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ABSTRACT 
 Supercritical Fluid Chromatography (SFC) 

represents a contemporary, eco-friendly analytical 

and preparative separation method that utilizes 

supercritical carbon dioxide (scCO2) as the main 

mobile phase, frequently enhanced with polar 

cosolvents like methanol or ethanol. By operating 

beyond CO2's critical temperature (31.1°C) and 

pressure (73.8 bar), SFC merges the low viscosity and 

high diffusivity characteristics of a gas with the 

solvating capabilities of a liquid, facilitating swift 

and effective separations while minimizing solvent 

use. Since Klesper et al. introduced the concept in 

1962, and its commercialization in the 1980s and 

2000s, SFC has become a vital instrument in 

pharmaceutical analysis, chiral separations, natural 

product profiling, food analysis, and environmental 

monitoring.This review thoroughly examines the 

essential physicochemical concepts of supercritical 

fluids, the components of contemporary SFC 

systems, the choice of stationary and mobile phases, 

detection methods, validation criteria, and the 

extensive range of pharmaceutical uses. It includes a 

comparison with HPLC and GC, and explores future 

directions such as integrated SFC-MS techniques and 

more sustainable analytical methods. 
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I. Introduction 
Chromatographic methods have been 

pivotal in pharmaceutical analysis, quality assurance, 

and drug development. Among the well-established 

techniques — Gas Chromatography (GC), High-

Performance Liquid Chromatography (HPLC), and 

Thin-Layer Chromatography (TLC) — Supercritical 

Fluid Chromatography (SFC) holds a distinct and 

increasingly significant role due to its unique 

physicochemical characteristics and environmental 

benefits.  

SFC employs a supercritical fluid, typically 

carbon dioxide (CO2), as the mobile phase. A 

substance is deemed supercritical when it is kept at 

conditions exceeding both its critical temperature 

(Tc). and critical pressure (Pc). For CO2, these 

parameters are 31.1°C and 73.8 bar (around 1070 

psi), respectively. In supercritical states, CO2 

demonstrates diffusivity akin to gases and low 

viscosity, which facilitates quicker mass transfer. 

Simultaneously, it maintains a density and solvating 

ability similar to liquids, which aids in the effective 

dissolution and elution of analytes. These combined 

characteristics make SFC particularly advantageous 

for separating a diverse array of molecules, ranging 

from non-polar lipids to chiral pharmaceuticals.  

The concept of SFC was initially introduced 

by Klesper, Corwin, and Turner in 1962, when they 

showed that supercritical dichlorodifluoromethane 

and monochlorodifluoromethane could separate 

porphyrin mixtures. Later, theoretical groundwork 

was laid by Sie and Render’s (1967) and Giddings et 

al. (1968), while commercialization in the 1980s by 

companies like Hewlett-Packard and Lee Scientific 

led to the introduction of capillary SFC systems in 

analytical labs.In the 2000s, the advent of modern 

packed-column SFC systems, featuring enhanced 

backpressure regulators and CO2 pumps, rejuvenated 

the method and led to its extensive adoption in the 

pharmaceutical industry.  

Currently, regulatory bodies such as the U.S. 

Food and Drug Administration (FDA) and the 

European Medicines Agency (EMA) acknowledge 

SFC as a validated analytical technique for 

pharmaceutical quality control, chiral purity 
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evaluation, and impurity profiling. Its integration 

with mass spectrometry (MS) and the significant 

reduction in organic solvent usage—up to 90% less 

than HPLC—make it a pivotal technology in the 

realm of green analytical chemistry. 

 This review seeks to deliver a thorough 

examination of SFC, discussing its physicochemical 

foundations, instrumentation, stationary and mobile 

phases, detection techniques, applications in 

pharmaceutical sciences, and potential future 

developments. 

 

Physicochemical Principles of Supercritical Fluids 

Definition and Characteristics of Supercritical 

Fluids 

A supercritical fluid (SCF) is characterized as a 

substance maintained at a temperature and pressure 

exceeding its critical point (Tc, Pc). Once this critical 

point is surpassed, the separate liquid and gas phases 

disappear, forming a single uniform supercritical 

phase. This phase exhibits properties that are 

intermediate between those of a gas and a liquid: 

• Density: Similar to that of liquids (~0.2–0.9 

g/cm3), which provides solvating capability. 

• Viscosity: Roughly 10–100 times less than 

that of liquids, more akin to gases; this results in low 

column back pressure and swift flow. 

• Diffusivity: 10–100 times greater than that 

of liquids; this enhances efficient mass transfer and 

quick equilibration with the stationary phase.  

• Compressibility: Unlike liquids, it is high; 

both density and solvating power can be adjusted by 

pressure. 

These combined properties lead to quicker 

chromatographic separations, more distinct peaks, 

and increased efficiency (theoretical plate counts) 

compared to traditional HPLC. 

 

 Critical Properties of Common Supercritical Fluids 

Key characteristics of frequently used supercritical fluids in SFC. 

Fluid  Tc(°C) Pc(bar) Remarks  

Carbon dioxide  31.1 73.8 Most widely used; inert, non-toxic, 

inexpensive  

Nitrous oxide  36.5 72.5 Similar to CO2; oxidising; limited used 

Ammonia  132.3 113.5 High polarity; corrosive; rarely used  

Water  374.1 220.6 Green; extreme conditions needed  

Ethane 32.2 48.8 Non-polar; used for lipid separation  

 

2.3 Why Choose Carbon Dioxide? 

Carbon dioxide is favored as the universal mobile 

phase in SFC for several reasons: its critical point can 

be reached with standard lab equipment; it is non-

toxic, non-flammable, chemically inert, and easily 

obtainable in high purity; its polarity at the critical 

point is akin to n-heptane, allowing for the elution of 

non-polar to moderately polar analytes; and it fully 

evaporates upon depressurization, which simplifies 

the collection of fractions. 

Instrumentation of SFC 

Modern packed-column SFC systems are 

architecturally similar to HPLC but include specific 

components to keep the mobile phase in a 

supercritical state throughout the chromatographic 

process. 

CO2 Delivery System 

Liquid CO2 is stored in pressurized cylinders and is 

delivered via dedicated syringe or reciprocating 

pumps. These pumps have heads that are 

thermostatically cooled, usually between 0–5°C, to 

prevent cavitation and ensure CO2 remains in a liquid 

state for precise metering. The CO2 pump can 

operate at pressures reaching 600 bar and flow rates 

ranging from 0.1 to 10 mL/min for analytical 

systems. 

Co-solvent (Modifier) Pump 

A secondary pump, similar to those used in HPLC, 

delivers the polar modifier, which can be methanol, 

ethanol, isopropanol, acetonitrile, or their mixtures 

with additives like 0.1% formic acid, triethylamine, 

or ammonium formate. The modifier gradient can be 

adjusted to increase polarity, aiding in the elution of 

strongly retained analytes. Typical concentrations of 

the modifier range from 2% to 40% v/v. 

  

 

Injector 

An autosampler equipped with a high-pressure 

injection valve is utilized. Due to the compressibility 

of the mobile phase fluid, loop volumes for analytical 

purposes generally range from 1 to 20 µL. It is 

essential to dissolve the sample in a solvent that is 

compatible with the mobile phase, such as methanol, 

DMSO, or dichloromethane, to prevent peak 

distortion.  

Column Oven 
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A column oven with thermostatic control ensures the 

temperature remains above CO2's critical 

temperature of 31.1°C. For analytical SFC, the usual 

operating temperature spans from 35°C to 60°C. 

Maintaining consistent temperature is crucial, as any 

local sub-critical zones may lead to peak broadening 

and lack of reproducibility. 

 Backpressure Regulator (BPR) 

The BPR is considered the most essential and unique 

component of SFC. Positioned at the column's exit, it 

keeps the system's pressure above the critical 

threshold (usually between 100 and 200 bar), 

ensuring that the mobile phase stays in a supercritical 

state throughout the column. Contemporary 

electronic BPRs offer real-time pressure regulation 

with an accuracy of ±0.5 bar, facilitating consistent 

chromatographic conditions. An additional BPR 

located after the detector permits UV or MS detection 

at or close to atmospheric pressure. 

Detector 

SFC can be used with various detection systems: 

• UV/Vis Detector: The most frequently 

used; functions at wavelengths ranging from 190 to 

800 nm. A flow cell adapted for high-pressure 

conditions is utilized. 

• Photodiode Array (PDA) Detector: 

Delivers a complete UV spectrum; beneficial for 

analyzing peak purity and identifying peaks. 

• Mass Spectrometer (MS): Increasingly 

paired with electrospray ionization (ESI) or 

atmospheric pressure chemical ionization (APCI); 

offers structural verification and quantification at 

trace levels. 

• Evaporative Light Scattering Detector 

(ELSD): Ideal for detecting analytes like lipids and 

carbohydrates that do not absorb UV light. 

• Flame Ionization Detector (FID): Utilized 

in capillary SFC for analyzing petroleum and waxes; 

not suitable for packed-column pharmaceutical SFC. 

• Charged Aerosol Detector (CAD): Offers 

a universal response that is nearly equimolar, making 

it apt for impurity profiling.  

Stationary Phases in SFC  

The choice of stationary phase significantly affects 

selectivity in SFC. Both reversed-phase and normal-

phase chemistries are used, although the primarily 

non-polar scCO2 mobile phase essentially acts as a 

normal-phase eluent.  

 

Achiral Stationary Phases 

• Silica (SIL): Exhibits high polarity and is 

employed for normal-phase separations of polar 

analytes. 

• C18 and C8 (Octadecyl and Octyl): These 

reversed-phase chemistries necessitate high modifier 

fractions and are used for lipophilic drugs. 

• Diol: Displays intermediate polarity and is 

adaptable for a wide variety of analytes. 

• Cyano (CN): Moderately polar and serves 

as a complement to diol. 

• Amino (NH2): Has a basic nature, making 

it effective for acidic analytes.  

• Pyridine and 2-Ethylpyridine (2-EP): 

Widely favored in pharmaceutical SFC due to their 

extensive applicability and stability. 

 The 2-ethylpyridine column has become a 

fundamental stationary phase in pharmaceutical SFC, 

providing superior peak shape for basic drugs, 

maintaining stability under high pressures, and being 

compatible with both acidic and basic additives. 

 Chiral Stationary Phases (CSPs)  

SFC is now the leading choice for both preparative 

and analytical chiral separations due to its rapidity 

and scalability. CSPs are categorized as follows: 

• Polysaccharide-Based CSPs: Cellulose 

tris(3,5-dimethylphenylcarbamate) [Chiralcel OD], 

amylose tris(3,5-dimethylphenylcarbamate) 

[Chiralpak AD], and their derivatives. These are 

predominantly utilized and operate through inclusion 

complexation and hydrogen bonding.  

• Protein-Based CSPs: Bovine serum 

albumin (BSA) and α1-acid glycoprotein (AGP) are 

employed for bioanalytical chiral separations.  

• Pirkle-Type CSPs: These are brush-type 

chiral selectors that rely on π–π interactions, suitable 

for aromatic chiral compounds. 

• Cyclodextrin-Based CSPs: β-cyclodextrin 

bonded silica is used for chiral recognition based on 

inclusion complexes. 

• Ion-Exchange CSPs (Cinchona Alkaloid-

Based): Quinine and quinidine carbonates phases are 

particularly effective for separating chiral acids. 

 

 Mobile Phase Optimization in SFC 

In supercritical fluid chromatography (SFC), the 

mobile phase is composed of the main supercritical 

fluid, carbon dioxide (CO2), along with one or more 

polar organic modifiers. Unlike high-performance 

liquid chromatography (HPLC), SFC is influenced 

by additional factors such as pressure and 

temperature, which impact retention and selectivity, 

thus providing a broader scope for optimization. 

 

Co-solvents (Modifiers) 

CO2 on its own has a polarity similar to n-heptane 

and is capable of eluting only highly non-polar 
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analytes. The inclusion of co-solvents enhances the 

elution strength by altering the polarity and density 

of the mobile phase. Methanol is the most frequently 

used modifier due to its affordability, low toxicity, 

and efficiency. In preparative chiral SFC, ethanol and 

isopropanol are favored as solvents that are Generally 

Recognized As Safe (GRAS). Typically, modifier 

concentrations range from 2% for non-polar analytes 

to 40% for polar or ionic analytes. 

 

Additives 

To enhance peak shape for basic or acidic analytes, 

additives are used in low concentrations (0.05–1% 

v/v). Common additives include: 

• For basic drugs: Triethylamine (TEA), 

diethylamine (DEA), isopropylamine, ammonium 

hydroxide. 

• For acidic drugs: substances like formic 

acid, trifluoroacetic acid (TFA), and phosphoric acid 

are used. 

• For zwitterionic or amphoteric drugs: 

ammonium formate and ammonium acetate are 

employed. 

 Effects of Pressure and Temperature  

When the system pressure is raised while maintaining 

a constant temperature, the density of CO2 increases, 

enhancing its solvating ability and typically reducing 

retention. On the other hand, raising the temperature 

at a fixed pressure lowers CO2 density, which 

generally leads to increased retention for most 

analytes on polar stationary phases. The combination 

of pressure, temperature, and modifier content offers 

a unique selectivity control that is not achievable with 

HPLC.  

 

Pharmaceutical Uses of SFC 

Chiral Separations 

 In the pharmaceutical sector, the most thoroughly 

documented use of SFC is in the separation of chiral 

drugs, including enantiomers and diastereomers. The 

pharmacological effects, toxicity, and 

pharmacokinetics of enantiomers can vary 

significantly (for instance, S-ibuprofen compared to 

R-ibuprofen; S-methotrexate compared to R-

methotrexate), making chiral purity an essential 

quality attribute. SFC provides numerous benefits 

over chiral methods. 

 HPLC: 

• Achieves quicker separations, taking 

between 3 and 15 minutes compared to the 15 to 60 

minutes typical for HPLC.  

• It also uses less solvent, with scCO2 serving 

as the main mobile phase.  

• Offers enhanced preparative throughput, 

with kilogram-scale chiral resolutions being 

recorded. 

• Provides orthogonal selectivity compared to 

reversed-phase HPLC. 

 Noteworthy instances include the chiral separation 

of propranolol, warfarin, thalidomide, naproxen, 

verapamil, and various intermediates in asymmetric 

synthesis. The FDA and ICH guidelines Q3A and 

Q3B stress the importance of chiral purity data, 

encouraging the pharmaceutical industry to adopt 

chiral SFC.  

 

 

Achiral Pharmaceutical Analysis and Impurity 

Profiling  

SFC is extensively used for the quantitative analysis 

and impurity profiling of drug substances and 

products. Its orthogonal selectivity relative to HPLC 

is particularly useful for identifying process-related 

impurities that co-elute under HPLC conditions. 

According to the ICH Q3A guideline, impurities 

above 0.10–0.15% must be identified and quantified, 

and coupling SFC with MS aids in elucidating the 

structure of trace-level impurities. 

 Lipid and Natural Product Analysis 

SFC is highly effective in separating lipophilic 

natural substances such as triglycerides, tocopherols, 

carotenoids, steroids, terpenes, and fatty acid esters. 

The non-polar scCO2 mobile phase naturally aligns 

with these matrices, and the lack of aqueous solvents 

avoids the hydrolysis of ester-linked lipid structures. 

For lipid profiling in the characterization of 

pharmaceutical excipients and nutraceutical analysis, 

SFC-ELSD or SFC-CAD is frequently used. 

Drug Discovery and High-Throughput Screening 

In the initial stages of drug discovery, extensive 

compound libraries necessitate swift 

physicochemical characterization and purity 

evaluation. SFC is perfectly adapted for high-

throughput chiral screening, with automated systems 

(Waters UPC2, Shimadzu Nexera UC, Agilent 1260 

Infinity II SFC) capable of processing 20–30 

compounds per hour using brief gradient methods. 

When combined with SFC-MS, both molecular 

formula verification and library quality control are 

accomplished in a single analytical procedure. 

 

Bioanalytical Applications 

SFC has been investigated for measuring drugs and 

their metabolites in biological samples like plasma, 

urine, and tissue. Techniques such as protein 

precipitation or solid-phase extraction (SPE) can be 

used in conjunction with SFC injection. Due to its 



 
 

  

International Journal of Pharmaceutical research and Applications 

Volume 11, Issue 4, Jul.-Aug. 2026, pp:68-74 www.ijprajournal.com ISSN:2456-4494 
                                      

 

 

 

DOI: 10.35629/4494-11046874          | Impact Factor value 7.429  ISO 9001: 2008 Certified Journal       Page 72 

rapidity and sensitivity, especially in SFC-MS/MS 

mode, it rivals LC-MS/MS in bioanalytical contexts. 

Research has shown that SFC-MS/MS can quantify 

hormones, cannabinoids, and antiretroviral drugs in 

plasma. 

Pharmaceutical Quality Control and 

Pharmacopoeial Applications 

Several national and international pharmacopoeias 

have incorporated SFC monographs. The U.S. 

Pharmacopeia (USP) features SFC-based tests for 

cholesterol, ergocalciferol (Vitamin D2), and related 

sterols. The European Pharmacopoeia (Ph. Eur.) 

includes SFC for analyzing tocopherol. Regulatory 

guidance from the FDA and ICH recognizes SFC as 

a validated analytical method that meets ICH Q2(R1) 

validation standards. 

 

Comparison of SFC with HPLC and GC 

 Comparative overview of SFC, HPLC, and GC. 

PARAMETER  SFC HPLC Gc 

MOBILE PHASE  Supercritical CO2+modifier Organic aqueous 

solvent  

Inert carrier gas(He,N2) 

Analyte compatibility  Non-polar to moderately 

polar;thermolabile;chiral 

Polar to non-

polar;ionic 

Volatile, thermally stable  

Analysis speed Fast(3-20min) Moderate(10-60min) Moderate to fast (5-

40min) 

Column Efficiency  Very high (>500Kplates/m) High (100-

500ml/run) 

Very high (>1M plates/m) 

Solvent consumption  Very low (scCO2 is primary) High (100-

500mL/run) 

None(gas phase) 

Chiral separation  Excellent; preferred platform  Good;slower Limited CSP availability  

Coupling with MS Easy(CO2 evaporates) Moderate (solvent 

suppression needed) 

Easy (GC-MS classical) 

Sample Loading  High (kg-scale feasible) Moderate  Low 

Regulatory 

Acceptance  

ICH Q2,USP,Ph,Eur. Universal; good 

standard  

Universal;mature 

Green chemistry  Excellent (90%solvent 

reduction) 

Moderate  Good (solventless) 

 

Method Validation in SFC (ICH Q2(R1)) 

Analytical methods in SFC undergo validation 

following the ICH Q2(R1) guidelines, which are also 

used for HPLC methods. The validation parameters 

include: 

• Specificity/Selectivity: This is shown by 

the separation from known impurities, degradation 

products, and components of the placebo matrix. 

• Linearity: Evaluated across the working 

concentration range, typically from 50% to 150% of 

the nominal concentration for assays, and from LOQ 

to 120% for impurity methods, with an expected r² of 

at least 0.999. 

• Accuracy  (Recovery): Assessed through 

spiked recovery studies at 80%, 100%, and 120% of 

the target concentration, with an acceptable range of 

98.0% to 102.0% for assays. 

• Precision: Both intraday (repeatability) and 

interday (intermediate precision) RSD are generally 

expected to be ≤ 2.0% for assays and ≤ 5.0% for 

impurity quantification. 

• Limit of Detection (LOD) and Limit of 

Quantitation (LOQ): These are determined from the 

signal-to-noise ratio (S/N 3:1 for LOD; 10:1 for 

LOQ) or through calibration curve statistics. 

• Robustness: Assessed by intentionally 

varying temperature (±5°C), back pressure (±10 bar), 

modifier percentage (±2%), and flow rate (±0.1 

mL/min). 

• System Suitability: According to USP 

standards, the tailing factor should not exceed 2.0, 

theoretical plates must be at least 2000 for assays, and 

the resolution between critical pairs should be 2.0 or 

higher.  

 

Recent Advances and Future Perspectives 

Ultrahigh-Performance SFC (UHPSFC)  

Similar to UHPLC, columns with sub-2-µm particles 

(such as 1.7 µm BEH columns from Waters 

ACQUITY UPC2) are used at high pressures (up to 

600 bar) to achieve separations in less than a minute 

with outstanding efficiency. UHPSFC systems cut 
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down analysis time by 3 to 5 times compared to 

traditional packed-column SFC, while still 

preserving resolution.  

SFC-MS and SFC-MS/MS  

The integration of SFC with mass spectrometers like 

single quadrupole, triple quadrupole (QqQ), time-of-

flight (TOF), and orbitrap has evolved SFC from 

merely a chromatographic method to a full-fledged 

structure elucidation tool. After the BPR, CO2 

evaporates, which minimizes ion suppression related 

to the mobile phase and simplifies ionization 

interfaces. SFC-MS/MS can achieve limits of 

quantification in the sub-nanogram per milliliter 

range for pharmaceutical bioanalytical assays. 

 Supercritical Fluid Chromatography in 

Metabolomics and Lipidomics 

SFC is becoming increasingly popular in untargeted 

metabolomics, especially for analyzing the lipidome. 

Its nonaqueous setting and compatibility with 

ELSD/CAD and high-resolution MS facilitate the 

thorough separation of lipid classes such as 

phospholipids, triglycerides, sterols, and 

sphingolipids in a single run lasting less than 20 

minutes. 

Green Analytical Chemistry 

The GAPI (Green Analytical Procedure Index) and 

AGREE (Analytical GREEnness) metrics 

consistently place SFC ahead of HPLC, thanks to the 

use of CO2 as the main solvent, which leads to less 

waste and greater energy efficiency. As 

pharmaceutical companies embrace sustainability 

frameworks, SFC is increasingly preferred over 

HPLC for newly developed analytical methods. 

 

Online SFE-SFC 

The online integration of supercritical fluid 

extraction (SFE) with SFC enables sample extraction 

and chromatographic analysis in a fully integrated, 

solvent-reduced workflow. This approach is 

particularly relevant for analyzing pharmaceutical 

solid dosage forms and conducting forensic drug 

testing 

 

II. Conclusion 
Supercritical Fluid Chromatography has 

evolved from being merely an academic interest to 

becoming a widely used analytical and preparative 

tool in pharmaceutical sciences. Its distinct blend of 

gas-like diffusion, liquid-like solvating ability, and 

reduced use of organic solvents positions it at the 

intersection of analytical efficiency and 

environmental sustainability. SFC has shown 

exceptional capability in areas such as chiral 

separations, impurity profiling, lipid analysis, and 

high-throughput drug discovery processes. With the 

introduction of UHPSFC and SFC-MS/MS, both 

sensitivity and throughput have seen enhancements, 

broadening the technique's use in complex biological 

matrices.   

As the pharmaceutical sector strengthens its 

focus on green chemistry and sustainability, SFC is 

set to replace HPLC as the primary analytical method 

for developing new techniques. The inclusion of SFC 

in pharmacopoeia standards, along with ongoing 

improvements in column technology and 

instrumentation, will ensure that SFC remains a key 

component of pharmaceutical analysis in the future. 

 Future investigations should aim to broaden 

the use of SFC for biomolecules such as peptides and 

oligonucleotides. Additionally, efforts should be 

directed towards creating universal calibration 

methods for impurity measurement that do not rely 

on reference standards. Another area of focus should 

be the integration of SFC with machine learning-

driven tools to autonomously optimize separation 

conditions. 
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