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Abstract: Methylene chloride, commonly known as dichloromethane (DCM), is a widely used
chemical for chromatography separation within the polymer, chemical, and pharmaceutical industries.
With the ability to effectively solvate heterocyclic compounds, and properties including a low
boiling point, high density, and low cost, DCM has become the solvent of choice for many different
applications. However, DCM has high neurotoxicity and is carcinogenic, with exposure linked to
damage to the brain and the central nervous system, even at low exposure levels. This research
focuses on sustainability and works towards finding safer alternative solvents to replace DCM
in pharmaceutical manufacturing. The research was conducted with three active pharmaceutical
ingredients (API) widely used in the pharmaceutical industry: acetaminophen, aspirin, and ibuprofen.
Thin-layer chromatography (TLC) was used to investigate if an alternative solvent or solvent blend
could show comparable separation performance to DCM. The use of the Hansen Solubility Parameter
(HSP) theory and solubility testing allowed for the identification of potential alternative solvents
or solvent blends to replace DCM. HSP values for the three APIs were experimentally determined
and used to identify safer solvents and blends that could potentially replace DCM. Safer solvents
or binary solvent blends were down-selected based on their dissolution power, safety, and price.
The down-selected solvents (e.g., ethyl acetate) and solvent blends were further evaluated using
three chemical hazard classification approaches to find the best fitting nonhazardous replacement
to DCM. Several safer solvent blends (e.g., mixtures composed of methyl acetate and ethyl acetate)
with adequate TLC performance were identified. Results from this study are expected to provide
guidance for identifying and evaluating safer solvents to separate APIs using chromatography.

Keywords: dichloromethane; solvent; chromatography; Hansen solubility parameters; safety;
pharmaceutical manufacturing

1. Introduction

Methylene chloride, commonly known as dichloromethane (DCM), is a widely used
chemical for chromatography separation in the polymer, chemical, and pharmaceutical
industries [1]. DCM is well known for its ability to solvate heterocyclic compounds. That, in
combination with properties including high density, a low boiling point, cost-effectiveness,
and ease of availability has resulted in widespread use of the chemical. However, DCM
is a highly toxic chemical linked to numerous health effects including skin irritation,
corrosive burns, cancer, and damage to the central nervous system [2,3]. DCM has been
used extensively as a paint stripper and as an extraction solvent in the food industry (e.g.,
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in decaffeination of coffee) [4]. The chemical has also been utilized in the production of
cellulose triacetate films and fibers [5]. Considering its versatility and availability, the
production and use of DCM in the United States peaked around 1980 with a production
capacity of 830 million pounds per year [2]. More recently, the production of DCM has
decreased to below 650 million pounds per year [2].

Within the pharmaceutical industry, DCM has been utilized in chromatographic
applications, particularly in liquid chromatography (LC), which is frequently used in
synthesizing active pharmaceutical ingredients. In LC, the separation is based on the
interactions between the mobile phase, stationary phase, and the analytes. In general, a
single chemical or chemical blend is used as the mobile phase, and adsorbent materials
(e.g., silica gel) are used as the stationary phase [6]. Although various kinds of solvents can
be used in chromatography, DCM is predominantly used in medicinal chemistry. Despite
the dominant use of DCM in chromatography, DCM often cannot be satisfactorily replaced
with safer solvent alternatives. For example, Jessop et al. (2012) reported that there are
many problematic solvents (including DCM) for which a safer substitute does not exist [7].

Previous studies have focused on the identification of solvent replacement. Gao et al.
(2021) discussed the replacement of halogenated solvents with a butyl acetate solution
of bisphenol s in the transformations of indoles [8]. Past studies have also investigated
alternatives for DCM in chromatography. For instance, Taygerly et al. (2012) developed a
solvent guide (based on safety, environmental impact, toxicity, and other factors) to help
select replacements for DCM in chromatographic applications [9]. Although it is a very
important paper that will help in the adoption of safer alternatives to DCM, the authors state
that their system only provides starting points from which others can develop replacements.
The goal of this study is to identify specific solvents and blends to replace DCM with a
method that can be adapted for use with other analytes and in other applications.

To replace DCM with safer solvent alternatives, the solubility of targeted APIs was
measured by evaluating their solubility parameters. Solubility parameters are numerical
values that represent the degree of solubility for a specific solvent. The Kamlet-Taft
parameters, Hansen solubility parameters (HSP), and the Schneider solubility triangle are
three such systems that have been used to evaluate the solubility of organic molecules
such as APIs [10-12]. The Kamlet-Taft parameters utilize Solvatochromic data based on
Solvatochromism, a phenomenon where specific compounds (probes) adsorb different
wavelengths of light and thus show different colors [13]. In the case of solubility, the color
of the probe changes based on the solvent in which it resides, providing information about
the solvation ability of the solvent [13,14]. The Kamlet-Taft system contains the parameters
« (hydrogen bonding donating ability), B (hydrogen bonding accepting ability), and 7"
(polarizability), which are used in combination to predict solubility results [7]. The method
has been used to identify replacements for DCM before. However, previous studies have
shown that the parameters are unable to provide identifiable replacements with similar
values and performance [7].

Lewis acidity, basicity, and dipolar interactions are used within the Schneider solubility
triangle [12]. Solvents are categorized into groups based on their parametric values, with
groups of solvents showing similar solubility abilities [12]. The Schneider triangle has
been used for the identification of solvents in LC applications in the past. However, the
capacity of the system to identify alternative solvents is quite limited as it only contains
82 common solvents [12].

HSP, which is refined from the Hildebrand solubility parameters, predicts the effec-
tiveness of solvents based on their hydrogen bonding forces, polar forces, and dispersive
forces [15]. With an extensive database of thousands of solvents, the system allows for the
quick identification of many potential solvent alternatives for testing. HSP theory has pre-
viously been used to identify effective solvents for the dissolution of polymeric materials
including polystyrene, polycarbonate, and styrene acrylonitrile [10]. For example, Lu et al.
(2021) used the HSP theory to find alternative solvent replacements for DCM to dissolve
acrylic coatings on electronics [10]. It has also been used to identify the miscibility between
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a pharmaceutical and coformer for indications of cocrystal formulation [16]. However,
prior to our research, the utilization of the HSP theory for identifying solvents capable of
dissolving APIs has not been investigated in depth.

This study progressed with the use of acetaminophen, aspirin, and ibuprofen, three
commonly used active pharmaceutical ingredients (API) in the pharmaceutical indus-
try [17-19]. Tested solvents and blends were evaluated for their safety and performance
compared to DCM. The conditions under which the chemicals had to pass were (1) safer
than DCM from a human health and safety standpoint and (2) show dissolution and
thin-layer chromatography (TLC) testing results similar to DCM, with equivalent or better
performance preferred.

Preliminary performance screening was conducted with TLC to observe the distance
traveled by each analyte, which helped to identify the different compounds used [20].
TLC was chosen as a prescreening tool for its cost-effectiveness per sample, allowing
for a large number of solvents and solvent blends to be screened [20]. Correspondingly,
solvents and solvent blends were evaluated for human health and safety impacts utilizing
three chemical hazard classification approaches: GlaxoSmithKline (GSK) Health Scores,
GreenScreen Scores, and the Pollution Prevention Options Analysis System (P20ASys).
Some promising solvent blends and a few individual solvents were successfully identified
using this research method. The findings from this research will be of great importance
for pharmaceutical companies currently utilizing DCM in manufacturing operations. The
use of safer and effective solvents will not only prevent workers from exposure to a highly
toxic chemical but will also work towards public health protection by limiting industrial
releases of DCM. In addition, the methodology used during this study could also be used
to identify DCM replacements for other uses.

2. Materials and Methods
2.1. Materials

The APIs used for this project, acetaminophen (98% purity), aspirin (97% purity), and
ibuprofen (99.5% purity), were obtained from Fisher Scientific (Waltham, MA, USA). The
non-API analyte, caffeine (99% purity), was also obtained from Fisher Scientific (Waltham,
MA, USA). The TLC plates (Supelco TLC Silica gel 60 Fy54 Plates 20 x 20 cm 1.05715) and
the ultraviolet (UV) torch (Supelco UV lamp 254 nm for TLC 1.12537) used to observe TLC
plates were obtained from Millipore Sigma (Burlington, MA, USA). Glass capillary tubes
and glass vials used for dissolution testing were purchased from Fisher Scientific (Waltham,
MA, USA) and used as provided. The manual glass cutter (Fletcher-Terry gold tip glass
cutter) was acquired from McMaster-Carr (Elmhurst, IL, USA). All solvents used for this
research are listed in Table 1.

Table 1. Results from dissolution testing after 2 min (Ace: acetaminophen; Asp: aspirin; Ibu: ibuprofen).

Solvent and Solvent Blends

Scores with 2 min

Hansen Solubility Parameters Dissolution Time !

Sp Sp Sy Ace Asp Ibu
acetic acid 14.5 8 13.5 0 0 1
acetone 15.5 104 7 1 1 1
acetonitrile 15.3 18 6.1 0 0 1
acetophenone 18.8 9 4 0 0 1
amyl acetate 15.8 3.3 6.1 0 0 1
anisole 17.8 4.4 6.9 0 0 1
cyclohexanone 17.8 8.4 5.1 0 0 0
cyclopentyl methyl ether 16.7 43 43 0 0 1
cyrene 18.9 12.4 7.1 0 0 0
diacetone alcohol 15.8 8.2 10.8 0 0 0
dichloromethane 17 7.3 7.1 0 0 1
diethyl ether 14.5 29 4.6 0 0 1
dimethyl adipate 16.3 6.8 8.5 0 0 1
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Table 1. Cont.

Solvent and Solvent Blends

Hansen Solubility Parameters

Scores with 2 min
Dissolution Time !

Sp Sp Sy Ace Asp Ibu
DI Water 15.5 16 423 0 0 0
DMF 17.4 13.7 11.3 1 1 1
DMSO 18.4 l6.4 10.2 0 0 1
ethanol 15.8 8.8 194 1 1 1
ethyl acetate 15.8 5.3 7.2 0 0 1
ethylene glycol 17 11 26 0 0 0
formic acid 14.6 10 14 1 0 0
glycerol 174 11.3 27.2 0 0 0
Isophorone 17 8 5 0 0 0
methanol 14.7 12.3 22.3 1 1 1
n-butyl benzoate 18.3 5.6 5.5 0 0 0
n-heptane 153 0 0 0 0 0
sulfolane 17.8 17.4 8.7 0 0 0
tetrahydrofuran 16.8 57 8 0 1 1
toluene 18 1.4 2 0 0 1
xylene 17.8 1 3.1 0 0 1
1 bromonaphthalene 20.6 3.1 4.1 0 0 0
1 chlorobutane 16.2 55 2 0 0 1
1 methoxy 2 propanol (propylene glycol monomethyl ether) 15.6 6.3 11.6 0 0 0
12 propanediol monomethyl ether acetate 15.6 5.6 9.8 0 0 1
1,4 dioxane 17.1 6.8 7.8 0 0 1
12 3 4 tetrahydronaphthalene 19.6 2 29 0 0 0
2 butanol 15.8 5.7 14.5 0 0 0
2-picoline 18.4 6.4 5.7 0 1 1
cyclohexanone (65%) + PG monomethyl ether (35%) 2 17 7.7 7.4 0 0 0
ethanol (80%) + toluene (20%) 2 16.2 7.3 159 0 0 0
ethyl acetate (60%) + acetone (40%) 2 15.7 7.3 7.1 0 0 1
ethyl acetate (75%) + ethanol (25%) 2 15.8 6.2 10.3 0 0 1
tetrahydrofuran (55%) + cyclohexanone (45%) 2 17.3 6.9 6.7 0 0 1
tetrahydrofuran (85%) + toluene (15%) 2 17 5.1 7.1 0 1 1
water (50%) + acetonitrile (50%) 2 154 17 242 0 0 0

1 Scoring Criteria, 0: API not fully dissolved within 2 min, 1: API fully dissolved within 2 min. 2 Solvent blend matrix created with D, P,
and H values closer to DCM to improve the reliability of the HSP sphere.

2.2. General Procedure for Solubility Testing, Solvent Optimization, and Thin-Layer Chromatography
2.2.1. Dissolution Testing of Active Pharmaceutical Ingredients

Using a graduated cylinder, 15 mL of solvent was measured and poured into a glass
vial, which contained 0.1 g of one of the APIs: Acetaminophen, aspirin, or ibuprofen. Each
vial was left undisturbed without agitation for a 2 min dwell time. The vial contents were
then visually inspected to determine if the analyte had fully dissolved or not. Vials were
also visually inspected for dissolution after a 10 min dwell time and 30 min dwell time. For
each glass vial and dissolution time, the solubility performance of each solvent was labeled
as “Dissolved” if the API was fully dissolved or “Undissolved” if the API was not fully
dissolved. This protocol was modified from a prior study measuring the solubility of a
conformal coating in various solvents [10].

2.2.2. Procedures for Optimization of Solvent Blends

The Hansen Solubility Parameters (HSP) theory was used to determine the solubility
of the tested APIs. HSP theory can be used to predict which solvents may be able to
dissolve target solutes and is an efficient method to rapidly identify safer and effective
alternatives to toxic solvents [10,12,21]. The HSP approach is based on three distinctive
forms of inter-molecular force: Dispersion forces (D), Polar forces (P), and Hydrogen bond
forces (H). These three forces (also known as parameters) are used to describe solvent and
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solute interactions. Each parameter is used as an axis in the three-dimensional solubility
space. As shown by Figure 1, each solvent is represented as a point in the three-dimensional
solubility space, with each solute represented as a sphere within the three-dimensional
solubility space [22]. The black dot represents the center point for the sphere of solubility.
The green dots represent solvents that are located within the solute’s solubility sphere that
will dissolve the solute (e.g., API in this study). The red dots represent solvents outside the
solubility sphere that will not dissolve the solute.

Hydrogen Bonding Force (H)

Rad:9-

* Polar force (P)

Dispersion force (D)

Figure 1. Solvents and sphere of solubility in Hansen Solubility Parameter 3D Space; Red points
represent solvents located outside of the solubility sphere and green points represent solvents located
within the solubility sphere.

HSP values are based on the principle that "like dissolves like". The closer the solute
and solvent are in the three-dimensional solubility space, the greater the likelihood that the
solvent will be effective. If the solvent is located inside of the sphere of solubility, then it
will dissolve the solute. If the solvent is located outside the sphere of solubility, then it will
NOT dissolve the solute. In general, solvents have absolute HSP values (with specific dp,
6p and dy values), while solutes (e.g., APIs) are represented as a sphere indicating a spatial
region of likely solubility (with a radius, Ry) [15]. The HSP distance from the center of the
sphere to a solvent (R,) can be calculated as shown in Equation (1):

R2 =4 x (Opa — 8p1)* + (6p2 — 0p1)* + (Om2 — Op1)? 1)

In Equation (1), épy and épj represent the dispersion forces for a selected solvent and
a given polymer, respectively. Similar denotation is also applied to dp (polarity) and dy
(hydrogen bonding). With the values of R, and Ry, one can calculate the relative energy
difference (RED) as shown in Equation (2):

_ The HSP distance of a solvent to the center of the solute sphere R,

RED = —
The radius of the solute sphere Ro

@)

Theoretically, an ideal solvent would be located at the solute sphere center with a RED
value of 0, with the solvent effectiveness decreasing with increasing distance from this ideal
solvent. If a solvent has a RED value smaller than 1 (i.e., the selected solvent is inside the
sphere), then the solvent and solute are considered compatible at the given pressure and
temperature (Figure 1) [22,23]. Overall, the lower the HSP distance between the solvent and
the center of the solute solubility sphere, the faster the anticipated dissolution time [22].
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The data gathered from dissolution testing were used to calculate the best-fit sphere
with HSP values and radius using multi-response optimization algorithms as described
in the literature [10,15,22,24]. Each solvent in the list was marked using a binary system,
with “1” input for solvents with “dissolved” solutes and “0” input for solvents with
“undissolved” solutes. Separate lists were created for each API at each dissolution dwell
time, with solute spheres generated from each list. Each solute sphere generated came
with an output fit value between 0 and 1, indicating sphere stability and reliability. The
output fit values were compared with one another, and the plot with the highest value was
identified (note that higher output fit values indicate more stable and reliable spheres).

2.2.3. Thin-Layer Chromatography

As Figure 2 shows, TLC plates (originally 20 cm by 20 cm) were cut to 5 cm by 10 cm
sections using a manual glass cutter. The origin was marked 1 cm from the bottom of the
TLC plate along the silica gel side, and vertical markers (spaced 1 cm from each other)
were marked across the origin line. The API solution was created with the API dissolved in
methanol. The concentration of API in each solution used for spotting was kept constant at
6.67 mg/mL, which was the maximum concentration methanol could readily dissolve the
analytes. The solution was then spotted along the vertical markers with a glass capillary
tube and was immediately placed into the developing jar with 15 mL of the mobile phase
to develop for 10 min [25,26]. TLC plates were subsequently removed and the solvent front
(i.e., the distance mobile phase traveled up on the TLC plates, Figure 3) was immediately
marked. A UV torch with a wavelength of 254 nm was used to observe the developed plates,
and the distance traveled by each API and the solvent front was marked and measured.
This protocol was modified from the literature discussing all aspects of TLC including
procedural information [25,27].

| B fil —

4, Spot Sample TLC

1. Cut TLC Plates to 2. Gather all API for 3. Dissolve 0.1 g of :
. . . - Pl haD
Size Methanol

—_ == E

8. Mark Solvent

5. Spotted TLC Plate 7. Expose TLC Plate
Placed in Jar Filled 6. Close Lid of Jar under UV Lamp to Front as wel

‘ . o as Distance Traveled
with 15 mL of and Let TLC Plate Sit Identify Distance by Each APl Using a
Mobile Phase for 10 min Traveled by Each API Pencil

Figure 2. Workflow diagram of thin-layer chromatography: Cut TLC is spotted with solution of API
dissolved in methanol and exposed to a mobile phase for development. Fully developed plates are
subsequently removed and exposed to UV light to identify the distance traveled by the API on the
plate which is recorded.

The Retention factor (R¢) identifies the distance traveled by each analyte when spotted
on a TLC plate. Rg is a ratio between the solvent front and the distance moved by the
analyte from the origin that is calculated using Equation (3) [6]:

Rf=D/S 3)
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where D is the distance moved by the analyte and S represents the solvent front (Figure 3).
More details about Equation (3) can be found in Bettelheim and Landesberg (1997) [28],
and Williamson and Masters (2016) [29].

Solvent Front

D
Distance S
Moved by :
Solvent

Distance
Moved by | D
the Analyte

Origin
Figure 3. The Retention factor (R¢): A ratio between the solvent front (the green line) and the distance
moved by the analytes from the origin (the blue line).

3. Results
3.1. Dissolution Testing of Analytes

The solubility of the tested APIs (acetaminophen, aspirin, and ibuprofen) was mea-
sured at dissolution times of 2 min, 10 min, and 30 min. The solubility testing results for
solvents with 2 min dissolution time are summarized in Table 1. A 3D solute sphere for
each API was created with the help of the data obtained from dissolution testing at 2 min,
10 min, and 30 min (Figures S1-53 in the Supplementary Data). Solvents that lie inside the
sphere of solubility were marked as “good” solvents whereas the solvents that lie outside
the sphere were marked as “bad” solvents. Different APIs showed different output fit
values and fit trends over different dissolution times (Table S1 in the Supplementary Data).
The output fit values indicate the amount of error associated with the solvent location in
relation to the sphere and its solubility. As these errors decrease to zero, the fit accuracy
increases to 1.00 [30]. The error associated with the bad solvents located inside the sphere
and the good solvents located outside the sphere should be minimized. Acetaminophen
2 min had a fit value of 0.8, which was the highest fit value. This indicated that the so-
lute sphere generated with data from acetaminophen with a 2 min dwell time was the
most stable and reliable. Moreover, as an active ingredient in all kinds of pain products,
acetaminophen represents a larger share of the API market (41%) than the others tested,
followed by aspirin (34%) and ibuprofen (25%) [31]. Thus, acetaminophen was selected for
further study.

It is important to note other interactions that had an impact on sphere fit accuracy but
were outside the scope for this research project. Three parameters were considered when
generating the spheres (polar force, hydrogen bonding force, and dispersion force). The
HSP theory used for sphere development did not consider any factors related to the solvent-
API interactions or donor-acceptor reactions that may have occurred. Chen et al. (2020)
noted that many pharmaceuticals in solid form exhibit polymorphism [32]. This means
different crystalline structures exist within the same solid substance. These different
polymorphs can often show different properties, including solubility behaviors. In some
cases, polymorphs show poor thermodynamic stability when exposed to various solvents,
resulting in unwanted solvent-API interactions that adversely affect the drug manufac-
turing process [32]. Given these effects, the data collected for acetaminophen with a 2min
dissolution time were used for further testing.
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3.2. Thin-Layer Chromatography

Both DCM and potential replacement solvents and solvent blends were compared
to one another using TLC (Figure 4). TLC plates were spotted with a mixture of ac-
etaminophen dissolved in methanol and subjected to a mobile phase environment. Each
solvent/solvent blend was used as a separate mobile phase during testing. The solvent
front and the distance traveled by acetaminophen were marked and compared for eluting
strength. Solvents and solvent blends with R¢ values between 0.4 and 0.8 were noted as
falling within the preferred target range used by a major pharmaceutical manufacturing
company for TLC test results. Notably, only ethyl acetate and ethyl acetate solvent blends
fell within this target range.

1.0
0.9

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

Ethyl Acetate Cyclohexanone PG Monomethyl 1,4 Dioxane Dimethyl Cyclohexanone+ Ethyl Acetate+
Ether Adipate PG monomethyl Acetone
Ether

R¢ Value

Figure 4. R values of acetaminophen for each solvent (n = 3).

3.3. Addition of Caffeine as a Second Analyte

Caffeine was added to the previously prepared acetaminophen solution to compare the
abilities of the solvents to separate the two different components within a mixture. Caffeine
was used as a stimulant for API (i.e., acetaminophen in this case), while acetaminophen
served as the model API for evaluating the separation efficiency of safer solvents [33,34].
Notably, caffeine is the most widely used stimulant because it has fatigue-reducing proper-
ties [35]. Caffeine is often added to pharmaceuticals (e.g., analgesics, migraine medication,
etc.) to help enhance the performance of the various drugs. In fact, many commercial anal-
gesics (e.g., Tylenol, i.e., acetaminophen) include both analgesics and caffeine [28,29]. Thus,
in this study, thin-layer chromatography was used to test for the separation performance of
alternative solvents with the presence of analgesics (i.e., acetaminophen) in a commercial
product setting. Other studies have used caffeine for the same reason as well [33,34].

The concentration of caffeine used in the mixture was 0.67 mg/mL, which was the
maximum concentration that could be readily dissolved by methanol. After spotting the
mixture on a TLC plate, two spots representing acetaminophen and caffeine were obtained
after being subjected to a mobile phase environment (Figure S2 in the Supplementary
Data). The solvent front and the distance traveled by both spots were marked and com-
pared for eluting strength (Table 2). There was a noticeable difference in the separation
distance between the two analytes, with all tested solvent/solvent blends showing greater
separation values of the two analytes than DCM. Notably, 1,4 Dioxane and dimethyl adi-
pate showed the most similar separation data to DCM. Both solvents were found to have
identical polarity values of 6.8, a number similar to the polarity value of DCM (7.3). This
suggests that polarity may be an important factor in determining the abilities of solvents
to solubilize API and similar organic compounds. However, a blend of ethyl acetate and
acetone with an identical polarity value to that of DCM did not show similar results to
that of DCM. This indicates that although HSP is a helpful tool in the solvent/solvent
blend identification process, it cannot be solely used to determine effective alternatives.
Additional investigation including a more complex computational analysis regarding the
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molecular solvation theory is required to understand the intermolecular interactions not
accounted for by the HSP theory.

Table 2. Distances traveled by spots (Spot 1: Acetaminophen; Spot 2: Caffeine).

Solvent/Solvent Blend Distance Traveled by Distance Traveled by Distance between the
Spot 1 (cm) Spot 2 (cm) Spots
DCM 2.6 24 0.2
1,4 dioxane 3.4 2.8 0.6
dimethyl adipate 2.5 19 0.6
cyclohexanone 2.6 1.9 0.7
cylohexanone (65%) + PG

monomethyl ether (35%) 3.0 18 12
PG monomethyl ether 3.3 2.0 1.3
ethyl acetate (75%) + ethanol (25%) 43 2.8 1.5
ethyl acetate (60%) + acetone (40%) 45 29 1.6
ethyl acetate 3.9 2.2 1.7

3.4. Chemical Hazard Classification of the Potential Alternative Solvents

A three-factored approach was adopted to assess the safety of the screened solvents
and solvent blends (Table 3). First, the GSK health scores of the solvents were investigated.
The GSK system provides a score for chemicals on a scale between 1 and 10 for various
health, safety, and environmental categories such as waste, environmental impact, health,
flammability /explosion, and reactivity/stability. For the purposes of our research, we
focused on human health and safety and, consequently, used the GSK “Health” score. Safer
substances have high GSK Health scores while substances with high human toxicity are
assigned lower Health scores [36]. GSK Health scores for most of the screened solvents
were found to be higher than that of DCM, indicating that they are less hazardous than
DCM. However, GSK Health scores were not available for all solvents evaluated. To further
evaluate the safety of the solvents, an assessment using P2OASys was conducted [37].
P20ASys provides information using both qualitative and quantitative data considered to
accurately assess the safety of solvents. The system ranks substances on a scale between
1 and 10, with lower scores given to safer chemicals [37]. Cyclohexanone was found to
have a higher score than DCM, indicating it is more hazardous than DCM (note that higher
P20Asys scores indicate more toxic solvents). Acetone, PG monomethyl ether, ethyl acetate,
1,3 dioxolane, methyl acetate, and dimethyl adipate were found to have lower P20ASys
scores, showing that they are safer alternatives to DCM, cyclohexanone, and 1,4 dioxane.
The third approach used to evaluate solvent safety was the GreenScreen Score system [38].
The system categorizes chemicals on a scale from Benchmark 1 (BM-1) to Benchmark 4
(BM-4). Substances listed under BM-1 are those of high concern whose use should be
avoided. BM-2, BM-3, and BM-4 chemicals represent usable substances within a range of
increasing safety [38,39]. DCM was listed as BM-1, identifying it as a highly hazardous
chemical (note that high benchmark levels indicate less hazardous chemicals within the
Green Screen Score system). Similarly, 1,4 dioxane, was found as BM-LT1 (list translator 1),
which identified it as a likely BM-1 substance. Acetone, 1,3 dioxolane, and methyl acetate
were classified as BM-2, thus identifying them as safer substitutes to DCM. Evaluation data
for cyclohexanone, PG monomethyl ether, ethyl acetate, and dimethyl adipate were not
found as GreenScreen was unable to provide a benchmark score for all solvents screened.
All solvents and solvent blends presented in Table 3 (with the exception of 1,4 dioxane and
cyclohexanone) were found to have less toxicity than DCM based on the results from all
three safety evaluation systems.

3.5. Optimization of Safer Solvents Blends

Results from dissolution testing and safety screening showed only a select number of
potential individual replacement solvents for DCM. To increase the number of alternatives
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to DCM,, solvent blend optimization and additional TLC testing were conducted to identify
effective binary solvent blends. A multi-factored approach was used for the solvent blend
optimization process. The factors that were selected as most important and used were
solvent distance, chemical safety/toxicity, physical-chemical properties (boiling point and
miscibility), and price [10]. Initial screening consisted of down-selecting the large number
of blends based on solvent distance, miscibility, and solvent safety. A maximum solvent
distance of 4.0 MPal/? to the target solute was chosen to increase the likelihood that all
the blends would be able to perform with similar results to DCM during TLC testing [40].
Only blends listed with miscible solvents were kept, to prevent phase separation of the
solvents during TLC testing. Based on the safety assessment results, only blends containing
solvents safer than DCM were selected. After safety screening, additional parameters were
added to further down-select blend combinations. An initial maximum boiling point of
100 °C was selected to better facilitate solvent recovery. The maximum boiling point for the
blends was listed as the higher of the two boiling points between the two solvents within
the blend. The maximum cost for all possible blends (with consideration of blend ratios)
was set at 125 USD per liter to ensure blends would be similarly cost-effective to DCM.
Prices for each solvent were based on the cost listed from the Sigma Aldrich chemical
pricing website during the time of research (Spring 2021) [41]. Lastly, blends with at least
5% of each solvent were chosen as results with those with over 95% of the majority solvent
would be too similar to the majority solvent in its pure form [10].

Table 3. Hazard classification of screened solvents.

TURI P20Asys GSK Scores Green Screen Score
Solvent 10: High Hazard 1: High Hazard BM-1: High Hazard; Reasons for Selection
2: Low Hazard 10: Low Hazard BM-4: Low Hazard
DCM 7.8 4 BM-1 Baseline, chemical to be replaced
1,4 dioxane 7.9 4 BM-LT1 HSP similar to DCM to evaluate
cyclohexanone 7.8 6 No evaluation HSP similar to DCM to evaluate
1,3 dioxolane 6.5 No evaluation BM-2 Safer alternative to evaluate
acetone 54 8 BM-2 Safer alternative to evaluate
PG monomethyl ether 5.0 No evaluation No evaluation Safer alternative to evaluate
ethyl acetate 42 8.0 No evaluation Safer alternative to evaluate
methyl acetate 41 No evaluation BM-2 Safer alternative to evaluate
dimethyl adipate 3.5 No evaluation No evaluation Safer alternative to evaluate

Two potential solvents blends (methyl acetate/ethyl acetate and ethyl acetate/1,3
dioxolane) were found to meet the parameters from the solvent optimization process. The
optimization process was conducted again without the boiling point parameter and resulted
in the addition of a third solvent blend with dimethyl adipate and 1,3 dioxolane. Upon
further analysis of the solvent optimization and preliminary performance screening results,
a fourth potential DCM replacement solvent blend was identified: Dimethyl adipate/ethyl
acetate. These four DCM potential replacement solvent blends are included in Table 4.

Table 4. Potential DCM replacement solvent blends.

.. Blend Ratio . ore .
Blend Combination (Solvent 1/Solvent 2) Blend Price (USD) Max Boiling Point (C)
dimethyl adipate/1,3 dioxolane 72/28 $115 215.2
ethyl acetate/1,3 dioxolane 51/49 $118 78
methyl acetate/ethyl acetate 56/44 $98 77
dimethyl adipate/ethyl acetate 50/50 $90 215.2

The four solvent blend combinations were then analyzed using TLC performance
testing. The identified solvent blends were used as the mobile phase during testing and
the TLC results were compared to that of DCM. The initial TLC test results for the ethyl
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acetate/1,3 dioxolane blend combination had the worst performance out of the four solvent
blend combinations, and therefore no additional trials were conducted for this blend.
After initial testing of the DCM replacement solvent blends was completed, additional TLC
testing was then conducted with the remaining three solvent blend combinations at varying
blend ratios to identify the effect of blend ratio on the TLC results. This additional testing
also allowed us to see if varying the solvent ratio for each optimized blend combination
would result in acceptable R¢ value results. Three replicates for each solvent blend ratio
selected were tested. For example, the dimethyl adipate and 1,3 dioxolane solvent blend
was tested (with three replicates) at the following dimethyl adipate concentrations: 0%,
30%, 50%, 70%, and 100%. R¢ values from all replicates were averaged and are shown in
Figures 5-7. Blends containing methyl acetate and ethyl acetate were found to show the
closest TLC data to that of DCM with all values in the target R; range of 0.4 to 0.8. Despite
having very similar chemical structures, blends of methyl acetate and ethyl acetate showed
lower Rf values than that of either of the two solvents in pure form. The results suggest that
chemical interactions between the constituents of a solvent blend play a part in affecting
the separation abilities of the blend and should be further investigated in future research.

1

average R;value
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Figure 5. Comparison between R¢ Values for various methyl acetate/ethyl acetate blend concentra-
tions (n = 3).
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Figure 6. Comparison between R¢ Values for various dimethyl adipate/1,3 dioxolane blend concen-
trations (n = 3).
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Figure 7. Comparison between R; Values for various dimethyl adipate/ethyl acetate blend concen-
trations (n = 3).

4. Conclusions

This study illustrates that dissolution testing along with applying the Hansen Solubil-
ity Parameter theory can be used to effectively measure the solubility of different analytes
and provide information about the interactions between the solutes and solvents. The data-
processing methods from this study are effective at identifying a targeted list of optimized
solvents and binary solvent blends to replace toxic solvents such as DCM. TLC testing
was used to evaluate how the alternative solvents were able to separate the analytes as
compared to DCM. The identified potential replacement solvents and solvent blends were
found to have better analyte separation than DCM. Tested individual solvents were shown
to have R¢ values at least 0.2 above that for DCM. The optimized solvent blends were
found to have R¢ values around 0.7, within the acceptable range for use in a pharmaceutical
setting. The solvent blend combination containing methyl acetate and ethyl acetate showed
the most promising TLC results with the closest R¢ values to that of DCM. More specifically,
the methyl acetate and ethyl acetate blend with a ratio of 20%/80% performed the best out
of all blends tested with an average R¢ value of 0.63. These research results are of value
towards improving worker safety during pharmaceutical manufacturing processes. By
eliminating exposure to the substance, the number of workplace-related health issues can
be reduced, thus also leading to a reduction in worker injury costs and higher company
profits. In addition, other green aspects of the potential alternatives to DCM could be
evaluated including global warming potential, energy consumption (e.g., during solvent
recovery), waste generation, animal toxicity, and photochemical smog potential. These
aspects could be investigated using all GSK scoring categories and life cycle assessment
software tools such as GaBi or SimaPro [42].

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10.3390/
separations8100172/s1, Figure S1: Sphere showing good and bad solvents for acetaminophen, 2 min,
Figure S2: Sphere showing good and bad solvents for aspirin, 2 min, Figure S3: Sphere showing good
and bad solvents for ibuprofen, 2 min, Figure S4: Acetaminophen and Caffeine spotted on the TLC
plate with (left) Ethyl Acetate and Acetone, and (right) Ethyl Acetate as mobile phase under a UV
lamp, Table S1: Fit, D, P, and H values of APIs in different time intervals.
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