Autonomous control and dynamics simulation of a 3-stages counter-
current liquid-liquid extraction: Trimetozine purification as a case
study
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ABSTRACT: Liquid-liquid extraction is a technique of extraction heavily used in chemical industry and especially for purification
of pharmaceuticals. Trimetozine was used as a case study to test the performance of an implemented platform capable of conducting
the extraction of the analyte of interest from its impurities using a washing solvent. Three stages of pairs of mixer-settler were de-
signed for a full control of the streams flow rates, the temperature, and the speed of stirring. The countercurrent extraction was chosen
with an inline IR sensor as a Process Analytical Technology and a Partial Least Squares model to quantify the partitioning of the
different analytes in the downstream of the platform. The dynamics of the extraction was followed experimentally and simulated in

MATLAB in order to build black-box model.

1. Introduction

The conventional workup based on liquid-liquid extraction is a
time- and labour-consuming practice.[1]-[3] Dispersive micro-ex-
traction methodologies are pre-treatment techniques based on
emulsion formation using solvent-assisted dispersion, kinetic en-
ergy, or induction of solvent-oversaturation.[4] The automation of
these methods enables improvements in reproducibility and sam-
ple-throughput, as well as coupling with modern analytical instru-
mentation. The miniaturisation of the dispersive liquid-liquid
microextraction process is very well achieved when it is coupled
with automation.[5], [6] Although certain operations seem difficult
to automate and demand intermediate manual intervention such as
exchange of solvent, automation has been considered straightfor-
ward in many occasions and showed the possibility of incorporat-
ing the extraction and the quantification like in the example of the
autosampler incorporated with detection systems. Such systems al-
lowed the avoidance of potential contamination, better control of
the experimental conditions, a gain in reliability and reproducibil-
ity. They enabled also the possibility of performing parallel extrac-
tions and increased the throughput of the assay.[1]

Shuur and co-workers reviewed the recent achievements in the field
of chiral separation by enantioselective liquid-liquid extraction. It
involves host-guest chemistry,[7] extraction and phase transfer
mechanisms,[8] and multistage liquid-liquid extraction pro-
cessing.[9] The authors stated the possible scalability, recyclability
and the easy handling of the process based on the enantioselective
lig-lig extraction when it is combined with the multistage
countercurrent cascade technology.[10]

Salting-out assisted liquid-liquid extraction (SALLE) is a type of
homogeneous liquid-liquid extraction that applies the salting-out

effect to separate water-miscible organic solvent such as acetoni-
trile from different matrices. Through 96-well automation, SALLE
showed on many occasions that it can be easily integrated into the
overall high-throughput LC-MS/MS bioanalysis strategy to in-
crease productivity (as short as 25 min/plate).[11]

Silvestred et al. stated that, among the techniques for analyte de-
tection in LLE, 67% of the publications was about the utilisation of
UV/visible spectrophotometry,[12] followed by 16% for atomic
absorption spectrometry (AAS)[13] and 7% for spectrofluorome-
try.[14] It has been also noted that the application of optical detec-
tor was compatible with the use of organic solvents. The author
highlighted that the variety of the detection techniques are only lim-
ited by the presence of trace amounts of one of the immiscible sol-
vents in the other phase. There is also the possibility to incorporate
two parallel detectors instead of one detector with two flow-
through cells which enables the simultaneous determination of ex-
tractable and non-extractable species.[15]

The ability to more completely automate the traditional liquid-lig-
uid extraction (LLE) technique has been advanced by the micro-
plate format and the use of liquid handling workstations. Liquid-
liquid extraction procedures can now be performed in a semi-auto-
mated mode, freeing analyst time and improving overall productiv-
ity. This approach consists of automatically detecting the boundary
between the organic and aqueous phases and selectively removes
these solvents. The Allex ™ (Mettler-Toledo Autochem, Vernon
Hills, IL USA) is a good example of a single probe workstation of
automated liquid-liquid extraction employing phase boundary
sensing technology. It is a fully integrated benchtop system that
automates the whole process of extraction and workup. This in-
cludes the addition of aqueous and organic solutions, sample mix-
ing via vigorous aspiration and dispensing, phase separation, and



phase distribution. The probe, the chambers and the nozzles are ap-
propriately cleaned between the samples. This process can be car-
ried out in either serial or batch mode. The full unit is controlled by
the software that combines single action steps into a customised
user program. The workstation was designed and marketed for me-
dicinal chemistry application but it is easily applicable for analyti-
cal lig-liq extraction in tube or microplate format. Three probe sizes
are also available depending on the scale of the experiment of in-
terest. The power of this technology is accentuated by the fact that
the two phases can be detected even when the user cannot visually
see the interface. There are also error handling tools integrated and
used to spot and flag the presence of foaming or an emulsion or to
use present height definition. The Allex system can perform up to
60 separations per hour according to its manufacturer.

The Quadro ® 96 (Tomtec Inc., Hamden, CT USA) is another ex-
ample of the utilisation of the automation strategy but with the com-
bination of elementary manual steps that were justified by the man-
ufacturer. This latter claimed that this combination of manual and
automated processes enhanced the productivity of the instrument.
The workstation very fast sample turnaround that is required for a
bioanalytical program that supports the drug discovery process in
pharmaceutical research.[16]

Wells cited thoroughly many other examples of automated and
semi-automated lig-liq extraction systems that are capable to per-
form the whole process in a very short time especially when multi-
ple autosamplers are incorporated.[17]-[19] Among these exam-
ples, Zweigenbaum and Henion reported the high throughput de-
termination of six benzodiazepines in human urine using a selected
reaction monitoring LC/MS method with sample preparation using
semi-automated LLE. When four autosamplers were connected to
one chromatographic column and one tandem mass spectrometer,
1152 samples (twelve 96-well plates) were analysed.[20]

Khajeh reported the utilisation of the Box-Behnken design[21] (a
second-order multivariate technique based on three-level incom-
plete factorial designs) to navigate in the experimental conditions
(with a reduced number of experiments <15) that control the liquid-
liquid extraction of lead from food. This design of experiments gen-
erated data for the modelling of the response surface. Three inde-
pendent variables, including pH of the solution, the concentration
of dithizone as a chelating agent and extracting solvent volume
were coded at three different levels (-1, 0 and 1). The Box-Behnken
design allowed to get a formula that connects the experimental con-
ditions and their interactions with the extraction efficiency of the
process. The multiple regression analysis permitted the obtention
of the coefficients of the equation. Finally, the response Surface
modelling was employed to determine the optimum conditions of
extraction at pH 8.4, the volume of chloroform at 0.45 mL, and the
concentration of dithizone at 0.5ug.L1.[22]

As a proof of concept for the application of the automated platform
on a liquid-liquid extraction process, the synthesis of a commercial
sedative was conducted to prepare a mixture of the compound of
interest and its impurities that are aimed to be isolated. This reac-
tion required an acid chloride (the trimethoxybenzoyl chloride) and
morpholine in the presence of biphasic basic mixture of water/me-
thyl tetrahydrofuran. The main impurity in this case is the hydroly-
sis of the acid chloride with water which led to the formation of the
carboxylic acid (the trimethoxybenzoic acid).
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Graph 1. Synthesis of Trimetozine in Me-THF in presence of so-
dium carbonate.

2. Experiments
2.1 Materials and reagents

The chemicals employed for the synthesis of trimetozine were ob-
tained from Sigma Aldrich (UK). Morpholine was provided by
Santa Cruz (US) and the trimethoxybenzoic acid was purchased
from Alfa Aeser (UK). Sodium carbonate and butanol were sup-
plied by VWR (UK). HPLC grade acetonitrile, water, methanol
were provided by VWR (UK). D20 and deuterated chloroform
were purchased from Sigma-Aldrich (UK).

2.2. Trimetozine synthesis

To a mixture of morpholine (87.1mg, 1 mmol) dissolved Me-THF
(25 mL) was added a mixture of sodium carbonate (48.1mg, 2
mmol), and the resultant mixture was stirred at room temperature
for 15 min and then trimethoxybenzoyl chloride (230.6mg, 1
mmol) was added. The mixture was stirred for 48 h. On completion,
the solid was filtered with a sintered glass funnel. The filtrate was
evaporated on a rotary evaporator, the residue was dried on a two-
stage pump (high vacuum) and the resultant product was recrystal-
lized and dried in a desiccator, while the liquid products were puri-
fied by vacuum distillation.[23] *H NMR (300 MHz, CDCls) § 6.61
(s, 2H, Ar-H), 3.86 (s, 6H, 2xOCHS3), 3.85 (s, 3H, OCH3), 3.69 (br,
s, 8H, 4xCH2).

2.3. Fourier transform infrared spectroscopy (FT-IR)

The infrared spectroscopy data of all starting materials were rec-
orded on a Tensor Il FT-IR spectrophotometer (Bruker Optik
GmbH) over the range of 4000-400 cm™ by pressed pellet method
using diamond. The spectra were acquired by accumulation of 256
scans with 4 cm™! resolution via Opus 7.5 software. The absorption
values were represented in cm™.

2.4. Multivariate analysis

The multivariate analysis was carried out to build a mathematical
model capable of predicting the composition of an organic solu-
tions from their corresponding infrared absorption spectra.

2.4.1. Limit of detection

The first step to build a robust mathematical mode is to heck the
reliability of the used data. Signal to noise ratio is the ratio between
the average x of each signal and its standard deviation . The
higher the number of recorded spectra n is, the higher the signal to
noise ratio becomes. This is a crucial factor that determine the ac-
curacy of prediction.
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The limit of detection was calculated for each of the molecules pre-
sent in the organic mixtures. This involved the product (Trime-



tozine) and the impurities (the remaining trimethoxynezoyl chlo-
ride, the morpholine and the trimethoxybenzoic acid that was the
result of the hydrolysis of the trimethoxybenzoic acid).

2.4.2. Design of experiments

The Box-Behnken design of experiments was exploited in this
work. It took into account 3 independent variables (three levels of
concentration for each of the 3 chemicals). The three levels of con-
centration selected for this design are in mg/ml as follow: 0, 5, and
10. The set of experiments included 3 centre points. It is noteworthy
that the trimethoxybenzoy! chloride was not included in this analy-
sis because it showed a spontaneous reaction with the morpholine
which was likely to bias the results of the analysis. The design of
experiments was conducted through Modde software.[24] This
later generated 15 combinations between the three molecules of in-
terest.

2.4.3. Partial Least square design (PLS)

The PLS model script was implemented in LabVIEW.[25], [26] It
predicted the ratios between the ingredients of mixtures from un-
known IR spectra. MATLAB node in LabVIEW acquired pre-pro-
cessed data from the spectra and used the PLS model that was built
from the dataset of spectra compiled from the Box-Behnken design
of experiments.

2.5. Dynamics monitoring and simulation

The pumps were initially calibrated and primed the liquid feeding
with the 1200ml mixture containing 1 mg/ml trimetozine and
mg/ml trimethoxybenzoic acid in methyl tetrahydrofuran The flow
rate of organic stream was maintained at 2 ml/min and the aqueous
flow rate was triggered after 135 min from the start of the feed flow
at Iml/min. The stirring in each mixing flask was kept at 400 rpm
and 22 C. The sampling was conducted every 15 min for 6 hours.
The HPLC analysis was carried out using a reverse phase Poroshell
HPLC column. Each sample (ie.50 pl) from the extract was diluted
in950 pl of acetonitrile. This necessary to avoid eventual damage
to the column and a drop of the chromatographic separation perfor-
mances. 50 mM Ammonium formate solution buffered at pH of 3
was used to wash the column peaks area of both TMZ and BA were
directly used to find the dynamic evolution of phase partitions as
seen in Graph 4.

2.6. Automation of 3-stages liquid-liquid extraction
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Scheme 1. The experimental platform of the liquid-liquid extrac-
tion running with a mixture of blue coloured water and n-butanol
showing the four modules of flow monitoring and process control.

The platform designed to conduct the countercurrent liquid-liquid
extraction consisted of 4 main modules and a glassware scaffold.
The glassware scaffold was based on a triplicate of a mixer (3-
necks Morton round bottom flask of 100ml) and a cactus settler (a
glass cylinder with two arms). Each pair of a mixer and settler form
a stage in the platform. The two immiscible solvents were mixed
thoroughly in the mixers then separated in the equilibrium in two
distinct phases. Each setter had t4 orifices. Two of them were used
to link to the vent line and ensure that the volatile organic solvent
was purged properly in the fume hood. The last two outlets were
employed to transfer the organic phase from the top to the mixer of
the following stage and to recycle the aqueous phase to the mixer
of the previous stage. There were two exceptions to this portioning:
in the first stage, the bottom layer was not recycled but it was col-
lected as the residues that contained most of the impurities. The
second exception was in the last stage where the top layer was not
transferred to an additional stage but collected as the extractant
where the purified Trimetozine was concentrated in methyl tetra-
hydrofuran. The platform possessed, additionally, tee connectors
for each stage to link the settler with the recycling path. These tee-
shaped connectors were set in an adjustable Hight close to the set-
tler and practically slightly above the level of liquid in the settler.
This part had a crucial role in the system as it defined the amount
of liquid that was substrate from the two phases in the settlers. The
first module was the Reglo module that controlled the peristaltic
pumps. This later was Ismatec Reglo pumps. They possessed 4 in-
dependent channels. MHLL and Vyton tubing were used when wa-
ter and butanol were employed as solvents for the platform. Gore
Sta-Pure PHL material was employed for the peristaltic tubing
when methyl tetrahydrofuran was the solvent in the organic phase.
The flow rate could be controlled in both direction and could be
varied between 0.001 and 23ml/min. The inner diameter of the flex-
ible tubing was set always to 3.2mm. Before the start of the extrac-
tion, all the channels were calibrated individually with water to ad-
just the speed of motor rotation according to the desired flow rate.
The pumps controlled the flow rates of the feed that contained the
Trimetozine and the different impurities, water that is flowing in
countercurrent starting from the last stage of the system. Three ad-
ditional channels ensured the transfer of the liquid between the
mixer and the settlers. The internal flow was set always higher than
the sum of the flow rates for the feet and the extractant (water).

The second module was the Bronkhorst flow meters that ensured
the measurement of the flow rates of the liquid feeding the first
mixer d the last mixer and the liquid moving between the mixers
and the settlers in the difference t stages. The flowmeters were re-
motely monitored through a dedicated software provided from their
supplier and integrated into LabVIEW.

The third module was the IKA module. It enables the control of the
stirring speed and the temperature in the mixers and monitors the
mass of the liquid in the same mixers. Each stage possesses a hot-
plate that was remotely controlled with the PC. The bilateral con-
nection enabled sending the user commands to control the temper-
ature and the speed of stirring. Simultaneously the hot plate sent a
feed back to the PC about the actual measurement of these experi-
mental parameters via a thermocouple and a magnetic sensor for
the temperature and the speed of stirring, respectively.

The last module was the react IR module. It consisted of a portable
ReactlR MCT instrument with an ATR dip probe. This later was
placed inside the settler of the first stage to monitor the composition



of the organic phase and to spot eventual perturbation. The fre-
quency of IR spectra acquisition was set at 1 spectrum every 10
min. The recorded spectra were retrieved by LabVIEW and the PLS
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predictive model was exploited to estimate the composition of the
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Graph 2. Four integrated modules for the automation of the 3-stages countercurrent liquid-liquid extraction.

3. Results and discussion
3.1 PLS predictive performance for PAT

The Partial Least Squares method was exploited to build a predic-
tive model that is able to convert the IR spectra acquired by the
PAT implemented in the automated platform. This step is vital for
any further feedback loop of the automated extraction. It allowed
to covert a graphical analytical spectrum to a quantitative monitor-
ing of the concentration of the different ingredients at the down-
stream of the process. It is clear from Graph 3 that the PLS model
performs optimally by including 3 PLS components. The variance
explained by the generated reached 96% and the mean square error
dropped down to 4 as illustrated graph 3.B.
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Graph 3: Predictive performance of the PLS model as a function of
the number of considered components. A) Percentage of accumu-
lated variance explained by the model. B) Mean square error.

3.2 Dynamics of the automated 3-stages LLE platform

The elucidation of the dynamics that drive the extraction in the 3-
stage countercurrent lig-lig extract is important to conduct any fur-
ther optimisation of the extraction factors in order to improve the
purity of the product or to increase the yield of extract or to mini-
mise the energy and the water required to carry out the extraction.
The dynamics of the extraction was monitored by analysing peri-
odically samples extracted from the downstream of the platform via
HPLC separation and quantification. The Graph 4 shows the parti-
tioning of trimetozine and the trimethoxybenzoic acid in extract
and in the residue. Therefore, it was straightforward to evaluate the
variation of these two analytes over time in both extract and resi-
due. The platform achieved a steady state (i.e. A stationary phase



illustrated by a plateau in the concentration of the analytes). As
shown in Graph 4.B, the extraction platform reached the steady
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Graph4: Percentage of extraction over time in the 3-stages liquid-liquid extraction platform. A) HPLC percentage of trimetozine and tri-
methoxybenzoic acid in the residue. B). HPLC percentage of trimetozine and trimethoxybenzoic acid in the extract.
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Graph 5: The dynamics of extraction over time. Y1 represents the
yield of extraction and t1 represents the flow rate of water in the
platform.

The addition of water was triggered after 135 min from the begin-
ning of extraction. The following sampling demonstrated the be-
haviour of the platform in terms of trimetozine extraction process.
Water flow rate was stabilised at 1ml/min over the whole process.
The concentration of trimetozine kept increasing until achieving
95.04% after 285min from the starting of the liquid flow within the
platform.

The dynamics of extraction monitored in the lig-lig extraction plat-
form was simulated using Simulink in MATLAB. Different regres-
sion models were generated in order to fit the experimental behav-
iour of extraction. The blue curve represents the initial fitting and
the 5t regression in pink represent the best fitting achieved by op-
timising the regression coefficients. Therefore, at tf5, 92.19% of
fitting was achieved at tf5 to predict the dynamics of the extraction
platform before reaching the steady-state.
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Graph 6: Five different models gathered from the black-box simu-
lation of the extraction dynamics.

4, Conclusions

A 3-stages lig-lig counter current extraction platform was imple-
mented to conduct the extraction of trimetozine from a mixture
containing mainly analyte of interest and the impurity (trimethox-
ybenzoic acid). The platform controlled and monitored the flow
rates at the different streams of the platform and the PAT module
allowed the monitoring of the extraction performance through an
inline IR probe. A full evaluation of the partitioning of the analyte
of interest was conducted by exploiting a PLS predictive model.
The obtained concentrations of the extract and the impurity were
employed to monitor the dynamics of the extraction and to build a
black-box model to predict the extraction behaviour of trimetozine
before reaching a steady-state regime.
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