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SustainabilitySustainability
�� Wikipedia:Wikipedia:

� Sustainability is a characteristic of a process or is a characteristic of a process or 
state that can be maintained at a certain level state that can be maintained at a certain level 
indefinitely.indefinitely.

�� As applied to the As applied to the human communityhuman community, , 
““sustainabilitysustainability”” is the ability to sustain a way of is the ability to sustain a way of 
life indefinitely (within the given limits of life on life indefinitely (within the given limits of life on 
Earth).Earth).

�� ““SustainabilitySustainability”” = > 30 million = > 30 million 
hits.hits.

�� ““Green ChemistryGreen Chemistry”” = ~ 6 = ~ 6 
million hitsmillion hits
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SustainabilitySustainability
�� P&G: P&G: ““Sustainability means insuring a Sustainability means insuring a 

better quality of life for everyone, now and better quality of life for everyone, now and 
for generations to come.for generations to come.””

�� Great business opportunities from Great business opportunities from 
meaningful reductions in environmental meaningful reductions in environmental 
footprint footprint with no negatives with respect to with no negatives with respect to 
performance or valueperformance or value..
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Chemistry Chemistry ––
Part of the Part of the 
Problem?Problem?

�� ““ChemistryChemistry”” elicits a elicits a 
negative reaction from negative reaction from 
most.most.

�� Often synonymous Often synonymous 
with pollution & with pollution & 
environmental environmental 
degradation.degradation.
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Chemistry Chemistry ––
Part of the Part of the 
Problem?Problem?

Clay Bennett

The Christian 
Science Monitor
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Chemistry Chemistry ––
Certainly Part Certainly Part 

of the of the 
Solution!Solution!

�� Technological advances make Technological advances make 
huge contributions to huge contributions to 
sustainability (ionic liquids, sustainability (ionic liquids, 
better batteries, solvent better batteries, solvent 
reduction, laundry liquid reduction, laundry liquid 
““compactioncompaction””, etc.), etc.)

�� Environmental impact now included as a Environmental impact now included as a ““costcost””, , 
driving industry to reduce impact.driving industry to reduce impact.

�� Awards such as the Presidential Green Chemistry Awards such as the Presidential Green Chemistry 
Challenge Awards make advances highly visible.Challenge Awards make advances highly visible.
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C&E News Special Issue: Sustainability C&E News Special Issue: Sustainability --
Volume 86, Number 33, August 18, 2008Volume 86, Number 33, August 18, 2008

Sustainability Sustainability --
A mission for the chemical enterpriseA mission for the chemical enterprise

» Sustainability
Learning to live off the sun in real time
» Converging Pathways
Chemical companies and environmentalists edge 
closer together in the pursuit of sustainability.
» Calling All Chemists
Chemists and chemical engineers will be providing the 
thousands of technologies a sustainable world 
requires.
» Sticks & Carrots
From individuals to transnational government bodies, 
moving toward sustainability requires policy.
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1962: The Past 1962: The Past -- A NeedA Need

E. Klesper, A. H. Corwin, and D. A. Turner, “High 
Pressure Gas Chromatography Above Critical 
Temperatures”, J. Org. Chem., 27 (1962), 700.

“In studies on the separation of porphyrin
mixtures by conventional gas 
chromatography, sufficiently high vapor 
pressures were reached only at 
temperatures where decomposition 
occurred. Higher vapor concentrations at 
lower temperatures are necessary for 
separations.”
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1962: The First SFC Chromatograph1962: The First SFC Chromatograph

E. Klesper, A. H. Corwin, and D. A. Turner, J. Org. Chem., 27 (1962), 700.
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The NeedThe Need
�� ‘…‘… "increasing the "increasing the volatilityvolatility" of a component in a " of a component in a 

mixture and thereby reducing its retention mixture and thereby reducing its retention 
timetime…’…’ ((SieSie, Van , Van BeersumBeersum, , RijndersRijnders,  ,  HighHigh-- pressure  gas pressure  gas 
chromatography and chromatography with supercritical fluids.  I.chromatography and chromatography with supercritical fluids.  I.
Effect of  pressure  on partition coefficients in gasEffect of  pressure  on partition coefficients in gas--liquid liquid 
chromatography with carbon dioxide as a carrier gas.chromatography with carbon dioxide as a carrier gas. Separation Separation 
Science  (1966),  1(4),  459Science  (1966),  1(4),  459--90.)90.)

� “For the analysis of thermally labile compounds, 
it is desirable to employ an eluant with lower 
critical temperatures because the 
chromatographic separations can then be 
carried out at ambient temperatures.” (Jentoft, Gouw,  
Apparatus for  supercritical  fluid chromatography with carbon 
dioxide as the mobile phase. Analytical Chemistry  (1972),  44(4),  
681-6.)
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1980s: Hope for the Future1980s: Hope for the Future

�� ““SFCSFC……allows the separation of materials which are allows the separation of materials which are thermally labilethermally labile
and of much higher molecular weight than is possible using GC.and of much higher molecular weight than is possible using GC.””
(1982)(1982)

�� “…“…SFC should exhibit the SFC should exhibit the combined advantages of GC and HPLCcombined advantages of GC and HPLC..””
(1988)(1988)

�� ““The extent to which SFC will be useful for relatively The extent to which SFC will be useful for relatively polarpolar materials materials 
(and thus a strong competitor with HPLC) is still an open questi(and thus a strong competitor with HPLC) is still an open question on 
and a matter for much future research.and a matter for much future research.”” (1988)(1988)

�� 19801980’’s were a period of:s were a period of:
�� rapid development in instrumentationrapid development in instrumentation
�� intense collaborations as the intense collaborations as the limitslimits of SFC were challengedof SFC were challenged
�� controversy regarding the advantages of various implementations controversy regarding the advantages of various implementations of of 

SFCSFC
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Road Trips Road Trips –– Extending the MW Extending the MW 
Range of SFC/MSRange of SFC/MS
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Extending the MW Range of SFC/MSExtending the MW Range of SFC/MS

Pinkston, J. David; Owens, Grover D.; 
Burkes, Leisa J.; Delaney, Thomas E.; 
Millington, David S.; Maltby, David A.   
Capillary  supercritical  fluid 
chromatography-mass spectrometry using 
a "high mass" quadrupole and splitless
injection. Analytical Chemistry  (1988),  
60(10),  962-6.
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A Few Steps Toward A Few Steps Toward 
Modern SFCModern SFC

Putting together one small Putting together one small 
piece of the piece of the ““Sustainability PieSustainability Pie””
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Step # 1: Pressure Programming & Step # 1: Pressure Programming & 
High Pressure Fraction CollectionHigh Pressure Fraction Collection
JentoftJentoft, R. E., Jr.; , R. E., Jr.; GouwGouw, T. H.; , T. H.; PressurePressure--programmed programmed 
supercritical fluid chromatography of wide molecular supercritical fluid chromatography of wide molecular 
weight range mixtures.weight range mixtures. Chevron Res. Co.,  Richmond,  Chevron Res. Co.,  Richmond,  
CA,  USA.    Journal of Chromatographic Science  CA,  USA.    Journal of Chromatographic Science  
(1970),  8,  138(1970),  8,  138--42. 42. 

Pressure programming allowed:
� Separation of PAHs “…in times 1 order of magnitude 
shorter than necessary in LC…”.
� Fractionation of a polystyrene of mol. wt. of several 
thousands into its oligomers.
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Step # 1: Pressure Programming & Step # 1: Pressure Programming & 
High Pressure Fraction CollectionHigh Pressure Fraction Collection

JentoftJentoft, R. E.; , R. E.; GouwGouw, T. H.; , T. H.; Apparatus for Apparatus for 
supercritical fluid chromatography with carbon supercritical fluid chromatography with carbon 
dioxide as the mobile phase.dioxide as the mobile phase. Chevron Res. Chevron Res. 
Co.,  Richmond,  CA,  USA.    Analytical Co.,  Richmond,  CA,  USA.    Analytical 
Chemistry  (1972),  44(4),  681Chemistry  (1972),  44(4),  681--6.  6.  

“In our sample collection system, the 
environment is maintained at 
sufficiently high pressure to allow the 
chromatographic effluent to remain 
liquid.”
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Step # 2: SFC/MS Using Step # 2: SFC/MS Using 
Atmospheric Pressure IonizationAtmospheric Pressure Ionization

Huang, Henion, Covey,  Packed-column supercritical 
fluid chromatography-mass spectrometry and 
supercritical fluid chromatography-tandem mass 
spectrometry with ionization at atmospheric 
pressure. Journal of Chromatography  (1990),  511  
367-70.

Fig. 7. SRM mode - 20 ppb of 
trenbolone (TBOH) in a bovine liver 
tissue homogenate. Internal standard 
(IS), 19-nortestosterone, present at 
15 ppb.
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Step # 2: SFC/MS Using Step # 2: SFC/MS Using 
Atmospheric Pressure IonizationAtmospheric Pressure Ionization

Packed-column supercritical fluid 
chromatography coupled with electrospray 
ionization mass spectrometry. Sadoun, 
Virelizier, Arpino, Journal of Chromatography  
(1993),  647(2),  351
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Step # 3: Chiral SeparationsStep # 3: Chiral Separations

Mourier, Pierre A.; Eliot, Eric; 
Caude, Marcel H.; Rosset, Robert 
H.; Tambute, Andre G.   
Supercritical  and subcritical fluid 
chromatography on a  chiral  
stationary phase for the resolution of 
phosphine oxide enantiomers.
Analytical Chemistry  (1985),  57,  
2819-23.

“By choice of proper 
conditions and suitable 
modifiers, higher 
resolutions per unit of time 
than in classical liquid 
chromatography are 
obtained.”
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Step # 4: AdditivesStep # 4: Additives
(more specifically: Ionic Additives)(more specifically: Ionic Additives)

�� Allowed the extension of SFC to very Allowed the extension of SFC to very 
polar, even ionic, analytes.polar, even ionic, analytes.

Figure 1:  SFC/UV 
chromatograms at 220 nm 
of reserpine standard with 
methanol (A) and with 1.1 
mM ammonium acetate in 
methanol (B) as mobile 
phase modifier.

A

B

Reserpine

Pinkston, J. David; Stanton, David T.; Wen, Dong.   Elution and preliminary structure-
retention modeling of polar and ionic substances in supercritical fluid chromatography 
using volatile ammonium salts as mobile phase additives. Journal of Separation 
Science  (2004),  27(1-2),  115-123.
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Range of Applicability
(SFC with ammonium acetate in MeOH as modifier vs. RP HPLC)

Range of ApplicabilityRange of Applicability
(SFC with ammonium acetate in MeOH as modifier vs. RP HPLC)(SFC with ammonium acetate in MeOH as modifier vs. RP HPLC)

�� 2266 compounds chosen from P&G 2266 compounds chosen from P&G PharmaPharma’’ss repository using 6repository using 6--
parameter, binparameter, bin--based samplingbased sampling

�� Representative of the World Drug Index (Sept. 2000 version)Representative of the World Drug Index (Sept. 2000 version)

�� Total compounds screened: 2152Total compounds screened: 2152

�� Compounds included nonpolar aliphatics, aromatics, carotenoids, Compounds included nonpolar aliphatics, aromatics, carotenoids, 
amine amine hydrohalideshydrohalides, quaternary ammonium salts, multi, quaternary ammonium salts, multi--carboxylate carboxylate 
salts, sulfonates, sulfates, sulfamic acid salts, phosphates, salts, sulfonates, sulfates, sulfamic acid salts, phosphates, 
phosphonates, multiphosphonates, multi--phosphonate salts, polyhydroxy compounds, phosphonate salts, polyhydroxy compounds, 
and nitro compounds.and nitro compounds.

�� Ruggedness of 2 methods: equivalentRuggedness of 2 methods: equivalent

8.18.13.73.7% hit with one, but not other% hit with one, but not other

89.989.987.087.0% Total hits + strong signal% Total hits + strong signal

79.479.475.075.0% Total hits% Total hits

LC/MSLC/MSSFC/MSSFC/MS

J. D. Pinkston et al., Anal. 
Chem., 2006, 78, 7467-7472.
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SFC/MS of PolypeptidesSFC/MS of Polypeptides
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(yellow = basic residue; red = acidic residue)((yellowyellow = basic residue; = basic residue; redred = acidic residue)= acidic residue)
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Urotensin 2

Instruments: Instruments: Berger SFC, Berger SFC, 
PEPE--SCIEX APISCIEX API--165 Mass 165 Mass 
SpectrometerSpectrometer
Column:  Column:  22--Ethylpyridine Ethylpyridine 
(Princeton (Princeton 
Chromatography), 50 mm Chromatography), 50 mm 
x 4.6 mm, 5 x 4.6 mm, 5 µµm particlesm particles
Oven temperature:Oven temperature: 40 40 
°°CC
Outlet pressures:Outlet pressures: 120 120 
barbar
Total flow rate:Total flow rate: 2 mL/min. 2 mL/min. 
Mobile phase modifier & Mobile phase modifier & 
additiveadditive ±±13 mM13 mM
trifluoroacetic acid in trifluoroacetic acid in 
MeOHMeOH
Gradient: Gradient: 5% hold for 1 5% hold for 1 
min.; ramp at 5%/min. to min.; ramp at 5%/min. to 
50%, hold for 5 min.50%, hold for 5 min.

SFC/MS of 
polypeptides
(J. Zheng et al., 
Anal. Chem., 2006; 
78, 1535 ± 1545.)

�� 2008, The Procter & Gamble 2008, The Procter & Gamble 
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Step # 5: Commercial Step # 5: Commercial 
InstrumentationInstrumentation

�� Dependable, well integrated, userDependable, well integrated, user--friendlyfriendly
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The Present The Present --
Where Are We Now?Where Are We Now?

�� Dependable, well integrated, Dependable, well integrated, useruser--friendlyfriendly
instrumentationinstrumentation

�� Separations Separations 33--5x faster5x faster than conventional HPLCthan conventional HPLC
�� A normalA normal--phase mobile phase (phase mobile phase (orthogonalorthogonal to to 

reversedreversed--phase LC) without many of the phase LC) without many of the 
problems of normalproblems of normal--phase LC (chiral SFC).phase LC (chiral SFC).

�� Unique Unique selectivitiesselectivities not found in HPLC (chiral not found in HPLC (chiral 
SFC)SFC)

�� Great progress in modifiers, additives, SFC Great progress in modifiers, additives, SFC 
columns, and applications, providing a columns, and applications, providing a range of range of 
applicability comparable to HPLCapplicability comparable to HPLC

�� CompatibilityCompatibility with most detectors: high pressure, with most detectors: high pressure, 
low pressurelow pressure¼¼

�� 2008, The Procter & Gamble 2008, The Procter & Gamble 
CompanyCompany

••ªªGreenGreenºº technology technology -- reductions reductions 
in the use of, and disposal of, in the use of, and disposal of, 
organic solvents.organic solvents.
••Low solvent use is especially Low solvent use is especially 
appealing for appealing for prepprep--scale scale 
chromatographychromatography -- less time and less time and 
energy are required to remove energy are required to remove 
solvent and isolate the product.solvent and isolate the product.

The Present The Present --
Where Are We Now?Where Are We Now?

(and Why Are We Here?)(and Why Are We Here?)
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The FutureThe Future

�� ªªMy interest is in the future because I am My interest is in the future because I am 
going to spend the rest of my life there.going to spend the rest of my life there.ºº

�� ªªProblems are the price of progress. Don©t Problems are the price of progress. Don©t 
bring me anything but trouble. Good news bring me anything but trouble. Good news 
weakens me.weakens me.ºº

Charles F. Kettering, American engineer, founder of 
Delco, head of research for General Motors (1920-
1947), holder of >300 patents, including the electric 
starter and leaded gasoline, 1876-1958.

�� 2008, The Procter & Gamble 2008, The Procter & Gamble 
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The FutureThe Future
�� ªªMore of the sameMore of the sameºº ±± seizing & developing seizing & developing 

the opportunities that we know SFC the opportunities that we know SFC 
provides:provides:
�� More preparatory scale SFCMore preparatory scale SFC

�� Greater development of SMB applicationsGreater development of SMB applications

�� High speed analytical applicationsHigh speed analytical applications

�� More applications benefiting from coupled More applications benefiting from coupled 
columns, greater plate counts, and unique columns, greater plate counts, and unique 
selectivitiesselectivities

�� Reliable, userReliable, user--friendly, high performance friendly, high performance 
instrumentation!instrumentation!
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The Future The Future ±± Expanding SFC into Expanding SFC into 
increasingly diverse fields of increasingly diverse fields of 

applicationapplication

Zhang, J.; Thurbide, K. B. 
Direct analysis of 
gramicidin double helices 
using packed column 
SFC, J. Chromatogr., A, 
2006, 1101, 286-292.

�� 2008, The Procter & Gamble 2008, The Procter & Gamble 
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The Future The Future ±± Comprehensive Lipid Comprehensive Lipid 
Profiling for Profiling for ªªLipidomicsLipidomicsºº

�� Beginning large program at P&G.Beginning large program at P&G.
�� BambaBamba et al., et al., High throughput and exhaustive  analysis  of High throughput and exhaustive  analysis  of 

diverse lipids by using  supercritical   fluid   chromatographydiverse lipids by using  supercritical   fluid   chromatography--
mass   spectrometry  for metabolomicsmass   spectrometry  for metabolomics, Journal of Bioscience , Journal of Bioscience 
and Bioengineering (2008), 105, 460and Bioengineering (2008), 105, 460--469. 469. (Department of (Department of 
Applied Environmental Biology, Graduate School of Applied Environmental Biology, Graduate School of 
Pharmaceutical Sciences,  Osaka University)Pharmaceutical Sciences,  Osaka University)

�� Comprehensive survey of lipophylic substances, including  Comprehensive survey of lipophylic substances, including  
phospholipids, phospholipids, glycolipidsglycolipids, neutral lipids, and , neutral lipids, and sphingolipidssphingolipids..

�� CyanopropylCyanopropyl column provided a column provided a comprehensive survey in <15 comprehensive survey in <15 
minmin..

�� C18 column provided separations including fatty acid C18 column provided separations including fatty acid degree degree 
of of unsaturationunsaturation and isomers.and isomers.

�� Yip et al., Yip et al., Feasibility of phospholipids separation by packed Feasibility of phospholipids separation by packed 
column SFC with mass spectrometric and light scattering column SFC with mass spectrometric and light scattering 
detectiondetection, , ChromatographiaChromatographia (2007),  65,  655(2007),  65,  655--665. 665. (Department (Department 
of Chemistry,  Virginia Tech, Blacksburg, Virginia, USA)of Chemistry,  Virginia Tech, Blacksburg, Virginia, USA)
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The Future The Future ±± COCO22 Induced Atmospheric Induced Atmospheric 
Sample Desorption/IonizationSample Desorption/Ionization

�� Liquid COLiquid CO22 jet directed at rotating sample stage jet directed at rotating sample stage 
on which sample is deposited.on which sample is deposited.

�� Water vapor introduction helps enhance and Water vapor introduction helps enhance and 
stabilize ionization.stabilize ionization.

�� Wide variety of organics, including proteins like Wide variety of organics, including proteins like 
cytochromecytochrome C, are ionized.C, are ionized.

�� Most promising results are obtained for fatty, Most promising results are obtained for fatty, 
lipophiliclipophilic samples, such as motor oils, fats, samples, such as motor oils, fats, 
foods, skin, brain slices, etc.foods, skin, brain slices, etc.

Michael J. Tomany, Joseph A. Jarrell (Waters Corporation) 
56th ASMS Conference on Mass Spectrometry, June 1 - 5, 
2008, Denver, Colorado, MPAA034

�� 2008, The Procter & Gamble 2008, The Procter & Gamble 
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Kot et al., J. Chromatogr. 
Sci., 32, 439 (1994)


