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Aqueous liquid–liquid extractions are crucial for purifying compounds and removing impurities in the

pharmaceutical industry. However, the extensive solvent space involved in such operations highlights the

need for an informed approach in solvent selection. We present a digital tool designed to leverage data-

driven experimentation to enhance process efficiency and sustainability, aligning with industry trends

towards digitalisation. It allows users to input various parameters, retrieve relevant data, and visualise

extraction efficiencies, thereby improving process understanding and reducing process development

lead times. By providing interactive visualisations and facilitating rapid hypothesis generation, the tool

supports informed decision-making and streamlines workflows. The tool's application is demonstrated

through representative complex scenarios involving the separation of multiple compounds present in

a mixture at the end of a Buchwald coupling reaction. Overall, this digital tool offers a new practical and

data-led approach to chemical process design, with the potential to promote experimental efficiency

during development and to improve the environmental sustainability of commercial processes.
Introduction

Aqueous liquid–liquid extractions are a well-established workup
and purication technique commonly used in many pharma-
ceutical processes. They are essential for removing key impu-
rities, byproducts, undesired solvents or additives, while
limiting product losses and maximising isolation efficiency.
Optimal extraction conditions can afford more environmentally
sustainable, leaner and cost-effective processes by reducing
waste and process mass intensity (PMI), energy consumption,
and operation time.1,2 These improvements may also result in
more cost efficient processes. As such, aqueous extractions play
a crucial role in the pharmaceutical and ne chemical industry,
signicantly impacting both industrial processes and lead
times.3

Across the industry, the drive towards digitalisation and
standardisation in the development of chemical processes is
more pertinent than ever, as it aligns with the broader goals of
sustainability and efficiency.4 Broadly speaking, this involves
automatically collecting, analysing and displaying relevant data
in a systematic fashion. The data is then leveraged to design
targeted experimentations. This data-led approach can result in
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substantial reductions in lead times for development and
enhance the overall sustainability of chemical processes.5,6 This
digitally enabled way of working is facilitated by the develop-
ment of tools that cater to non-experts. Such tools not only
streamline workows but also enable more informed decision-
making through the integration of comprehensive data anal-
ysis. Here we introduce a digital tool which facilitates aqueous
extraction design, exemplifying the benets of such
advancements.

The tool is designed to enable users to quickly investigate
and perform virtual screenings of aqueous liquid–liquid
extraction conditions. It enhances process understanding by
providing interactive visualisations guiding users through tar-
geted experimentation. Users are provided with a list of priori-
tised experiments, allowing them to focus on the most
promising conditions. It represents a signicant improvement
compared with empirical ways of working, through offering
a platform for rapid hypothesis generation, and standardised
and efficient comparison of different extraction conditions. It
allows for fast yet rational prioritisation of experimental
outputs, even in time-sensitive, late-stage development
scenarios.
Results and discussion
Physicochemical basis

The mathematical expressions describing the physicochemical
partitioning equilibrium of organic molecules are well estab-
lished.7,8 More recently, a general liquid–liquid partitioning
Digital Discovery, 2025, 4, 1763–1771 | 1763
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equation has been reported allowing the description of the
distribution of organic materials with multiple ionic forms
across two phases.9 Briey we use a generalised mass balance
equation describing the distribution of the fraction fi of each
ionic species of a compound across the range of the pH scale (0–
14, eqn (1), see ESI, Section 1† for further details).

fi ¼

YN
i¼0

Ka;j

.
½Hþ�j

PN
i¼0

�YN
i¼0

Ka;j

.
½Hþ�j

!

where : Ka;j ¼
8<
:

j ¼ 0/1

j. 0/Ka;j

(1)

In eqn (1), N is the number of dissociation constants of the
solute. Ka,j is the dissociation constants of the compound in
decreasing order (increasing pKa order). Using eqn (1), we can
also calculate the fraction extracted into either the aqueous faq
or the organic phase forg for each compound as follows:

faq ¼ 1

1þ KPVRfN
(2)

forg = 1 − faq (3)

In eqn (2), KP is the partition coefficient of the neutral species,
VR is the volume ratio, dened as VR = Vorg/Vaq, and fN is the
fraction of the compound present as the neutral form, in the
aqueous phase.

Finally, we can dene the extraction efficiency as the product
of the fraction extracted of the isolated compound into the
desired phase multiplied by the mean of the sum of the frac-
tions rejected of all the impurities (see ESI, Section 1† for
derivation and further details).10 If we are monitoring the
organic phase, the extraction efficiency can be mathematically
expressed as:

Effcomp
org ¼ f comp

org �
PN
i¼1

f impi
aq

N
(4)

In eqn (4), N is the number of impurities, and the fractions of
the isolatable compound f comp

org or the impurities f imp
aq in the

respective phases can be calculated using eqn (2) and (3).
Although the above equations represent a general solution to

calculating the extraction efficiency of a compound in the
presence of others there are still limitations to its imple-
mentation. Using the partition coefficient of a pure compound
may result in deviations when applying the above equations to
calculate the extraction efficiency of the same compound in the
presence of other electrolytes or ion pairs, other organic
compounds or at different temperatures.
Coding implementation

The above expressions lend themselves readily to digitalisation.
We have done so using the Python programming language,
allowing us to deploy the tool within AstraZeneca's intranet as
1764 | Digital Discovery, 2025, 4, 1763–1771
an accessible web application using our internal scientic
computing platform infrastructure. When designing the tool,
we aimed to lower the accessibility barrier to our database for
non-experts. To this end, the tool interface only requires the
user to input basic information about the extractive process to
be optimised, such as phases volumes, aqueous phase pH,
which phase is the extractive, and which compounds are
involved. Following essential validation, this information is
used to construct standardised data queries sent to our data-
base which retrieve the necessary data and store them in
appropriate data objects. The data are processed and trans-
formed to an appropriate format to allow faster calculations by
the downstream functions. In short, the details of the extractive
process and the details of the compounds involved in the
separation are stored in Python dictionaries with several of their
keys and value pairs updated as the necessary data is retrieved.
We are sharing a fully functioning worked example of code
which includes the data and procedural processing for the
generation of the results discussed herein (see ESI,† Example
Code). By sharing this code, we are enabling others to imple-
ment it and deploy it as it best suits them, on a platform of their
choice.

Tool features

The tool works as illustrated in Fig. 1. The interface accepts
various required user inputs such as organic and aqueous
phases volumes, aqueous phase pH, organic solvent name,
which phase the isolation is occurring in, and unique
compound identiers. If multiple compounds are entered, the
user is required to specify which is the one they are interested in
isolating or separating from the others. Once these data are
entered, the tool queries our database for the required infor-
mation: LogP values in a list of solvents and pKa values for each
compound. Once these physical properties data are retrieved,
processed and validated, the tool produces a series of helpful
visualisations that facilitate process understanding and allow
further experimentation (Fig. 2). Such visualisations include the
aqueous speciation of all compounds, pH-dependent fraction
extracted plots for all compounds in the aqueous or the organic
phase, as well as the extraction efficiency of the compound of
interest. In each section, the user is provided with informa-
tional, conrmational, or warning messages facilitating their
navigation and enhancing their interaction with the tool.

Application example

As a specic example of the use of this tool, we investigated two
scenarios based on the Buchwald–Hartwig coupling of aryl
bromide 1 with 4-methyl piperazine 2 to afford product 3
(Scheme 1), as previously reported.11 This reaction represents
a typical example where a liquid–liquid extraction step is
required as part of the process and a case where a compound
with multiple ionic forms such as 3, can present a challenge for
process modelling. The rst scenario involves understanding
the conditions required to efficiently separate an excess of the
amine 2 from product 3. The second scenario is concerned with
the possible contingencies in the event where the reaction is
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Overview of the tool. Panel A: flowchart of actions. Panel B: input fields capturing information for the process. Panel C: input fields for the
compounds involved. Visualisation allows structural verification. Panel D: the user can define a range of physical, regulatory and functional group
criteria for solvent selection. Panel E: further definition of the operational ranges of the user's investigation. Informational (blue), confirmational
(green), and warning (orange) messages are displayed in each section to enhance user experience.
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incomplete, leading to a case where the crude reaction mixture
contains a quantity of both starting materials 1 and 2, as well as
a signicant amount of product 3.
Scenario 1

In the published procedure, an excess of the amine 2 is used for
the quantitative preparation of product 3 from starting material
1. As such, upon reaction completion, a substantial amount of
© 2025 The Author(s). Published by the Royal Society of Chemistry
amine 2 is le unreacted and requires separation from the
desired product 3. Using the unique identiers, the user can
immediately access speciation curves and fraction extracted
graphs for each of these two compounds, as well as the extrac-
tion efficiency of the desired compound, product 3 (Fig. 2). The
fraction extracted graphs can represent the fraction extracted
either in the organic or the aqueous phase depending on which
one the user is interested in. Here, both product 3 and amine 2
Digital Discovery, 2025, 4, 1763–1771 | 1765
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Fig. 2 Informative data visualisations for the process details provided. Panel A: speciation curves for product 3 (left) and amine 2 (right). Panel B:
fraction extracted curves for both materials in the organic phase. Panel C: extraction efficiency of product 3 in the organic phase. The pH value
for the maximum extraction efficiency is indicated with a star symbol. Volume ratio (organic/aqueous) = 1. Organic phase: 2-MeTHF.

Scheme 1 Buchwald–Hartwig C–N coupling of starting materials 1 and 2 affording product 3.
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are protonated at very low pH, preventing them from extraction
into the organic phase. At higher pH, both compounds' fraction
extracted increase due to the decreasing ionised fraction of both
species. Interestingly, the fraction extracted of 2 and 3 react
differently to the pH for two reasons. First, the pKa of 2 is lower
than that of 3, therefore the ionic fraction of the former is
higher at a given pH. Second, even at high pH when both
molecules are neutral, the fraction extracted of 2 is lower than
the product 3, owing to the lower LogP value of 2 in 2-MeTHF
and water compared to product 3 (Scheme 2). Taken together,
these observations highlight the existence of a “sweet spot”
where optimising the extraction efficiency of 3 is feasible. Using
the fraction extracted curves, the extraction efficiency of product
3 in the organic phase is automatically calculated by the tool
1766 | Digital Discovery, 2025, 4, 1763–1771
over the full pH range and displayed to the user (Fig. 2C). The
pH corresponding to the optimal extraction efficiency is also
highlighted. From these graphs, it is immediately evident that
product 3 can be readily isolated from an equimolar amount of
amine 2 by adding an equivolume amount of an aqueous phase
with a suitable additive to adjust the pH to 7, in a high yield,
directly from the crude reaction mixture. This conclusion
reects the experimental conditions included in the original
report11 where the necessary volume of water followed by
a quantity of acetic acid are added to adjust the pH upon
reaction completion.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Ionic and neutral forms for product 3 (top row), amine 2 (middle) and aryl bromide 1 (bottom). In each case the charge (q) for each
ionic form is shown, and the logarithmic value for the partition coefficient (Log KP) in 2-MeTHF for each compound's neutral form is given.
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Scenario 2

In this scenario, we assume that the reaction has not progressed
to completion, resulting in an end of reaction mixture con-
taining unreacted aryl bromide 1, excess amine 2, and the
formed product 3. The tool can be used to retrieve the relevant
data for all three compounds. As above, the speciation and
fraction extracted curves can be used to gain insights into the
opportunities available (Fig. 3). In this case, the fraction
extracted curve of product 3 lies between the corresponding
ones for the aryl bromide 1 and amine 2. As such the isolation of
product 3 in either the aqueous or the organic phase will be
challenging. This observation is reected in the extraction
efficiency curves where the maximum extraction efficiency in
either the aqueous or the organic phase does not exceed 50%.
Notably the maximum extraction efficiency of product 3 in the
aqueous phase is observed at a different pH value compared to
that in the organic phase. This observation can be rationalised
by considering the differences in the number of ionic forms and
partition coefficient of the neutral form between the three
compounds (Scheme 2).

In this scenario it is evident that product 3 cannot be effi-
ciently separated from the other two compounds with one
extraction. However, an experienced process chemist can resort
to performing two sequential orthogonal extractions; one to
separate the residual bromide 1 from the crude mixture, fol-
lowed by one to separate amine 2 from product 3. The organic
solvent in the two extractions does not need to be the same;
© 2025 The Author(s). Published by the Royal Society of Chemistry
screening for optimal solvents in both extractions could
improve overall process efficiency and sustainability. The tool
allows the user to dene a set of physical criteria such as ranges
of boiling points, melting points or densities, regulatory criteria
such as ICH Classication,12 or chemical functional groups,
allowing the selection of solvents for subsequent calculations
and comparisons. To this end, the user may also dene the
range of concentrations that are acceptable (expressed as
process chemist-friendly relative volumes) and volume ratios.
Solubility data is used to determine the minimum organic
solvent volume required. All the retrieved and calculated data,
as well as the investigation parameters and solvent selection
criteria, can be exported in a FAIR data compatible format
(comma separated les).13,14 In this manner the data generated
can be readily stored, retrieved, or re-used in other platforms,
for example Microso Excel, allowing efficient knowledge
retention and future reference.

In the event where multiple impurities are dened by the
user, the tool is set to calculate the extraction efficiency of the
desired compound against each of the impurities individually,
accounting for this additional challenge. As shown in Fig. 4, an
extraction with an equivolume quantity of an aqueous phase
with a suitable additive to adjust the pH to 5 would allow the
retention of product 3 in the aqueous phase along with amine 2.
Adjustment of the pH to 7 and extraction with a suitable organic
solvent, for example toluene or anisole, would then result in
close-to-quantitative separation of product 3 from amine 2 and
Digital Discovery, 2025, 4, 1763–1771 | 1767
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Fig. 3 Informative data visualisations for Scenario 2. Panel A: speciation curves of the aryl bromide 1. Panel B: fraction extracted in the organic
phase for all three components. Panel C: extraction efficiency of product 3 in either the aqueous (left) or the organic phase (right) in the presence
of aryl bromide 1 and amine 2. The pH value for the maximum extraction efficiency in each case is indicated with a star symbol. Volume ratio
(organic/aqueous) = 1. Organic phase: 2-MeTHF. Vertical dashed line denotes pH 7.
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its transfer in the organic phase. This sequence wouldmaximise
the recovery and residual purity of the isolated product 3.

Both scenarios examined above represent common chal-
lenges that chemists face during design and optimisation of
industrial processes. However, expertise to retrieve, format, or
aggregate the necessary physical properties data and to model
the liquid–liquid extraction step in a standardised manner is
not common among process chemists. Our digital tool removes
these data accessibility and expertise barriers and puts the data
at the user's ngertips in a standardised layout. The visual-
isation of the speciation curves and fraction extracted in the
respective phases facilitate process understanding by providing
direct comparisons of the quantities examined.

Although the above functionalities have a positive impact on
decreasing the effort required to model an aqueous liquid–
liquid extraction process, the capability described so far is
limited to a single, user-dened process solvent. We have
designed the nal part of the tool so that it can be used to
compare the extraction efficiency of the desired compound in
many systems, thus enabling the selection of solvents and
process parameters. This calculation is fast, can be applied to
multiple solvents, and provides the user with valuable infor-
mation with which they can interact directly within the tool. In
1768 | Digital Discovery, 2025, 4, 1763–1771
both scenarios, the user has direct access to the data in tabular
form (see ESI,† example of tool output), which can be sorted in
ascending or descending order according to their criteria, for
example by aqueous phase pH, solvent name, or extraction
efficiency.

The tool can calculate the extraction efficiency of the desired
product in the presence of an indeterminate number of impu-
rities, in this case two, and 166 water-immiscible solvents over
140 pH increments (0.1-unit increments) in less than 5 seconds.
In scenario 2, this calculation results in a cumulative data set of
22 701 entries. In this manner, the user can rapidly generate
hypotheses regarding which solvents can be used in the liquid–
liquid extraction step to maximise the extraction efficiency as
a function of pH and solvent. In scenario 2, the user can
compare between all 166 available solvents to identify a suitable
option for the orthogonal extraction to separate product 3 from
amine 2. We highlighted toluene and anisole as examples of
solvents used abundantly in industrial processes which also
show excellent extraction efficiency for product 3 in a wide pH
range (6–8), which de-risks the overall process (see Fig. 4).

It is important to point out the limitations of the current
implementation of the tool, to manage user expectations and to
ensure a correct use of the results. Currently, the LogP values
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Extraction efficiency curves of product 3 against both bromide 1 and amine 2 (top), or either amine 2 (middle) or bromide 1 (bottom). This
visualisation highlights the opportunity of using orthogonal extractions to efficiently isolate product 3 by sequentially separating from the other
two components of themixture. The extraction efficiency in either the aqueous (left) or the organic (right) phase is shown. The calculation can be
extended to many solvents highlighting potential opportunities. The plot is interactive allowing the visualisation of all selected solvents or just
a subset of them. Included in this example: 2-MeTHF, 1-butanol, anisole, methyl tert-butyl ether, and toluene. Volume ratio (organic/aqueous)=
1.
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used refer to 25 °C while many extractive processes can be
conducted at a different temperature. Furthermore, due to the
prediction approach taken, the stored LogP values may not be
directly relevant to the actual process conditions.15 The model
computes partition coefficients at innite dilution for binary
aqueous/organic systems. Highly concentrated solutions, the
presence of electrolytes in the aqueous phase or of ion pairs in
the organic phase, as well as the presence of additional organic
compounds (additional solutes or solvents) is not accounted
for. Including such terms would require a more complex
physical model that is not amenable to automation and suffers
from a higher prediction error. As such, the tool is not geared to
predict accurately a global optimum in the parameter space.
Despite the limitations, the tool in its current implementation
can be used for the virtual screening of solvents and to generate
© 2025 The Author(s). Published by the Royal Society of Chemistry
hypotheses and prioritise them, guiding experimentation in an
efficient and data-led manner.

Depending on data availability, the tool can be adjusted to
use a range of available data sources. These can include
measured or predicted LogP values at one or multiple temper-
ature points, measured or predicted pKa values, and measured
or predicted solubility values. The latter can be used to calculate
relative volumes for the organic phase and using the volume
ratio, the relative volumes of the aqueous phase and thus the
total relative volume that the process would require. This
calculation can be used to estimate PMI values which can then
be used as a selection criterion connecting this digital tool
directly with sustainability strategy and targets. Finally, the
equations could be modied to accommodate for the molar
ratio between compounds instead, thus providing an estimate
Digital Discovery, 2025, 4, 1763–1771 | 1769
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of the residual purity of the isolatable compound with a certain
degree of condence.

The simplicity of this digital tool allows even the inexperi-
enced user to readily set up an investigation involving an array
of conditions including different solvents, volume ratios, and
pH values to supplement existing experimental data or guide
experimental design, leading to the development of novel,
leaner, and more sustainable processes.16–19 We estimate that
adoption of this tool as part of the routine approach to solvent
selection in process development activities will result in
substantial productivity improvements and reduction in
process development lead times. In addition to the lowered
entry barrier, easy access to data from a curated database,
without need for specialist assistance, and automatic pop-
ulation of all relevant elds, is estimated to save at least 30
minutes per every extraction being evaluated. This estimation is
in comparison to previous ways of working based on templated
excel spreadsheets requiring manual data retrieval and input.
The time saved for systematic comparison of all solvent options
available in a single synthetic stage of a process, exceeds one full
working day. Additional and more substantial time savings are
expected to be realised by directing experimentation to achieve
pre-set development goals more swily, compared to a human-
driven approach based on a personal experience and trial-and-
error approach. Widespread adoption of this tool is expected
to also bring additional benets to the above-mentioned time
savings, such as improved knowledge retention, higher quality
documentation, and reduction in laboratory waste.

Conclusions

We have developed an accessible, easy-to-use, digital tool that
simulates aqueous liquid–liquid extractions and can support
data-led experimental design. This tool accommodates all the
main considerations of a chemist taking on the design of an
extractive process. It removes barriers and allows the chemist to
interact with the data, building their process understanding
dynamically through worked examples. As discussed in the two
example scenarios, the tool allows the user to exercise their
chemical expertise and make informed decisions, which facili-
tate the design and development of sustainable processes for
the preparation of active pharmaceutical ingredients, or ne
chemicals in general. In Scenario 1, the extraction efficiency
graph suggested extractive conditions which were very similar
to those reported for the preparation and extractive isolation of
product 3. Although data for Scenario 2 do not exist, the
suggestion for orthogonal sequential extractions is sensible and
could be veried by any chemist. We have experienced the
immediate adoption of this tool by our colleagues, and we
anticipate that similar tools could impact positively the ways of
working of similar departments in other organisations.

Data availability

Data and processing scripts for this paper, including table of
LogP values, table of pKa values, table of compounds' SMILES,
table of Solvent physical properties, table of results as an
1770 | Digital Discovery, 2025, 4, 1763–1771
example of tool output, and an interactive notebook with use of
the code, are available on Github through: https://github.com/
AstraZeneca/LLE_Digital_Tool and DOI: https://doi.org/
10.5281/zenodo.15363857.
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