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Abstract. Gas chromatography (GC) is a highly efficient and widely used analytical 

technique for separating and analyzing compounds that can be vaporized without 

decomposition. It plays a crucial role in pharmaceutical analysis, especially in the 

quality control, identification, and quantification of volatile and semi-volatile 

compounds. This review discusses the theoretical principles of GC, its 

instrumentation, and its diverse applications in pharmaceutical settings. Emphasis is 

placed on the method's advantages, including high sensitivity, reproducibility, and 

efficiency in complex mixture analysis. 

Introduction. Gas chromatography (GC) is an instrumental analytical technique 

primarily employed for separating and analyzing chemical substances that are volatile 

at high temperatures. Since its introduction in the mid-20th century, GC has become 

indispensable in the pharmaceutical industry due to its ability to provide fast, accurate, 

and reproducible results. Its applications range from the detection of impurities in 

drug formulations to the analysis of active pharmaceutical ingredients (APIs) and 

residual solvents. 

Theoretical Principles of Gas Chromatography. Gas chromatography (GC) is 

fundamentally based on the differential partitioning of analytes between two phases: 

a stationary phase and a mobile gas phase. The method utilizes the fact that different 

chemical compounds will exhibit distinct affinities for the stationary phase and, 

consequently, will travel through the column at varying rates. This differential 

migration leads to the separation of compounds within a mixture. 

In practice, the sample is injected into a heated injection port where it is rapidly 

vaporized. The vaporized analytes are then carried by an inert carrier gas (commonly 

helium, nitrogen, or hydrogen) into the chromatographic column. The column is 

typically packed or coated with a stationary phase, such as polysiloxane derivatives 
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or polyethylene glycol, which interacts with the analytes based on their polarity, 

volatility, and molecular size. 

Several theoretical parameters govern GC performance: 

• Retention Time (tR), which defines the time it takes for a particular analyte to 

reach the detector, is a crucial parameter for identification. 

• The partition coefficient (K), which expresses the ratio of concentrations of a 

compound in the stationary and mobile phases, determines how long a 

compound is retained. 

• Efficiency is measured by the number of theoretical plates (N), indicating how 

well the column can separate components. 

• Selectivity (α) and resolution (Rs) are essential for distinguishing closely 

eluting analytes, particularly in complex pharmaceutical matrices. 

Understanding these principles allows analysts to fine-tune the method parameters to 

achieve optimal separation, reproducibility, and sensitivity. 

Instrumentation in Gas Chromatography 

The instrumentation of GC is composed of multiple interconnected components that 

work synergistically to ensure accurate and reproducible analysis. The system 

generally includes a sample injector, column (either packed or capillary), column 

oven, carrier gas supply, detector, and data processing software. 

The injector is where the liquid or gaseous sample is introduced. It is typically 

maintained at a high temperature to ensure instant vaporization of the sample, thus 

preventing sample condensation or degradation. The vaporized sample is then swept 

by the carrier gas into the chromatographic column, which is housed within a 

precisely temperature-controlled oven. The oven's temperature can be constant 

(isothermal) or programmed to increase over time (temperature gradient), which is 

especially useful for analyzing complex mixtures with a wide range of boiling points. 

The columns used in GC can be: 

• Packed columns, filled with solid support coated with stationary phase (used 

for larger samples or industrial settings). 
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• Capillary columns, which are narrow and long tubes with a thin film of 

stationary phase bonded to the inner wall (widely used in pharmaceutical 

analysis due to their higher resolution and efficiency). 

After separation, analytes reach the detector, which converts the chemical signal into 

an electrical one. Common detectors include: 

• Flame Ionization Detector (FID) – highly sensitive for hydrocarbons and 

most organic compounds. 

• Thermal Conductivity Detector (TCD) – universal but less sensitive. 

• Electron Capture Detector (ECD) – selective for halogenated compounds. 

• Mass Spectrometer (MS) – allows both qualitative and quantitative analysis 

with molecular-level identification. 

Advanced GC systems are equipped with computerized data acquisition and 

processing software that integrates peaks, calculates retention times, and provides 

accurate quantification with minimal user intervention. 

Applications of GC in Pharmaceutical Analysis. Gas chromatography has 

established itself as a vital analytical tool in the pharmaceutical industry. Its capacity 

to separate, identify, and quantify volatile and semi-volatile substances makes it 

especially valuable in the context of regulatory compliance, quality assurance, and 

product development. 

Residual solvents are organic volatile chemicals used or produced during drug 

manufacturing. Their presence in pharmaceutical products must be strictly controlled 

due to potential toxicity. GC is the gold-standard method for detecting and 

quantifying these solvents, as mandated by pharmacopoeias such as USP <467> and 

EP. 

During storage and production, APIs may degrade or interact with excipients, forming 

volatile by-products. GC helps detect these impurities even at trace levels, ensuring 

product stability and safety. 

Quantification of Active Ingredients 

While not all APIs are volatile, certain drugs—such as steroids, essential oils, and 

small organic molecules—can be directly quantified by GC. Additionally, 
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derivatization techniques can render non-volatile substances amenable to GC 

analysis. 

GC is employed in long-term and accelerated stability studies to monitor the evolution 

of volatile degradation products, which may compromise the drug’s efficacy or safety 

profile. Pharmaceuticals derived from botanicals often contain volatile essential oils 

and bioactive constituents. GC fingerprinting is widely used to authenticate these 

ingredients and assess their purity and consistency across batches. 

Advantages of Gas Chromatography in Pharmaceutical Analysis 

Gas chromatography offers several compelling advantages that make it particularly 

suitable for pharmaceutical applications: 

• High Sensitivity and Specificity: GC, especially when combined with mass 

spectrometry (GC-MS), can detect compounds at nanogram or even picogram 

levels, with unparalleled specificity. 

• Excellent Resolution: Capillary columns provide narrow, sharp peaks, 

allowing separation of components with very similar boiling points or 

polarities. 

• Reproducibility: GC provides highly repeatable retention times and peak 

areas, critical for regulated environments where validation and consistency are 

required. 

• Speed of Analysis: Many GC methods are rapid, with total run times often 

under 10 minutes, making it ideal for high-throughput settings. 

• Versatile Quantitative and Qualitative Capabilities: GC can be used both to 

identify compounds (based on retention time and spectral data) and to 

accurately quantify them using calibration curves and internal standards. 

• Cost-Effective Maintenance: Compared to techniques like LC-MS, GC 

instrumentation tends to be less expensive to maintain and operate, although 

proper handling of gases and columns is essential. 

These advantages explain GC's enduring relevance in drug analysis, especially for 

compounds amenable to vaporization without decomposition. 

Limitations and Considerations 
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Despite its many benefits, gas chromatography is not universally applicable to all 

pharmaceutical compounds. One of its primary limitations is that analytes must be 

volatile and thermally stable under the analytical conditions. Large, polar, or 

thermally labile molecules may require derivatization, a chemical modification step 

that converts them into more volatile and stable forms. While effective, derivatization 

adds complexity, potential for variability, and longer preparation times. 

Another limitation is that non-volatile or ionic substances—such as many peptide 

drugs, antibiotics, and biologics—cannot be analyzed by GC in their native forms. In 

such cases, liquid chromatography or capillary electrophoresis is more appropriate. 

Matrix effects, particularly in complex pharmaceutical formulations, can also affect 

the chromatographic behavior of target analytes. Co-elution, peak tailing, or 

suppression may occur, especially if excipients or additives interact with the 

stationary phase. 

Regular calibration, column conditioning, and instrument maintenance are 

critical to maintaining analytical reliability. Carrier gas purity, injector liner 

cleanliness, and oven temperature stability must be carefully controlled to avoid false 

peaks or poor resolution. Lastly, while GC detectors like FID are robust and sensitive, 

they do not provide structural information. For unequivocal identification, GC-MS is 

preferred, though it requires more technical expertise and cost. 

Conclusion. Gas chromatography remains an essential tool in pharmaceutical 

analysis. Its robust theoretical foundation, advanced instrumentation, and extensive 

applicability make it suitable for ensuring drug safety, efficacy, and regulatory 

compliance. As pharmaceutical compounds become increasingly complex, GC—

particularly when combined with mass spectrometry—continues to provide critical 

insights into formulation integrity and impurity profiling. 
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