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1 Introduction

The FLLEX module enables Flow Liquid-Liquid EXtraction for the AFRICA automated flow
chemistry system. This document summarises how the FLLEX works, how it can be
connected into the AFRICA system, benefits and applications.

The FLLEX module enables Flow Liquid-Liquid Extraction for the AFRICA automated flow
chemistry system. The module is normally connected after a reaction stage so that the
output stream from the reaction chip is contacted with an immiscible wash stream. After
contacting the two streams are separated in the FLLEX before being collected or passing
onto other processes. The liquid-liquid extraction or liquid-contacting process results in
removal of unwanted compounds from the reaction mixture.

The module consists of a contactor, a separator, two optical sensors to monitor output
stream purity and two back pressure regulators to accurately control fluid pressure.
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2 Connecting the FLLEX into an AFRICA system

The diagram below shows how the FLLEX may be connected into an AFRICA system.

>
R t

Reaction Collection
chip

Reagent | '
pump
Reagent \ ) \ ) Waste
pump

INPUTS OUTPUTS

Input and output fluid connections are made with 1/4” — 28 UNF Omnifit gripper fittings as
shown below:

Omnifit gripper end

fitting (1/4"-28) Omnifit gripper end

fitting (1/4"-28) with
long compact head
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3 Reaction Manager software and FLLEX

Reaction Manager software supports the FLLEX allowing experiment layouts to be designed

with reaction stages and FLLEX stages connected in series. Compound synthesis can be

followed by a rapid liquid-liquid extraction work-up:

The FLLEX can also be run in stand-alone mode allowing work-up of a library of compounds
or alternatively for optimising a liquid-liquid extraction process. Stand-alone mode is shown

below:

KEY TO SYMBOLS:

Pump with solvent or
reagent reservoir

Reaction Chip

FLLEX

Product collection
module (auto-sampler)

Waste collection
reservoir

Reagent Injection
Module

Product collection
reservoir
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4 How does the FLLEX work?

When Liquid-liquid extraction is carried out in a test tube or flask the two immiscible phases
are shaken together to allow molecules to partition (dissolve) into the preferred solvent
phase. This is illustrated below:

Aqueous
solvent
Organic
solvent
Add clean immiscible Shake or stir to Phases settle and
aqueous solvent allow molecules to separate with
phase partition gravity

In the FLLEX the two immiscible liquid phases flow together along a contacting pipe as
shown below:

Organic input Organic output
stream stream

v

1) Immiscible 3) Molecules rapidly
streams brought into partition (dissolve)
/ contact at flow into the preferred
T - junction solvent phase
FLLEX
SEPARATOR

e

2) Slug flow occurs in
a pipe with internal
diameter 0.25mm

t v

Aqueous input Agqueous
stream output stream

The phases form alternate slugs in the contacting pipe. This is called “slug flow”. The internal
diameter of the contacting pipe is 0.25mm. At this scale diffusion of molecules between the
immiscible slugs occurs rapidly. Tests have shown that full partitioning of molecules into the
preferred solvent phase occurs in less than 3 seconds.
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4.1 FLLEX separation technology

The slug flow stream formed in the contactor is separated into organic and aqueous streams
in the separator. This is illustrated below:

d .

Organic Organic
input — ) output
stream /#\ > stream
Aqueous ¢ Aqueous
input || w output
stream stream

sugfiow < )y Ly

stream Contactor Separator Optical Back-pressure
sensors regulators

Separation is achieved by passing the slug flow stream over a porous PTFE membrane.
This occurs inside the separator chip. The porous PTFE membrane is hydrophobic and
repels the aqueous slugs but allows the organic stream to pass through. This results in
separation with the organic stream passing out through the top of the separator and the
aqueous stream passing out through the base of the separator. The separation is assisted
by a small cross membrane pressure (100mbar) generated by the two back-pressure
regulators

Separator chip Magnified image of the porous PTFE
membrane (pore size is 0.22 m)

4.2 Separation failure detection and optimisation

During operation the optical sensors in the FLLEX monitor the purity of the two output
streams. If aqueous solvent slugs pass out through the organic outlet a separation failure
warning will be raised. If organic slugs pass out through the aqueous stream a separation
failure warning will also be raised.

This type of separation failure can occur when there are high levels of cross dissolution
between the two solvent phases. To resolve this, the FLLEX can optimise the separation
conditions by varying the cross membrane pressure whilst monitoring outlet stream purity.
Alternatively cross membrane pressure can be adjusted manually.
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5 FLLEX specification

No. | Description Value for FLLEX
separator chip A
1 Maximum organic flow rate range 250-500pl/min
2 Maximum aqueous flow rate range 250-500pl/min
3 Leakage rate from separator 0.2 — 1pl/min
4 Wetted materials Glass, PTFE, FEP
and PEEK.
Internal volume of FLLEX (with chip A) 100pl
Input fluid pressure at 500ul/min total flow rate 0.5 Bar + BPR
pressure
Cross membrane pressure range -50 - 400mBar
BPR pressure range 0-9Bar
Gas supply pressure range (Air, Argon or Nitrogen) 4-10Bar
10 | Power supply 110-240V AC, 50-
60Hz
11 | Communications USB
12 | Width x height x length of unit 165mm x 180mm X
425mm
13 | Weight of unit 5kg

These figures assume solvents with a viscosity range cP = 0.5 -1.5

5.1 Solvent compatibility
The FLLEX has been tested with a wide range of organic solvents including:

During tests these solvents have been paired with water and aqueous solutions including 2M

1,2 - Dichloroethane
Dichloromethane
Dimethylformamide
Ethyl Acetate
Heptane
Tetrahydrofuran
Toluene

Pentane

acids and bases and salts. The FLLEX can also handle solvent pairs:

With significant levels of miscibility

Where there is a third solvent present that is miscible with both solvent phases

Where both phases are organic solvents, for example Heptane / methanol and

Pentane / Acetonitrile

The FLLEX cannot separate solvent combinations that are completely miscible.
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6 FLLEX benefits

The main benefits of the FLLEX module are:

Integration of liquid-liquid extraction into flow reactor systems
Low sample size range with manual sample loops

Very low sample size range with the Reagent Injection Module
Minimal time delay between reaction and work-up

Fast work-up with small samples

Reduced emulsion formation

Technique does not dependent on gravity

Wide flow rate ratio range

6.1 Integration of FLLEX with flow reactor systems

The FLLEX is the only flow liquid-liquid extraction product available. All other products work
on samples in test tubes or vials (batch). For library synthesis liquid-liquid extraction can be
a significant bottleneck. Producing a library of 100 x 1ml samples on the AFRICA synthesis
system would take a long time to work-up accurately by hand.

6.2 Low sample size range with manual loops

The fluidic layout below shows the FLLEX run in stand-alone mode with manual sample
loops for reagent injection. The sample size range for this system is 10-0.5ml.

Going below 0.5ml sample size with manual sample loops may result in inaccurate collection
timing in the PCM. This could be overcome by setting the collection volume greater than the
injection volume or by making up some smaller custom loops, e.g. 0.5ml or 0.25ml.

6.3 Very low sample size range with the Reagent Inj  ection Module

The Reagent Injection Module (RIM) has been designed to handle samples in the 0.1ml
range. This could be used to feed the FLLEX as shown in the diagram below for stand-alone
operation. The % dispersion of a 0.1ml slug passing through the system will be higher than a
1ml sample but this could be overcome by collecting a little bit extra, e.g. 0.125ml - 0.15ml.
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RIM loop with PCM collects
0.1ml sample 0.125-0.15ml

Currently work-up of a 0.1ml sample by liquid-liquid extraction can only be done manually
and requires significant skill. The RIM and FLLEX allow automation of workup in this volume
range.

6.4 Minimal time delay between reaction and work-up

By running a reaction step and FLLEX step in series the time between fluid leaving the
reaction chip and entering the FLLEX is very low. In the example below, assuming a flow
rate of 100 I/min, the time between reaction and work-up would be around 6 seconds:

In this rapid processing environment the FLLEX could be used to remove reaction by-
products and prevent unwanted side reactions. Alternatively the FLLEX could be used as a
reaction quench step to remove one of the starting materials to stop the reaction.

6.5 Fast work-up with small samples

The internal volume of the FLLEX is approximately 100 I. This can be split into:

60 [ for the organic stream
40 | for the aqueous stream

At a high organic flow rates, e.g. 250 I/min the residence time for an element of fluid passing
through the FLLEX = (60 1)/(250 I/min) = 14.4 seconds. This is very fast for a liquid-liquid
extraction process, however we need to consider the time for carrying out liquid-liquid
extraction on a sample / slug. Considering the ‘stand-alone’ set-up below:
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If the sample loop volume is 1ml and our slug is also 1ml and we are running at 250 |/min,
then:

Time for sample to leave sample loop = (1000 1)/(250 I/min) = 4 minutes
Time for sample to pass through the FLLEX = (60 [)/(250 |/min) = 14.4 seconds

Time to pass through tubing in system approx = (50 1)/(250 I/min) = 12 seconds
(assuming low ID tube)

Total time = 4.5 min
Smaller sample volumes result in reduced work-up time:

RIM loop with PCM collects
0.1ml sample 0.125-0.15ml

As mentioned the RIM will be able to handle samples down to 0.1ml. Assuming a flow rate of
250 I/min, then:

Time for sample to leave sample loop = (100 1)/(250 I/min) = 24 seconds
Time for sample to pass through the FLLEX = (60 [)/(250 I/min) = 14.4 seconds

Time to pass through tubing in system approx = (50 1)/(250 I/min) = 12 seconds
(assuming low ID tube)

Total time = 50 sec

The time taken for the RIM to deliver samples to the sample loop will limit the throughput of
this system.

FLLEX Sales and marketing information (External) 5-Apr-2006.doc Page
11 of 15



Syrris Ltd

6.6 Emulsion formation

The formation of emulsions during batch liquid-liquid extraction is a common problem.
Emulsions form when two phases are shaken in a test tube and then fail to separate out with
gravity.

Contacting in the FLLEX is a fairly gentle process, particularly at low flow rates:

Organic input
stream

v

Immiscible streams

at flow T - junction diameter 0.25mm

/ brought into contact Pipe internal

Slug length 0.5 - 2mm

Aqueous input
stream

This type of contacting should reduce or eliminate emulsion formation.

Note: We have not seen any emulsions formed in the FLLEX. We have not tested any
solvent combinations that are know to form emulsions yet.

6.7 Separation technique does not dependent on grav ity

This provides some significant benefits over manual work-up and other automated
techniques:

After shaking and settling solvent phases in a vial it is sometimes difficult to tell which
phase is which. The presence of a solute can change the density of the solvent
phase. In some cases the two phases swap positions after they have been shaken.

Some solvent pairs don’t separate into clean top and bottom layers. For example
DCE and water have similar densities and end up distributed over the walls of a vial
or test tube. Also some solvents phases sit in a sphere on top of the other with the
meniscus made up of the lighter phase.

6.8 Wide flow rate ratio range

The FLLEX is specified and tested with the following flow rate range:
(Organic input flow rate) : (Aqueous input flow rate) =4:1->1:4

Tests on a few solvent combinations showed that a wider range is possible:
10:1->1:10

This may be useful for sample concentration applications.
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7 Application examples
Some example applications for the FLLEX are discussed below.

7.1 Library synthesis and work-up in series
Different reagents are introduced with the RIM and then worked up with the FLLEX:

The FLLEX can also be used to remove by-products between reaction steps as shown
below:

1,
. T

Multiple FLLEX steps are also possible as are back extractions. Reaction Manager 1.0 does
not support multiple FLLEXs in a layout.
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7.2 Process development of liquid-liquid extraction processes

The diagram below shows how a liquid-liquid extraction process could be optimised with
respect to:

1. Organic / aqueous flow rate ratio in the FLLEX
2. Type of aqueous wash solution
3. Concentration of aqueous wash solution (via dilution mixing-T)

By varying these three things a three dimensional matrix of data points could be produced
for optimisation purposes. By adding extra FLLEX or reaction stages the number of variables
could be increased further.

The main benefits of using this system for optimisation are fast data output and low reagent
consumption.

FLLEX HPLC
ORG 1 Analysis
AQ

7.3 Separation of streams after a biphasic reaction

Bi-phasic reactions between two immiscible liquid streams may be run in flow reactors. One
of the benefits of using a flow reactor is the high surface area between the two solvent
phases and high diffusion rates of solute molecules. The diagram below shows two liquid
phases flowing in a FEP tube reactor, 0.4mm ID.

The output of this type of reaction could be fed into a FLLEX to recover the phase of interest.
This may require a few changes to Reaction Manager 1.0.

Example reactions:
Nitration of Benzene or Toluene
Diazocoupling reaction, see: http://pubs.rsc.org/ej/CC/2001/b106494k.pdf
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