Steady-state simulation of the counter current liquid-liquid extrac-
tion: Trimetozine synthesis as a case study
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ABSTRACT: The countercurrent liquid-liquid extraction is a crucial step in industrial process to purify and extract a compound of
interests for its impurities. This step requires generally challenging and time-consuming optimisation of numerous factors that affect
the overall yield of extraction and the energy needed. The simulation of this process has been investigated in this paper using a Non-
Random Two Liquid model implemented as a thermodynamic method in Aspen. The outcome of this model enables the evaluation
of the partition coefficients of the different analytes of a mixtures at the different compartments of extraction platform. In addition,
this steady-state model allows a more straightforward optimisation of the factors that drive the performance of extraction.

1. Introduction

Liquid-liquid extraction is a major task in the chemical engineering
field.! It requires usually a typical ternary system process: solute,
diluent, and extractant. Solute, which is dissolved in diluent, is ex-
tracted from the diluent and dissolved into another solvent, the ex-
tractant.? It separates chemicals from one solution to another based
on the different solubility of the solute in two solvents. It is consid-
ered as a pre-treatment in many analytical applications in order to
pre-concentration and/or separation of multiple analytes such as ul-
tra-trace metal and metalloid species,® phenolic compounds,*® sur-
factants,® pharmaceuticals,” etc. Despite its importance, LLE is a
limiting step to achieve the desired analytical efficiency. It in-
creases the selectivity by concentrating the analyte from a large
sample volume and promote its isolation from matrix-interfering
species. This traditional technique still suffers from several disad-
vantages because it is labour-intensive and time-consuming, which
leads to a significant need for large amount of chemicals that can
be harmful, expensive and environmentally hazardous and can
form eventually emulsions difficult to separate under certain con-
ditions.® The distribution D of the solute to be extracted among the
extracting solvent and the diluent can be described as follows:

D_S
=3,

where Se: solute concentration in extractant (mol/L), Sq¢: solute con-
centration in diluent (mol/L).

In the Antic6 group, Supported Liquid Membrane (SLM) was
used to investigate the transport of arsenic species. They built a
thermodynamic model that corresponds to the extraction for both
As(V) and As(l11) species by employing data generated from the
variation of the conditions that affect the extraction such as the or-
ganic solvents and pH of the aqueous phase. The SLM enabled the
separation of As(V) and As(l11) species based on their different ki-
netic behaviors. Taking into account the good results obtained in
liquid-liquid experiments, a Supported Liquid Membrane (SLM)
system was developed based on the best separation conditions.®

In order to assess molecules lipophilicity, Alimuddin and co-work-
ers determined the octanol-water distribution coefficient log D at
pH 7.4 for 26 compounds in an automated microfluidic liquid-lig-
uid extraction and compared to the results obtained from shake-
flask methods. Excellent correlation between the values obtained
via both methods was achieved (R? = 0.994). The authors claimed
that this technique based on a PTFE membrane extraction is ame-
nable to automation, enabling high-throughput determination of
large compound collections.?

Artificial Neural Networks were applied to build a model that
translates the physicochemical behaviour of a pulsed liquid-liquid
extraction column. A pulsed liquid-liquid extraction column for the
separation of oxalic acid from aqueous solutions using a mixture of
tributylphosphate and dodecane as a selective solvent were em-
ployed. The training of the Neural Network was carried out offline
with the utilisation of the cross-validation in order to achieve a bet-
ter system representation of noisy data. 6000 different patterns of
inputs-outputs were employed for the training and 2992 other pat-
terns were used as a test dataset. The inputs of the algorithm repre-
sented the past and the present collected data (pH, conductivity, the
concentration) and the outputs represented the future estimated
measured pH and conductivity only.*!

Binous implemented in Mathematica® a new approach to solve lig-
uid-liquid extraction problems. He considered a ternary mixture of
ethanol-water and benzene at 25°C and he employed the software
to solve the system of the nonlinear algebraic equations that repre-
sent the equilibrium relation between the two liquid phases. He
studied also the separation of acetic acid from water using isopro-
pyl ether in single-feed counter current extractor and two feed ex-
traction columns. In addition, he used the Hunter-Nash method to
determine the number of equilibrium stages needed to achieve a
particular raffinate specifications. Finally, the McCabe-Thiele dia-
gram was used to compare the previously obtained results.*?

In the Rajagopalan group, different thermodynamic models were
used for the recovery of 2,3-Butanediol (BDO) from fermentation
by liquid-liquid extraction. Experimental results of the distribution
coefficients (Kd) were compared with the data generated from two



theoretical models: Conductor-like Screening Model-Real Solvents
(COSMO-RS) and Universal Functional group Activity Coefficient
model (UNIFAC-LL). These models permitted to calculate the ac-
tivity coefficients (y*) of BDO in various solvents. The authors
claimed that both models provided qualitative trends of the predic-
tion and the ranking of the solvents according to the experimental
references. Among the two quantum-based thermodynamic mod-
els, UNIFAC-LL*® outperformed the COSMO-RS™. It was also
highlighted that the integration of the updated parameters from the
UNIFAC model in the UNIFAC-LL calculated provided better re-
sults, much closer to the experimental values. The (Kg) values were
also calculated in Aspen Plus software.®

Thermodynamic-based modelling was also investigated to predict
the liquid-liquid equilibria of the (aromatic + aliphatic + ionic lig-
uid) ternary systems. COSMO-SAC is a variant of the COSMO-RS
model and can predict thermodynamic equilibria without any group
contribution parameters or experimental data. Only quantum chem-
ical calculations are required, followed by the application of a ther-
modynamic model. It can also handle variation in concentration
and temperature.

Maurer designed a model of the liquid-liquid equilibrium for the
recovery of carboxylic acids from aqueous solutions. The separa-
tion is driven by the affinity to the organic phase of the weak com-
plex formed between a carboxylic acid and an amine. The author
chose a framework based on the equilibrium between citric acid
tri,n-octylamine and toluene. The model was constituted of a chem-
ical (the chemical reaction equilibrium) and a physical (the excess
Gibbs energy) contribution. In addition, the model allowed the
evaluation of the influence of strong electrolyte (salts) on the phase
equilibrium.”

The purification of an organic molecule from its by-products within
the crude of the synthesis is a crucial step before the crystallisation
process because the presence of impurities has a crucial impact on
the polymorphism of the solid state. The Schotten-Baumann syn-
thesis was investigated heavily as it is providing the amide function
from an amine and acid chloride.'® This reaction has the particular-
ity to use two immiscible solvent, usually water as the aqueous
phase and a polar non-protic organic solvent as the organic phase.
The utilisation of the aqueous phase assists the elimination of the
acid that is produced in the organic phase. The addition of base such
as the sodium Carbonate inhibits also the protonation of the amine
by the generated acid and prevents the reduction of the nucleo-
philicity of the nitrogen in the amine function. The Trimetozine
synthesis is a popular example of this reaction as illustrated in
Graph 1.1°
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Graph 1. Synthesis of Trimetozine in Me-THF in presence of so-
dium carbonate.

This commercialised sedative is produced in the presence of three
main impurities: unreacted morpholine and trimethoxybenzoyl
chloride, and the hydrolysis of the acid chloride giving the tri-
methoxybenzoic acid. In the present paper, we applied different
thermodynamic models implemented in Aspen to simulate the par-
tition of the Trimetozine and its corresponding impurities between
the organic and the aqueous phase. We optimised the parameters of
three different models: the Non-Random-Two Liquid model,? the

UNIversal QUAsiChemical (UNIQUAC)? and the UNIQUAC
Functional-group Activity Coefficients (UNIFAC)? models. These
three models were exploited to drive a global optimisation in order
to find the optimum process conditions to achieve the highest yield
of Trimetozine extraction at the desired purity level using a simu-
lated three-stages countercurrent liquid-liquid extraction.

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 (87.1 mg, 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.?32* I1H NMR (300 MHz, CDCls) 6 6.61
(s, 2H, Ar-H), 3.86 (s, 6H, 2xOCHS3), 3.85 (s, 3H, OCH3), 3.69 (br,
s, 8H, 4xCHpy).

2.2.1. Nuclear magnetic resonance spectroscopy (NMR)

'H and 3C NMR experiments were performed on a Bruker 400
MHz NMR spectrometer (Bruker, Falladon, Switzerland) using
deuterated chloroform (CDCls) as a solvent and tetramethylsilane
(TMS) as an internal standard. The *H chemical shift values were
reported on 6 scale in parts per million (ppm), relative to TMS (6=
0.00 ppm) and the *3C chemical shift values were reported relative
to CDCl3 (6 = 77 ppm).

2.2.2. 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 the accumulation of
256 scans with 4 cm™! resolution via Opus 7.5 software. The ab-
sorption values were represented in cm™.

2.2.3. HPLC

The chromatographic experiments were carried out on Nexera-X2
model ultra-high-performance liquid chromatography technique
(UHPLC) (Agilent Technology 1290 Infinity, Japan) equipped
with a photodiode array detector (DAD). The Agilent Software was
utilized for monitoring the process, data acquisition and system
control. The test sample solutions were prepared in diluent, a mix-
ture of methanol (MeOH)-water (20:80, v/v). The analysed sub-
stances were carried out on a reverse phase Poroshell 120, EC-C8
(4.6mm x 150mm, 2.7um) column (Agilent Technologies, CA,
USA) by maintaining column temperature at 30 °C. Mobile phase
A was pure HPLC water, and methanol was used as mobile phase
B. The injection volume and wavelength were fixed at 5 pL and



254 nm, respectively, and the data were acquired by using gradient
elution system at a flow rate of 1.0 mL/min. The separation was
accomplished by employing a linear gradient programme as
tmin/A:B:  t=3min/70:30, t=6min/50:50, t=11min/50:50, and
t=12min/70:30 with an equilibration time of 1.0 min.

2.2.4. Implementation of NRTL model

Reliable thermodynamic methods are extremely important for pro-
cess simulation and design of this extraction process. This LLE ex-
perimental data was used to assess the LLE predictive capability of
some liquid-phase models. The mathematical models used in this

where
Gij = exp(—a;; T;j)

ij‘"ﬁ
T

a;; = ¢+ dy(T — 273.15K)

Tij =a ei]- InT + fUT

T; =0
G;=1

aij, bij, eij, and fij are unsymmetrical. That is, aij may not be
equal to aji, etc.

3. Results and discussion
3.1. Partition coefficients

Partition coefficients of the 4 molecules of interest were
measured experimentally and predicted computationally via differ-
ent methods such as the HPLC and the slice-selective NMR. Ex-
perimental measurements were obtained by conducting shaking
flasks experiments where biphasic samples were prepared, shaken,
then left to settle. Finally, each phase was extracted and analysed
separately with HPLC or NMR. To calculate the extraction coeffi-
cient: the formula below was applied

CE t t
K(ext) = _—oxtract
CResidue

The experimental measurements of partition coefficients of
the analytes of interest were important to build a robust NRTL
method capable of simulating the liquid-liquid extraction in the real
world and also to search reliably for the global solution to achieve
the optimum extraction. From the HPLC chromatograms, the sam-
ples extracted from the aqueous and organic phases gave an aver-
age of 1.20 for the partition coefficient. With slice-selective NMR,
this value was estimated to 1.30. It was also possible to assess the
partition coefficients for the morpholine (0.029) and the trimethox-
ybenzoic acid (0.09).

n
n
j Yij Zm Xm Tmj ij
e ————— Ti. —_—

study were NRTL. Both models were used as programmed into the
Aspen Plus simulator. The Non-Random-Two-Liquid (NRTL)
model (GMRENON) calculated liquid activity coefficients. It is
recommended for highly non-ideal chemical systems and can be
used for VLE and LLE applications. The design of an identical plat-
form was conducted in Aspen Plus v10 as described in Scheme 2.
The binary interaction parameters of NRTL models were obtained
using the data regression of the Aspen Plus simulator. These binary
interaction parameters were determined by minimizing the devia-
tion between the experimental data and model-calculated values.
The equation for the NRTL model is:

n
Xy G
Zk ke Tk for Tiower <T <Typper

When the NRTL method was adjusted with the regression bi-
nary parameters, it was possible to get indirectly the partition coef-
ficient by estimating the composition of each stream in the plat-
form.
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Graph 2. Flow rates of the different components of the ex-
traction mixtures at all the streams of the LLE platform.

The partitioning of the analytes between the organic and
aqueous phases were illustrated in Graph 2. It is clear that the
dominant concentrations of water and methyl tetrahydrofuran
were hiding a more relevant information about the analyte.
For the sake of clarity, the concentration of the solvents was
omitted in Graph 3.

The simulated platform was initially fed with a same amount
of trimethoxybenzoic acid and morpholine (7.10- kmol/h).
The residue stream was practically pure from these two im-
purities after three stages of extraction. It is noteworthy that
the concentration of trimetozine decreased in the downstream
of the platform due to the expected partitioning of this mole-
cules in the different compartment of the platform. The ex-
tract outlet was rich in trimetozine with a flow rate of 1.7.10
4 kmol/h).
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Graph 3. The flow rates of the trimetozine, morpholine, tri-
methoxybenzoic acid and trimethoxybenzoyl chloride at the

different streams of the platform.

The partition coefficient of trimetozine may also be measured
for individual settler. This feature in the simulation enable the
assessment of the performance of the extraction platform in
terms of number of stages included. For instance, the parti-
tion coefficient was estimated to be 3.2 at the first settler and
2.64 at the last settler. This variation can be explained by the
sensitivity of the portioning of a given compound towards its
concentration or the concentration of the coexisting mole-
cules.

3.50E+00
3.00E+00 2.76
2.50E+00
2.00E+00
1.50E+00
1.00E+00

5.00E-01

—1

0.00E+00

Settler B1  Settler B2  Settler B3 Overall

Graph 4. Partition coefficients of trimetozine in the different
settlers of the LLE platform and the overall extraction distri-
bution.

3.2. Sensitivity analysis

e

8
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=

In order to better understand the effect of each process variable on
the yield of trimetozine in the downstream of the platform, the tem-
perature of the first mixer and the flow rate of water. The yield of
extraction was affected by the temperature in the mixer 1 and is
optimum in the range between 15 and 25°C. Graph 5 showed that
the yield increased when the flow rate decreased.
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Graph 5. The yield of extraction as a function of the flow rate of
the washing solvent (water) and the temperature of the first mixer.

The binary parameters for the NRTL model were regressed via As-
pen Plus simulator using experimental data gathered from the
measurement of the composition of the immiscible phases of wa-
ter/methyltetrahydrofuran. The ajj parameters were set to zero dur-
ing the regression because the equilibrium compositions were
measured at a constant temperature.

The selection of the optimum conditions to achieve the highest ex-
traction yield of Trimetozine was based on global optimization. All
the process factors were included in order to search for the best
combination of these factors. The temperatures in the three mixers,
and the flow rates of the feed and the extractant were chosen.

E®
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Scheme 1. Aspen worksheet of the counter current liquid-liquid extraction with three stages of the mixers and decanters.

Conclusions

The NRTL model was implemented and its parameters were
optimised in LabVIEW in order to simulate a 3-stages coun-
tercurrent lig-liq extraction. The partition coefficients of the
different analytes were estimated with different techniques
experimentally and in silico. HPLC and slice-selective NMR
were exploited to evaluate the partition of trimetozine be-
tween the organic and the aqueous phase. Aspen sensitivity
analysis was also conducted on the optimised NRTL model
to assess the effect of certain process variable on the yield of

extract.
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