Volume 4 | Number 9 | September 2019 | Pages 1495-1690

Reaction Chemistry
& Engineering

Linking fundamental chemistry and engineering to create scalable, efficient processes
rsc.li/reaction-engineering

iy -
i ,~J

ISSN 2058-9883

I »
ROYAL SOCIETY

Celebrating
OF CHEMISTRY PAPER

2019 John C. deMello et al.
An improved liquid-liquid separator based on an optically
n monitored porous capillary



Open Access Article. Published on 03 June 2019. Downloaded on 1/24/2026 10:14:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Reaction
Chemistry

&
Engineering

ROYAL SOCIETY

OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: React. Chem. Eng., 2019,
4, 1579

Received 1st April 2019,
Accepted 26th April 2019

DOI: 10.1039/c9re00144a

An improved liquid-liquid separator based on an
optically monitored porous capillaryt

Andrew J. Harvie, ©2 Jack O. Herrington @®°® and John C. deMello ®*2

We report an easily assembled, high performance liquid/liquid separator constructed from a drilled-out
block of aluminium, a short length of porous polytetrafluoroethylene tubing, and a small number of off-
the-shelf components and 3D-printed parts. The separator relies on the two incoming liquids having differ-
ent wettabilities to the wall of the porous capillary, with the more strongly wetting liquid leeching through
the porous wall while the other liquid passes unhindered through the interior channel. To achieve com-
plete separation of the two phases, the fluid streams at the separator outlets are monitored optically, and
the back-pressure at one outlet is iteratively adjusted using a motorised needle valve until smooth time-
invariant signals are recorded at both outlets. The separator may be applied to many pairings of immiscible
liquids over a broad range of flow rates, automatically establishing complete separation within minutes of
activation and adjusting dynamically to subsequent changes in the flow conditions. The separator - whose
performance is competitive with far costlier commercial systems - is released here as open hardware, with

rsc.li/reaction-engineering

Introduction

Separating intimate mixtures of immiscible liquids into con-
tinuous streams of their constituent liquids is a critical pro-
cess in flow-based chemistry." Key applications of liquid-lig-
uid separation include: (i) multistep chemistry,>* where it
may be necessary to switch repeatedly between segmented
flow and single-phase flow to carry out different steps of a re-
action; (ii) inline analysis," where moving from a segmented
flow to a single-phase flow can simplify detection; and (iii)
purification,>® where it is necessary to separate a target mole-
cule (in one solvent) from impurities (in the other) following
liquid-liquid extraction.

Phase separation in microscale systems is most effectively
achieved using wetting-based methods that exploit differences
in the tendencies of the constituent liquids to wet a surface or
membrane. One approach is to use micro-engineered struc-
tures to induce phase separation and coerce the two liquids
into following separate exit paths (as a result of one liquid
maximizing and the other liquid minimizing its contact with
an exposed surface).” "> Another approach, exploited in some
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technical diagrams, a full parts list, assembly instructions, and source code for its firmware.

commercial systems, is to use porous, planar membranes that
are selectively permeated by one of the two phases.'®*

In previous work”®>* we reported an alternative method
for separating immiscible liquids, using a commercially
sourced porous polytetrafluoroethylene (PTFE) capillary, see
Fig. 1a. Injection of a two-phase flow into the porous capillary
causes one phase - the wetting phase - to preferentially per-
meate the capillary wall, leaving a continuous stream of the
other phase - the non-wetting phase - to emerge from the
end of the capillary (the “through-outlet”, T). If the porous
capillary is encased in an outer jacket, the wetting-phase may
also be coerced into a continuous stream and extracted at a
second outlet (the “side-outlet”, S). In this way, continuous
separated streams of the two phases may be readily obtained
over a broad range of flow conditions using a wide variety of
liquid-liquid combinations, including aqueous-organic,
aqueous-fluorous and organic-fluorous mixtures.®

To achieve complete separation of the two liquids, the
back-pressures at T and S must be carefully controlled: if, for
instance, the back-pressure at T is too high, a fraction of the
non-wetting liquid will be forced through the capillary wall,
leading to its incomplete recovery at T; if it is too low, a frac-
tion of the wetting liquid will pass through the entire length
of the porous tubing without being depleted through the
wall, causing a mixture of the two liquids to emerge at T.
Hence, to achieve complete separation, a flow restriction
must be placed at the under-pressured outlet to establish an
appropriate pressure differential between the two outlets.
The correct choice of flow restriction depends on many

React. Chem. Eng., 2019, 4, 1579-1588 | 1579
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Fig. 1 Principle of capillary-based liquid-liquid separation. (a) The segmented flow is passed into a short length of porous PTFE tubing, causing
the wetting liquid to preferentially pass through the capillary wall into a jacket surrounding the capillary, where it is coerced into a continuous
stream and extracted via a side-channel (S); the non-wetting liquid passes through the porous capillary unaffected and emerges as a continuous
stream via the through-channel (T); (b) automation is achieved by monitoring each outgoing fluid stream with a constant intensity light-emitting
diode (LED) and a photodetector (PD), and iteratively adjusting a motorised needle-valve at T until smooth non-fluctuating signals are obtained at

both outlets.

factors, including the viscosities, densities and interfacial
tensions of the liquids in the incoming flow and the fluidic
resistance of the flow components downstream of the separa-
tor outlets (which are affected in turn by the flow rates of the
incoming liquids). Hence, to achieve complete separation,
the flow restriction must be carefully matched to the specific
liquids and conditions employed.

It follows that a fixed flow restriction will be effective only
over a limited range of flow conditions (outside of which im-
perfect separation will occur). In a recent paper,”> we showed
that complete liquid/liquid separation may be achieved over a
much wider range of flow rates by using a needle valve
coupled to a stepper motor to dynamically vary the flow resis-
tance at the under-pressured outlet, see Fig. 1b. The correct
setting of the valve was determined by monitoring the optical
transmittance of the fluid streams at the two outlets (using
amplified photodiodes), and iteratively modifying the valve
position until smooth time-invariant signals were observed at
both outlets. In this way, we obtained a fully automated sepa-
rator that could induce complete separation within minutes
without manual intervention. In this paper, we propose sev-
eral design modifications to reduce construction costs, sim-
plify assembly, and improve the performance of the auto-
mated separator, thereby elevating it from a proof-of-principle
prototype to a reliable and practical tool for flow chemistry.

Mechanical design

The most significant design change is the integration of the
jacketed separator into a single block of machined aluminium
(see Fig. 2 and S17) - a substantial simplification compared to
our previous modular design.>”> The machined block serves
several roles: it houses the porous capillary, it provides a
jacketing void-space around the porous capillary for collection
of the wetting phase, and it provides (three) tapped holes to
accommodate nut-and-ferrule-style fluidic connections to the
outside world. One connection is used to couple (non-porous)

1580 | React Chem. Eng., 2019, 4, 1579-1588

exterior tubing at the inlet to the rear-end of the porous capil-
lary; another is used to couple exterior tubing at the
T-channel outlet to the front-end of the porous capillary;
while the other is used to couple exterior tubing at the
S-channel outlet to the exit port of the jacketi (please refer to
the ESIf for full fabrication and assembly details). Using a
monolithic housing for the porous capillary offers several ad-
vantages over our previous modular design, including a sub-
stantially reduced component count, easier and quicker as-
sembly, a smaller spatial footprint, and improved ease of use;
it has also allowed us to reduce the jacketing volume around
the porous capillary to ~120 pL (down from ~210 pL in our
previous modular design), decreasing the space available for
problematic trapping of gas bubbles or liquid droplets - an
occasional cause of separator misbehaviour.

In addition to modifying the housing for the porous capil-
lary, we have also made several changes to the exterior
componentry, with a view to further simplifying the design,
reducing build costs, and improving reliability and ease of
use. The most notable changes are: the replacement of a
desktop personal computer (PC) by a microcontroller (uC);
the replacement of the stepper motor by a positional servo
(motor); and the replacement of the amplified photodiodes
by light-to-frequency (LTF) converters. The transfer of pro-
grammatic control from a desktop PC to a microcontroller al-
lows the new separator to operate in a fully autonomous
manner without the need for connection to a PC or other
hardware. The use of a multi-turn positional servo - whose
angular position is straightforwardly controlled by a pulse-
width-modulation (PWM) signal from a digital output pin of
the microcontroller - eliminates the need for a separate mo-
tor driver and allows for easy homing of the valve (to its
closed position) at the start of a run without external

1 The 45° angle of the S-channel exit hole provides a reasonably direct route
from the separator block to the sensor block, resulting in similar outlet-to-
sensor distances for both channels.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Annotated photograph of automated separator in T-mode configuration, comprising a machined aluminium separator block for inducing
phase separation, a sensor block containing an LED and two photodetectors (PDs) for optically monitoring the two output channels of the separa-
tor, and a motorised needle valve for controlling the back-pressure at the T-channel outlet. Note, DCM has been dyed with Sudan orange.

feedback sensors. And the use of (digital) LTF converters in
place of (analogue) amplified photodiodes provides better re-
silience to electrical inference from mechanised laboratory
equipment, increasing reliability. It also permits - if so de-
sired - the use of extremely low cost microcontrollers that
lack analogue-to-digital-conversion capabilities.

The automated separator comprises three discrete parts
mounted on a common 3D-printed base-plate (see Fig. 2 and
S2 and S37): a separator block (described above), a sensor
block for optically monitoring the outlet channels, and a
motorised needle valve for controlling the back-pressure at
the under-pressured outlet. The sensor block is a structured
piece of opaque plastic, containing two parallel holes through
which the outlet tubing from the T- and S- channels are sepa-
rately threaded, plus a third orthogonal through-hole that al-
lows light to pass through the two channels (see Fig. S4t). A
single light-emitting diode (LED) in the centre of the orthogo-
nal through-hole is used to illuminate both pieces of tubing;
and two light-to-frequency converters located at opposing
ends of the orthogonal through-hole are used to detect light
transmitted through the tubing. For convenience, we have
integrated the sensor block directly into the baseplate,
allowing the combined base-plate/sensor-block to be fabri-
cated in a single print run.

The motorised valve comprises a positional servo, an off-
the-shelf needle valve, and a simple home-made spline cou-
pling for transmitting torque between the servo and the
screw-head of the needle valve. The spline coupling is formed
from two interlocking halves that are free to slide across one
another along the axis of rotation (see Fig. 2 and ESIf),
allowing the coupling to adjust smoothly to the displacement
of the screw-head as it rotates. Fluidic connections to the
needle-valve are made using two additional nut-and-ferrule
connectors. Integrated fixtures in the base-plate allow for

This journal is © The Royal Society of Chemistry 2019

easy alignment and mounting of the motorised valve. A cir-
cuit diagram for the complete system is provided in Fig. S5.}

The full parts list is quite short, comprising the machined
separator block, a 60 mm section of commercially sourced po-
rous PTFE tubing, standard (non-porous) PTFE tubing, five
nut-and-ferrule connectors, an off-the-shelf needle-valve, a po-
sitional servo, a light-emitting diode, two LTF converters, a
simple microcontroller, and a low voltage DC power supply or
battery. The separator is intended to be used as a stand-alone
system, but the uC may optionally be connected to a PC (via a
serial interface) for data storage and visualisation purposes.
Manual assembly of the entire system is straightforward and,
with parts to hand, may be accomplished in less than thirty
minutes. The trickiest aspect of assembly is attachment of the
porous capillary to the fluidic connectors, but detailed in-
structions are provided in the ESL.f Owing to the simplicity of
the design and the low component count, the entire system
can be put together for less than £100 on a one-off basis (and
for much less when ordering parts in bulk).

Optimisation routine

The motor movement is controlled using a simplified version
of the algorithm reported in ref. 22. For the purpose of explana-
tion, we will suppose the separator is in use, with a two-phase
fluid stream entering its inlet and the motorised valve located
at the T-channel outlet (as in Fig. 2). If the liquid/liquid separa-
tion is perfect and a single phase is flowing uniformly through
each exit channel, the T- and S-channel photodetectors will
both generate stable, time-invariant signals. On the other
hand, if the separation is imperfect, at least one of the photo-
detectors will generate a fluctuating signal due to differential
absorption or scattering of incident light by the two-phase flow

React. Chem. Eng., 2019, 4, 1579-1588 | 1581
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(scattering is caused by the different refractive indices of the
two liquids, and so will occur even with colourless solutions).

The signal fluctuations in the S- and T-channels may be
conveniently quantified in terms of their relative standard de-
viations (RSD's), ys and yy (note, the RSD y of a signal is
obtained by dividing its standard deviation ¢ by its mean u: y
= o/p; a high RSD therefore indicates a highly fluctuating sig-
nal and vice versa). Assuming the chosen liquid/liquid combi-
nation is separable, four scenarios may occur: (i) the RSD
may be high in the S-channel and low in the T-channel, indi-
cating both liquids are passing through the wall of the po-
rous capillary and the valve (at T) should be loosened; (ii) the
RSD may be low in the S-channel and high in the T-channel,
indicating both liquids are passing straight through the po-
rous capillary and the valve should be tightened; (iii) the RSD
may be low in both channels, indicating good separation; or
(iv) the RSD may be moderately high in both channels, indi-
cating the valve is close to being in an acceptable position
but still requires some further tuning and/or stabilisation to
achieve complete separation.

In practice, there is a relatively broad window of valve posi-
tions that will give complete separation, which we refer to as
the “separation window”. The direction of valve rotation
needed to reach the separation window from a given starting
position may be readily identified by subtracting the RSD
value of the T-channel from the RSD value of the S-channel to
obtain a differential RSD Ay = ys — yr. If Ay is large and positive,
too much liquid is passing through the wall of the porous
capillary and the valve (at T) should be opened to reduce the
back-pressure at the end of the capillary; conversely, if Ay is
large and negative, too much liquid is passing straight
through the porous capillary and the valve should be tight-
ened. High values of |Ay| occur when the valve position is far
from the separation window, meaning a large angular rota-
tion is required to bring the system into a state of complete
separation. Close to the separation window |Ay| is smaller
and a smaller angular rotation is required. This suggests the
use of a simple iterative algorithm, in which the angular rota-
tion AV made within a single iteration scales linearly with Ay
such that AV = aAy, where « is a user-defined proportionality
constant. In practice we find it is beneficial to make two mod-
ifications to this general approach: firstly, we cap the maxi-
mum rotation at a value AV, to avoid repeated overshooting
of the separation window; and, secondly, we suppress valve
movements when the magnitude of the differential RSD is
smaller than a threshold value Ay, to avoid ‘twitching’ of
the valve position when the valve is already inside the separa-
tion window. The valve adjustment AV for a given differential
RSD value Ay is therefore given by the following equation:

min (aAy, +AV, . ), Ay > Ay,
AV =g(Ay)= 0 AV i SAY <AV, (1)
max (aAy,-AV,,.), Ay <=AY

1582 | React. Chem. Eng., 2019, 4, 1579-1588
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(Note, this is a simpler expression than the one we
reported in ref. 22, requiring the specification of fewer
user-defined parameters). Ay, is typically set to be slightly
higher than the differential RSD measured when both
channels are empty, i.e. when no liquid is present in the
system (and any fluctuations in the signals are therefore
due to intrinsic noise in the detection system); AV is
typically set to a small fraction of a full turn (here 80°);
while a - which determines how aggressively the valve re-
sponds to the measured differential RSD values - is chosen
empirically to give rapid convergence without ‘ringing’ of
the valve position (see ESIT). Once suitable values for Ayyin,
AVimax and o have been identified for one liquid/liquid
combination and flow rate, they can typically be applied
without adjustment to many other liquid/liquid combina-
tions and flow conditions.

The optimisation routine begins with the valve set to the
closed position, and all subsequent valve movements are
then made in accordance with eqn (1). To ensure fast conver-
gence, it is necessary in each iteration to update the valve po-
sition before the system has reached steady-state in the expec-
tation that repeated adjustments will quickly bring the
system into a state of complete separation (despite individual
measurements being made prematurely). For all of the data
reported below, a wait-time (¢4) of two seconds was imposed
after setting each new valve position (to allow time for the
valve to move to its new position and for the flow to partially
stabilise); four seconds’ worth of data was then acquired con-
currently from each channel at a sample-rate of 50 Hz; and a
new valve position was then set immediately using eqn (1)
before commencing the next iteration. The total time be-
tween each iteration (i.e. between the start of each valve ad-
justment) was therefore 6 s.

The optimisation routine continues to run even after
complete separation has been achieved. Hence, in the event
of an external disturbance that disrupts the separation, the
optimisation routine makes whatever adjustments are
needed from the current valve position V to restore the sep-
aration. (There is no need to wind the valve back to the
zero position and start again). Importantly, the optimisation
procedure is robust against occasional anomalies (“blips”)
in the measured signals due e.g. to gas bubbles passing
through one of the detection zones: minor blips are ig-
nored due to the minimum threshold for |Ay|, while larger
blips cause only a momentary adjustment to the valve posi-
tion that is rapidly corrected once the anomaly has
passed.§

The complete logic flow of the algorithm is summarised
in Fig. 3. All measurements reported below were obtained
using the formulation described in the flow chart with the
parameter values summarised in the adjacent table.

§ Note, if too many air bubbles are present in the liquid, an inline degasser may
be inserted before the separator to prevent spurious behaviour.

This journal is © The Royal Society of Chemistry 2019
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Close valve
V=0
v
Time delay
tq

v

Acquire time series from
each detector

Max rotation per iteration AV, 0 = 80°

Proportionality constant a =10000°

RSD threshold for valve rotation ¥ = 0.2 %

I, Is
1 Wait time before data acquisition ty=2s
Calculate RSDs, Duration of data acquisition tm=4s
differential RSD Sample rate f — 50 Hz
Y1 Vs
Ay =vs— 1 (b) Parameters for optimisation procedure
v
Calculate required
correction
AV = g(4y)
v
Set new valve position
V i=V+AV
Fig. 3 Details of optimisation procedure: (a) Flow chart summarising the automated procedure used to bring the system into a state of complete
separation: (i) the valve is closed and variables are initialized; (ii) a two-second delay is imposed; (iii) four-second traces are recorded at the T- and
S-channel outlets, and quantified in terms of their respective RSD values, yr and ys; (iv) the required adjustment AV of the valve position is deter-
mined from Ay = ys — y1, using eqn (1); (iv) variables are updated and steps (ii), (iii) and (iv) are repeated until the end of the run. (b) Table of parame-

ters used for optimisation procedure.

Results outlet is commonly the under-pressured outlet where the
needle-valve must be placed (see Fig. 4a and S6b¥). We refer to
this setup - in which the T-channel is the actively controlled
channel containing the valve and the S-channel is the passive
The need for the wetting phase to pass through the micron-  channel with no flow control - as the “T-mode” of operation.

scale pores of the porous capillary often results in a substan- To evaluate the T-mode performance of the separator, a
tially higher back-pressure at S than T, meaning the T-channel  segmented flow of dichloromethane (DCM) and water was

Evaluation of separator with an under-pressured T-channel
(“T-mode” operation)

(@) T-mode

(b) S-mode

Fig. 4 Photographs showing the two operating modes for the separator, achieved via a simple reconfiguration of the outlet tubing. The
motorised valve is always connected to the under-pressured outlet, so the T-mode configuration (a) is used when the T-channel is under-
pressured, and the S-mode configuration (b) is used when the S-channel is under-pressured. Note, DCM in S-channel has been dyed with Sudan
orange.

This journal is © The Royal Society of Chemistry 2019 React. Chem. Eng., 2019, 4, 1579-1588 | 1583
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used as a test system. DCM has the stronger affinity for PTFE
and is therefore the wetting-phase to be extracted through
the S-channel outlet, while water is the non-wetting phase to
be extracted through the T-channel outlet (note, the terms
“wetting” and “non-wetting” are intended to be relative
rather than absolute). The segmented flow was generated by
injecting each liquid into a separate input of a “two-in/one-
out” PTFE droplet generator at a flow-rate of 300 uL min™"
(see Fig. S7t), corresponding to a total incoming flow-rate of
600 pL min~'. The outlet of the droplet generator was
connected to the inlet of the separator block by a short
length of (non-porous) PTFE tubing.

Fig. 5a shows illustrative 4 s-traces for the T- and
S-channel signals at different stages of the optimisation run,
while Fig. 5b shows the differential RSD (blue line) and angu-
lar position (red line) versus time. At the start of the optimisa-
tion run (iteration zero), the valve is set to the fully closed po-
sition (V = 0) - forcing the entire two-phase fluid stream to
pass through the side-channel - which leads to a broadly
static signal at T (red line) and a strongly fluctuating signal
at S (blue line) (the static nature of the T signal reflects the
absence of liquid flow in the (closed) through-channel, while

(a) T-mode (600 pL/min)
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the irregular appearance of the S signal is characteristic of a
disordered two-phase flow, in which alternating slugs of the
two liquids are constantly crossing the detection zone). In
consequence, a large positive differential RSD value of ap-
proximately five percent is obtained which, for the optimisa-
tion parameters chosen, results in the maximum permissible
positive valve rotation of +80°. The RSD value is largely
unchanged at the next iteration (1), leading to another rota-
tion of +80°. It is only after the seventh successive +80°-valve-
shift (start of iteration 7) that the situation changes apprecia-
bly, with the fluctuations in the S-channel disappearing ex-
cept for a single prominent feature at ~3.8 s. This behaviour
indicates that the majority of the liquid passing out of the
S-channel is now DCM (the wetting phase), with only a small
amount of (unwanted) water leaking through. The change in
the appearance of the S-channel trace leads to an approxi-
mate five-fold reduction in the differential RSD to 1% but,
for the chosen proportionality constant (= 10 000°), this still
results in the maximum permitted valve shift of +80°. By the
start of the next iteration (8) the system is already close to
complete separation, with only occasional minor blips in the
S-channel signal due to occasional water leakage through the

(b) T-mode (600 pL/min)
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Fig. 5 T-mode behaviour of automated separator, using equal flow rates of 300 uL min™* for water and DCM. (a) Plots showing four-second traces
recorded in the T-channel (red lines) and S-channel (blue lines) at key stages of the optimisation run. (b) Plot showing valve position V (red line, b)
and differential RSD value Ay (blue line, b) versus time. Starting from an initial position of V = 0° (in which the entire two-phase fluid stream was
forced through S), a series of seven large, positive Ay values of approximately five percent were obtained at the start of the run due to strong fluc-
tuations in the S-channel, causing the valve to make seven sequential positive adjustments at the maximum allowed adjustment of AV = +80°. Ay
fell to one percent at the seventh iteration, with a broadly flat signal in the S-channel except for a single large ‘blip’ at ~3.8 s, resulting in another
adjustment of AV = +80° and further reducing Ay to 0.25%. One further adjustment of AV = +24° brought the system into complete separation (Ay
< 0.01%), with the valve position fixed at V = 664° thereafter.
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porous capillary wall, resulting in a differential RSD of
0.25%. A further adjustment of +24° brings the system into
complete separation with smooth signals in both channels
and a differential RSD value of 0.001%, which is too small to
elicit any rotation of the valve. The valve position remains
fixed for the remainder of the run, with smooth signals con-
tinuing to be observed in both channels, consistent with
complete separation from then on. Complete separation was
confirmed by comparing the (g min™) mass collection rate at
each outlet to the mass injection rate of liquid from the cor-
responding syringe, with the T- and S-channel outlets
matching the respective injection rates for water and DCM to
within experimental error (1%), see Fig. S8a.j

Fig. 6a shows the T-mode performance of the automated
separator at different total flow rates in the range 100 to 4800
uL min~', using equal injection rates of water and DCM. Con-
vergence was rapid in all cases, with complete separation being
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achieved in less than two minutes (and in less than one min-
ute for flow rates of 600 uL min~" and above). At the highest
flow rate of 4800 uL min~" the separator exhibits a very sim-
ple position-time curve, in which the valve position incre-
ments steadily at the maximum rate of 80° per iteration for
the first six iterations. It then executes one further adjust-
ment of AV = +72°, bringing the system into a state of com-
plete separation at V = 452°. As the flow rate is reduced, how-
ever, the position-time curves become increasingly ‘stepped’
in appearance due to the valve position freezing during some
iterations. This behaviour is attributable to the segmentation
of the liquid/liquid flow which - for long slugs and/or slow
flow rates - can lead to anomalously low differential RSD
values (below the threshold for valve movement) as a result
of only a single liquid crossing the S-channel sensor during
the data acquisition period. The intermittent freezing of the
valve position accounts for the increased convergence time at
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Fig. 6 Performance of automated separator under various flow rates, using equal injection rates of water and DCM. Each plot shows for a
different total flow rate the valve position V (red line) and the differential RSD Ay (blue line) versus time, starting from an initial position of V = 0°.
The left (a) and right (b) plots show the behaviour of the separator in T- and S- mode operation, respectively. In all cases, convergence to a state
of complete separation is achieved in less than two minutes. The ‘stepping’ of the T-mode position-time plots is due to a single slug of liquid
crossing the S-channel sensor during some iterations, resulting in an anomalously low differential RSD that is below the threshold for valve move-
ment; this effect is most pronounced at low flow rates due to the slow passage of liquid across the S-channel sensor.

This journal is © The Royal Society of Chemistry 2019
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low flow rates and could, if necessary, be mitigated by in-
creasing the acquisition period (at the expense of an in-
creased time per iteration).

The results in Fig. 6a were obtained using equal flow
rates for water and DCM, but the separator may also be
applied in situations where the flow rates are imbalanced. In
Fig. S9a,f we show T-mode data for a series of runs using
H,0:DCM flow-rate ratios in the range 1:10 to 10:1, keep-
ing the total flow rate fixed at 1000 uL min~". The separator
was able to rapidly induce complete separation in all cases,
with convergence being achieved in 96 s or less.

Evaluation of separator with an under-pressured S-channel
(“S-mode” operation)

In some fluidic set-ups - e.g. those in which there are resis-
tive flow components downstream of the T-channel outlet -
the S-channel may be the under-pressured outlet where active
flow control is required. To address the under-pressure at S,
the variable flow resistance is moved to S via a simple
reconfiguration of the separator block's outlet tubing (“S-
mode” operation, see Fig. 4b and S6bt), and the differential
RSD is redefined as Ay = y; — y5 (to ensure the valve opens
when the T-channel fluctuations are stronger than the
S-channel fluctuations). No other changes are required to the
experimental set up or to the optimisation routine.

Fig. 6b shows the S-mode behaviour of the separator at
flow rates in the range 100 to 4800 uL min ', where the
S-channel outlet has been forced into an under-pressured
state by subjecting the T-channel tubing to a 25° bend, see
Fig. S6a.f As before, each run begins with the valve fully
closed, which in this case causes the entire two-phase fluid
stream to pass through the T-channel. In all cases conver-
gence is obtained within one minute, with the valve position
incrementing steadily at the maximum rate of 80° per itera-
tion until the separation window is reached (and the differen-
tial RSD falls below the threshold needed for further valve
movement). The only slight deviation from this behaviour is
observed at the lowest flow-rate of 100 pL min*, where there
is a brief tightening of the valve (AV = -80°) at iteration
seven, followed by a loosening of the valve at iteration eight
(AV = +80°) to bring the system into final convergence at V =
560°. (Inspection of the T- and S-channel traces reveals this
‘glitch’ to be caused by a momentary escape of DCM or trapped
air from the separator during iteration seven, see Fig. S107).

It is notable that the S-mode behaviour at all flow rates
closely resembles the T-mode behaviour of the separator at
the highest flow-rate of 4800 uL. min~", with none of the step-
like features evident in T-mode at lower flow rates, resulting
in fast sub-minute convergence for all flow rates investigated.
This, however, is not always the case and step-like behaviour
is sometimes observed in S-mode operation too (especially
when high back-pressures are present on the T-channel, see
e.g. Fig. 7c¢).

Complete separation was again confirmed by comparing the
(g min™) mass collection rate at each outlet to the mass injec-

1586 | React. Chem. Eng., 2019, 4, 1579-1588

View Article Online

Reaction Chemistry & Engineering

tion rate of liquid from the corresponding syringe, with the T-
and S-channel outlets matching the respective injection rates for
water and DCM to within experimental error (1%), see Fig. S8b.f

The S-mode performance of the separator was also
assessed using imbalanced H,0:DCM flow-rate ratios in the
range 1:10 to 10:1, keeping the total flow rate fixed at 1000
uL min~" as before (see Fig. S9bt). The separator was able to
rapidly induce complete separation in all cases, with conver-
gence being achieved in 126 s or less.

Transient response of separator under T- and S-mode
operation

Lastly, we turn to the question of how the separator responds
to sudden changes in the flow conditions. We note from
Fig. 6 that, in both modes of operation, there is a weak shift
towards higher final valve positions as the flow rate is in-
creased. In the case of T-mode operation, the valve position
increases from V = 416° at 100 uL min~* to V = 452° at 4800
uL min~', while for S-mode operation it increases from V =
560° to V = 720°. This suggests that in both cases the fluidic
resistance of the active channel (including the needle valve)
increases more rapidly with flow rate than the fluidic resis-
tance of the passive channel, necessitating an opening of the
valve to reduce the active channel pressure and thus restore
separation. We note, however, that for any given flow rate
there is a rather broad range of valve positions over which the
separator block is capable of inducing complete separation;
consequently, significant changes in flow rate can often be ac-
commodated without requiring any change in valve position.

The ability of the separator to maintain separation after a
change of flow rate can be seen for example in Fig. 7a, which
shows the T-mode behaviour of the separator over a thirty
minute run where the flow rate of the incoming liquid stream
was initially set to 100 uL min™" at time ¢ = 0 s, then (abruptly)
increased to 4800 uL min" at ¢ = 456 s, and then (abruptly) re-
duced back to 100 uL min™' at ¢ = 1200 s, using the same
T-mode set up as before. The initial behaviour matches that
seen previously in Fig. 6a, with the separator showing a
stepped position-time profile due to alternation of the differ-
ential RSD between large and small values (depending on the
nature of the liquid flow crossing the S-channel sensor during
a given iteration). Once convergence is reached at ¢ = 114 s,
complete separation is maintained for the rest of the run,
with no further changes in valve position despite the large
flow rate changes at ¢t = 456 s and ¢ = 1200 s. Close inspection
of the differential RSD values in the 60 s before and after the
flow rate changes reveals no appreciable change in value,
confirming the maintenance of complete separation.

In circumstances where there is high back-pressure at one
or both outlets, the location of the separation window be-
comes much more sensitive to the flow rate, and significant
adjustments in the valve position are required to maintain
separation. This can be seen in Fig. 7b, which shows the be-
haviour of the separator under equivalent flow conditions to
Fig. 7a but with a fixed flow restriction now placed on the S-

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Response of automated separator to abrupt changes in flow rate, using equal injection rates of water and DCM. Each plot shows for a
different flow configuration the valve position V (red line) and the differential RSD Ay (blue line) versus time, starting from an initial position of V =
0° at a flow rate of 100 uL min™, with an increase to 4800 uL min™* at t = 456 s and a decrease back to 100 uL min™ at t = 1200 s. The upper (a)
and middle (b) plots show the T-mode behaviour of the separator without (T-mode) and with (T-mode Il) flow restrictions on the S- and T-chan-
nels, while the lower plot (c) shows the S-mode behaviour of the separator (with high back-pressure on the T channel). In the case of T-mode op-
eration without added back-pressure, no change in valve position is required to maintain separation due to the broad separation window of the
system. For T-mode Il and S-mode operation, changes in flow rate cause short-lived deviations from perfect separation that are rapidly compen-
sated by adjustments of the valve position, with complete separation being restored within two minutes.

and T-channel outlets, see Fig. S6bt (we refer to this setup as
T-mode II). Complete convergence is attained within 96 s, af-
ter which the system remains in a state of complete separa-
tion until the flow rate is increased to 4800 uL min* at ¢ =
456 s, causing an increase in the differential RSD at ¢ = 486 s,
which leads to a series of valve adjustments until complete
separation is restored at ¢ = 546 s.

We noted earlier that there is broad shift to higher (more
open) final valve positions as the flow rate is increased. The
trend is much stronger when there is significant back-
pressure on the two outlet channels. The effect of increasing
the flow rate at ¢ = 456 s is therefore to substantially over-
pressure the T-channel outlet, which forces a fraction of the
(non-wetting) water to leak through the wall of the porous
capillary alongside the DCM. The resulting fluctuations in
the S-channel signal yield a series of positive differential RSD
values, which cause a progressive opening of the valve over
the next ten iterations until complete separation is restored
90 s after the change of flow rate (at V = 1200°). The system
remains in a state of complete separation until ¢ = 1200 s
when the flow rate is reduced back to 100 uL min . For the

This journal is © The Royal Society of Chemistry 2019

reasons just discussed, the effect of lowering the flow rate is
to under-pressure the T-channel outlet, which allows a frac-
tion of the (wetting) DCM to leak through the T-channel out-
let. The resulting fluctuations in the T-channel signal yield a
series of negative differential RSD values, which cause a pro-
gressive tightening of the valve over the next eighteen itera-
tions, with complete separation being restored at ¢t = 1362 s
(i.e. 162 s after the second change of flow rate). The new valve
position (V = 824°) closely matches the original (converged)
valve position (V = 800°), and the system remains in a state
of complete separation for the remainder of the run.

In S-mode operation (with a flow restriction at T) the behav-
iour is broadly the same (see Fig. 7c), with convergence times
of 100 and 132 s for the 100-4800 and 4800-100 pL min* tran-
sitions, respectively. There is a slight overshoot of the valve po-
sition for both transitions, which are corrected by single valve
shifts of AV = -34° and AV = +22° at ¢t = 558 s and 1332 s, re-
spectively. Hence, even with high back-pressures at the outlets,
the separator is able to respond dynamically to changes in flow
rate in both T- and S-mode operation, successfully restoring
complete separation within three minutes. We note the
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existence of substantial time lags between changing the flow
rates and the valve responding, which are attributable to the
dead volume in the separator and associated tubing: as
expected, the time lags are shorter for the low-to-high transi-
tions (~30 s) than for the high-to-low transitions (~60 s) due to
the higher post-transition flow-rate in the former case, which
has the effect of sweeping out the dead-volume more quickly.

Conclusion

In summary, we have reported a high performance liquid/lig-
uid separator constructed from a drilled-out block of alumin-
ium, a short length of porous polytetrafluoroethylene tubing,
and a small number of off-the-shelf components and 3D-
printed parts. The new separator is an improvement on the
modular device we reported last year, with a number of design
modifications to reduce construction costs, simplify assembly,
and increase performance and reliability. The most significant
design change is the integration of the jacketed separator into
a single block of machined aluminium, reducing the parts
count and simplifying assembly. Importantly, the new separa-
tor has a substantially reduced jacket-volume compared to our
previous design, and is consequently less prone to unwanted
trapping of fluids (whose intermittent and uncontrolled release
can lead to occasional, spurious valve movements). Other
changes include the use of a microcontroller for autonomous
stand-alone operation, and the use of a positional servo for eas-
ier valve control. The separator may be applied to many liquid/
liquid combinationsy over a broad range of flow rates, achiev-
ing complete separation within minutes of activation, and is
able to maintain (or rapidly restore) separation even after large
changes of flow rate. The simple construction of the separator
and its ease of use, low cost, and very competitive performance
characteristics make it a promising tool for flow chemistry. The
separator is released here as open hardware, with technical dia-
grams, a full parts list, assembly instructions, and source code
for its firmware included in the ESL}
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