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The present paper discusses a comparative study concerning performance efficiency and sustainable

impact of three purification processes for degenotoxification of Active Pharmaceutical Ingredients (APIs)

post reaction streams: recrystallization, flash chromatography and organic solvent nanofiltration (OSN).

Two case studies in each process were selected for evaluation of the separation technologies featuring

the same model API being Mometasone furoate (Meta) glucocorticoid and two genotoxic impurities

(GTIs). Methyl mesylate (MeMS) and 4-dimethylaminopyridine (DMAP) were chosen as model impurities

due to their incidental appearance in glucocorticoids based on a common methanesulfonylation manu-

facturing step. Successful degenotoxification was achieved in all cases concerning DMAP and MeMS

reaching final GTI levels below the regulatory thresholds with the exception of DMAP using recrystalliza-

tion. API losses were 5% and 6.4% for OSN, 6.4% and 11.9% for flash chromatography and 14.9% and

16.4% for recrystallization during the removal of DMAP and MeMS, respectively. The API loss occurring

during the purification processes has a significant impact on the outcome of cost analysis. Mass and

carbon intensity values are highest for OSN and lowest for recrystallization, while flash chromatography

has intermediate values. Although recrystallization is more time consuming, it should not be discarded

without careful analysis since API loss often declines at larger scales and it generally gives the API in the

desired crystallographic form. Solvent recycling has a significant impact on the sustainability of all the

processes by the reduction of mass intensity by two orders of magnitude (from 400–1300 to 14–63 kg/

kg-API, depending on the process) and narrowing down carbon intensity to the range of 100–200 kg-

CO2/kg-API. OSN requires the use of 7 diavolumes, therefore its high performance is achieved at the cost

of high solvent usage. Hence, solvent recycling also has a higher positive environmental impact on OSN.

1. Introduction

Process development is considered to be one of the most
important design stages due to its crucial effect both on the
whole lifecycle of a process and on its performance.1 Further-
more, the major part of the production costs of pharmaceuti-
cals is caused by downstream processing.2 The pharmaceutical
industry has been pioneering process optimization concerning
the optimization of the purification of the final product3 as
well as on introducing green metrics4–7 to stimulate process

effectiveness that minimize environmental impacts.8 In recent
years, pharmaceutical regulatory authorities have shown
increased concerns about impurities – especially genotoxic
impurities (GTIs) – in APIs due to their adverse effect on
human health. Hence, pharmaceutical manufacturers
responded with the implementation of additional purification
steps to achieve ultra-low GTI levels.9–11 The model com-
pounds selected for the present study were Meta, as a rep-
resentative API, and MeMS and DMAP as impurities. Meta is a
synthetic anti-inflammatory steroid of the 17-esters of the
9α,21-dihalo-pregnane-11β,17α-diol-20-one family, useful in
the treatment of inflammatory diseases.12 Several related syn-
thetic routes and purification processes for this compound
can be found in the literature.13–15 As shown in Fig. 1, the
reagent system to convert the 21-hydroxyl functionality to
chloride during manufacturing usually comprises the use of
MsCl and DMAP in dichloromethane (DCM).16–18 As a draw-
back of this methanesulfonylation reaction step, MsCl may
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form genotoxic MeMS in the presence of methanol and DMAP
may also contaminate the final product, making this system
particularly relevant to be used as a model system in the
current study. The former impurity is a known genotoxin while
the latter is a potentially genotoxic impurity with two struc-
tural alerting functional groups: aromatic and alkyl amines.19

Besides the conventional API purification techniques –

such as recrystallization, chromatography, resins, distillation,
extraction – emerging technologies are being implemented in
pharmaceutical downstream processing such as molecular
imprinting10,11,20 and organic solvent nanofiltration
(OSN).9,21,22 Furthermore, the synergic combinations of these
processes have also been explored in recent years.23–25 Recrys-
tallization and chromatography as conventional techniques
and OSN as an emerging technology were selected for drug
degenotoxification as model purification processes for the
present study. The schemes of the three purification processes
including inputs, outputs, sources of energy consumption and
waste formation are illustrated in Fig. 2.

The first purification technique chosen for the current
study is flash chromatography which is based on the different
equilibrium adsorption of the API and the impurities between
a stationary phase and a mobile phase, resulting in different
elution times and allowing for the compounds to be separated.
Flash chromatography (FC) featuring silica gel was applied
under pressure to maintain fast and constant elution flow. The
second technique chosen is recrystallization which consists of
dissolving the crude API at an elevated temperature followed

by precipitation of the API during cooling whilst the impurities
remain dissolved in the mother liquors due to the differences
in solubility. Recrystallization (RC) is probably the most
applied purification technology in the fine chemical industry,
e.g. API manufacturing, due to its ability to give high purity
products. However, selection of optimal conditions for recrys-
tallization – solvent system, temperatures, time and cooling
rate – is challenging and time-consuming.26 The third tech-
nique under investigation is OSN which is a pressure driven
separation process where a solvent resistant membrane acts as
a selective agent and is able to discriminate between solutes at
a molecular level with regard to size, shape and polarity.
Recently, our research team has suggested the use of OSN
operated in diafiltration mode as a general platform to remove
GTIs at high concentrations,9 where fresh solvent (VADD) is
added to the initial post reaction solution volume fed to the
system (VF). The diavolume used is defined as D = VADD/VF.
Since OSN has been suggested for API processing in other
recent publications as well,22,24,27 it has been selected as the
third, emerging purification technology to be compared with
the conventional recrystallization and flash chromatography.

The solvent of the synthetic step of Meta prior to degeno-
toxification is DCM. Therefore, the model solvent of the purifi-
cation processes under investigation was DCM. These
processes were based on WO980043713 and US447239315

patents featuring MeOH–DCM and chloroform–ethylacetate
solvent mixtures, respectively. In this study, the use of chloro-
form, a banned solvent,28,29 was replaced by DCM in the FC
process, since DCM has very similar solvability properties to
the ones of chloroform. However, one should stress that DCM
holds a regulatory flag due to its negative effects on both
health and environment. Therefore, DCM has been categorized
as an undesirable solvent in the pharmaceutical industry both
by GSK30,31 and Pfizer.32 The GSK solvent selection guide33,34

classifies DCM as material of concern. Although DCM rep-
resented 75% of the mass of such chemicals used in GSK35 in
2005 – being present mainly in processes developed in the ’90s
or earlier – there has been a consistent effort to replace DCM
in new processes before transferring them to manufacturing.
The use of DCM in API manufacturing is decreasing, e.g. it has
fallen from position 3 to 8 in the ranking of process solvents
used between 1990 and 2000 in GSK. Note that the current
work aims to compare purification processes where the API
feed comes already in DCM and hence its replacement with
other solvents points to the alteration of the synthetic step
which is out of the scope of the present study. However, repla-
cement of this solvent by more sustainable ones should defi-
nitely be pursued in further process development.

Several green metrics have been proposed in the literature
to evaluate green economy of synthetic routes6,7 including
mass, energy and carbon intensity, however literature data on
downstream process comparison are scarce.3,36,37 Recently
published papers give an insight into how companies such as
GSK pharmaceuticals,4 L’Oréal cosmetics and Repsol refinery38

approach green aspects related to processes. GSK also pro-
posed life cycle analysis methodologies39,40 incorporating the

Fig. 1 Application of MsCl and DMAP during the synthesis of glucocorticoids
(MsCl can form genotoxic MeMS in the presence of MeOH).

Fig. 2 Comparison of purification processes under investigation: recrystalliza-
tion (A), flash chromatography (B) and organic solvent nanofiltration (C).
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sustainable metrics of GSK for comprehensive study of the sus-
tainability of pharmaceutical processes. The present assess-
ment focuses on solvent use, energy consumption and
selective agent (silica gel, charcoal or membrane) disposal as
well as purification performance and costs. Pharmaceutical
downstream processes usually consume large amounts of sol-
vents, hence the effect of a solvent recovery distillation unit
both on environmental and financial costs is assessed.

2. Results and discussion
2.1. Overall process performance comparison

Selection of purification technologies for GTI removal from
API post reaction solutions is not trivial: industrial feasibility,
economic and environmental impact, achievable purity grade
and API loss have to be evaluated individually to make a
reasonable decision leading to a viable manufacturing process.
Removal of genotoxics from APIs post reaction streams is fun-
damental to decreasing toxicological risk to patients. GTI
limits in APIs are calculated as follows: the threshold of toxico-
logical concern (TTC) value (1.5 μg day−1) divided by the
maximum daily dose (g day−1) gives the limit in mg dm−3 to
be applied to the active substance.41 Considering a 500 mg
day−1 daily dose of Meta the GTI is required to be controlled at
3 mg dm−3, relative to the API. Consequently, a post-reaction
stream containing 10 g dm−3 Meta and 1 g dm−3 GTI requires
an impurity removal higher than 99.7%. Since the higher the
desired purity, the higher the API loss, a compromise between
level of purity and API loss has to be made for any purification
process whilst taking into account the threshold limit of impu-
rities. Fig. 3 demonstrates API recovery versus GTI removal for
each process.

Regarding both of the model GTI, recrystallization shows
higher API loss without acceptable compensation in the API
purity achieved. Recrystallization is one of the oldest and most
common processes employed in the pharmaceutical industry
for API purification; and despite its drawbacks, such as

impurity carryover and API loss in the mother liquor and
washing solutions, recrystallization is a widely used purifi-
cation process due to the fact that it delivers the API in the
desired crystallographic form, removes unwanted solvent
occlusions from the API and allows the careful control of par-
ticle size. Regarding the removal of DMAP, flash chromato-
graphy shows an ideal, almost 100% purification level, at the
cost of only a 5% loss of Meta. On the other hand, for the
same level of GTI removal by OSN incurs significant Meta loss.
Notice that 98.5% DMAP removal implies a loss of 4.7% Meta
at 5 diavolumes. MeMS is a smaller molecule compared to
DMAP and thus permeates through the membrane slightly
easier, implying higher removals of this GTI by OSN for the
same diavolume. MeMS removal by OSN provides an efficient
route when compared with chromatography. About 4.5% of
the API is lost during the removal of 98.9% of MeMS at 5 dia-
volumes and further purification up to virtually 99.9% GTI
removal is achieved with a loss of 6.3% API showing the
robustness of this simple technique.

In order to highlight the different operational steps of the
processes to be compared and map API loss as well as GTI
removal, the data obtained at each particular step, process per-
formance, solvent and energy used, as well as key process costs
are described in detail in the following sections.

2.2. Stepwise process performance comparison

A detailed discussion and analysis of each step of the exper-
imental trials follows. Flash chromatography was performed
collecting fractions of 50 cm−3 of eluent. Removal of DMAP
from crude Meta proved to be straightforward with an isocratic
elution described in the experimental section. Notice that
silica gel has a slightly acidic nature which causes partial pro-
tonation of the basic DMAP, hence its retention on the station-
ary phase is very high (Rf = 0.05). Meta is not detected in the
first 300 cm−3 (fractions 1 to 6), 95% being continuously
eluted without contamination by DMAP in the following
1200 cm−3 (fractions 7 to 30) as monitored by TFC and con-
firmed by HPLC-UV quantification. A higher ethyl acetate
(EtOAc) content in the eluent facilitates the elution rate of
Meta resulting in lower operational time and solvent consump-
tion but this option was rejected since DMAP leakage was
observed contaminating the API and thus severely affecting
purification efficiency. MeMS and Meta show reciprocal
affinity for the stationary phases with a faster elution rate for
MeMS (Rf = 0.2) than Meta (0.02) in pure DCM. Therefore, a
gradient elution (see the experimental section) was applied
with initial elution with 600 dm−3 pure DCM to elute MeMS
first (fractions 1–13), followed by progressive increase of EtOAc
to recover Meta. Results of the MeMS removal and correspond-
ing Meta loss are shown in Fig. 4A. Most of the Meta was recov-
ered in fractions 16–26 representing 90.1% of the total applied
to the column. Note that these fractions correspond to the part
of the elution gradient where EtOAc content is higher than
5%. Intermediate fractions with eluent containing EtOAc
between 0 and 5% (fractions 14 and 15) feature Meta with low
MeMS contamination. Accordingly, fractions 14 and 15 were

Fig. 3 Process performance comparison for two case studies: Meta/DMAP and
Meta/MeMs. The boundary limit of 99.7% of GTI removal is indicated corres-
ponding to the TTC for the considered case study.
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also combined with the main stream (fractions 16–26), thus
the MeMS-Meta case study involves two analyses values: frac-
tions 16–26 and 14–26. By collecting fractions 14–26 it is poss-
ible to remove 98.4% of MeMs at a cost of 9.9% API loss.
Alternatively, if fractions 16–26 are collected up to 100% GTI
removal (below LOD) can be achievable at a cost of 11.9% API
loss, which is not significantly higher than when fractions
14–15 are included. Therefore, concerning further analyses,
this study focuses on the best scenarios with 100% removal of
both MeMs and DMAP.

The recrystallization procedure – illustrated in Fig. 2 –

includes three main stages: (1) first recrystallization from
methanol (MeOH), (2) charcoal adsorption and (3) second
recrystallization. Firstly, the API precipitates during distillation
assisted solvent exchange from DCM to MeOH enriching the
mother liquor in the impurity. In the second step charcoal
adsorbs the impurity and the API remains dissolved in the
DCM–MeOH solution. Altogether four distillations are
required during the two solvent exchanges from DCM to
MeOH. In order to consequently map both GTI removal and
API loss during each step, the amounts were quantified in the
mother liquors, crystalline solids and charcoal filtrate as illus-
trated in Fig. 4B. The amount of API and GTI leaving the
system through the adsorption to charcoal was estimated by
component mass balance. Mass balances for crystallization
close within 2.5% for both API and GTI. The largest fraction of
API loss was observed in the first recrystallization, representing
9% and accounting for half (53%) of the total API loss over the

3 steps. API loss on charcoal and second recrystallization
account for about one quarter (19–27%) each of total API loss.
Although GTI removal cannot be assigned preferentially to any
of the steps, it can be concluded that DMAP has a higher
affinity to charcoal than MeMs, similar to that previously
observed with adsorption on silica gel.

Discrimination of API and GTI during purification by diafil-
tration featuring nanofiltration membranes is mainly based on
their molecular size, and consequently membrane rejections
of these species are different. The nanofiltration membrane
chosen for the present application is GMT-oNF-2 showing
good stability in DCM. The flux across the membrane was
determined for different applied pressures between 5 and 45 bar,
with incremental steps of 5 bar. A linear relation of flux
with pressure, with a correlation factor of 0.97, was found up
to 30 bar of applied pressure, corresponding to a membrane
permeability for DCM of 4.7 L m2 h−1 bar−1. Experimental
DCM fluxes through the membrane were 55 L m2 h−1. The
membrane rejections obtained at 10 and 20 bar, presented
in Table 1, show that the API, with a molecular weight of

Fig. 4 Experimental evaluation of Meta and MeMs and/or DMAP separations. Distribution of API and GTI is shown in the top panels (A) in groups of fraction for
flash chromatography, (B) crystallization and adsorption stage in the recrystallization process and (C) as a function of diavolume in OSN. API recovery vs. GTI removal
for each stage is shown in the bottom panels.

Table 1 Rejection of DMAP and MeMS impurities and Meta drug substance

Rejection (%)

10 bar 20 bar

MeMs 13.0 ± 0.1 15.0 ± 1.1
DMAP 15.1 ± 0.3 16.5 ± 0.4
Meta 99.0 ± 0.1 99.1 ± 0.1
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521.44 g mol−1, is effectively retained by the membrane as
both GTIs, DMAP and MeMs, respectively, with molecular
weights of 122.16 and 110.14 g mol−1, cross the membrane
easily. Since the difference in the rejection of Meta at 20 and
10 bar is negligible, but higher amounts of GTI cross the mem-
brane at 10 bar, the latter pressure was selected for experimen-
tal evaluation of diafiltration. Since MeMS is only a slightly
smaller molecule than DMAP, its average rejection is not sig-
nificantly lower than DMAP rejection. Note that not only mo-
lecular size rules solute transport through membranes but
other factors such as membrane solute interactions and
polarity may also play important roles. The results represented
in Fig. 4C show that the higher the number of diavolumes, the
higher the API loss, but in contrast the increments in GTI
removal become less significant. On the basis of GTI removal
versus API recovery (Fig. 4 – bottom panels) one can consider
two scenarios concerning diavolume selection. GTI removals
superior to 98.5 or 99.5% can be achieved at the cost of lower
than 5 or 7% API loss at diavolumes of 5 and 7, respectively.
Despite the higher purity of API achieved, higher diavolumes
not only lead to higher API loss but also increase the solvent
consumption and operation time. To be consistent with the
flash chromatographic study, a diavolume of 7, representing
the purest API, was selected for further analysis.

2.3 Scale-up considerations

The experimental trials at a laboratorial scale were performed
using 500 cm3 solutions with API and GTI concentrations of
10 g dm−3 and 1 g dm−3, respectively. In order to provide an
environmental and economic analysis, an inventory of
materials and energy of the different steps was prepared for
the different processes. The assumptions, estimations,
material amounts and main parameters applied for the scale-
up scenario are also included in Table 2. Scale-up was calcu-
lated for a factor of 2000 for all the solvent volumes, maintain-
ing API and GTI concentrations, corresponding to average
steroid batches of 1 m3 featuring 10 kg of API. Production of
10 batches per annum was considered, satisfying a demand of
about 100 kg API.

Fig. 5 represents the process scheme diagrams of the envi-
saged processes. The multi-purpose reactor E-1 is comprised
of a vessel with jacket and stirrer and coupled with a conden-
ser C-1 in all of the processes, allowing an internal distillation
stage for removal of solvent from API solutions by distillation.
This is required since both flash chromatography and recrys-
tallization require a reduction of 90% of the volume of DCM.
The slurry obtained is fed to the main process, i.e. the silica
column E-2 for flash chromatography, or remains in reactor
E-1 for solvent exchange (DCM → methanol) for recrystalliza-
tion. Note that at the end of each process, including OSN, the
purified API solution is fed to E-1 for concentration by distilla-
tion to 90% in volume in order to obtain a slurry that can be
sent to E-3 for filtration. The wet cake obtained is dried in E-4.
The specific assumptions for the main steps of each process
which take place in E-1 and E-2 are discussed below. Note that
the scale-up data are only indicative, with the objective of

rational selection of the best purification process in terms of
sustainability and green aspects. The scale-up of the process
would require experimental justification and adjustment of
parameters once the lead process has been selected.

FLASH CHROMATOGRAPHY. At a lab scale, increase of scale for
flash chromatography is usually performed by increasing
column diameter while maintaining both its height and the
linear elution solvent velocity. However, such an approach can
only be followed to a certain extent without compromising
homogeneous plug flow through the column at large dia-
meters. Ideally the column diameter should remain not too
broad, ensuring uniform plug flow through the column. There-
fore, for a significantly large scale-up it is inevitable that the
column height increases. The higher the column, the higher
the contact time between the solutes and the stationary phase
promoting better solute separations, i.e. a higher number of
theoretical separation plates is verified at the same linear
velocity. However, a conservative approach was taken in which
a potential increase in number of theoretical plates was not
considered and a silica to API ratio of 1.1 was applied. The
ratio of column height to diameter was kept at a value of about
3.1, corresponding to a column diameter and height of 63 cm
and 1.9 m respectively. A linear velocity of 2.55 cm min−1 was
considered regardless of the scale, corresponding to a flow rate
of about 476 m3 h−1. Solvent volumes and fractions enriched
in API or discharging GTI were directly scaled up by a factor of
2000. Fig. 5A illustrates a process scheme for the chromato-
graphy process. The 100 dm3 pre-concentrated API solution is
loaded onto silica gel column E-2 for purification. The eluent
fractions enriched in the purified API (2.64 m3 and 0.99 m3 for
DMAP and MeMS, respectively) are collected in tank A-3A and
then transferred to E-1 in order to be concentrated to yield a
slurry with a volume of 100 dm3 whilst the distilled solvent is
collected in tank A-3. The slurry is transferred to filter E-3
using a diaphragm pump and the wet cake is manually trans-
ferred to E-4 for drying. Tank A-3 contains large amounts of
solvent and GTI. The eluent fractions comprising pure or GTI
contaminated solvent are collected in tank A-3. 0.76 m3 and
1.75 m3 eluents are discarded during the chromatographic
removal of DMAP and MeMS, respectively. 0.9 m3 DCM distil-
late from E-1 – from concentrations of initial API crude and
final purified API (2.63 m3 and 0.98 m3 for DMAP and MeMS,
respectively) – and about 0.75 m3 of solvent used for washing
tanks and pipelines are also collected in tank A-3. Hence, the
total volumes of 5 m3 and 4.4 m3 are collected in tank A-3.

RECRYSTALLIZATION. Scale-up of the recrystallization is esti-
mated based on volume and masses, using a scale-up factor of
2000 and an assumption of maintaining the same perform-
ance level. The charcoal to API mass ratio is maintained at a
value of 0.6 while filters are scaled on the basis of solution
volume to filter membrane area. Fig. 5B represents the process
scheme diagram of the recrystallization process. The 1 m3 API
crude solution is loaded to E-1 and solvent exchange I (DCM →
methanol) is carried out in parallel with the concentration of
the solution to 100 dm3 by distillation at 50 °C of the solvent
in two cycles of addition of 200 dm3 fresh methanol to tank
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Table 2 Solvent impact on waste disposal, environment, health and safety

Lab scale Industrial scale Scale-up factor

API 5 g 10 kg 2000
GTI 1 g 2 kg 2000
DCM 500 cm3 1 m3 2000

Flash chromatography
Column specifications Silica 150.0 g 330 kg 2200

Silica 300.0 cm3 0.6 m3 2000
Silica/API 30 33 1.1
Diameter 5.0 cm 0.63 m
Section 19.6 cm2 0.31 m2

H 15.3 cm 1.9 m
H/diameter 3.1 3.1 1

(a) Solution concentrations by distillation,
(b) elution conditions and (c) solvent volumes

(a) DCM distilled 450.0 cm3 0.900 m3 2000
(b) Flow rate 50.0 cm3 min−1 0.476 m3 h−1

(b) Linear velocity 2.55 cm min−1 1.53 m h−1 1.0
DMAP removal
(c) Inlet DCM 1425 cm3 3.135 m3 2200
(c) Inlet EtOAc 75 cm3 0.165 m3 2200
(c) DMAP fraction 300 cm3 0.76 m3

(c) META fraction 1200 cm3 2.64 m3

(a) Distillate + filtered 1195 cm3 2.63 m3

MeMes removal
(c) Inlet DCM 1063 cm3 2.339 m3 2200
(c) Inlet EtOAc 137 cm3 0.301 m3 2200
(c) MeMs fraction 750 cm3 1.75 m3

(c) META fraction 450 cm3 0.99 m3

(a) Distillated + filtered 400 cm3 0.98 m3

Recrystallization
Solvent exchange I DCM distilled 450 cm3 0.900 m3 0

Inlet MeOH 100 cm3 0.200 m3 2000
Inlet MeOH 100 cm3 0.200 m3 2000
Distillate 200 cm3 0.400 m3

Recrystallization I Initial temp 50 °C 50 °C
Final temp 10 °C 10 °C
Cooling rate 30 °C h−1 30 °C h−1

Initial time 1 1 h
Final time 2 h 2 h
MeOH washing 40 cm3 0.080 m3 2000
Filtrated 85.0 cm3 0.170 m3

Charcoal adsorption Charcoal 3 g 6 kg 2000
Inlet DCM 100 cm3 0.200 m3 2000
Inlet MeOH 100 cm3 0.200 m3 2000
Operation time 2 h 3 h
Recirculation flow rate — 1.5 m3 h−1

DCM washing 40 cm3 0.080 m3 2000
Solvent exchange II Distillate 195 cm3 0.900 m3

Inlet MeOH 100 cm3 0.200 m3

Distillate 100 cm3 0.200 m3

Recrystallization II Initial temp 50 °C 50 °C
Final temp 10 °C 10 °C
Cooling rate 30 °C h−1 30 °C h−1

Initial time 1 1 h
Final time 2 h 2 h
MeOH washing 40 cm3 0.080 m3 2000
Filtrated 85.0 cm3 0.170 m3

Organic solvent nanofiltration
OSN diafiltration Membrane 105.6 cm2 20.0 m2 1894

Solvent flux 5.5 cm3 cm−2 h−1 0.055 m3 m−2 h−1 1
Diafiltration flow rate 581 cm3 h−1 1.100 m3 h−1 1894
DCM preconditioning 250 cm2 0.5 m3 2000
DCM diafiltration 3500 cm3 7.0 m3 2000
Permeate (GTI fraction) 3250 cm3 7.5 m3

Retentate (Meta fraction) 500 cm3 1 m3

Distillate + filtrated 450 cm3 0.990 m3

Additional information
Washing and final operation Wash tank E-1 0.250 m3

Wash tank A-4, A-4a and pipeline 0.500 m3

Flow rate to wash tanks and pipes 1 hour
Flow rate to fill tanks 5 m3 h−1

Liquid in slurry (sent to E3) 0.100 m3

Liquid in wet cake (sent to E-4) 0.010 m3
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E-1 followed by distillation of the same volume, thus obtaining
the API in 100 dm3 methanol. In recrystallization I the API
mixture is cooled down from 50 °C to 10 °C at a rate of 30 °C
h−1, and maintained at 10 °C for 2 additional hours. The preci-
pitated API is then transferred to filter E-3 where a further 80
dm3 of methanol at 10 °C is used to wash the crystals before
manually transferring to E-1, where a mixture of 400 dm3

DCM–MeOH (1 : 1) is used for complete dissolution of the API.
The charcoal operation stage is carried out by recalculation of
the solution obtained at a flow rate of 1.5 m3 h−1 through char-
coal column E-2 and reactor E-1 during 3 hours (>10 volumes).
The column, loaded with 6 kg of charcoal, is washed with a
further 80 dm3 of fresh DCM. Solvent exchange II is carried out
by concentration of the solution to 100 dm3 by distillation at
50 °C and addition of 100 dm3 fresh methanol followed by dis-
tillation until the original volume is achieved. The mixture is
then submitted to recrystallization II, following the procedure
of recrystallization I, the crystals are manually transferred to
dryer E-4. All the distilled and filtered solvents are collected in
tank A-3.

OSN. The OSN process scale-up assumes that transmem-
brane flow rate is scalable based in membrane area, and thus
a diafiltration flow rate of 1.100 m3 h−1 and a membrane area
of 20 m2 were assumed, corresponding to an operation time of
7 hours for a diavolume of 7 and the use of 0.5 m3 of solvent
for preconditioning/cleaning the membrane between batches.
Note however that shorter operation times can easily be

achieved by increasing membrane area, e.g. an increase in
membrane area from 20 to 35 m2 corresponds to an operation
time of less than 4 hours. Fig. 5C represents the OSN process
scheme diagram. The crude API solution is loaded to tank E-1
and then circulated between tank E-1 and the OSN membrane
modules E-2. E-1 and E-2 are pressurized to 10 bar using a
high pressure pump, P-3. The diafiltration is carried out by
pumping additional DCM from tank A-2 into the pressurized
vessel E-1 while the permeate is collected in tank A-3. At the
end of the operation the retentate volume is further reduced
by distillation and the distilled solvent collected in tank A-3,
whilst the resulting slurry is transferred to E-3 for filtration
and, finally, the wet cake is manually transferred to E-4 for
drying.

At the end of each process, the use of an additional 0.5 m3

of solvent to clean the vessels E-1, E-3 and A-3 and respective
connecting pipes is considered. All the solvents removed from
the main stream – e.g. (i) internal distillation stage from E-1
for volume reduction of initial crude API and final purified API
solution, as well as API solvent exchange in recrystallization,
(ii) eluent or permeate solutions containing GTI resulting from
the silica column or OSN membrane, (iii) solutions from E-3
obtained from filtration of crystals and final slurry filtrations
in E-3 and wet cake drying through C-2, and (iv) vessel and
pipe washings – are collected in tank A-3 to be eventually
recycled. At the end of the API purification, pump P-6 can be
used either to transfer solvent for off- or on-site disposal, e.g.

Fig. 5 Idealized process diagram for the three processes considered. Main equipment: (i) E-2 is the silica gel column, active carbon column or OSN membrane
housing for flash chromatography, recrystallization and the OSN process respectively; (ii) E-1 vessel with jacket and stirrer, E-3 filter, E-4 dryer, E-5 distillation column,
for all the processes; and (iii) C-1 condenser of the stirred vessel, C-2 condenser of the dryer, C-3 condenser of the distillation column, B-1 boiler of the distillation
column, for all the processes. Tanks: A-1, auxiliary tank for API feed, A-2 auxiliary tank for approved DCM, A-2A auxiliary tank for approved EtOAc or MeOH, A-3
auxiliary tank for waste solvent to be recycled or disposed, A-3A auxiliary tank for diluted pure API, A-4 auxiliary tank for DCM to be approved, A-4A auxiliary tank
for EtOAc or MeOH to be approved (A-3A is only required for flash chromatography. A-2, A-4 are not required for the OSN process). Pumps: (i) P3 is a centrifugal
pump for solvent elution through silica and charcoal columns for flash chromatography and recrystallization, but a high pressure pump in OSN; (ii) P-2 pneumatic
diaphragm pump for slurry transportation, P5 vacuum for filtration P-1, P4, P4A, P6, P7 and P7A are centrifugal pumps for solvent transportation (P4A and P7A are
not required for the OSN process).
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by incineration or recovery by distillation. An optional distilla-
tion unit (E-5/C-3) is suggested with this aim in each of the
processes. This alternative implies additional capital and oper-
ating costs for the different processes. Continuous lines rep-
resent pipes connecting equipment used in the main process
and dotted lines represent pipes connecting equipment only
needed when solvent is recycled. The effect of solvent recovery
on the costs and environmental impact is discussed in Sec-
tions 2.4 and 2.5, respectively.

BATCH TIMES AND PUMP FLOW RATES. All the pumps (P-2, P-4, P-4A,
P-7 and P-7A) used to fill and empty tanks were assumed to be
set to a flow rate of 5 m3 h−1 while P-6 was set to the corre-
sponding distillation flow rate. During OSN and flash chrom-
atography the operation time of the diaphragm pump (P-1)
and vacuum filtration (P-5) is estimated to be 2 hours, while
recrystallization calls for 4 hours due to the fact that the
respective operations are repeated twice. Estimated flow rates
of P-3 are 0.475, 1.5 and 1.1 m3 h−1 for flash chromatography
(5.5 and 7 hours per batch for MeMs and DMAP removal,
respectively), recrystallization (3 hours per batch for charcoal)
and OSN processes (7 hours per batch), respectively. The
volume of the multipurpose reactor E-1 is 1 m3 for OSN and
0.5 m3 for flash chromatography and recrystallization. Stirring
times were estimated based on filling, emptying and cleaning
tank E-1 (3.5 to 5.5 hours), the internal distillation stage for
solution concentration and solvent exchange and main oper-
ations (1 to 4.5 hours), and main operations (i) two recrystalli-
zation and charcoal adsorption (about 12 hours) for the
recrystallization and (ii) membrane preconditioning/cleaning
and diafiltration (7 hours) for the OSN process. Additional
times considered include 8 hours for final drying of API,
3 hours for changing silica and charcoal replacement between
each batch and 1 working shift for membrane replacement/
maintenance every 5 batches (1.6 hours a batch).

2.4. Inventory and cost analysis

Capital costs estimated in the current analysis (Fig. 6) include
(i) main equipment costs based on process schemes estab-
lished in Fig. 5 and (ii) indirect capital costs based on mul-
tiples of main equipment costs as suggested elsewhere42

which includes additional costs such as for assembling piping,
instrumentation, electrical installation, process buildings, uti-
lities, storage, site development and ancillary buildings
(respectively at ratios of 0.4, 0.7, 0.2, 0.1, 0.15, 0.5, 0.15, 0.5,
and 0.15 of total main equipment cost) as well as design, con-
tractors fees and contingency (at a ratio of 0.60).43 Therefore,
the total capital cost can be calculated as 3.95 times the main
equipment costs. The annual capital costs take into account a
10 year amortization period. Operation costs, annual mainten-
ance costs and insurances are then calculated as 10%, 5% and
1% of total capital costs.

Inputs and outputs of the process are represented in Fig. 7
and the respective stream volumes are summarized in Table 3.
Particular attention is given first to solvent and energy con-
sumption with the respective CO2 footprint and waste

generated and secondly to process time and full time equival-
ent labour, which is estimated for the three alternative
processes.

Fig. 6 Comparison of capital costs. FC – flash chromatography, RC – recrystalli-
zation, and OSN – organic solvent nanofiltration.

Fig. 7 Schematic of inputs and outputs of the purification processes.
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The selective agent (silica gel, charcoal or membrane) and
solvent requirements per batch are shown in Fig. 8. DCM,
EtOAc and MeOH costs are assumed as 998, 1039 and 340 euro
per m3. Silica and activated carbon costs considered were 31.4
and 18.7 euro per kg and membrane cost was 2000 euro per
m2. The process generating the largest amount of solid waste
is flash chromatography with the disposal of 330 kg silica gel
per batch (31.4 euro per kg). On the other hand, recrystalliza-
tion resulting in 6 kg charcoal per batch (18.7 euro per kg) and
the disposal of OSN membrane modules every two years are
both negligible. The solvent in tank A-3 for disposal or recycle
includes fresh solvent added during the process and the
solvent from the crude API solution (1 m3). OSN is clearly the
most solvent intensive process, recrystallization requiring the
lowest amount of solvents. As described in Fig. 6, the pro-
cesses include an internal distillation stage for API concen-
tration and solvent exchange, which takes place at E-1/C-1.
Such distillations are energy intensive, thus the amount of
solvent distilled at these steps in each of the processes is also
shown in Fig. 8A.

The energy requirements for heating (steam) and cooling
(brine) in the internal distillation stage (E-1/C-1), in the con-
denser C-2, in the cooling ramps of the crystallization (E-1)
and for the external distillation unit (solvent recovery) were cal-
culated taking into account solvent heat capacities and heat of
vaporization and condensation. The outcome is shown in
Fig. 8B.

Energy requirement calculations for pumping and stirring
take into account power, time and volumes. Total batch times
with and without the option of solvent recovery are considered
and are shown in Fig. 8C. Taking into account main operation
times, which include set-up, cleaning and shut-down times,
but not drying time, between 2 and 3 shifts are required. Shifts
for flash chromatography and the OSN process with two full
time equivalents (FTE) of operational labour work are allocated
for each shift. Recrystallization, on the other hand, given that
it is a more time consuming process, is given 4 shifts and
since these include operations that are more labour intensive,

e.g. more handling slurries and solids, 4 FTEs are allocated for
each shift for operational work. OSN is more solvent intensive,
therefore for additional solvent recovery additional FTEs were
considered being 2 for the OSN process, but only 1 for the
other two processes. An average wage cost of 30 000 euros per
year was considered for operators. Total labour costs were cal-
culated on the basis of 10 batches per year using the operating
labour mentioned. Additional costs for supervision and
analytical laboratory costs were calculated as 20% of operating
labour costs, plant overheads being calculated as 50% of oper-
ating labour costs. Total yearly costs for the three processes are
represented in Fig. 9. The process cost for purification of Meta
by OSN or recrystallization is not significantly affected by
which impurity, DMAP or MeMS, is removed. However, slightly
different cost values were found when removing DMAP and
MeMS by flash chromatography (FC) as presented in Fig. 9A
and 9B.

This study considers the options of (i) sending the solvent
to be disposed off-site or (ii) recovered by distillation in-site.
The disposal of solvent takes place by solvent incineration
implying the formation and emission of gases with a negative
impact on both health and environment. The solvent recycling
reduces the overall solvent requirement of the processes as
well as solvent transport. These factors are not tackled in the
current study, making the current analysis slightly biased
towards solvent disposal. On the other hand, the energy gener-
ated by incineration was not considered which can bias
towards the option of solvent recycling. The energy, potentially
obtained from solvent combustion and steam generated, is sig-
nificant, ranging between 5 and 25 kW h−1 depending on the
actual process and efficiencies considered. These values have
the potential to make the process self-sufficient in terms of
steam. However, its annual economic value, between k€ 1.5
and k€ 5, is negligible in comparison with the values pre-
sented in Fig. 9. Although the current study assumes off-site
liquid waste disposal, the energetic gain during solvent incin-
eration may favour in-site incineration, an option taken in
many plants. However, the analysis of building and operating

Table 3 Summary of solvent and selective agent requirements per batch

Flash chromatography

DMAP MeMS Recrystallization OSN

Active layer (kg) 330 330 6 1.0
(Silica) (Silica) (Charcoal) (Membrane)

Fresh solvent DCM (m3) 3.9 3.1 1.03 8.25
EtOAc (m3) 0.2 0.3
MeOH (m3) 0.96

Internal distillation stage E-1/C-1 DCM (m3) 3.4 1.6 1.280 0.99
EtOAc (m3) 0.1 0.3
MeOH (m3) 0.610

Solvent disposed (A-3) or recovered by
distillation (E-5/C-3)

DCM (m3) 4.9 4.1 2.030 9.24

EtOAc (m3) 0.2 0.3
MeOH (m3) 0.95

Solvent make-up in case of recycle DCM (m3) 0.19 0.15 0.05 0.41
EtOAc (m3) 0.01 0.02
MeOH (m3) 0.05
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an incineration unit versus off-site disposal is beyond the
scope of the current study. Furthermore, the option of solvent
disposal assumes that the liquid waste is sent to be disposed
at a market value per volume of liquid waste with the corre-
sponding potential economic value from energetic gains cap-
tured by the contractor and incorporated in the price charged
for liquid disposal. Therefore, the economic impact of incin-
eration is not considered in the analysis. On the other hand,

incineration has an impact on carbon footprint and the
respective CO2 generated is considered in the current study.

2.5 Environmental and economic impact

The three processes are conceptually quite different, however
for cost comparison the variable costs, the inventory of inputs
and outputs had been organized in four categories: (1) process
performance indicators related to API loss and GTI removal;
(2) mass intensity related to solvent consumption, discharged
materials, selective agent (silica gel, charcoal or membrane)
input and solid disposal; and (3) energy intensity and (4)
carbon footprint. Further qualitative analysis was carried out
related to (5) operation time and labour requirements; and (6)
process complexity and scale-up complexity.

Process performances are estimated as API loss and GTI
removal and are illustrated in Fig. 3. Note that as scale
increases, the fraction of API lost in a recrystallization process
tends to decrease.44 The detailed data for the evaluation of
mass and energy intensity are illustrated in Fig. 8. GSK
suggests a metric system for assessment from 1 to 10 (the
higher the better) of the impact of solvent use based on four
vectors: (i) waste, considering solvent recycling, incineration,
VOC and biotreatment issues; (ii) environmental impact
addressing solvent fate and effect on the environment; (iii)
health – acute and chronic effects and exposure potential; and
(iv) safety, which considers explosivity, flammability and oper-
ational hazards. According to the GSK methodology,29 use of
solvents categorized between 1 and 3 (red flag) is associated
with major issues to which appropriate control procedures
have to be implemented, between 4 to 7 (white flag) some
issues have been identified and control procedures should be
considered, and for values higher than 8 there are no issues
identified. The mass intensity is dominated by the use of
DCM, however it would be interesting to have an insight into
mixtures with solvents of lower impact. EtOAc and methanol
used in flash chromatography and recrystallization are used in
high enough quantities to alter the weighted average of such
impacts. The calculated values are presented in Table 4, where
it is shown that only in the recrystallization process the use of
higher fractions of methanol improves both the health vector
to a value of 2, which is still flagged red, and the environ-
mental impact to a value of 4, in the white flag region.

The batch time required for each process is illustrated in
Fig. 8C. Note that all the processes have an 8 hour final drying
step that is low labour intensive. Recrystallization is the most
time consuming process and given the nature of the separ-
ation steps, strategies to decrease batch time are more challen-
ging. However, scaling up of this process often results in a
decrease of API losses and, due to the familiarity that regulator
authorities have with API recrystallization, it is often a choice
of preference. Scaling up flash chromatography implies a
larger risk, with probable losses in efficiency. Reduction in the
batch time would also be difficult without additional equip-
ment or without losses in efficiency of the separation. OSN is
regarded as a technique easily scaled up on the basis of mem-
brane area. Batch time can be reduced by increasing

Fig. 8 Processes comparison concerning (A) solvent consumption, (B) energy
consumption and (C) batch operation times. FC – flash chromatography, RC –

recrystallization, and OSN – organic solvent nanofiltration.
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membrane area. However, as OSN uses larger amounts of
solvent with the option of solvent recovery significant amounts
of time need to be allocated and additional distillation units
deployed.

Fig. 10A shows mass intensity versus energy intensity for
each of the processes and with disposal or recycling of the
solvent. The efficiency of the solvent recycling was considered
to be 95% for each batch, calling for 5% solvent make-up. This
initial scenario might be too optimistic and therefore scen-
arios with only 75% and 90% efficiency were also included in
Fig. 10C and 10D showing the effect on CO2 and costs. It is
clearly possible to dramatically reduce mass intensity by recy-
cling the solvent but at the cost of an increase in energy inten-
sity, particularly for the OSN process, which is the process with
the highest solvent requirements, and therefore with highest
energy requirements, when the option of recycling the solvent
is followed. To complement these analyses, economic (costs)

and environment (CO2 intensity) metrics were considered as
well. In the calculations of energy intensity, costs and associ-
ated carbon intensity, the source of energy was taken into
account at 203.7 or 369 kg of CO2 and 27.4 or 93.5 euros per
MW h, for steam and electricity, respectively. Solvent incinera-
tion is considered for solvent disposal. Interestingly, following
the option of recycling narrows down process CO2 intensity to
a range of about 100 kg of CO2 per kg of API (100 to 200 kg-
CO2/kg-API), which implies a large reduction of the CO2 foot-
print for the OSN process (Fig. 10B). Fig. 10D shows that the
cost options for solvent disposal (considering the costs of 1.35
and 3 euros per kg of chlorinated solid and liquid waste,
respectively) and solvent recycle are fairly similar for flash
chromatography and recrystallization but not for OSN. In the
case of OSN the option of recycling is cheaper than disposal,
with a yearly gain of k€ 275. The DCM used in the OSN (123
tons per year) is about double that used for flash chromato-
graphy, and thus well above the critical point at which it
becomes cost effective to have a DCM in-site recovery unit
(directed investment cost of k€ 150), with savings in solvent
and waste treatment costs of k€ 78 and k€ 234. These figures
are aligned with previous literature, a case study for reducing
waste by DCM distillation in pharmaceutical processes by Dow
Chemical Company,45 which aimed at an initial recycle of 50%
of the DCM for a total use of 124 tons of DCM, and with a final
aim of recycling 95%. The projected initial investment was
k€ 140 and reported savings of raw materials and waste treatment
costs were k€ 105 and k€ 335 respectively. Overall costs are very

Fig. 9 Cost comparison of the three processes without solvent recycling. Similar cost structure was obtained for removal of the two GTIs by OSN and recrystalliza-
tion, but slightly different values were found for removal of DMAP and MeMS by flash chromatography (FC).

Table 4 Solvent impact on waste disposal, environment, health and safety

Waste Environment Health Safety

DCM 3 3 1 10
EtOAc 4 9 7 4
MeOH 3 8 4 8
FC-DMAP 3 3 1 10
FC-MeMS 3 3 1 10
Recrystallization 3 4 2 10
OSN 3 3 1 10
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much dependent on the total API loss and Fig. 10B illustrates
calculated values for the scenarios considered in the current
study assuming an API value of 100 euro per kg using the
values described above for the costs of API losses in addition
to the GTI removal process costs.

3. Conclusions

Degenotoxification of Mometasone furoate, meaning reduction
of genotoxics in API post reaction streams corresponding to
API related dairy intakes below the recommended TTC value of
1.5 μg day−1, was successfully achieved for DMAP and MeMS,
at laboratory scale applying recrystallization, flash chromato-
graphy and OSN, except for the removal of DMAP by recrystalli-
zation. API losses during DMAP removal were 5% and 6.4% for
OSN and flash chromatography, respectively. API losses during
MeMS removal were 6.4%, 11.9% and 16.4% for OSN, flash
chromatography and recrystallization, respectively. The cost
analysis of the three processes concluded that recrystallization
is the cheapest process, with intermediate energy intensity
(due to the need of solvent exchanges by distillation) and lower
mass and carbon intensity, although it is more labour inten-
sive and time consuming. However, the cost analyses of the
purification processes are dominated by the loss of revenue

due to API loss which makes recrystallization the least cost
effective process in the present study. To be considered is that
during process scale-up API losses in recrystallization are
usually mitigated. Recrystallization is the purification process
approved in the manufacture of many APIs, therefore the use
of recrystallization should not be discarded without careful
analysis. Although flash chromatography is an efficient
process for GTI removal, particularly for DMAP, it is the most
difficult to scale-up and involves high loads of solid waste dis-
posal. In this particular case of DMAP removal, the API ends
up in a larger volume fraction of solvent (about 2.7 times
larger than in the case of MeMs removal) and is then isolated
after distillation, hence presenting higher energy intensity.
OSN requires the use of 7 diavolumes, achieving adequate
final GTI levels with acceptable API losses at the cost of high
solvent consumption. Therefore, from an investment perspec-
tive, the option of solvent recycle becomes economically feas-
ible only for OSN. In contrast, from an environmental
perspective, solvent recycle (i) has a high impact in each
process by reduction of mass intensity by two orders of magni-
tude (from 400–1300 to 14–63 kg-CO2/kg-API depending on the
process) and (ii) makes the three processes comparable with
regard to their carbon intensity having reduced this to a range
of 100–180 kg-CO2/kg-API. The effect of solvent recycling also
has a positive higher environmental impact on OSN due to

Fig. 10 Effect of solvent recycling on the environmental impact of the processes.
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lower overall solvent consumption. OSN is a process easy to
scale-up with low labour intensity and batch time can be
further reduced by increasing the membrane area. However,
because of solvent recovery the batch time increases signifi-
cantly. The three processes selected use DCM as the main
solvent, with negligible amounts of EtOAc (2–5%) in flash
chromatography and about 20% of methanol in recrystalliza-
tion. The negative environment, health and waste impact of
DCM calls for its replacement during optimization of the
manufacturing process.

4. Experimental procedure
4.1 Materials

GMT-oNF-2 membrane was purchased from Borsig Membrane
Technology GmbH, Germany. MeOH, thin layer chromato-
graphic (TLC) aluminium sheets (Silica Gel 60 F254) and Silica
Gel 60 powder were purchased from Merck KGaA, Darmstadt,
Germany. Shirasagi DC32 charcoal was purchased from Mitsu-
bishi International Ltd. EtOAc, DCM, MeMS and ammonium
hydroxide were purchased from Aldrich. DMAP was purchased
from Fluka. Water from a Milli-Q-Gradient ultrapure water
system (Millipore, Billerica, MA, USA) was used.

4.2. Analytical methods

A GC Hewlett Packard Series II, model 6890 fitted with a 5973
Network Mass selective detector and an Agilent Technologies
DB-1 3 μm, 30 m × 0.32 mm capillary column was used for
MeMS quantification. The GC oven temperature was 130 °C for
the first 5 min, then increased at 60 °C min−1 up to 280 °C
and held for 1 min at this temperature. The injection tempera-
ture, GCMS interface and ion source temperatures were 140,
250 and 250 °C, respectively. Helium was used as the carrier
gas at a flow rate of 3 cm−3 min−1. The ionizing energy was
70 eV. Mass spectra were collected at SIM mode with an m/z of
80 and Hewlett Packard MSD Chemstation 3.0 acquisition soft-
ware was used. The retention time of MeMS was 3 min and
compounds were identified using the National Institute of
Standard Technology mass spectral library. The protocol of
DMAP quantification in Meta has already been reported in the
literature.46

4.3. Experimental process performance assessment

500 cm−3 crude API solution having 10 000 mg dm−3 Meta and
1000 mg dm−3 DMAP and MeMS in DCM was prepared for
each comparative assay. The feed solution was processed by (i)
OSN based on the authors’ recently published degenotoxifica-
tion methodology,9 (ii) recrystallization based on the
WO9800437 patent13 and (iii) flash chromatography based on
the US4472393 patent15 (Fig. 2).

4.3.1 FLASH CHROMATOGRAPHY PROCEDURE. TLC was used to
select the eluent for flash chromatography. An optimum value
of DCM–EtOAc (95 : 5) was found for Meta–DMAP separation
with TLC retention factors (Rf ) of 0.34 and 0.05 for Meta and
DMAP respectively. Rf values for Meta and MeMS in pure DCM

are 0.02 and 0.2 respectively, thus a gradient elution was devel-
oped for Meta–MeMS separation (Table 5), chloroform, used
on the US4472393 patent, was in this study replaced by DCM.
Clark Still’s flash chromatographic technique47 was applied
for the purification. 500 cm−3 crude API solution was concen-
trated to 10% in volume, then 10 g silica gel was added and
the solvent was evaporated. A chromatography column with
50 mm diameter was filled with a slurry of 300 cm−3 silica gel
in DCM and the API–silica mixture was applied to the top of
the column. The column was pressurized with nitrogen,
keeping a steady eluent flow of 50 cm−3 min−1. 24 × 50 cm−3

fractions were collected, analyzed by TLC and the ones con-
taining mainly Meta combined, solvent evaporated, and dried
in a vacuum oven at 70 °C for 24 hours.

4.3.2 RECRYSTALLIZATION PROCEDURE. The 500 cm−3 crude API
solution was concentrated under reduced pressure to 10% in
volume. 100 cm−3 MeOH was added and the solution was
heated to 50 °C and the mixture was concentrated to 50 cm−3.
Having repeated this procedure twice precipitation occurred.
The solution was cooled to 20 °C over 1 hour, cooled further to
10 °C, and then agitated for 2 hours. The Meta was filtered
and washed with 2 × 20 cm−3 MeOH cooled to 10 °C. To the
wet cake 3 g of charcoal, 100 cm−3 MeOH and 100 cm−3 DCM
were added and the API was dissolved at 50 °C followed by fil-
tration of the charcoal. The equipment was rinsed with 2 ×
20 cm−3 DCM which was combined with the API solution and
concentrated under reduced pressure to 50 cm−3 yielding a
slurry. 100 cm−3 MeOH was added and the mixture was con-
centrated under reduced pressure to 50 cm−3. The mixture was
cooled to 23 °C over a period of 1 hour and then cooled
further to 10 °C, followed by agitation for 2 hours. The Meta
was filtered and washed with 2 × 20 cm−3 MeOH cooled to
10 °C. The product was dried in a vacuum oven at 70 °C for
24 hours.

4.3.3. OSN EXPERIMENTAL SETUP AND PROCEDURE. The METcell
Cross-Flow System (Evonik MET) comprising high-pressure fil-
tration cells, a tank base and a gear pump was used to carry
out cross-flow filtrations of a total of 500 cm−3 crude Meta
solution. Pressure was applied using nitrogen providing the
driving force for the filtrations. The membranes were precon-
ditioned by filtering 300 cm−3 pure solvent (Am = 52.8 cm2),
until a constant solvent flux was obtained. Membrane rejec-
tions were estimated at 10 and 20 bar using single solute
500 cm−3 feed solutions of Meta and GTIs at concentrations of
10 000 mg dm−3 and 1000 mg dm−3, respectively. Rejection

Table 5 Gradient elution for the separation of MeMS and Meta

Fraction Eluent composition Eluent volume
# (DCM : EtOAc) (cm−3)

1–12 100 : 0 600
13–14 98 : 2 100
15–16 95 : 5 100
17–18 90 : 10 100
19–20 80 : 20 100
21–24 50 : 50 200
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values (Rx) were calculated (eqn (1)) on the basis of solute con-
centration in feed (CF,x) and the first 50 cm−3 permeate (CP,x)
corresponding to a feed volume decrease of only 10%. Reten-
tate concentrations (CR,x) were measured at the end of fil-
trations and solute mass balances were closed.

Rx ð%Þ ¼ 1� CP;x=CF;x ð1Þ
For the diafiltration assays, two filtration cells were used

and 10 bar pressure was applied. An HPLC pump was con-
nected to the tank during diafiltration, to introduce fresh
solvent (VADD) to the system in order to compensate for the
permeate volume (VP) and keep retentate volume constant at
500 cm−3. Mass balances were closed in the range of 3–4% and
5–6% for API and GTI, respectively. The number of diavolumes
(D) is reported as defined in eqn (2). CR,x and CP,x can be esti-
mated48 according to eqn (3) and (4). API loss, GTI removal
and solvent flux were calculated by eqn (5)–(7), respectively.

D ¼ VADD=VF ¼ VP=VF ð2Þ
CR;x ¼ CF;x exp½�VPð1� RxÞ=VF� ¼ CF;x exp½�Dð1� RxÞ� ð3Þ

VFCR;x ¼ VFCR;x � VPCP;x ð4Þ
API loss ¼ CR;API=CF;API ðnote VR ¼ VFÞ ð5Þ

GTI removal ¼ 1� CR;GTI=CF;GTI ðnote VR ¼ VFÞ ð6Þ
ϕ ¼ VP=ðAmtÞ ð7Þ
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