing for separator with 3.00 mm O.D. membrane, 6.35 mm O.D. outer tube
Union tee, 1/4 in. tube O.D., part number SS-400-3 (2 required).
Bored through tube fitting reducing union, 1/4 in. x 1/8 in. tube O.D., part number SS-400-6-2BT (2 required).
PTFE ferrules, 1/8 in., for inner membrane consisting of front ferrule, part number T-203-1, and back ferrule, part number T-204-1. (2 of each required).
Possible tubing:
Stainless steel tubing, 1/4 in. O.D., 0.035 in. wall, part number SS-T4-S-035-6ME. Gives gap of approximately 0.9 mm.
Stainless steel tubing, 1/4 in. O.D., 0.049 in. wall, part number SS-T4-S-049-6ME. Gives gap of approximately 0.4 mm.
Using equivalent 3/8 in. fittings would allow for gap sizes greater than the above.
3.2 Stainless steel housing for separator with 6.35 mm O.D. membrane, 12.7 mm O.D. outer tube
Union tee, 1/2 in. tube O.D., part number SS-810-3 (2 required).
Bored through tube fitting reducing union, 1/2 in. x 1/4 in. tube O.D., part number SS-810-6-4BT (2 required).
PTFE ferrules, 1/4 in., for inner membrane consisting of front ferrule, part number T-403-1, and back ferrule, part number T-404-1. (2 of each required).
Possible tubing:
Stainless steel tubing, 1/2 in. O.D., 0.035 in. wall, part number SS-T8-S-035-6ME. Gives gap of approximately 2.3 mm.
Stainless steel tubing, 1/2 in. O.D., 0.049 in. wall, part number SS-T8-S-049-6ME. Gives gap of approximately 1.9 mm.
Stainless steel tubing, 1/2 in. O.D., 0.065 in. wall, part number SS-T8-S-065-6ME. Gives gap of approximately 1.5 mm.
Stainless steel tubing, 1/2 in. O.D., 0.083 in. wall, part number SS-T8-S-083-6ME. Gives gap of approximately 1.1 mm.
Using equivalent 3/8 in. fittings would allow for smaller gap sizes than the above.
3.3 Stainless steel housing for separator with 12.7 mm O.D. membrane, 19.05 mm O.D. outer tube
Female run tee, 3/4 in. tube O.D. x 3/4 in. female NPT x 3/4 in. tube O.D., part number SS-1210-3TFT (2 required).
Bored through tube fitting, 1/2 in. tube O.D. x 3/4 in male NPT, part number SS-810-1-12BT (2 required).
PTFE ferrules, 1/2 in., for inner membrane consisting of front ferrule, part number T-813-1, and back ferrule, part number T-814-1. (2 of each required).
Possible tubing:
Stainless steel tubing, 3/4 in. O.D., 0.049 in. wall, part number SS-T12-S-049-6ME. Gives gap of approximately 1.9 mm.
Stainless steel tubing, 3/4 in. O.D., 0.065 in. wall, part number SS-T12-S-065-6ME. Gives gap of approximately 1.5 mm.
3.4 Alloy C-276 housing for separator with 6.35 mm O.D. membrane, 12.7 mm O.D. outer tube
Union tee, 1/2 in. tube O.D., part number HC-810-3 (2 required).
Bored through tube fitting reducing union, 1/2 in. x 1/4 in. tube O.D., part number HC-810-6-4BT (2 required).
Ferrules, 1/4 in., for inner membrane consisting of front ferrule, part number HC-403-1, and back ferrule, part number HC-404-1. (2 of each required).
Possible tubing:
Corrosion resistant tubing, 1/2 in. O.D., 0.035 in. wall, McMaster-Carr part number 2160T16, gives 2.3 mm gap.
3.4 PTFE housing for separator with 6.35 mm O.D. membrane, 12.7 mm O.D. outer tube
Union tee, 1/2 in. tube O.D., part number T-810-3 (2 required).
Bored through tube fitting reducing union, 1/2 in. x 1/4 in. tube O.D., part number T-810-6-4BT (2 required).
PTFE ferrules, 1/4 in., for inner membrane consisting of front ferrule, part number T-403-1, and back ferrule, part number T-404-1. (2 of each required).
Possible tubing:
PFA tubing, 1/2 in. O.D., 0.062 in. wall, part number PFA-T8-062-100.

4. Images for the scale-up separator
Image 2 presents the scale-up separator, which has a stainless steel tubing with an O.D. of 19.05 mm (0.75 in.), a wall thickness of 1.65 mm (0.065 in.). This separator has a membrane of 12.7 mm (0.5 in.) O.D. and a density of 1.15 g/cm3. The annular gap is 1.5 mm. The length from the exposed membrane (centre to centre of the tee’s) is 79 cm. 
[image: ]
a)

Length is 79 cm

Non-Wetting phase outlet
Multiphasic feed

Capped end permeateside
Wetting phase outlet
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[image: ]
[image: ]


Figure 2 presents the scale-up separator, which has a stainless steel outer tube with an O.D. of 19.05 mm (0.75 in.) and a wall thickness of 1.65 mm (0.065 in.). This separator has a membrane of 12.7 mm (0.5 in.) O.D. and a density of 1.15 g/cm3. The annular gap is 1.5 mm. The length from the exposed membrane (centre to centre of the tees) is 79 cm.
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