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A prototype continuous-flow liquid—liquid extraction system
is reported. By harnessing several open-source software
libraries, a computer control script was written using the
Python programming language. Using a ‘computer-vision’
approach, this allowed the computer to monitor the interface
level between the organic and aqueous phases using a simple
webcam setup and (by dynamically controlling pump flow
rate) to keep this interface within defined limits. The system
enabled the efficient ‘inline’ extraction of excess reagent in
hydrazone formations, dithiane formations and epoxidations.
The initial results of dispersion measurement are also
presented.

Flow chemistry is emerging as a powerful enabling and transfor-
mational technology in chemical synthesis.! One of many advan-
tages, compared with batch processing, is the potential for
enhanced safety since only a small fraction of the reactants are
being processed at any one time, making flow chemistry attrac-
tive for processes which involve hazardous intermediates or high
temperatures and pressures. Also, as reactions are scaled over
time rather than space, this leads to the scale-invariance of key
factors such as residence or mixing times and interfacial mass/
heat transfer (which depend heavily on surface-area to volume
ratios), providing scope for greater reproducibility and control.
Furthermore, the possibility of inline purification (e.g. scaven-
ging,” phase-switching®) minimises labour intensive operations
(such as chromatography) and thereby accommodates the use of
excess reagent to drive reactions to completion. Solid supported
reagents, which remove unwanted species by inline capture,
have dominated this aspect of flow chemistry, and a wide range
of supported functionalities are now available. However, while
these materials remain the reagent of choice for many appli-
cations, they do have certain limitations in some circumstances.
Aside from the high increased per-mole cost compared with
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solution-phase equivalents,* their depletion over time negates the
time/scale invariance benefits of flow chemistry, especially at
larger scales. Simply increasing the amount of solid-supported
reagent (to allow scale-up or sequential runs) leads to unwanted
and scale-dependent dispersion/diffusion effects. As the solid-
supported reagent cannot normally be processed/recycled con-
tinuously (without complex parallel regeneration schemes) such
systems cannot be operated in a truly continuous fashion. Solid
supported catalysts, which do not suffer from depletion, have
also been used successfully in continuous flow chemistry.’
Given the ease with which liquid-liquid separations are incor-
porated into batch laboratory processes, and the fact that liquids
can easily be processed continually using pumps, this mode of
separation (which is commonly employed in large scale indus-
trial processes)’ has been used in surprisingly few laboratory-
scale flow chemistry processes. Although systems which use
selective wetting of expanded porous PTFE (and other porous
materials) and related phenomena have been used to separate
aqueous and organic biphasic mixtures,” their operation often
requires quite careful control of the pressure differential across
the membrane, placing limitations on their use. Additionally,
such systems do not easily allow the separation of immiscible
organic liquid pairs (e.g. MeCN-hexane, fluorous—non-
fluorous®). We sought therefore to develop a general purpose,
operationally simple continuous-flow liquid-liquid extraction
system that could be used with any immiscible pair of liquids.
By using relatively cheap and readily available hardware, in
combination with open-source software, we aimed to make the
system as accessible as possible for others to use, modify and
improve freely. The simplest way to separate two immiscible
liquid phases with different densities is to use gravity. However,
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Fig. 1 Basic schematic for a continuous-flow liquid-liquid extractor.
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to apply this in continuous flow,” several issues need to be
addressed. Firstly, after mixing, the phases must separate rapidly
to ensure complete partition before the point of division. Sec-
ondly, the dimensions of the gravity-separation vessel have to be
sufficient to allow the phases to overcome surface forces which
dominate at very small scales. This will naturally introduce a
certain degree of dispersion/mixing. A significant advantage of
such a system, compared with solid supported reagents, would
be that, by minimising and fixing these volumes, any dispersion
will be scale-invariant.

The ability to accurately predict and control dispersion is
important for multistep continuous-flow processes where
reagents for downstream reactions need to be mixed into the
flow stream with matching of stoichiometry.'” The basic outline
of our system, if the desired product is in the heavy phase (e.g.
DCM) and the by-products/reagents are in the light phase (e.g.
aqueous), is shown in Fig. 1 (the opposite configuration is of
course also possible). The light and heavy phases are pumped
through narrow-bore tubing, mixed together at a junction and fed
into a mixer which should rapidly emulsify the two phases to
enable efficient extraction. The emulsion passes into a section of
narrow bore tubing, where it should instantly reform a biphasic
flow stream, before passing into the separation vessel where light
and heavy phases separate under gravity. A key consideration
here is control of the interface position, which must remain in
the separation vessel at all times. Although this could be
attempted by accurately matching the flow rates of the light-
phase-in and light-phase-out streams, during operation the
volume of the light-phase-out may change significantly with
respect to the light-phase-in as material is extracted from the
heavy-phase. We aimed to use a feedback loop to the control cir-
cuitry in order to dynamically adjust the flow rate of the light-
phase-out stream, keeping the interface at the desired position.
This should set up a ‘steady-state’ for the volume of the light
phase. The heavy-phase, added to this steady light-phase state,
will then exit the system through the outlet at the bottom of the
separation vessel at the same rate at which it enters the separ-
ation vessel.

We first addressed the dimensions of the separation vessel.
Whilst keeping its width to a minimum would minimise mixing
volume (and therefore reduce dispersion), the use of too narrow
a vessel left the phases without room to settle properly. We
found that a vertical cylinder with a 10 mm diameter was suffi-
cient to facilitate separation of a segmented flow of DCM—water
(and other immiscible combinations, e.g. Et,O—water, EtOAc—
water). We then turned our attention to the mixing and sub-
sequent settling of the two phases. Rapid mixing was achieved
using 4 small PTFE coated cylindrical magnets in a 4.7 mm bore
tube (placed directly on a magnetic stirrer) through which the
biphasic mixture was passed.'' This was sufficient to emulsify a
segmented flow of DCM—water in less than a second. Pleasingly,
upon exiting the mixer through the narrow bore tubing at the
outlet, the emulsion immediately separated into segmented flow
again. With regard to control of the interface position, whilst it
would be possible to measure some physical difference between
the phases (e.g. refractive index,'? conductivity/impedance, etc.)
to detect this, we considered that direct monitoring of the inter-
face itself would lead to far greater generality. To achieve this,
we developed a ‘computer-vision’ system, using a cheap and

readily available web-cam to ‘see’ the interface. The software we
wrote to accomplish this'® was written using the Python pro-
gramming language'* and made use of several powerful open-
source and freely distributed libraries including Numpy,'®
OpenCV'® (computer-vision), VideoCapture'” (Python connec-
tion to Web-Cam), Python-Imaging-Library'® (Image file
manipulation) and PySerial'® (Python serial communication). To
simplify recognition of the interface position, we used a small
ball of green plastic that had a density in-between that of the
light and heavy phases (ca. 1:1 polymer melt of polyethylene
and polymethoxyacetal worked well for aqueous-DCM), so that
it would sit at the interface. The software allowed setting of
reference points and selection of the coloured float.

During each run, several image-processing algorithms process
frames sent from the web-cam to filter pixels based on the hue of
the reference object, and then find the ‘centre of mass’ of the
largest object with the correct hue.?® This was used to calculate
the height of the interface between the reference points and
control the speed of the light-phase-out pump via a serial inter-
face. Due to the well documented serial communication protocol
available,”’ we opted to use two New-Era syringe pumps*
working as a dual-piston push—pull pair as the light-phase-out
pump. In principle, any pump capable of receiving serial com-
mands can be used. The feedback system, which was unopti-
mised, was able to keep the volume of the heavy phase in the
separator steadily at 0.25 cm® for long periods of time, affording
minimal mixing/dispersion.”® With the required machine com-
ponents in hand, we chose as the initial reaction for study the
simple condensation of benzaldehyde 1a with phenylhydrazine 2
to form the hydrazone 3a, using excess hydrazine with the alde-
hyde as the limiting reagent. Pyridinium toluenesulfonate (PPTS,
2 mol%) was also used as a catalyst. Aqueous 1 M phosphoric
acid was used to extract the excess hydrazine. The flow setup
used is shown in Fig. 2. The aldehyde—PPTS and hydrazine
solutions were delivered via loading loops into two streams of
DCM which meet at a t-piece.

Using a higher volume loop for the hydrazine, and injecting
this slightly ahead of the aldehyde, ensured that the limiting
aldehyde component was never present in the reaction loop
without excess hydrazine also being present. The flow rate and
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Fig. 2 Flow setup used for hydrazone formations.
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volume of the residence loop were sufficient to give complete
conversion (in 48 s). For several substrates, some turbidity was
apparent in the reaction stream at the concentrations used. By
using tubing/connectors with internal cross sections of 1 mm,
blocking was avoided. The product stream meets the aqueous
phosphoric acid stream at a t-piece and passes into the mixer, the
output of which is fed into the separator vessel and the heavy
DCM phase is collected. The product was recovered in quantitat-
ive yield simply by removing the solvent under reduced pressure.
"H/"*C NMR spectra revealed the product to be analytically
pure. These conditions were used for the formation of a series of
hydrazones (Table 1), all with complete conversion and formed
in practically quantitative yield. The system was then applied to
a second reaction, the epoxidation of a series of allylic alcohols
with excess m-CPBA. The excess m-CPBA and its by-product
were extracted with an aqueous solution of sodium thiosulfate
and sodium Dbicarbonate. A residence time of 10 min
was required to give complete conversion. Again, product iso-
lation was achieved simply by removal of solvent under
reduced pressure and all the epoxides prepared were
analytically pure and were isolated in practically quantitative
yield (Table 2).

Table 1 Results of continuous flow hydrazone formation

As a further example of the application of this new separator,
the BF; promoted formation of dithianes from aldehydes and
1,3-propane dithiol (excess) was carried out (Table 3).

The aldehyde stream and the propane-dithiol-BF; stream were
allowed to react for 60 s, before mixing with a stream of
aqueous sodium hydroxide to quench the reaction and extract the
excess dithiol. That the dithiol had been efficiently extracted
from the product stream was apparent from the lack of odour
associated with the compound. 'H/'*C analysis also revealed
that the products were indeed analytically pure. During these
reactions, the presence of product in the outlet was monitored
qualitatively by TLC. However, we sought to obtain a guantitat-
ive picture of the relationship between the volume of the heavy-
phase in the separation vessel and the nature of the dispersion.
To observe and record dispersion caused by mixing in the separ-
ation vessel, we used a dilute solution of the red dye Sudan IV in
DCM, and a cheap USB-‘microscope’ to monitor the intensity of
colour in the outlet tubing (Fig. 3).

There are several methods to calculate colour intensity from
data in image files, depending on the file format. The approach
we took was to calculate the proportion of total red channel
values in the red, green and blue channels of RGB images
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Table 2 Results of continuous flow epoxidation using excess m-CPBA

Entry Substrate Product Yield

1 ©/\/\OH 4a 0 6a 99
Sam.

2 X-"0H 4b o 6b 100
C/(j/\OH

3 X" 0H 4c O 6¢ 98
moH

4 X-"0H 4d O 6d 99
SOl

“ m-CPBA was purified by column chromatography on silica gel prior to use. Substrate injected as a 0.1 M solution in DCM via a 4 mL loop, flow rate
0.25 mL min~". m-CPBA 5, 0.4 M solution injected (30 s prior to substrate) via a 5 mL loop, flow rate 0.25 mL min~". Residence time for reaction:
10 min (5 mL loop). Quench solution of 0.5 M Na,S,03;—NaHCOs3, flow rate 0.5 mL min~.

Table 3 Results of continuous flow dithiane formations”

Entry Substrate

Product Yield

o ¢

oD S
S
C S} 9b 98
Me
S

S:> 9¢ 98
S

“ Substrate injected as 0.5 M solution in DCM via a 4 mL loop, flow rate 0.5 mL min~". Propane dithiol 8 (1.0 M) and BF5-THF (0.75 M) injected
(30 s prior to substrate) as a combined solution via a 5 mL loop, flow rate 0.5 mL min~". Residence time for reaction: 1 min (1 mL loop). Quench

solution of 2 M NaOH, flow rate 0.5 mL min .
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Fig. 3 Flow setup for dispersion measurements.

(in which each pixel has three values, for red (R), green (G) and
blue (B) intensity respectively) of each video frame.?* As shown
in Fig. 4, the relationship between dye concentration and red
colour intensity is approximately linear with a regression R*
value of 0.998. The trace was obtained by injecting known dye
concentrations into the observed tubing, in 10% concentration
increments (of a 0.26 mM solution) every 60 s. Alternative
approaches using HSV (Hue, Saturation, Value) image files were
less fruitful. The camera assembly was isolated from ambient
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Fig. 4 Variation of ‘red intensity’ (R/(R+G+B)) with dye

concentration.

light (that might affect readings) using aluminium foil. The same
settings were used throughout. Shown in Fig. Sa are traces of the
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Fig. 5 Dispersion traces measured with a heavy phase volume of (a)
1 mL, (b) 0.5 mL and (c) 0.25 mL.

output colour intensity for a heavy-phase volume of 1 mL, with
a series of injection loop volumes (1 mL min~" flow rate). The
slopes at the beginning and end of each recorded trace are the
same for all injection volumes, as expected. Similar traces for
0.5 and 0.25 mL heavy-phase volumes are shown in Fig. 5b and
Sc. With smaller heavy-phase volumes, the rise and decay slopes
are steeper, i.e. less dispersion. With a 15 mL injection loop and
a 0.25 mL heavy-phase volume, the observed intensity trace is
almost identical to the trace from the control run bypassing the
separator (orange trace Fig. 5¢). The slope of the trailing edge of

=== observed

=== calculated
15 mL

=== bypassing

separator

Red Intensity (% of Max.)

\\

260 460 60‘0 860 10‘00 12‘00 14‘00
Time (sec)

Fig. 6 Observed and calculated (well-stirred-tank) dispersion traces.
Heavy phase volume of 0.25 mL, injection volumes of 1, 2, 5 and
15 mL, flow rate of 1 mL min™'.

the control run (the output from the injection loop without the
separator tank) is caused by axial dispersion within the tubing of
the injection loop itself, the dispersion caused by the separator
is therefore negligible. These traces show that, for a given injec-
tion volume, the output from the separator can be easily pre-
dicted with accuracy from previously recorded traces. It is also
possible to model the dispersion mathematically. In the simplest
‘well-stirred-tank’ model,? the rise/decay functions are exponen-
tial. Fig. 6 shows the observed and calculated traces (for uniform
‘rectangular’ input injections) with a 0.25 cm® heavy-phase
volume. To convert calculated concentrations to R/(R+G+B)
intensities, a quartic polynomial was fitted to the calibration
curve from Fig. 4, using a Vandermonde matrix interpolation.
However, the difference between this and using the linear
approximation, i.e. concentration (as % of max) =~ intensity (as
% of max), was negligible. There is fairly good agreement
between calculated and observed traces, especially at the start of
the run. As can be seen from the control trace for the 15 mL
loop in the absence of the separator altogether (green), the major
difference at the trailing edges is actually due to dispersion
inherent to the injection loops themselves, which could be mod-
elled with a more detailed mathematical analysis and/or
measured for any given injection loop.

The mixer used in this study, which was not optimised to
minimise volume, will also provide some degree of dispersion
(which we did not measure) and we are currently investigating
the use of low-volume low-dispersion mixers.

In conclusion, this proof-of-concept study establishes the
operation of a novel general-purpose system for continuous flow
liquid—liquid extraction which uses a ‘computer-vision’ based
approach to dynamic flow control. It was used successfully for
hydrazone formations, alkene-epoxidations and dithiane synth-
eses, where the excess reagent was efficiently extracted into an
aqueous stream to afford complete conversion to pure products
that were isolated in very high yield simply by removal of
solvent under reduced pressure. In addition to equipment that is
commonplace in research laboratories, the system uses relatively
cheap and readily available technology along with open-source
software libraries so that the technique could easily be

This journal is © The Royal Society of Chemistry 2012
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implemented in any typical laboratory with a minimum of tech-
nical ability (see ESIY).
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Color-Based-Object-Tracking (last accessed 6/7/2012).

For another Python script that interfaces with New-Era syringe pumps
see: http:/new-era-pump.readthedocs.org/en/latest/ (last accessed 6/7/
2012).

New Era Pump Systems, Inc., 138 Toledo Street, Farmingdale, NY
11735-6625 (pumps were supplied by the UK distributor: World Pre-
cision Instruments, 1 Hunting Gate, Hitchin, Hertfordshire, SG4 0TJ,
UK).

An approximately proportional control method was used in the code. The
high and low pump speeds were capped, at 900 and 0.1 ml min~" respect-
ively, for operational reasons. Detailed quantitative investigations into the
responsiveness of alternative control algorithms are ongoing and will be
reported in due course.
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