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ABSTRACT: Column chromatography is a technique widely used
for the purification of active pharmaceutical ingredients (APIs).
One of the common solvent systems used by this technique is
blends of dichloromethane (DCM) and methanol (MeOH),
thereby exposing workers to health and safety risks and making
the pharmaceutical sector one of the major contributors to
chlorinated solvent waste. In this work, API separation and
purification using several alternative safer solvent blends in column
chromatography were evaluated and compared to DCM/MeOH.
Ibuprofen and acetaminophen were used as model APIs, and
caffeine was used as a model additive. Overall, some of the safer
solvent blends tested provided better performance, with higher API
recovery and purity compared to DCM/MeOH, in addition to
potential health, safety, and environmental benefits. Specifically, blends of heptane/ethyl acetate and heptane/methyl acetate showed
the most promise. Our work demonstrates the potential of these safer solvent blends as possible replacements for DCM/MeOH in
API purification, thereby addressing a critical safety concern in the pharmaceutical industry.
KEYWORDS: safer solvents, active pharmaceutical ingredients, purification, column chromatography, thin-layer chromatography

1. INTRODUCTION
Dichloromethane (DCM) is extensively used as a solvent for a
wide array of applications such as biopharmaceutical
manufacturing, metal cleaning, paint stripping, aerosol
propelling, and decaffeination in the food industry.1,2 A
significant amount of DCM is produced annually in the
United States, including approximately 120,000 MT reported
in 2016.2,3 In 2021, close to 862 MT of DCM were utilized in
various manufacturing processes in Massachusetts alone, with
over a third generated as a byproduct and an estimated 18 MT
released into the environment.4

The U.S. Department of Health and Human Services and
the U.S. Environmental Protection Agency (EPA) have
associated DCM with a variety of health problems, including
cancer and damage to the central nervous system.1,2 DCM also
endures in the environment, with a half-life in water of more
than 18 months.5 Researchers have requested for a re-
evaluation of the United States’ existing regulatory strategies
of paint strippers and other occupational solvents containing
DCM due to the continuous occurrence of fatalities and other
serious injuries.6 More recently, the Biden administration
instructed the EPA to review its procedures for evaluating
chemical risks under the 2016 revisions to the Toxic
Substances Control Act.7 Following this review, the EPA
found unreasonable risk of DCM to workers, occupational
non-users, consumers, and bystanders.8 Three hazardous

chemical rating systems: the GreenScreen,9−11 the GlaxoS-
mithKline (GSK) solvent selection guide,12−14 and the
Po l lu t ion Prevent ion Opt ions Ana ly s i s Sys tem
(P2OASys),15,16 all have designated DCM as a high hazard
substance. Specifically, DCM has a GreenScreen Benchmark
score of 1 (i.e., BM-1, which is a chemical of high concern that
should be avoided), a GSK rating of 4 (on a scale of 1 to 10,
where 1 is of highest concern), and a P2OASys rating of 7.9
(on a scale of 2 to 10, where 10 is of highest concern).
Replacing DCM with a safer solvent or a safer solvent blend
will provide significant environmental, health, and safety
benefits.17−25 This goal, however, has remained a hurdle over
the past several decades.26 The major challenge is the
performance and cost of the alternatives that cannot be
compromised.17

Solvents used in the pharmaceutical industry typically
account for significant life cycle impacts, as 80−90% of the
total mass used in active pharmaceutical ingredient (API)
production is attributed to solvents, which are commonly
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disposed of as waste.27,28 DCM is one of the most commonly
used solvents for API purification via column chromatography,
making it one of the major contributors to chlorinated solvent
waste.29 The pharmaceutical companies in Massachusetts, for
example, consumed more than a third (close to 227 MT) of
the total DCM used in the state.4 There exist a few studies
investigating potential replacements for DCM in chromato-
graphic applications. Taygerly et al.29 studied safer solvent
alternatives to DCM in chromatography based on safety,
environmental impact, toxicity, elution strength, and other
factors. Several safer solvent blends, pairing one of heptane,
ethyl acetate, or methyl tert−butyl ether with another more
polar solvent from methanol (MeOH), ethanol, iso-propanol,
or ethyl acetate (or their mixtures), were identified as potential
replacements for the DCM/MeOH blend. The thin-layer
chromatography (TLC) retention factors (Rf) of a set of “drug-
like” compounds dissolved in different solvent blend systems
were measured. A green chromatography solvent selection
guide was developed based on the TLC Rf values to help
quickly determine the types and compositions of the
potentially safer solvent blends in lieu of DCM. The proposed
solvent selection strategy was, however, only validated by
qualitative separation of the compounds in silica gel
chromatography. A later study by MacMillan et al.30 took a
similar TLC approach to investigate several alternative solvents
as potential replacements for the DCM/MeOH blend in API
purification. Cyclopentyl methyl ether was suggested as the
solvent with the most potential, with dimethylcarbonate and
ethyl acetate as the other two solvents showing promises.
Recently, Sharma et al.31 developed a methodology that utilizes
Hansen Solubility Parameter in Practice (HSPiP),32 a powerful
software tool that has demonstrated to provide fast estimates
of solvent and solvent blend properties,9,33,34 to identify

alternatives to DCM for API purification via column
chromatography. Several safer solvents and their blends were
proposed based on the solution properties estimated by
HSPiP, safety ratings, and price. TLC experiments were
conducted to test the performance of these safer solvents and
blends in separating one of the three commonly used APIs
(ibuprofen, acetaminophen, and aspirin)35,36 from caffeine, the
model additive.
Investigations into the quantitative performance of these

safer solvent blends to replace DCM in actual column
chromatography settings, such as recovery ratio and purity of
the APIs, have not been undertaken.19−21 The goal of the
present study is to quantitatively determine the performance of
different solvent blends for replacing the DCM/MeOH blend
in actual column chromatography, taking heptane as the
nonpolar solvent, suggested by Taygerly et al.,29 and blending
heptane with one of the polar safer solvents identified by
Sharma et al.31 Note that heptane has a GreenScreen rating of
BM-2 and a GSK rating of 8, significantly better than DCM’s
rating of BM-1 and 4, respectively. In addition, heptane is less
polar than DCM, potentially covering a wider range of
polarities when blended with a polar solvent for better solute
compatibility. Finally, heptane is a common solvent for
alternative chromatography techniques, such as dry column
vacuum chromatography,37 which increases public reception
and lowers the commercial hurdle of our proposed
formulation. In our work, a lab-scale column chromatography
was configured for solvent evaluation. The performance of
separating model APIs (ibuprofen and acetaminophen) from a
model additive (caffeine) was assessed by the API recovery
ratio and purity. The most appropriate alternatives to the
DCM/MeOH blend for column chromatography applications
are recommended.

Figure 1. Schematic of the (a) TLC plate and (b) lab-scale column chromatography employed in this work.
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2. EXPERIMENTAL METHODS

2.1. Materials
DCM (≥99.8% purity), methyl acetate (≥99% purity), and caffeine
(≥99.7% purity) were obtained from Alfa Aesar, Ward Hill, MA, USA.
1,3-Dioxolane (≥99% purity), acetaminophen (≥98% purity), and
aspirin (≥99.5% purity) were obtained from Spectrum Chemicals,
New Brunswick, NJ, USA. Ethyl acetate (≥99% purity) and ibuprofen
(≥99% purity) were obtained from Acros Organics, Geel, Belgium.
Acetone (≥99.5% purity) and MeOH (≥99.9% purity) were obtained
from Fisher Chemicals, Fair Lawn, NJ, USA. Dimethyl adipate (≥99%
purity) was obtained from TCI, Tokyo, Japan. Washed sand and silica
gel (0.060−0.2 mm, i.e., 70−230 mesh) were obtained from Alfa
Aesar, Heysham, Lancashire, UK. Deactivated glass wool was
obtained from Restek, Bellefonte, PA, USA. Phosphoric acid (≥85%
purity) and Synthware chromatography columns with standard taper
joint, reservoir, and polytetrafluoroethylene stopcock were obtained
from Fisher Scientific, USA. TLC plates (Supelco TLC Silica gel 60
F254 Plates 20 × 20 cm) and the ultraviolet (UV) torch (Supelco UV
lamp 254 nm for TLC) were obtained from Millipore Sigma
(Burlington, MA, USA). Glass capillary tubes for dissolution tests
were purchased from Fisher Scientific (Waltham, MA, USA). The
manual glass cutter (Fletcher-Terry gold tip glass cutter) was acquired
from McMaster-Carr (Elmhurst, IL, USA).

2.2. TLC
In this work, ibuprofen and acetaminophen were chosen as model
APIs, representing acidic and neutral compounds as defined by
Taygerly et al.,29 respectively. Caffeine was selected as a model
additive,31 since it generally constitutes a significant percentage of
these APIs when commercialized. Aspirin was chosen as a calibration
standard for the quantitative analysis.
TLC plates were cut into 4 × 10 cm (width × height) pieces. The

origin line was marked 1.5 cm from the bottom of each TLC plate,
and the solvent front line was marked 1 cm below the top of each
TLC plate, allowing a travel distance of 7.5 cm. Four spots were
marked 1 cm apart on the origin line with the outer spots 0.5 cm from
the left and right flanks of the TLC plate. The solutions spotted on
the TLC plate consisted of 3 mg mL−1 of each of the analytes
(ibuprofen, acetaminophen, caffeine, and aspirin) in acetone. The
TLC experiments were conducted using the protocol described in the
literature, and the developed plates were observed with a UV lamp at
a wavelength of 254 nm.38−41 A schematic of the TLC plate is shown
in Figure 1a.

2.3. Column Chromatography
A schematic of the lab-scale atmospheric column chromatography
used in this study is shown in Figure 1b. Silica gel was chosen as the
stationary phase in the column to be consistent with the TLC
experiments. The wet packing method was used to load the silica gel
into the column.42,43 Specifically, glass wool was first loaded at the
bottom of the column to prevent the sand and silica gel from flowing
through. Washed sand was placed above the glass wool to provide an
even surface on which the silica gel could be loaded. After the sand
and glass wool were soaked with the eluent that would be utilized as
the mobile phase during the experiments, the stopcock was closed
while maintaining a reasonable level of the mobile phase above the
sand, endeavoring that a uniform top surface of the sand was not
perturbated when silica gel was poured in. Slurry silica gel (a mixture
of silica gel and eluent) was then added above the sand layer and
allowed to settle for 30 to 45 min, after which a thin layer of sand was
added above the silica gel to prevent any displacement of the silica gel
surface while conducting the experiments.
Each of the column chromatography experiments was undertaken

with 99 mg of a sample mixture, consisting of 33 mg of each model
API (ibuprofen or acetaminophen) and 33 mg of the model additive
(i.e., caffeine), dissolved into 2 mL or less of a mobile phase used as
the eluent contained in a capped 20 mL vial. The capped solutions
were then briefly placed on top of a heating plate (Fisherbrand
Isotemp HP88857200) maintained at 70 °C without solvent boiling

observed to ensure that all of the solid compounds were dissolved into
the solvent prior to being dispensed from the top of the column. The
dispensed warm solution into the column was expected to cool, and
solid precipitation was possible. However, this was not considered a
major issue since all of the solid compound mass was believed to be
loaded into the column above the top sand layer in either dissolved or
precipitated solid form, allowing for subsequent performance
evaluation.
The initial experiments were conducted with a total of 5 g of silica

gel contained in the column, achieving a compound/silica gel ratio of
approximately 1:50. The amount of silica gel was later increased to 15
g, corresponding to a taller column and a compound/silica gel ratio of
approximately 1:150 for compound mixtures that are more
challenging to separate. For both silica gel loadings, the initial liquid
level of the mobile phase was near the top of the column. Once the
stopcock was opened, this liquid level was maintained the same as
possible throughout each experiment by pouring in additional solvent.
The elution was collected in volumes of 2 mL into borosilicate culture
tubes (VWR, 13 × 100 mm) containing 1 mg of aspirin as the
calibration standard. The amounts of the APIs and caffeine in each
collected sample were then quantified by high-performance liquid
chromatography (HPLC).

2.4. Preparation of the Calibration Standards
For the quantification of the APIs in the solutions, four standard
solutions in different ratios were prepared for HPLC calibration by
dissolving the purchased compounds (i.e., ibuprofen, acetaminophen,
and caffeine, with aspirin as the calibration standard) into 10 mL of
each mobile phase.9 Note that the concentrations of these solutions
were approximately 18 to 55 times lower than those used to load the
column and were more representative to concentrations of the
compounds in the eluents. Aspirin was chosen as the calibration
standard because it does not overlap with the APIs and caffeine during
their quantification on HPLC. The compounds in the standard
solutions were loaded as Standard 1 (ibuprofen: 1 mg, acetamino-
phen: 1 mg, caffeine: 1 mg, and aspirin: 6 mg), Standard 2 (ibuprofen:
3 mg, acetaminophen: 3 mg, caffeine: 3 mg, and aspirin: 6 mg),
Standard 3 (ibuprofen: 6 mg, acetaminophen: 6 mg, caffeine: 6 mg,
and aspirin: 6 mg), and Standard 4 (ibuprofen: 9 mg, acetaminophen:
9 mg, caffeine: 9 mg, and aspirin: 6 mg). The solutions were again
capped and briefly placed on top of a heating plate maintained at 70
°C without solvent boiling observed to ensure that all of the solid
compounds were dissolved.

2.5. Product Analysis
The quantification of products was achieved by an Agilent 1100 series
HPLC system equipped with a diode array detector (DAD). A Luna
C18(2) 100 Å column (150 × 4.6 mm, 5 μm particle size) was used
with a column temperature maintained constant at 40 °C. A solution
of 20 mM phosphoric acid in deionized water was used as mobile
phase A, and MeOH was used as mobile phase B. The system flow
rate was maintained by the G1312A binary pumps at 0.6 mL min−1.
Each sample was injected by the G1329A autosampler with an
injection volume of 5 μL at ambient temperature. The analytes were
detected by the G1315A DAD at a wavelength of 265 nm. The HPLC
gradient was programmed as follows (time, % of mobile phase A): (1)
0 min, 80% A; (2) 15 min, 35% A; and (3) 20 min, 80% A.
Figure S1a shows the chromatograms of the four standard

chemicals in the 87.5 vol % DCM/MeOH blend where good
separation of the peaks was observed. The linear calibration of
ibuprofen, acetaminophen, and caffeine against aspirin (Figure S1b)
confirms that no solid precipitation occurred in our calibration
standard solutions, and our analytical method was robust for product
quantification.

3. RESULTS AND DISCUSSION

3.1. Solvent Analysis Based on TLC

The chemical hazard ratings, viscosity, cost, and Hansen
Solubility Parameter (HSP) values of DCM, MeOH, and
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heptane, as well as six safer solvents identified by Sharma et
al.,31 are listed in Table 1. Since species separation using
column chromatography is largely affected by the polarity of
the mobile phase and the compounds, the dielectric constant
(ε) for each solvent, a quantitative indicator of solvent
polarity,50 is also listed. The HSP values of the three chemical
compounds studied in this work and of silica, the stationary
phase materials used in our actual column chromatography
experiments, are also included. Among the different solvents,
cyclohexanone was not considered in our study due to its high
viscosity and safety ratings close to those of MeOH (Table 1),
suggesting potentially unsatisfactory performance with height-
ened hazards of its use in a closed laboratory setting. 1,3-
Dioxolane was also dropped due to its high cost compared to
those of DCM and MeOH. The remaining safer solvents
identified by Sharma et al.31 all have better GreenScreen and
GSK ratings than both DCM and MeOH. The only exception
was dimethyl adipate, with no reported GreenScreen or GSK
ratings but a better P2OASys rating compared to all the other
solvents.
The evaluation of solvent performance was first undertaken

using TLC as described in the literature.29,30 TLC enabled the
screening of solvent blends that showed comparable Rf values
(the ratio of the distance traveled above the origin line by the
analyte spots to that by the solvent fronts) for given analytes.
In selecting the optimal solvent blend compositions, the
industrially recommended 0.4 ≤ Rf ≤ 0.8 was taken as a

reference range.31 For an Rf < 0.4, the solvent system is
considered too nonpolar, and the compounds could be too
slow to elute from the column, while for an Rf > 0.8, the
solvent system is too polar and the compounds could elute too
quickly from the column with poor separation.
For our initial TLC experiments, each of the four analytes

(ibuprofen, acetaminophen, caffeine, or aspirin) was dissolved
in acetone at a concentration of 3 mg mL−1, and the four
solutions were parallelly spotted on a TLC plate and eluted
with each solvent blend, which was thoroughly examined with
different compositions with increasing solvent polarity before
the next solvent pair was studied. For example, for the DCM/
MeOH blend, an experiment was initially carried out with pure
DCM, which represents the lowest polarity for this solvent
system. MeOH was then added in 5 vol % increments; thereby,
the polarity of the solvent blend was slowly increased until 25
vol % MeOH in DCM was attained. For heptane blending with
one of the safer solvents, the initial experiment was conducted
with pure heptane. The polarity of the blends was then
increased through the addition of one of the safer polar
solvents in 10 vol % increments. Pure safer solvents that did
not contain any heptane were also tested. Figure 2 shows the Rf
values for every tested heptane/safer solvent blend against
DCM/MeOH, with all four analytes plotted in the same graph.
The Rf values sorted by each analyte with varying compositions
of different heptane/safer solvent blends are provided in Figure
S2.

Table 1. Comparison of Chemical Hazard Ratings, Viscosity, Cost, and HSPs of the Solventsa

solvents CAS # bGreenScreen score
GSK health
score P2OASys score

cviscosity at 25
°C (cP)44,45

dcost
($/L)

e,f Hansen solubility
parameters
(MPa1/2)46−48

gdielectric
constant

BM1 - high hazard
BM4 - low hazard

1 - high hazard
10 - low hazard

10 - high hazard
2 - low hazard δD δP δH ε

dichloromethane 75-09-2 BM-1 4 7.9 0.44 110.0 17.0 7.3 7.1 8.93
(DCM, to be
replaced)
methanol
(MeOH)

67-56-1 BM-1 5 6.6 0.54 91.8 14.7 12.3 22.3 33.00

heptane 142-82-5 BM-2 8 7.8 0.41 205.0 15.3 0.0 0.0 1.92
ethyl acetate 141-78-6 BM-2 8 6.4 0.42 127.0 15.8 5.3 7.2 6.08
cyclohexanone 108-94-1 LT-P1 6 6.6 2.20 61.4 17.8 8.4 5.1 16.10
1,3-dioxolane 646-06-0 BM-2 7 6.1 0.55a 149.0 18.1 6.6 9.3 7.13
acetone 67-64-1 BM-2 8 5.4 0.32 125.0 15.5 10.4 7.0 21.01
methyl acetate 79-20-9 BM-2 7 4.1 0.36 97.3 15.5 7.2 7.6 7.07
dimethyl adipate 627-93-0 LT-UNK no evaluation 3.5 2.50 124.0 16.3 6.8 8.5 6.84

silica 7440-21-3 16.7 13.7 14.0
ibuprofen 15,687-27-1 17.6 2.5 7.6
acetaminophen 103-90-2 17.8 10.5 13.9
caffeine 58-08-2 19.5 10.1 13.0
aThe HSPs of the chemical compounds studied in this work and of silica, the column stationary phase, are also listed. bThe GreenScreen for Safer
Chemicals is a framework for characterizing hazardous risks associated with chemicals by analyzing 20 human health and environmental hazard end
points. Each chemical will receive a benchmark (BM) score on a 4-point scale from highest to lowest concern (BM-1 to BM-4). BM-1 (of high
concern and to be avoided) is reserved for chemicals that are carcinogens, reproductive, developmental and neurodevelopmental toxicants,
mutagens, persistent, bioaccumulative, and toxic chemicals (PBTs), very persistent toxicants (vPTs), very bioaccumulative toxicants (vBTs), very
persistent, very bioaccumulative substances (vPvBs), and endocrine disruptors. BM-2 chemicals (recommended for use but search for safer
substitutes) are those with high hazards for other human health end points, such as neurotoxicity and respiratory sensitization. LT-P1: List
Translator Possible Benchmark 1; LT-UNK: List Translator Unknown. cViscosity is based on information from PubChem44 and Guiochon et al.45

at 20 °C. dCost information is obtained from the Sigma-Aldrich Web site based on 1 L of the solvent in either HPLC Plus grade or ReagentPlus
grade (retrieved on April 27, 2024). eHSPs are used to describe solvent and solute interactions based on contributions from three intermolecular
force: dispersion forces (δD), polar forces (δP), and hydrogen bond forces (δH). A substance’s solubility can be expressed by HSPs as a point in a
three-dimensional space using the three parameters.31,46. fHSPs of silica gel are obtained from Fujiwara et al.48. gDielectric constants are obtained
from the 95th edition of the CRC Handbook of Chemistry and Physics,49 except that for 1,3-dioxolane, which is taken from Gu et al.50.
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The obtained Rf graphs were then used to determine the
compositions for each solvent blend for further comparative
studies. An Rf of 0.6, which is the center point of the
recommended Rf range (0.4 ≤ Rf ≤ 0.8), was selected for this
exercise (colored dash lines in Figure 2). Considering all four
compounds, an Rf of 0.6 corresponds to approximately 10−20
vol % of MeOH in DCM/MeOH, 70−100 vol % of ethyl
acetate in heptane/ethyl acetate, 65−100 vol % of methyl
acetate in heptane/methyl acetate, 50−100 vol % of acetone in
heptane/acetone, and 70−100 vol % of dimethyl adipate in
heptane/dimethyl adipate. To cover the composition range for
achieving a Rf value of 0.6, three compositions of each of the
first four solvent blends were selected (Table 2). The heptane/
dimethyl adipate blend was not further pursued, as we
observed very slow elution on the TLC plates due to dimethyl
adipate’s high viscosity, which is expected to translate into slow
elution in actual column chromatography experiments.
For each of the solvent blends listed in Table 2, a solution

containing mixtures of all four analytes dissolved in acetone,
each at 3 mg mL−1, along with three other solutions solely
containing one of ibuprofen, aspirin, and acetaminophen in

acetone at the same concentration of 3 mg mL−1, was then
parallelly spotted on a TLC plate. It was found that in each
experiment, the Rf value of each compound spotted from the
mixture solutions was very close to the one spotted from the
individual solution. The Rf values of the four analytes spotted
from the mixture solutions eluted with three compositions of
DCM/MeOH listed in Table 2 are compared to those eluted
with the heptane/safer solvent blends, as shown in Figure S3.
The Rf values in this figure are agreeable with those shown in
Figure 2 at the same solvent compositions. Note that although
we did not attempt to repeat our TLC experiments under
precisely the same conditions, these agreements in Rf values
demonstrate reproductivity of the experiments.
To select the solvent blends that would be used for

subsequent column chromatography experiments, the Rf values
of ibuprofen, acetaminophen, and caffeine shown in Figure S3
were extracted and replotted in Figure 3. Since for each API,
three blend ratios of each heptane/safer solvent and DCM/
MeOH were examined (Table 2), a total of nine Rf values were
plotted for each API in each subfigure while comparing DCM/

Figure 2. Comparison of Rf values of four different analytes: ibuprofen (Ibu), aspirin (Asp), acetaminophen (Acm), and caffeine (Caf) in DCM/
MeOH (shaded black) against (a) heptane/ethyl acetate (Hep/EA, red), (b) heptane/methyl acetate (Hep/MA, blue), (c) heptane/acetone
(Hep/ACT, purple), and (d) heptane/dimethyl adipate (Hep/DMA, green).

Table 2. Selected Compositions of Various Solvent Blends for Further TLC Analysis

solvent blends (%)

DCM MeOH heptane ethyl acetate heptane methyl acetate heptane acetone

90 10 25 75 30 70 35 65
85 15 15 85 20 80 25 75
80 20 5 95 10 90 15 85
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MeOH against each of the three heptane/safer solvent blend
formulations.
The optimal solvent blends selected should have a Rf value

within 0.4−0.8 and closest to the diagonal line, which would
indicate similar performance between DCM/MeOH and
heptane/safer solvent using column chromatography. To
represent the best range of 0.4 ≤ Rf ≤ 0.8, a box is shown
in each of the subfigures in Figure 3. When several points were

found to meet the criteria (i.e., within the boxes) for a given
API, as is the case with ibuprofen in Figure 3a, all of the points
were retained. When no Rf values were found within the boxes
for an API, as is the case with caffeine in Figure 3a−b, the
point closest to the diagonal line was retained. After examining
all of the suitable points for acetaminophen, ibuprofen, and
caffeine in Figure 3, the mean values for all of the retained
points were calculated and adopted for each DCM/MeOH−

Figure 3. Determination of the solvent blend compositions for column chromatography tests by comparing Rf values of APIs obtained from (a)
DCM/MeOH versus heptane/ethyl acetate (Hep/EA), (b) DCM/MeOH versus heptane/methyl acetate (Hep/MA), and (c) DCM/MeOH
versus heptane/acetone (Hep/ACT).

Table 3. Blend Ratios for DCM/MeOH and Heptane/Safer Solvents That Were Further Tested in Actual Column
Chromatography Experimentsa

solvent blend blending ratios tested (vol %) cost ($/L) Hansen solubility parameters (MPa1/2) dielectric constant

δD δP δH
DCM/MeOH 87.5% DCM/12.5% MeOH 107.7 16.7 7.9 9.0 11.94
heptane/ethyl acetate 10% heptane/90% ethyl acetate 134.8 15.8 4.8 6.5 5.66
heptane/methyl acetate 20% heptane/80% methyl acetate 118.8 15.5 5.8 6.1 6.04
heptane/acetone 25% heptane/75% acetone 145.0 15.5 7.8 5.3 16.24

aCost, HSPs, and dielectric constants are calculated by taking the volume-weighted average of the values in Table 1.

Figure 4. Separation of ibuprofen (Ibu), acetaminophen (Acm), and caffeine (Caf) with 87.5 vol % DCM in MeOH: (a) eluted mass (bars) and
purity (dashed lines) and (b) accumulated recovery ratios for the three compounds, all plotted as functions of 2 mL collections. The column was
operated at a 1:50 compound-to-silica gel ratio.
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heptane/safer solvent pair as the final blending ratios to be
further used in actual column chromatography experiments.
Following this procedure, it was determined that 87.5 vol %
DCM in MeOH, 10 vol % heptane in ethyl acetate, 20 vol %
heptane in methyl acetate, and 25 vol % heptane in acetone are
the most robust compositions of the solvent blends for the
APIs studied. These four solvent blends (listed in Table 3),
along with pure ethyl acetate and methyl acetate, were thus
selected for actual column chromatography experiments, as
discussed in the next section.
3.2. Solvent Performance Evaluated Using Actual Column
Chromatography
In the present study, two metrics were selected to evaluate the
performance of a heptane/safer solvent blend against that of
DCM/MeOH in its ability of API separation and purification
using column chromatography: (1) recovery ratio, which is the
fraction of the compound recovered through the process, and
(2) purity of the APIs recovered. It is envisioned that the
performance of the solvents or solvent blends would be
affected by the affinity of the compounds to the column
stationary phase relative to that of the solvent (i.e., the column
mobile phase). As a result, our column chromatography
experiments were designed to test the hypothesis that the
performance metrics are dependent on the HSPs of the
chemical compounds, the mobile phase, and the stationary
phase as well as the polarity (described by dielectric constants)
of the solvents or solvent blends.
Figure 4 illustrates representative experimental results from

column chromatography for the separation of a mixture of
ibuprofen, acetaminophen, and caffeine. When the benchmark
87.5 vol % DCM/MeOH blend was used as the mobile phase,

ibuprofen was eluted first, followed by caffeine and
acetaminophen. No eluted 2 mL fractions depicted a purity
of 100% for any of the compounds (Figure 4a) since all three
compounds were eluted together in relatively short amount of
time, suggesting unsatisfactory separation under this operation
condition. It was also observed that about 95, 43, and 35% of
the loaded ibuprofen, acetaminophen, and caffeine were eluted
and recovered from the process, respectively (Figure 4b).
Figure 5 shows the separation of the same mixture using 10

vol % of heptane in ethyl acetate. A better separation of the
three compounds was observed, where high purities (>94%) of
the APIs were measured in most 2 mL collections (Figure 5a).
The purification process achieves recovery ratios for ibuprofen,
acetaminophen, and caffeine of 100, 73, and 38%, respectively,
higher than those using DCM/MeOH. The results using other
heptane/safer solvent blends tested, along with using pure
ethyl acetate and methyl acetate, are shown in Figures S4−S7.
Note that although we did not attempt to repeat our column
chromatography experiments, smooth trends were obtained
from consecutive 2 mL collections in each experiment,
suggesting reproducibility. Overall, the safer solvents or solvent
blends provided better separation of the mixtures compared to
the DCM/MeOH blend, although larger volumes were
typically needed to achieve such a separation performance.
The order of elution, separation, and recovery ratio of each

chemical compound coincides with the Euclidean distance
(Ra) values derived from the HSP values (Table 4), which
describe the distance between the compound to silica (the
column stationary phase) and that to the solvent (the mobile
phase) in a three-dimensional HSP space.31,46 For a given
chemical compound, a larger Ra to the column stationary phase

Figure 5. Separation of ibuprofen (Ibu), acetaminophen (Acm), and caffeine (Caf) with 10 vol % heptane in ethyl acetate: (a) eluted mass (bars)
and purity (dashed lines) and (b) accumulated recovery ratios for the three compounds, all plotted as functions of 2 mL collections. The column
was operated at a 1:50 compound-to-silica gel ratio.

Table 4. Euclidean Distance (Ra) between Each of the Three Chemical Compounds (Ibu, Acm, or Caf) and Silica, the Column
Stationary Phase, or One of the Six Solvent Blends Studied in This Work, Consisting of DCM, MeOH, Heptane (Hep), Ethyl
Acetate (EA), Methyl Acetate (MA), or Acetone (ACT)a

chemical compound Ra(MPa1/2)

silica 87.5% DCM in MeOH 10% Hep in EA 100% EA 20% Hep in MA 100% MA 25% Hep in ACT

ibuprofen (Ibu) 13.0 (86.0) 5.9 (92.1) 4.4 (52.1) 4.6 (61.2) 5.5 (59.5) 6.3 (74.6) 7.1 (74.2)
acetaminophen (Acm) 3.9 (82.4) 6.0 (43.6) 10.2 (56.1) 9.4 (55.5) 10.2 (46.1) 8.5 (39.0) 10.1 (26.7)
caffeine (Caf) 6.7 (53.5) 7.2 (30.5) 11.2 (47.4) 10.6 (45.5) 11.4 (37.7) 10.1 (28.8) 11.3 (20.3)

aValues in the parentheses represent the percent contribution of Ra from the polarity (δP) term.
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compared with that to the mobile phase would favor its elution
from the column. On the contrary, a larger Ra to the mobile
phase compared with that to the stationary phase would favor
its retention in the column. Comparing the Ra values across the
compounds also gives an understanding of how the
compounds would separate for a given stationary phase/
mobile phase combination. Based on this principle, one can

generate a parity plot comparing the two Ra values for each
compound/mobile phase combination, as shown in Figure 6,
where points toward the upper left corner from the diagonal
line represent the combinations favoring elution, while points
toward the lower right corner represent those favoring
retention. Our analysis shows that all of the points associated
with ibuprofen are positioned near the upper left corner due to

Figure 6. Parity plot comparing Ra values to the stationary and mobile phases for ibuprofen (Ibu), acetaminophen (Acm), and caffeine (Caf) eluted
with different solvents or solvent blends.

Figure 7. Comparison of recovery ratios of ibuprofen (Ibu), acetaminophen (Acm), and caffeine (Caf) in column chromatography when various
solvents and blends were used as the mobile phase: (a) no purity requirement is imposed (total amount of compound recovered), (b) purity of
>90% is imposed, (c) purity of >95% is imposed, and (d) purity of >99% is imposed.
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its small Ra to the solvents tested (between 4.4 and 7.1
MPa1/2) and a large Ra to silica at 13.0 MPa1/2 (Table 4). This
suggests that ibuprofen has a much higher affinity to the
solvents compared to that to the silica gel stationary phase. It
was thus not surprising in our column chromatography
experiments that ibuprofen was always the first compound
eluted with high recovery ratio regardless of the types of
solvents used. Acetaminophen was typically the second
compound eluted since its Ra values to the solvents are
typically smaller compared to caffeine, despite its smaller Ra to
the silica gel stationary phase (3.9 MPa1/2, compared to
caffeine at 6.7 MPa1/2). This suggests that the effect caused by
the mobile phase (hence, Ra to the mobile phase) could be
more important. The DCM/MeOH blend was the only
exception, where both compounds were eluted almost
simultaneously with very similar recovery ratios. This suggests
that the effect of Ra is nonlinear, where the same difference
between two larger Ra values could cause more impact, as
opposed to that between two smaller Ra values.
The separation of the three compounds for a given solvent

or solvent blend could also be explained by the Ra values in
Table 4 and Figure 6. For instance, when the DCM/MeOH
blend was used, all three compounds have similar Ra values to
the mobile phase, particularly between ibuprofen and
acetaminophen (5.9 versus 6.0 MPa1/2, respectively), causing
them difficult to separate and resulting in low purity. The
separation between ibuprofen and acetaminophen was
improved when pure methyl acetate and 25 vol % heptane in
acetone were used (where the differences in Ra values to the
mobile phase were 2.2 and 3.0 MPa1/2, respectively), although
some overlap still existed. The separation was near perfect
when 10% heptane in ethyl acetate, pure ethyl acetate, and
20% heptane in methyl acetate were used, where the
differences in Ra values to the mobile phase were significantly
larger at 5.8, 4.8, and 4.7 MPa1/2, respectively. The separation
between acetaminophen and caffeine was typically not an issue,
except for DCM/MeOH where the Ra of acetaminophen and
caffeine to DCM/MeOH are significantly smaller (at 6.0 and

7.2 MPa1/2, respectively). This again suggests that the effect of
Ra becomes more marked when the Ra values become larger.
The performance of the heptane/safer solvent blends in

actual column chromatography against DCM/MeOH for the
separation of ibuprofen, acetaminophen, and caffeine is
summarized in Figure 7. The figure also illustrates that if
recovered compounds are required to have higher than 90, 95,
and 99% purity for each 2 mL collection, the amounts of APIs
recovered successively drop. For instance, the 87.5 vol % DCM
in MeOH blend was able to recover more than 95% of
ibuprofen if no purity requirement was imposed (Figure 7a).
However, when a purity requirement of >90% was imposed for
each 2 mL collection from column chromatography, the 87.5
vol % DCM in MeOH blend could only recover 30% of
ibuprofen since fewer 2 mL collections could meet this
requirement (Figure 7b), and no 2 mL collections could meet
higher ibuprofen purity requirements of >95 or >99% (Figure
7c−d). These results suggest that there exists a compromise
between compound recovery and purity, highlighting the
importance of good compound separation. Note that our
column chromatography experiments also showed that larger
amounts of solvents may be needed to achieve better
separation by using safer solvents or solvent blends. This
may increase the cost of solvent use and adversely reduce the
benefits of employing safer solvents. As a result, one needs to
carefully consider the trade-offs between the economic gains of
higher API purity and the economic loss of larger amounts of
solvents used, as well as the overall environmental and health
impacts of using more solvents, before a decision is made.
To enhance the separation of the compounds, more silica gel

can be added to increase the column height, which increases
the retention time and enables more interaction between the
APIs and stationary phase for separation. The performance of
solvent blends that have demonstrated poorer separations in
our work, e.g., 87.5 vol % DCM in MeOH and 25 vol %
heptane in acetone, was further investigated by increasing the
loading of silica gel into the column from 5 to 15 g. With
increased amount of silica gel (taller column), both solvent
blends show improved recovery ratios given the same imposed

Figure 8. Optimal dielectric constant region (shadowed) for solvents to favor separation among ibuprofen, acetaminophen, and caffeine. Region I
depicts the solvents to be replaced, including pure DCM, the 87.5 vol % DCM in MeOH blend tested in this work, and pure MeOH. Region II
depicts safer solvents tested involving ethyl acetate (EA). Region III depicts safer solvents tested involving methyl acetate (MA). Region IV depicts
the 25 vol % heptane/acetone (Hep/ACT) blend tested involving the very polar ACT.

ACS Environmental Au pubs.acs.org/environau Article

https://doi.org/10.1021/acsenvironau.4c00015
ACS Environ. Au 2024, 4, 236−247

244

https://pubs.acs.org/doi/10.1021/acsenvironau.4c00015?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenvironau.4c00015?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenvironau.4c00015?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenvironau.4c00015?fig=fig8&ref=pdf
pubs.acs.org/environau?ref=pdf
https://doi.org/10.1021/acsenvironau.4c00015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


purity requirements (Figure S8). The separation of the
compounds was also improved (Figures S9 and S10)
compared to the columns with less silica gel (Figures 4 and
S7) due to the increased retention time and thus interactions
between the APIs and the silica gel. Our results show that the
amounts of silica gel (i.e., stationary phase) used could be an
operation parameter to tune the performance of the solvents
for API purification using column chromatography.
Since polarity is the major contributor to the HSP values of

the compounds, mobile phases, and stationary phase of our
system (the percentage in the parentheses in Table 4), one
may simply use the polarity of the solvents or solvent blends,
expressed by their dielectric constants, to predict if a solvent or
solvent blend would provide satisfactory performance. Figure 8
shows the dielectric constants for the different solvents and
solvent blends used as the mobile phase in the column
chromatography experiments in this work. We noticed that
when the solvents or blends have dielectric constant values
between 5.66 and 6.08 (i.e., 10 vol % heptane in ethyl acetate,
pure ethyl acetate, and 20 vol % heptane in methyl acetate; see
Tables 1 and 3), the best separation of the compounds was
observed (i.e., compounds were separated with high purities;
see Figure 7). This may suggest that solvents or solvent blends
within this narrow range possess the ideal properties (e.g.,
Euclidean distances between the APIs and the solvents) to
achieve good separation and purification performances of the
compounds studied. Future investigations are needed to
further test this hypothesis by obtaining quantitative
correlations between the HSP values of the APIs, solvent
dielectric constants, and Euclidean distances between the APIs
and the solvents.

4. CONCLUSIONS
In this work, several safer solvents and heptane/safer solvent
blends were considered alternatives to DCM/MeOH for API
purification by using column chromatography. Four polar safer
solvents of interest, ethyl acetate, methyl acetate, acetone, and
dimethyl adipate, were selected and blended with nonpolar
heptane to tune the blend polarity. The DCM/MeOH and
heptane/safer solvent blends were first screened using TLC to
determine the blend compositions that satisfied the industrially
recommended Rf values for optimal compound elution. The
determined solvent formulations were subsequently tested in
actual column chromatography using ibuprofen, acetamino-
phen, and caffeine as model compounds for their performance
in API separation and purification. In general, the examined
heptane/safer solvent blends provided higher API recovery and
purity compared to those of DCM/MeOH in addition to
potential health, safety, and environmental benefits. Of the
heptane/safer solvent blends tested, 10 vol % heptane in ethyl
acetate and 20 vol % heptane in methyl acetate demonstrated
the best performance to replace DCM/MeOH. The Euclidean
distance of each compound to the mobile phase and the
polarity of the mobile phase were found to be critical
parameters determining solvent performance. Our work
demonstrates that there are possible inexpensive and safer
solvents as promising replacements for DCM/MeOH, thereby
potentially addressing a critical safety concern in API
production in the pharmaceutical industry.
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(20) Tobiszewski, M.; Namiesńik, J. Greener Organic Solvents in
Analytical Chemistry. Curr. Opin. Green Sustain. Chem. 2017, 5, 1−4.

(21) Koel, M. Do We Need Green Analytical Chemistry? Green
Chem. 2016, 18 (4), 923−931.
(22) Lynch, J.; Sherwood, J.; McElroy, C. R.; Murray, J.; Shimizu, S.
Dichloromethane Replacement: Towards Greener Chromatography
via Kirkwood-Buff Integrals. Anal. Methods 2023, 15 (5), 596−605.
(23) Jordan, A.; Stoy, P.; Sneddon, H. F. Chlorinated Solvents:
Their Advantages, Disadvantages, and Alternatives in Organic and
Medicinal Chemistry. Chem. Rev. 2021, 121 (3), 1582−1622.
(24) Bryan, M. C.; Dillon, B.; Hamann, L. G.; Hughes, G. J.;
Kopach, M. E.; Peterson, E. A.; Pourashraf, M.; Raheem, I.;
Richardson, P.; Richter, D.; Sneddon, H. F. Sustainable Practices in
Medicinal Chemistry: Current State and Future Directions. J. Med.
Chem. 2013, 56 (15), 6007−6021.
(25) McClain, R.; Rada, V.; Nomland, A.; Przybyciel, M.; Kohler,
D.; Schlake, R.; Nantermet, P.; Welch, C. J. Greening Flash
Chromatography. ACS Sustainable Chem. Eng. 2016, 4 (9), 4905−
4912.
(26) Jessop, P. G.; Jessop, D. A.; Fu, D.; Phan, L. Solvatochromic
Parameters for Solvents of Interest in Green Chemistry. Green Chem.
2012, 14 (5), 1245−1259.
(27) Savelski, M. J.; Slater, C. S.; Tozzi, P. V.; Wisniewski, C. M. On
the Simulation, Economic Analysis, and Life Cycle Assessment of
Batch-Mode Organic Solvent Recovery Alternatives for the
Pharmaceutical Industry. Clean Techn. Environ. Policy 2017, 19
(10), 2467−2477.
(28) Slater, C. S.; Savelski, M. A Method to Characterize the
Greenness of Solvents Used in Pharmaceutical Manufacture. J.
Environ. Sci. Health 2007, 42 (11), 1595−1605.
(29) Taygerly, J. P.; Miller, L. M.; Yee, A.; Peterson, E. A. A
Convenient Guide to Help Select Replacement Solvents for
Dichloromethane in Chromatography. Green Chem. 2012, 14 (11),
3020−3025.
(30) MacMillan, D. S.; Murray, J.; Sneddon, H. F.; Jamieson, C.;
Watson, A. J. B. Replacement of Dichloromethane within Chromato-
graphic Purification: A Guide to Alternative Solvents. Green Chem.
2012, 14 (11), 3016−3019.
(31) Sharma, A.; Yu, E.; Morose, G.; Nguyen, D. T.; Chen, W.-T.
Designing Safer Solvents to Replace Methylene Chloride for Liquid
Chromatography Applications Using Thin-Layer Chromatography as
a Screening Tool. Separations 2021, 8 (10), 172.
(32) Hansen Solubility Parameters in Practice. https://pirika.com/
ENG/HSP/E-Book/index.html (accessed May 20, 2024).
(33) Yu, S.; Sharma, R.; Morose, G.; Nagarajan, R. Identifying
Sustainable Alternatives to Dimethyl Formamide for Coating
Applications Using Hansen Solubility Parameters. J. Clean. Prod.
2021, 322, 129011.
(34) Barry, C. P.; Morose, G. J.; Begin, K.; Atwater, M.; Hansen, C.
J. The Identification and Screening of Lower Toxicity Solvents for
Contact Adhesives. Int. J. Adhes. Adhes. 2017, 78, 174−181.
(35) Yu, H.; Le, H. M.; Kaale, E.; Long, K. D.; Layloff, T.; Lumetta,
S. S.; Cunningham, B. T. Characterization of Drug Authenticity Using
Thin-Layer Chromatography Imaging with a Mobile Phone. J. Pharm.
Biomed. Anal. 2016, 125, 85−93.
(36) Rivai, H.; Kardela, W.; Kartanti, A. Development and
Validation of Analysis Method for Tablet Ibuprofen by Thin Layer
Chromatography-Densitometry. J. Chem. Pharm. Res. 2016, 8 (2),
324−329.
(37) Pedersen, D. S.; Rosenbohm, C. Dry Column Vacuum
Chromatography. Synthesis 2004, 2001 (16), 2431−2434.
(38) Akash, M. S. H.; Rehman, K. Thin Layer Chromatography. In
Essentials of Pharmaceutical Analysis; Akash, M. S. H., Rehman, K.,
Eds.; Springer: Singapore, 2020; pp 157−165..
(39) Chemistry Laboratory Techniques | Chemistry. MIT Open-
CourseWare. https://ocw.mit.edu/courses/5-301-chemistry-
laboratory-techniques-january-iap-2012/resources/mit5_301iap12_
tlc_handout/ (accessed May 20, 2024).
(40) Santiago, M.; Strobel, S. Thin Layer Chromatography. In
Methods in Enzymology; Lorsch, J., Ed.; Laboratory Methods in

ACS Environmental Au pubs.acs.org/environau Article

https://doi.org/10.1021/acsenvironau.4c00015
ACS Environ. Au 2024, 4, 236−247

246

https://www.epa.gov/sites/default/files/2020-06/documents/1_mecl_risk_evaluation_final.pdf
https://www.epa.gov/sites/default/files/2020-06/documents/1_mecl_risk_evaluation_final.pdf
https://www.mass.gov/lists/massdep-toxics-use-reduction-act-tura-data-results
https://www.mass.gov/lists/massdep-toxics-use-reduction-act-tura-data-results
https://doi.org/10.1002/ajim.22167
https://doi.org/10.1002/ajim.22167
https://www.whitehouse.gov/briefing-room/presidential-actions/2021/01/20/executive-order-protecting-public-health-and-environment-and-restoring-science-to-tackle-climate-crisis/
https://www.whitehouse.gov/briefing-room/presidential-actions/2021/01/20/executive-order-protecting-public-health-and-environment-and-restoring-science-to-tackle-climate-crisis/
https://www.whitehouse.gov/briefing-room/presidential-actions/2021/01/20/executive-order-protecting-public-health-and-environment-and-restoring-science-to-tackle-climate-crisis/
https://www.whitehouse.gov/briefing-room/presidential-actions/2021/01/20/executive-order-protecting-public-health-and-environment-and-restoring-science-to-tackle-climate-crisis/
https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/risk-evaluation-methylene-chloride-0
https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/risk-evaluation-methylene-chloride-0
https://doi.org/10.1007/s10337-021-04061-8
https://doi.org/10.1007/s10337-021-04061-8
https://doi.org/10.1007/s10337-021-04061-8
https://www.greenscreenchemicals.org/static/ee_images/uploads/resources/GreenScreen_Guidance_v1_4_2018_01_Final.pdf
https://www.greenscreenchemicals.org/static/ee_images/uploads/resources/GreenScreen_Guidance_v1_4_2018_01_Final.pdf
https://www.greenscreenchemicals.org/static/ee_images/uploads/resources/GreenScreen_Guidance_v1_4_2018_01_Final.pdf
https://www.greenscreenchemicals.org/assess/list-translator
https://www.greenscreenchemicals.org/assess/list-translator
https://doi.org/10.1007/s10098-004-0245-z
https://doi.org/10.1007/s10098-004-0245-z
https://doi.org/10.1039/c0gc00918k
https://doi.org/10.1039/c0gc00918k
https://doi.org/10.1039/c0gc00918k
https://doi.org/10.1039/C6GC00611F
https://doi.org/10.1039/C6GC00611F
https://p2oasys.turi.org/
https://doi.org/10.1016/j.jclepro.2010.07.006
https://doi.org/10.1016/j.jclepro.2010.07.006
https://doi.org/10.1016/j.jclepro.2010.07.006
https://doi.org/10.1039/C5GC00887E
https://doi.org/10.1039/C5GC00887E
https://doi.org/10.1021/ar010065m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar010065m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b926439f
https://doi.org/10.1039/b926439f
https://doi.org/10.1016/j.cogsc.2017.03.002
https://doi.org/10.1016/j.cogsc.2017.03.002
https://doi.org/10.1039/C5GC02156A
https://doi.org/10.1039/D2AY01266A
https://doi.org/10.1039/D2AY01266A
https://doi.org/10.1021/acs.chemrev.0c00709?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00709?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00709?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm400250p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm400250p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.6b01219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.6b01219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c2gc16670d
https://doi.org/10.1039/c2gc16670d
https://doi.org/10.1007/s10098-017-1444-8
https://doi.org/10.1007/s10098-017-1444-8
https://doi.org/10.1007/s10098-017-1444-8
https://doi.org/10.1007/s10098-017-1444-8
https://doi.org/10.1080/10934520701517747
https://doi.org/10.1080/10934520701517747
https://doi.org/10.1039/c2gc36064k
https://doi.org/10.1039/c2gc36064k
https://doi.org/10.1039/c2gc36064k
https://doi.org/10.1039/c2gc36378j
https://doi.org/10.1039/c2gc36378j
https://doi.org/10.3390/separations8100172
https://doi.org/10.3390/separations8100172
https://doi.org/10.3390/separations8100172
https://pirika.com/ENG/HSP/E-Book/index.html
https://pirika.com/ENG/HSP/E-Book/index.html
https://doi.org/10.1016/j.jclepro.2021.129011
https://doi.org/10.1016/j.jclepro.2021.129011
https://doi.org/10.1016/j.jclepro.2021.129011
https://doi.org/10.1016/j.ijadhadh.2017.06.022
https://doi.org/10.1016/j.ijadhadh.2017.06.022
https://doi.org/10.1016/j.jpba.2016.03.018
https://doi.org/10.1016/j.jpba.2016.03.018
https://doi.org/10.1055/s-2001-18722
https://doi.org/10.1055/s-2001-18722
https://doi.org/10.1007/978-981-15-1547-7_12
https://ocw.mit.edu/courses/5-301-chemistry-laboratory-techniques-january-iap-2012/resources/mit5_301iap12_tlc_handout/
https://ocw.mit.edu/courses/5-301-chemistry-laboratory-techniques-january-iap-2012/resources/mit5_301iap12_tlc_handout/
https://ocw.mit.edu/courses/5-301-chemistry-laboratory-techniques-january-iap-2012/resources/mit5_301iap12_tlc_handout/
https://doi.org/10.1016/B978-0-12-420067-8.00024-6
pubs.acs.org/environau?ref=pdf
https://doi.org/10.1021/acsenvironau.4c00015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Enzymology: Cell, Lipid and Carbohydrate; Academic Press, 2013; Vol.
533, pp 303−324..
(41) Wall, P. E. Thin-Layer Chromatography: A Modern Practical
Approach; Royal Society of Chemistry, 2007; .
(42) Akash, M. S. H.; Rehman, K. Column Chromatography. In
Essentials of Pharmaceutical Analysis; Akash, M. S. H., Rehman, K.,
Eds.; Springer: Singapore, 2020; pp 167−174..
(43) Hickman, D. Tips and Tricks for the Lab: Column Packing.
ChemistryViews. https://www.chemistryviews.org/details/education/
2040151/Tips_and_Tricks_for_the_Lab_Column_Packing/(ac-
cessed 20 May 2024).
(44) PubChem. PubChem. https://pubchem.ncbi.nlm.nih.gov/
(accessed May 20, 2024).
(45) Guiochon, G.; Felinger, A.; Shirazi, D. G. Fundamentals of
Preparative and Nonlinear Chromatography; Elsevier, 2006; .
(46) Hansen, C. M. Hansen Solubility Parameters: A User’s
Handbook, 2nd ed.; CRC Press, 2007.
(47) HSPiP Datasets. Hansen Solubility Parameters. https://www.
hansen-solubility.com/HSPiP/datasets.php (accessed May 20, 2024).
(48) Fujiwara, N.; Nishida, T.; Yamamoto, H. Adaptation of Hansen
Solubility Parameter in Evaluating Transparency of Composite
Materials. Heliyon 2019, 5 (12), No. e02833.
(49) Haynes, W. M. CRC Handbook of Chemistry and Physics, 95th
ed.; CRC Press, 2014.
(50) Gu, E.; Tang, X.; Langner, S.; Duchstein, P.; Zhao, Y.; Levchuk,
I.; Kalancha, V.; Stubhan, T.; Hauch, J.; Egelhaaf, H. J.; Zahn, D.;
Osvet, A.; Brabec, C. J. Robot-Based High-Throughput Screening of
Antisolvents for Lead Halide Perovskites. Joule 2020, 4 (8), 1806−
1822.

ACS Environmental Au pubs.acs.org/environau Article

https://doi.org/10.1021/acsenvironau.4c00015
ACS Environ. Au 2024, 4, 236−247

247

https://doi.org/10.1007/978-981-15-1547-7_13
https://www.chemistryviews.org/details/education/2040151/Tips_and_Tricks_for_the_Lab_Column_Packing/
https://www.chemistryviews.org/details/education/2040151/Tips_and_Tricks_for_the_Lab_Column_Packing/
https://pubchem.ncbi.nlm.nih.gov/
https://www.hansen-solubility.com/HSPiP/datasets.php
https://www.hansen-solubility.com/HSPiP/datasets.php
https://doi.org/10.1016/j.heliyon.2019.e02833
https://doi.org/10.1016/j.heliyon.2019.e02833
https://doi.org/10.1016/j.heliyon.2019.e02833
https://doi.org/10.1016/j.joule.2020.06.013
https://doi.org/10.1016/j.joule.2020.06.013
pubs.acs.org/environau?ref=pdf
https://doi.org/10.1021/acsenvironau.4c00015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

