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i Considerations in favor of SFC purification

All advantages of analytical SFC apply!

Advantages are even more significant at larger scale
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Sustainability and greenness across organisations
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AN Sustainable chromatography tools
Green Chemistry Solvent Selection:
Preferred Usable Undesirable Greener Solvent Choices
Water Pentane
Acetone Hexane(s)
Ethanol Di-isopropyl ether
2-Propanol Diethyl ether
1-Propanol Dichloromethane
Ethyl acetate Dichloroethane
Isopropyl acetate Chloroform
Methanol Dimethyl formamide
Methyl ethyl ketone N-Methylpyrrolidinone
1-Butanol Pyridine
T-Butanol Dimethyl acetate
Dioxane e« NP HPLC
Dimethoxyethane
Benzene DCM,
Carbon tetrachloride
Slide courtesy of Kristina Ohlén, Joanna Raubo }
AstraZeneca Green chemistry tools to influence a medicinal chemistry and research chemistry based organisation EA:'M( CI-'_'-Dm!5_5
Kim Alfonsi et al. 2008 https://doi.org/10.1039/B711717E B | ScientiFic
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i Tools

to calculate “Greenness”

Analytical Method Greenness Score (AMGS)

Making the move towards modernized greener M) Check for updates
separations: introduction of the analytical method
greenness score (AMGS) calculator

Michael B. Hicks, *a William Farrell, b Christine Aurigemma, b Laurent Lehmann,® Lauren Weisel,? Kelly Nadeau,d

Heewon Lee,® Carol Moraff,’ Mengling Wong,# YunHuang” and Paul Ferguson’

AMGS Calculator: https://lwww.acsqcipr.org/amags

What is taken into account?

Mass of solvent used and number of injections
Safety, health and environmental impact of solvent
Energy used during manufacture and disposal of solvent

Energy used by instrument

Michael B. Hicks et al., 2019 https://d0i.org/10.1039/C8GC03875A
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https://www.acsgcipr.org/amgs
https://pubs.rsc.org/en/results?searchtext=Author%3AMichael%20B.%20Hicks
https://doi.org/10.1039/C8GC03875A

VR Tools to calculate “Greenness”

Process Mass Intensity (PMI)

mass of all reactants

Process Mass Intensity (PMI) = = =

Each synthesis step increases the PMI with an average of 50 kg/kg

Chromisa
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AstraZeneca Slide courtesy of Kristina Ohlén, Joanna Raubo




NN Greenness — SFC vs RPLC
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Analytical Method Greenness Score (AMGS)

Success rate (%)

92.3
Equal

purification
success

HPLC SFC

Waste volume (mL)

HPLC SFC

64% less
waste
solvent per
sample

HPLC SFC

Cost per sample (£)

v'Lower solvent volumes
v'Less waste, lower cost

HPLC AMGS
1587

67% lower
running
cost per
sample

Data generated by Oncology Separation Sciences Team at Astra Zeneca

Calculated using Analytical Method Greenness Score (AMGS)

AstraZeneca

Slide courtesy of Kristina Ohlén, Joanna Raubo
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R SFC purification in pharmaceutical industry

Pharmaceutical industry has been the main driver for SFC utilization, mainly due to

the benefits in prep scale.

nr‘ ¢ Prap | 0 Rurificationmm mammn PIOGRSS

\- »&-meswm up.

- Otzlumnm Management

i PIOcCess Screening

Research; ,
Process Opﬂmlzcmon

Clinical

Generation |Identification | Optimization | Development

Number of compounds

Development

Scale-up

10,000 —> 250 — 5

Scale of compounds

Smg — > 50mg > 1g > 100g > 1kg — 7 50kg

Semi-preparative SFC
19, 30, 50 mm ID columns

Regulatory
Submission
& Review

Large scale preparative SFC
100, 200, 600, 900 mm ID columns
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SFC scale — analytical, semi-prep, industrial/large

-

| Waters SFC Prep100 Thar Process
- i Isolator SFC60
Waters UPC2 Semi-preparative SFC
Analytical SFC Large scale

preparative SFC

H | Chromisa
Bt | ScientiFic




5% SFC scale — analytical, semi-prep, industrial/large

I SHIMADZU

Excellence in Science

Nexera Analytical SFC system Nexera Prep SFC system

Analytical SFC Semi-preparative SFC
On-line SFE-SFC optional

Chromisa
ScientifFic
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AU Providers of Prep SFC instrumentation

The providers listed below provide analytical and/or preparative
packed-column SFC systems

gvts) ‘_I/\ED_D sepiatec

A BUCHI Company

smart with system

<% TELEDYNE Waters
Teledyne LABS LT—IEATE:SEIPEUgE?B?_E:H @ SHIMAD.ZU
Acca/ ey Excellence in Science
L ]
y— o BPA=
PROCESS SsoOLUTION INC
CHROMAT O 3 [1 c

Sustainable Trust

(Very) large scale SFC systems are sometimes custom-built

Chromisa
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U Preparative SFC instrumentation

Sample
Co-solvent  Ca-salvent reservolr  IMjection
FigEryain pUmp . [41E1E414]
I Mimer Ih.‘---jlimhn;ltrr SFC column
L0, cooler LU pump Collection valwe
- — DETECTOR
e — Back pressune
N
OR |77 régulatar
.I- Ill 1
-I I.
G0
1 |
: .:. High pressure
e L0 *  ollection
C0, cylinders C0, Bulk supply vesiels
e Dirain valas
Fraction 1 Fraction 2 Fraction 3 Waste
COy, cooler
Ci; Recycling
vl
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U Preparative SFC instrumentation

What is different compared to LC purification?

Sample Q

Injection
pUmp

ﬁ v e,

Co-solvent  Co-salvent
P rair pump

BH—Q

resErvoir

I H Mimar \---’)Ithc;ltq-r SFC ealumn
L0, coaler €0, pump Collection valve
______ 1 DETECTOR
i Back pressune
—
OR régulatar
High pressure
Ly L e el el lectioni
00, cylinders 0, Bulk supply viigpls
* ----- e Drain valves
Fraction 1 Fraction 2 Fraction 3 Waste
C0; cooler
Ci; Recycling
vessel FHA" - Chromisa
HHH | ScientiFic




Injection In Preparative SFC

Mixed stream injection

. waste _ (/// Sample
Modifier
e

Co,

Column

« Sample dissolved in the modifier, or
other solvent

* Injection into the mixed mobile phase

« Significant impact of “strength” of
Injection solvent on peak shape at
larger injection volumes

« Sample loop washed for a limited
time

« Extensive wash of the injection port
required

Modifier stream injection

Waste [///i' Sample
Modifier v 4

Column

Co,

Principle used for preparative injections

Sample dissolved in the modifier, or other
solvent

Dilution by CO, before the column without
precipitation

Applied at mobile phase strength

Sample loop washed continuously

Supporting overlapped injections in
Isocratic mode

No sample carry over

Only functions at sufficient modifier
percentages (not below 5%)

i
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ZHlis Injection In Preparative SFC

Mixed stream injection Modifier stream injection

1. Sample dissolved in MeOH

RT [min] RT [min]

O

RT [min] RT [min]

=3

Conditions: Sulfanilamide 5 mg/mL in MeOH or DMSO

Injection volume : 0.5, 1.0, 1.8 mL Flow rate : 50 mL/min
Column : Diol 21.2 x 150 mm BPR : 100 bar W
Chromisa
3 5 0 i 0, i . o g1
Gradient : 20 to 50 % MeOH in CO, @ 10 %/min T : 35°C _AAAA Scientific

Courtesy of Waters
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iU Injection In Preparative SFC

Stacked Injection Mode

- Increased throughput without compromising separation efficiency

- Only works in isocratic mode

Normal injections

f F f
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Stacked injections
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Injection In Preparative SFC

Stacked Injection Mode oo
- Example : hemp extract

- Analytical analysis was performed on
the sample, to determine the
appropriate conditions for purification

- 5-40% gradient

- Method was scaled up e

- Isocratic method was developed
@ 15% modifier

-  Three fractions -

1000 — —
800 — — . ‘ |

600 — — H

Absarbance(maL)

400 — — |‘ |

200 — — Al |
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Courtesy of Chris Hudalla, ProVerde Laboratories, USA
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% Injection in Preparative SFC
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Isocratic analytical method development for conditions to be transferred to SFC 200
for stacking experiments

DT e S S R S LT

ChromScope Sequence Wizard
This wtilty will quickly build sequences for you

e s e e i 1+1 1 1
Instrument method: * [Statup_Method =) I Cond|t|0n C”te”a
Collection method: * [Prep200_startup ] e —————————————————————————————————————
No. of injections: = 5 2 Injection volume: = (250 5 ml  Equi time before first injection: |1.00 5| min Report template _’ - . .

- .
Oy e =) A e S Cycle time: 3 min
Cycle Time: 300 % mn. Spacng 100 = min Total ehtiontime: © 500 - min. i
Load Data Fle | [SFC 2001 Usernaes: [ 8]
Select Detector Signal ((w2483) 20Channei_1 -‘;, 254 Update wavelength on chart Sp 1 g - 1 I
/ acing: 1 min

: Total elution time: 5 min

Absorbance(mAU)

i 111

RT:Ret Time |-A Area

A% AreaPerc | AN Peak Name

<Back | [ Concel |[ 0K

SFC 200 Isocratic 30x150 mm

Courtesy of Chris Hudalla, ProVerde Laboratories, USA
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Fraction collection in Preparative SFC

CO, expansion after BPR makes collection more complicated

« Effluentis a biphasic mixture of CO, gas and micro-droplets
(modifier and compound)

« Equipment needed to separate gas from liquid without loss of
material and without cross contamination

Heating is applied after the BPR to mitigate the cooling and
associated issues (dry ice / blocked tubing)

In many cases, a make-up solvent is added to avoid cross
contamination and keep the purified compounds in solution (avoid
blockage and precipitation). This only applies when the modifier
percentage is low (below 5%)

i
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Fraction collection in Preparative SFC

b
Typically, cyclones or gas-liquid separators (GLS) are applied
Cyclone GLS
Cyclone GLS Pressure & High pressure Low pressure
Elos aith principle Closed-bed format Open-bed format
make-up CO, Vent Liquid is pushed downwards due | Spiral flow is created wherein the
to design and gravimetry liquid and compounds are forced
CO, Venté= towards the wall due to centrifugal
Flow in e 2.r force. Spiralling downwards, a vortex
after valve is formed. When the diameter is
sufficiently small, the clean CO,
moves upwards through the vortex
and is sent to the top of the GLS.
Advantages No make-up required (CO, Cheaper materials can be

Vented
collection
bottle

Collection bed

Waters website

@

remains its solvating power
through the collection valve)

applied
Reduced safety risk
Increased number of fractions

Disadvantages

More expensive SS required
due to high presssure
Increased safety risk

Limited number of fractions
(dependent on the number of
applied cyclones)

Additional make-up solvent
required when using low
modifier percentages

Often fractions need to be
combined

Not suited for large quantity
purification

i

meuus

Chromisa
ScientifFic




}

wmmmEn

I

Fraction collection in Preparative SFC

Shimadzu Nexera Prep SFC - LotusStream™

New patented principle for gas-liquid

separation :

LotusStream™

Shimadzu website

[ SHIMADZU

Excellence in Science

LotusStream separator (patented technology)

Decreases flow rate without Eluent
increasing the pipe diameter by

splitting flow through multiple

channels. The CO2 is discharged

externally while the liquid

travels along the column and

drips directly into the collection CO:
vessel without dispersing or

scattering the eluate

Liquid

i
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Fraction collection in Preparative SFC

Open bed vs Closed bed collection

:"'. .,‘»"
0

Waters Prep SFC10

« Open-bed

Closed bed

« Batch purification . Bulk purification

« Smaller quantities / smaller - .
. . S « Larger quantities / large campaign

campaigns / library purification gerq g Palg

. . . . llection in car

* Collection in tubes/vials/bottles colizeie carboys

« Cyclone per fraction
« Detection : UV/ELSD

e 1 GLS for all fractions

« Sufficient solvent required
(modifier / make-up) to avoid
cross-contamination

e Detection : UV/PDA/ELSD/MS

%
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MS & SFC orthogonality advantage

Mass-Directed Prep LC Mass-Directed Prep SFC
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E”;A/\{\Aﬁ Columns in Preparative SFC

Dynamic Axial Compression
(DAC) column

Pre-packed

Hamilton website

 DAC : User packs column using a
slurry of stationary phase mixed ‘
with solvent (MeOH, EtOH) ~ K

« Important considerations :

« Avalilability and robustness of stationary phase ——
In larger particles

* Price of stationary phase
« Eg DAC of 60 cm requires 65 kg stationary

Chromisa
ScientifFic
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E"’;% Columns in Preparative SFC - Robustness

n ‘I n m \ Injection #5 on F:olumn
(N \I j | 1 - ﬂ// ditilte-ethano
% I'L I 'L ; 'L ?4_/ |L |
_ﬂlv o] UL e Y] -LTDH VY RVl "

1 |[ |
' '|
jf\ A\ h’\xj\ ﬂf\m\ \'Jﬁ \ ﬂ\\ \U\f ll? \er\\ \\ J‘J L{"\\ | |

These are hemp-derived products and there is inherent ‘
natural variability, b_u_t the chromatography shows (10 months siM&'column was packed)
repeatability and robustness.

CO, as mobile phase is more gentle than liquids for the stationary phase

Courtesy of Thar Process

B
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Solvent recycling in Preparative SFC

For larger scale, CO, recycling is a must!
 Improved sustainability and cost effectiveness

Goal of recycler : liquidify “gaseous” CO, coming from collection
system

i
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Preparative SFC — Screening and scaling

Requirements for high productivity purification

o High solubility in mobile phase
o Large injection volumes - reduced resolution
o Low solubility = poor peak shape (tailing, splitting)
o Difficult to predict solubility in CO,

o Short cycle time

o Preference to isocratic methods

o High stationary phase saturation capacity

o Determines change In retention and peak shape with increasing
sample load

o Good availability of stationary phase across particle size / prepacked
columns / particles at affordable pricing

Chromisa
ScientifFic

o High purity of fractions Eibc:

mnnnns




E% Preparative SFC — Screening and scaling

o SFC uses compressible fluid as mobile phase 1000

o Particle size has significant impact on
pressure drop

o Pressure drop has significant impact on
density and mobile phase strength

~
2
o

500 1

Pressure drop (bar)

250 1 1.7
o When moving from analytical to prep, this ' 5 um
pressure drop can be accounted for by %00 200 400 600 800 1000 12.00 14.00

u (mm/s)

adapting the BPR pressure

o However, this quickly leads to unrealistic settings of BPR pressures and related overall
pressures that the prep SFC systems can not achieve due system limitations

o Therefore, particle size is typically maintained from method development/screening to
prep (5 or 10 um)

o Fraction purity assessment can be done using smaller particles

Chromisa
ScientifFic
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A. Grand-Guillaume Perrenoud et al., J. Chromatogr. A 1266 (2012) 158




5% Preparative SFC — Screening and scaling

o Following equations can be used while maintaining identical particle
size in both analytical and prep SFC

=F _*D2 /D? , - *M2 2 *
Prep Analytical Prep Analytical VulFrep_volhnalyﬂcal D Prep/D Analytical LPreprAnalytical
Example: Table 2: Strategy used to scale-up the separation when converting the CO, flow from mL/min to g/min.
CO, Flow Co-solvent Flow
Method on UPC? 1.275 mL/min 0.225 mL/min
CO, mL to g conversion 11934 o/mi 0.225 mlL/mi
. min . mL/min
(density=0.936 g/mL) 9/ !
Scaled to 19mm 17 87 a/mi 9.025 mL/mi
. min . mL/min
(19mm/3mm)? x UPC? Flow grm! |
47.87 + 9.0205 = 56.9 g/min (Total Fl
Final Prep Method g/min (Total Flow)
9.025/56.9*100=15.9% co-solvent

Chromisa
ScientifFic
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Chromatography Today, 2018, August — Runco et al. e
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Examples from the industry

L B
> R &
» ,
Pharma API Purification

(Replacement for NPLC
and Orthogonal to RPLC)

Natural Products
Extraction & Purification

Pharma enantiomer
separation
(chiral)

Cannabis
Extraction &
Purification

Synthetic Lipids
Purification

Fish/algae Oil Omega
3-6 Fatty Acids
(DHA/EPA)

meuus
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x Examples from the industry

1
1)
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Fish/algae Omega 3 DHA/EPA
Multiple custom built large ID SFC systems (>50 cm ID)

SUPERCRITICAL FLUID TECHNOLOGY

e¢ KD Pharma Group®

Creating Health Solutions

Chromisa
ScientifFic
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https://www.kdpharmagroup.com/en/our-difference/kd-pur-technology/supercritical-fluid-technology




Wl Examples from the industry

Cannabinoids

« THC remediation for hemp derived products
« THC/CBN/CBG isolation

Two Thar Process Isolator SFC60 systems (60 cm ID) + SFC10X as pilot scale system (10 cm ID) to assist
method development

Chromisa

https://peakseasonbotanicals.com 'AAAA ScientifFic
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Beneficial Total-Cost-of-Ownership (TCO)

Example for cannabis purification and comparison to other techniques — solvent recycling and
reduced evaporation of fractions and mobile phase

k USD

4000

3500

3000

2500

2000

1500

1000

500

0

Total Cost of Ownership of 4 Actual Chromatography Systems (Cannabis)

$3,524,000

$1,705,000

$886,000

===Flash: Famous Euro Brand

===Prep HPLC: Low-cost Chinese Brand

Prep HPLC: Famous Euro Brand

===SFC: Thar Process

Months

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60

Courtesy of Nikos Xynos, Nomad Labs

meuus
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Examples from the industry

Lipid excipients

Synthetic intermediate for vaccine drug research

Traditional purification method:

Normal phase LC purification
Toxic solvents are used — toluene, heptane, isopropyl acetate
Large solvent consumption — up to 4,000 - 6,500L for 1 kg of material

Consists of different steps of column conditioning (pre- and post run), gradient
purification and column back-flushing — time consuming process

Projects are under NDA, so not all details can be shared

5@"0 « M NTIAL;

Courtesy of Thar Process

meuus
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Examples from the industry

Lipid excipients

Crude lipid starting at ~70% purity

Purity criteria to meet specifications:
Total purity =2 97%
Individual impurities < 0.5%

300 00
280 00
26:0 00
240 00

23 004
200 .00
5
18000 o
b
160 00
S
140 00
12000
100 .00 [
fie]
a
£0.00 =
60.00
&
40,00 & o = =
[ [=] =2 =
20,004 ﬁ 3 3 =]
o L,
oL pitiy b
— 7T T 7T TT7 — T T T T 7T — T
0.00 200 4.00 B.00 800 10.00 12.00 14.00 16.00 12.00
Minutes

Courtesy of Thar Process

i
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Examples from the industry

Lipid excipients

Approach R&D, Feasibility, scale-up

Phase | Phase Il Phase lll
Goal Analytical screening Semi- Repeatability & loading
& method preparative study for semi-
development purification preparative stage
Scale 5-50 mg mg - g
Column ID 4.6 mm 19 mm

System

Waters UPC2 Waters SFC Prep 100 (mass directed)
incl CAD detection

Phase IV

fractlon collectlon

100 g - 10 kg

10Ccm

i

Thar Process Iso/atorTM SFC10X

Courtesy of Thar Process

meuus
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Examples from the industry

Lipid excipients

Column screening

Methanol [
- N\V\ . o Conditions:

E ™ Co-solvent: B% isocratic
Ethanol | Column: XXX

.00
and 050 1 150 m 25 am 150 400 450 a00 650 an as m 15 and as an a5 0 - i
= &MJ\A\
1.004 s

Al

1.80
1.60]
1,40
1.20
1.004

e .80

0.604
040
0204
0.004
0.00 2 Do 4.00 &.00 8.00 10.00

Chromisa
ScientifFic
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Courtesy of Thar Process



Examples from the industry

Lipid excipients

Isocratic conditions on Isolator SFC10X

COF Densdy (piem's)
0 6323707 FLOW CONTRO
RUN CONTROLS

P2 START

= Datalog | Dataleg
M-l EEE 6ar BEEEE Bar EFE: Bar B par Rec: Level
aLog FRACTION 2 FRACTION 3
o
co2 FILL

Chrom:
ON
‘Chromalog | 25 ol EX <

COLUMN ﬂ‘ 3 l
COLU CO-S0LVENT PUMP
| Fal [ |
Total Run Time L 0o] ac] oo)
Injection Time | 0.00)
Injection #
Number of In]

Last inj. wash time [mins) _
Injection Cycle Time (min§ER RESET

~

SR A 00 x[Ek ke & EE 222
&9 Ttewns - [Column Readings] | 6/22/2021 7:41:01 4N N sizapnzn sw0mnd am Jglo cavs and 01:27:01
+ + % ll T [F)View = | co:omn1.628 [optimized) Autnmatiz

--DTH-\R_&’CIH_WD?
g Alarms And Evarts

i i Lve Data o5 b
e+ lig Data Logs
g Cokumn

B Processlog o.80

+-Fa v Log
-4 Hastorical Data

B
=

{ [Pl beee S P )
Infftictiofiitankef

e 2

i
-
-

| 0.2
== oo |
= Ja Jhi=tt 7 L 2 r f %
—T T —— [Hour]
trems (24) ~ suir]
749 [PLC]Injection_Vohme sl &
79 PLCIPLFLEY 1

:ﬂﬂM Chromisa

Courtesy of Thar Process Bt | ScientiFic
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Examples from the industry

Lipid excipients — lonizable lipid

ifeRatfraener S 2
S g 2

{[PODRZDEICLARLYSO )
o o

"

3

: N___.,/ﬁ /i Sm— L_ ﬂ/\/L\_/
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Examples from the industry

Lipid excipients — lonizable lipid — SFC vs NPLC

1 kg of purified product

« Solvent recycling possible (80%) *  Mixture of solvents
- 22 L consumed per 1 kg  More challenging
« Only one solvent, no additives recycling and excessive

solvent quantities
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