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1. Preface and study aims 

 

Residual solvent analysis from pharmaceutical products is one of the most difficult tasks in 

pharmaceutical analysis. Methodologically it can be divided in three very different tasks to 

be accomplished, using different approaches: 

- Release related tasks, in which all residual solvents used during drug product 

manufacturing must to be quantitatively determined using validated procedures, 

conform to modern GXP requirements. The method used must employ 

pharmacopeial techniques. The common sample preparation techniques used in 

residual solvent determination are compared in Table 1. 

- Confirmation type tasks, for which the presence of Class I solvents in the drug 

product must be confirmed by using GC-MS related techniques, or if these 

techniques are not available, by retention time, using at least two different analytical 

columns, with different polarities (least preferred). If the detection limit of the release 

analytical method is not enough for an accurate Class I solvents assay, then other 

methods can be used, like headspace-SPME. These tasks are to be performed only 

when required. 

- Identification type tasks, in cases when unknown residual solvents (other than the 

residual solvents used during drug product manufacturing) are detected (OOS 

events), when immediate identification of unknown residual solvents is compulsory, 

together with a detailed investigation of their source, followed by further actions 

plans to prevent it from reappearing into the drug products. 

 

All these activities are interrelated, and during QC methodological development care must 

be taken in order to provide enough confirmation and identification resources 

(instrumentation, specialists, knowledge) as a key for successful regulatory compliance.  
 

In the pharmaceutical industry, the release Quality Control (QC) activities are situated at 

the utmost end of drug manufacturing, and any delays accumulated during the 

manufacturing process will put pressure on the QC department. QC departments are 

working in a GXP regulated environment, are the target of regulatory agencies inspections 

and audits. Because of that, the analytical methods used in QC release activities should 

be fully validated according to modern ICH guidelines, should be stable over years, and 

must have excellent reliability and good throughput. More, the sample preparation should 

be simple, easy to be performed and inexpensive. Taking into consideration the number of 

samples/week to be analyzed, should allow easy automation.  
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Table 1. Comparison of sample preparation techniques for residual solvent determination. 
 

Sample 
preparation  

ADVANTAGES DISADVANTAGES 

Direct 
injection 

   Very simple and rapid 

method, requires less 

validation work 

 

    GC-system contamination and column 

deterioration; unavoidable matrix effects, lower 

sensitivity; relatively poor limit of quantification 

(usually LOQ ≥ 0.1%). 

Static 
headspace 

   Simple technique, much less 

contamination keeps system 

clean and extends column life; 

good precision and sensitivity 

down to lower ppm; minimized 

solvent consumption if any, 

therefore reduced toxic waste 

production; applicable to solid, 

insoluble and samples of quite 

variable composition; easy 

calibration; reduced artifact 

formation, variety of 

techniques like direct 

desorption and FET which 

allows adaptation to the 

sample nature.  

    Needs special vials and closures; time 

consuming, therefore automatic devices 

strongly recommended; much more validation 

work necessary to optimize equilibration time, 

temperature, volume of analyte solution, 

choice of solvent, experimental settings; 

contaminants can occur at higher temperature 

during prolonged time through deterioration of 

the sample and septum related impurities; 

practically limited to partition ratios between 

sample and gaseous phase with K-values in 

the range < 10-100; danger of leakage 

especially if applying higher temperatures 

during long time, memory effects. 

Dynamic 
headspace 

    Highest sensitivity of all 

common pretreatment 

methods; applicable for 

volatiles with high partition 

coefficient; no equilibrium 

required; sample volume not 

restricted; thermo unstable 

samples can be analyzed at 

lower temperature. 

 

Not suitable for substances which are 

soluble only in organic solvents. Bake step 

required; backflush therefore recommended; 

trap breakthrough if unfavorable type and 

amount of trap material is used; possible 

accumulation of interfering substances from 

the matrix; (e.g. water is unfavorable for any 

GC analysis); memory effects if high amounts 

of volatiles are present in the sample. 

 

With USP 24 and during ICH Q3C Guideline development period, based on literature 

covering toxicity of industrial solvents, their allowable limits in drug products have been 

constantly lowered, as a part of regulatory agencies risk management activities. In the 

case of Class 1 solvents, the limits were drastically reduced, which was not followed by an 

effort to improve detection limits of compendia analytical methods, mainly because 
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instrumentation limitations. The ICH Q3C guideline classifies solvents in three toxicity 

classes (Class I contains solvents of high toxicity, Class II contains solvents with moderate 

toxicity, and Class III contains solvents with low toxicity), provides acceptance limits and 

approaches to calculate these limits when literature toxicity data are not available.  
 

The main challenges with residual solvents determination in pharmaceutical products and 

at the same time the aims of our study were as following:  

- Pharmacopoeia methods are suitable for residual solvent determination from articles 

soluble in water. For articles soluble in organic solvents these methods are not 

enough sensitive and selective for the limits set with the ICH Q3C(M) guideline. Our 

first aim was to develop, optimize and validate a methodology for sensitive and 

selective quantitative determination of residual solvents in pharmaceutical articles 

soluble in organic solvents.  

- Pharmacopeias give no methodologies for residual solvents identification or 

confirmation from pharmaceutical products. The literature suggests static/dynamic 

headspace coupled to GC-MS technique as a possible solution to this challenge. From 

our and other laboratories experience we found that static/dynamic headspace is not 

compatible with modern GC-MS instrumentation, as brings along large amounts of 

water/high boiling point organic vapors generating contamination and severe corrosion 

of EI ion sources. It was needed that other sample preparation techniques, which have 

better compatibility (if possible solventless extraction) with the GC-MS technical 

requirements, to be explored. Our second aim aligned with the previous trend, namely 

to introduce Solid Phase Microextraction techniques (SPME) related techniques in the 

pharmaceutical analysis and explore their compatibility with GC-MS for residual 

solvents determination, confirmation and identification tasks for pharmaceutical 

articles soluble in water or organic solvents.  

 

In this way, our aim was to develop and, where applicable, validate a complete 

analytical package capable of solving the main challenges related with residual 

solvent determination from pharmaceutical products. 
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2. Residual Solvents Determination in pharmaceutical products soluble 

in organic solvents by Static Headspace-Gas Chromatography 
 

2.1 Literature review 
 

2.1.1 Background and history 
 

After introduction of gas chromatography technique 50 years ago [1], it was realized 

that sample preparation and introduction related techniques are crucial issues for a 

successful analysis. For classical GC, the samples to be analyzed must be dissolved in 

organic solvents and, for modern capillary GC, to be dilute; some sample preparation is 

required in nearly all GC analytical methods. All GC methods require that samples to be 

volatile, which makes it a natural tool for the analysis of vapor-phase mixtures. By 

definition, headspace analysis is a vapor-phase extraction, involving the partitioning of 

analytes between a non-volatile liquid or solid phase and the vapor phase above the liquid 

or solid. It is expected that the vapor phase mixture contains fewer components than the 

usually complex liquid or solid sample and that this mixture is then transferred to a GC or 

other instrument for analysis. There are a number of techniques for sampling headspace 

vapors and introducing them to a GC.  

The idea of analyzing samples of the vapor above a solid or liquid for their organic content 

originates long before the development of GC. Perhaps the first specific mention of the 

analysis of the vapors above a liquid in the chemical literature occurred with the paper of 

Harger, Bridwell and Raney in 1939, in which they proposed determination of the alcohol 

content of aqueous solutions [2]. The first reported use of static headspace with GC 

occurred in 1958 [3] and the first widely read use of dynamic headspace (‘‘purge and 

trap’’) with GC occurred in the 1970s soon after the introduction of Tenax as a commercial 

adsorbent [4]. In the intervening decades, techniques for both static and dynamic 

headspace sampling in combination with GC have evolved significantly and the theory of 

headspace sampling and transfer of the samples to the GC has been well developed. 

Several texts provide excellent overviews of headspace-extraction theory and explanations 

of the fundamentals of headspace-GC analysis and instrument configurations [5–8]. In 

1999, Kolb provided excellent reviews of the principles and instrumentation of headspace-

GC [9-10]. More recently, Ettre has provided an especially straightforward review of the 

principles of static headspace-GC [11]. A decade ago, there were essentially two 

techniques that could be described as headspace- GC: static (vapor-phase extraction) and 

dynamic (purge and trap). Today, there are several more, as techniques have become 

miniaturized and automated. The classical technique is to seal the sample in a gastight 

vial, using a closure with a septum and to use a gastight syringe to sample the vapors 
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within the vial. This is called static headspace sampling and numerous instruments are 

available for its automated application. While most modern headspace-GC instruments 

employ static sampling, they typically replace the syringe with a heated transfer line and 

they pressurize the sample vial above the capillary column head pressure, which allows for 

more inert sampling, rapid sample transfer and ready equilibration, for interfacing the 

sampling device to the GC. The configuration of a modern static headspace-GC sampling 

system is shown in Figure 1.  

 

 

Fig. 1 Schematic diagram of a pressure balanced static headspace system. Sample vial is first 

pressurized and equilibrated with carrier gas. Pressurized sample is then transferred to the GC 

column. CG=carrier gas, V=solenoid valve, SN=sampling needle, HV=headspace vial, 

HS=headspace sample, T=fused silica transfer line, B=butt connector, CC=capillary column [7].  
 

If the vapor phase flows through the sample and is later trapped on a sorbent, or somehow 

collected, the technique is termed dynamic headspace extraction. The most important 

example is the classical purge-and-trap technique. Dynamic headspace is often used 

when a large degree of analyte concentration is needed. In his review, Kolb provided a 

number of diagrams of common instrumental configurations for several dynamic 

headspace-GC systems [9]. There are numerous ancillary techniques, such as multiple 

headspace extraction, that are based on these classical ideas, and are described in the 

aforementioned references. Recently, sorbent and membrane techniques have been used 

for the analysis of headspace samples. 

 

Sorbent-based methods have seen a renaissance since the introduction of SPME by 

Pawliszyn and coworkers in 1990 [12] and the introduction of headspace-SPME in 1993 

[13]. There are a number of texts now available describing SPME theory and applications 

[14–16]. Even more recently, membrane technology has been used in the dynamic 

extraction of headspace vapors [17]. Headspace solvent microextraction, in which a small 

drop (a few microliters) of solvent is used for headspace extraction, was introduced in the 

late 1990s [18]. Headspace sampling is tremendously widely applied in numerous 
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scientific fields. In the last 75 years more than 6000 articles were published dealing with 

headspace sampling technique and applications using GC as separating system.  

 

 
Fig. 2. Trends in headspace-GC publications: 1990–2001. HS-GC=all papers 

including the concepts ‘‘headspace’’ and ‘‘GC’’, Dynamic=papers containing the 

concepts ‘‘headspace’’ and ‘‘dynamic’’, SPME=papers containing the concepts 

‘‘headspace’’ and ‘‘SPME’’ [72]. 

 

A plot of publication trends is shown in Figure 2. 

Of these 6000 articles, about 1400 involve dynamic headspace- GC techniques. 

Surprisingly, over 510 papers involve headspace-SPME, all published since 1993.  

Headspace analysis using membrane sampling was first published in 1977, with 62 

publications in total.  

Dynamic headspace and SPME represent the largest categories besides static 

headspace. The publication numbers for other methods, such as membrane extraction, 

while many are rising, are still too small to provide meaningful comparison.  

It is interesting to note that much of the recent upswing in overall headspace-GC 

publications can be attributed to the rise of headspace combined with sorbent-based 

trapping techniques, such as purge and trap and SPME.  

 

2.1.2 Static headspace sampling 
 
Static headspace sampling is employed with GC in numerous fields and with a variety of 

applications. It has been a primary tool for analysis of volatile organic compounds in 

environmental, flavor and fragrance analysis for decades. Static headspace sampling, 

because of its limited sensitivity, is mostly employed for applications in the high-ppb to 
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percent concentration ranges. In the past decade, there has been a considerable rise in 

the use of static headspace analysis in other fields, including pharmaceuticals, clinical and 

biological analyses.  

Despite the rise of other techniques, static headspace remains the most readily automated 

and validated of all headspace sampling techniques. The report and de Smet et al. [19] 

together with our reports provide validated examples of the application of static 

headspace-GC to the analysis of residual solvents in pharmaceuticals, which is the most 

common application of headspace-GC in pharmaceutical industry. In a new development, 

Hong and Altorfer developed a promising miniaturized static headspace technique for 

solvent analysis in drugs, which reduced sample sizes by about a factor of 10 over 

traditional methods and provided some validation data [20]. Their approach has still low 

applicability, as sample capacity is reduced. In addition to solvent analysis in 

pharmaceuticals, there has recently been a tremendous upsurge in the use of static 

headspace in clinical, forensic and biological analysis. The proliferation of headspace 

articles in non-traditional separations and analytical journals shows clearly that static 

headspace sampling has matured into widespread use by non-specialists. Headspace-GC 

is rapidly becoming a tool of choice for the analysis of small molecules that are reaction 

products in a huge variety of metabolic processes, or toxins or other substances of interest 

in biological systems. In forensic analysis, headspace-GC is used for the analysis of 

alcohol and other low molecular-weight materials in blood, as well as in arson and fire 

investigations [21]. Moriya and Hashimoto have provided a thorough description of 

potential errors in the assessment of cyanide levels in blood using headspace-GC [22] and 

Jones and Holmgren thoroughly discussed uncertainties in the determination of blood-

ethanol concentrations by analysis of vitreous humor [23]. Each of these articles discussed 

some aspect of error analysis in static headspace techniques, which is critical in forensic 

analysis. It is seen that its excellent sensitivity, reproducibility and stability make static 

headspace sampling a method of choice in forensic analysis.  

In clinical analyses, it is especially interesting that headspace methods are appearing in 

nonanalytical science journals, indicating its deep penetration beyond use by traditional 

specialists. For example, Sharp and Dautbegovic studied the stability of ether in blood as 

part of the investigation of an ether-related suicide [24]; Sarkola and Eriksson examined 

the production and metabolism of endogenous ethanol and methanol, using static 

headspace-GC as the main analytical tool [25], and Haze et al. used headspace GC/MS to 

analyze body odor in human subjects aged 25-75 for 2-nonenal content and suggested a 

correlation between age and the amount of 2-nonenal in body odor [26]. 

 Static headspace-GC has been used for the analysis of natural aromas and odors in 

several industries. This is another area in which many papers are being published in far-

reaching areas. For example, in food analysis, Panosyan et al. qualitatively and 
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quantitatively determined the volatile components in brandy by static headspace GC-MS 

[27], and Schiberle and Steinhaus used headspace-GC along with dilutions of the sample 

and isotope dilution-MS to determine the odor-active components in fresh and processed 

hops [28]. In natural products analysis, Royer et al. developed an automated headspace- 

GC method for the determination of dithiocarbamates in plant matrices and found that the 

method was much simpler than classical techniques [29]. 

These examples further emphasize the wide application of static headspace-GC and its 

use by specialists and non-specialists alike. The main limitation of classical static 

headspace-GC is that sensitivity is limited, compared to dynamic techniques, such as 

purge and trap and to techniques involving on-line concentration such as SPME. 
 

2.1.3 Static headspace sampling in pharmaceutical analysis 
 

Regulatory agencies and Pharmacopoeias suggest static headspace gas chromatography 

(HS-GC) as the most suitable technique for residual solvent testing for active substances 

and formulations soluble in water. Residual solvent specifications limits, set in accordance 

with the toxicity of solvents, vary from a few ppm to thousands of ppm. Static headspace 

gas chromatographic determination of residual solvents is nowadays a mature technique 

[30, 31], well established in pharmaceutical analysis [32].  
 

Usually, the static headspace technique is applied to drugs soluble in water [33-38], and is 

using external standard calibration for quantitative purposes. Residual solvent 

determination from drug products hardly soluble or even insoluble in water [39-43] is still 

an analytical challenge, as these later methods are not providing the quantization limits 

required by permitted residual solvents limits assessed on modern toxicology data or 

developed methods are not suitable for operation in a GXP environment.  

 

For release purposes, static headspace methods are preferred, and in some cases also 

direct injection techniques are used. The static headspace analytical methods from the 

present work were developed, optimized and validated in such a way to be conform with all 

present regulatory and pharmacopoeia requirements and limits for residual solvents and to 

support a further limit lowering.  

 

The present Chapter describes an approach for static headspace gas chromatographic 

(HS-GC) method development for release purposes, for two drugs insoluble in water, with 

different polarities, followed by method validation [44].  



 11

2.2 Theoretical Aspects  

 
During headspace extraction, in the headspace vial, two phases are involved in the 

extraction process: a sample (condensed) phase and a gas phase (headspace). From this 

point forward we shall indicate them by the respective subscripts of S (sample) and G 

(gas). If the sample contains dissolved volatile components, they will distribute between 

both phases according to thermodynamically controlled equilibrium. The system 

represented by this vial is characterized by the following parameters [5-9]: 

VV  = total volume of the vial, VS = volume of the sample phase and VG = volume of the gas 

phase 

evidently, we have  VV = VS + VG       (1.1) 

The relative volumes of the two phases into the vial are characterized by the phase ratio β, 

representing the ratio of the two phases present: 

S

G

V
V

=β           (1.2) 

Let suppose that the original amount of component i in the sample was m0,i  and its original 

concentration was C0,i , then: 

S

i
i V

m
C ,0

,0 =           (1.3) 

After reaching equilibrium between liquid and gas phase, the respective amounts of the i 

volatile component in the two phases are: mi,S and mi,G with their respective concentrations 

Ci,S and Ci,G: 
 

S

Si
Si V

m
C ,

, =           (1.4) 

G

Gi
Gi V

m
C ,

, =           (1.5) 

SiGi mmm ,,0 +=          (1.6) 

The distribution of the volatile component i upon equilibrium between the two phases is 

expressed by the thermodynamically controlled equilibrium constant. In analogy with the 

common practice of gas chromatography, the synonymous term partition (distribution) 

coefficient (Ki) is preferred: 
 

Gi

Si
i C

C
K

,

,=           (1.7) 
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β
Gi

Si

SGi

GSi

G

Gi

S

Si

i m
m

Vm
Vm

V
m
V
m

K
,

,

,

,

,

,

===        (1.8) 

The partition coefficient is a fundamental parameter that expresses the mass distribution in 

a two-phase system. It depends on the solubility of the analyte in the condensed phase, as 

compounds with high solubility will have a high concentration in the condensed phase 

relative to the gas-phase, which means that the Ki value may be high. On the other hand, 

in the case of analytes with low solubility in the condensed phase, Ci,S will be close to Ci,G 

or even smaller, hence Ki value will be small. 

β+
=

i

i
Gi K

C
C 0,

,          (1.9) 

In a given system and under given conditions both Ki and β for an analyte are constant, 

thus we can write: 

0,, iGi CconstC ⋅=          (1.10) 

In a given system, provided that all experimental parameters are kept constant, the 

concentration of the analyte i in the gas phase is proportional to its original sample 

concentration. 
 
Within a given system the value of the partition coefficient can be manipulated by changing 

the analytical conditions. To investigate the factors that influence its value, three basic 

laws are to be considered: Dalton’s law, Raoult’s law and Henry’s law. 

According to Dalton’s law, the total pressure of a gas mixture is equal to the sum of partial 

pressure pi of the gases present in the mixture: 

itotal pp Σ=           (1.11) 

It follows from Dalton’s law that the fraction of the pressure exerted by a gas is equal to the 

fraction of its total number of moles present in the gas mixture, that is: 

Gi
total

i

total

i x
n
n

p
p

,==          (1.12) 

Gitotali xpp ,⋅=          (1.13) 

where n represents the number of moles present, and xi,G is the mole fraction of the 

particular component in the gas mixture. In a dilute gas mixture with a given chemical 

composition, we can use the concentration of that component in the mixture instead of the 

mole fraction: 

GiGi Cconstx ,, . ⋅=          (1.14) 



 13

where the constant incorporates the mode of conversion from mole fraction to 

concentration units. We can write: 

Gii Cp ,∝           (1.15) 

which means that the concentration of the analyte into the headspace is proportional to its 

partial pressure. 

Raoult’s law states that the vapor pressure of a dissolved solute over its solution is directly 

proportional to its mole fraction in the solution xi,S and the proportionality constant is the 

vapor pressure 0
ip  of the pure analyte (when xi,S = 1): 

Siii xpp ,
0 ⋅=           (1.16) 

Raoult’s law is valid only for ideal mixtures, and in most cases there is a deviation from 

Raoult’s law. To compensate for this deviation, another factor is introduced, the so called 

activity coefficient (γi): 

Siiii xpp ,
0 ⋅⋅= γ          (1.17) 

The activity coefficient can be considered a correction factor to the concentration 

(molality), which modifies it to the true, “active concentration”. It depends on the nature of 

component I and reflects the intermolecular interaction between the analyte and the other 

sample components, particularly the matrix, which in the present case is the solvent. Thus 

the so called “matrix effect” represents the influence of the activity coefficient. For higher 

concentrations of the analyte, the activity coefficient becomes a function of the 

concentration, which in dilute solutions it is constant and independent on analyte’s 

concentration. In such a so-called ideal dilute solution there is a general linearity between 

the partial vapor pressure and the mole concentration of the analyte, which is expressed 

by Henry’s law: 

ii xHp ⋅=           (1.18) 

where H is the Henry’s law constant. In an ideal solution when 1=iγ  then 0
ipH =  Henry’s 

law is the basis of gas chromatography and of headspace extraction. 

In such an ideal dilute solution (usually less than 0,1%), each dissolved analyte molecule 

is surrounded only by solvent molecules. Therefore only the inter-molecular interaction 

forces between solute-solvent molecules are effective, while the probability of additional 

solute-solute interaction increases with the concentration of the analyte.  

SiiiGitotali xpxpp ,
0

, ⋅⋅=⋅= γ         (1.19) 

or  

ii

total

Gi

Si

p
p

x
x

γ⋅
=

0
,

,          (1.20) 

In ideal dilute solutions, concentration can be substituted by molar fractions, hence: 
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i
Gi

Si

Gi

Si

ii

total K
C
C

x
x

p
p

===
⋅ ,

,

,

,
0 γ

        (1.21) 

and therefore, 

ii
i p

K
γ⋅

∝ 0

1
          (1.22) 

The partition coefficient is proportional to the reciprocal of the vapor pressure and the 

activity coefficient of the analyte: increasing these values will decrease the value of the 

partition coefficient. On the other hand, a decrease in the partition coefficient will increase 

the concentration of the analyte in the headspace at the equilibrium, and this results in an 

increase of headspace sensitivity. 

Its temperature exponentially influences the vapor pressure 0
ip  of a pure compound is by: 

 C
T
Bpi +−=0log          (1.23) 

where B and C are substance specific constants and T is the absolute temperature. By 

replacing equation 1.23 in equation 1.22 we will get the basic relationship for temperature 

influence on the partition coefficient: 

''log C
T
BKi −=  

 

 2.3 Experimental 
 

2.3.1 Samples and Standards 

 
The investigated residual solvents, their limits and the concentration of used standard 

solutions are presented in Table 2. 

 

Individual organic solvents (methanol, ethanol, acetone, acetonitrile, dichloromethane, tert-

butyl methyl ether, hexane, ethyl acetate, chloroform, cyclohexane, benzene, isopropyl 

acetate, toluene and N,N-dimethylformamide) were obtained from Merck  

(Merck, Darmstadt, Germany) and were of 99.5% purity.  
 

Dimethylsulfoxide and N,N-dimethylacetamide were obtained from Fluka (Fluka Chemie 

AG, Buchs, Switzerland) and were of 99.8% purity. Benzyl alcohol was obtained from 

Riedel-de Haen (RdH Laborkemikalien GmbH & Co KG, Seelze, Germany) and was of 

99.8% purity. 
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Table 2. The investigated Residual Solvents, their limits and concentrations of optimization 

standards. 

 ICH  ICH Limit Investigated limits (ppm)
Optimization Standards 

(ppm) 

 Class (ppm) 
Method 

 1.1 
Method 

 1.2 Standard 1 Standard 2 

Methanol 2 3000 1000 2000 100 40 
Ethanol 3 N.L. 1000 2000 90 40 
Acetone 3 N.L. 500 - 25 - 
Acetonitrile 2 410 410 410 25 40 
Dichloromethane 2 600 600 600 30 60 
tert-Butyl methyl ether 3 N.L. 1000 - 10 - 
Hexane 2 290 290 - 10 - 
Ethyl acetate 3 N.L. 1000 - 25 - 
Chloroform 2 60 60 60 48 23 
Cyclohexane 2 3880 1000 - 10 - 
Isopropyl acetate 3 N.L. - 1100 - 15 
Toluene 2 890 - 890 - 10 
Benzene 1 2 2 - 2 - 

N,N-Dimethylformamide 2 880 880 880 500 100 
N.L. not limited 
 
Organic standard solutions were prepared in 10 ml headspace vials, closed with a septum 

and sealed with a protective aluminum cap, by adding 100 µL of organic solvent for 

Method 1.1 and respectively 140 µL of organic solvent for Method 1.2 containing the 

investigated residual solvents in appropriate concentrations.  

 

Organic spiked sample solutions were prepared in 10 ml headspace amber vials by mixing 

100 mg of proprietary drug Substance 1 (synthetic peptide type compound, with moderate 

polarity and heat sensitive, used for hypertension treatment, Gedeon Richter proprietary 

substance) and drug substance 2 (synthetic steroid, with low polarity, Gedeon Richter 

proprietary substance) with 100 µL of organic solvent for Method 1.1 and respectively 140 

µL of organic solvent for Method 1.2, containing the investigated residual solvents in 

appropriate concentrations. 
 

Linearity studies for both developed methods was performed in 8 different concentrations, 

each concentration point was three times injected.  
 

Accuracy was studied over all linearity range, in 8 different concentrations, in triplicate.  
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 2.3.2 HS-GC 

 
The GC-headspace instrument used in this study was a Fisons Instruments HRGC Mega 2 

Series, MFC 800 (Model 8560) gas chromatograph equipped with a HS 850 automated 

headspace sampler, a FID and an ECD detector. The employed headspace methods 

experimental parameters are presented in Table 3. 
 

Table 3. Experimental conditions for HS-GC employed methods 
Parameter HS-GC Method 1.1 HS-GC Method 1.2 
Headspace conditions   
Incubation oven 

temperature 90 °C 105 °C 

 Syringe temperature 130 °C 130 °C 
 Incubation time 30 min 30 min 
 Filling Speed 20 ml min-1 20 ml min-1 
 Filling Delay 5s 5s 
 Injection speed 80 ml min-1 60 ml min-1 
 Pre-Injection Delay 1s 1 s 
 Post-Injection Delay 4 s 5 s 
 Injected amount 1 ml from headspace 1 ml from headspace 

Column (WCOT) Rtx 624, 105m x 0.53mm I.D., 
3.0µm film thickness 

DB-624 60m x 0.32 mm I.D.,  
1.8 µm film thickness 

     Manufacturer Restek Corporation, Bellefonte, 
USA 

J&W Scientific, Folsom 
California, USA. 

     Catalog No. 10975 123-1364 

Temperature program 

38 °C for 8 min, 13°C min-1 to 
90°C, 90°C for 3 min, 15°C min-1 
to 140°C, 140°C for 3 min, 30°C 
min-1 to 200°C, 200°C for 4 min 

38 °C for 6 min, 13°C min-1 to 
90°C, 90°C for 3 min, 15°C min-1 
to 140°C, 140°C for 3 min, 30°C 
min-1 to 200°C, 200 °C for 4 min 

Optional temperature 
program - 40 °C for 46 min, 20 °C min-1 to 

160 °C, 160°C for 10 min 
Injector split-spiltless split-spiltless 
  Temperature 210 °C 210 °C 
  Split ratio 1:10 - 1:15 1:20 – 1:25 

Detector FID (Flame Ionization Detector) 
FID (Flame Ionization Detector) 

/ ECD (Electron Capture 
Detector) 

   Temperature 250 °C 250 °C 
Carrier gas Hydrogen Hydrogen 
   Linear velocity 52 cm s-1 35 cm s-1 

Pressure program  
(optional for nitrogen as 

carrier gas) 

 
- 

9.5 psi for 43 min, 10 psi min-1 

to 20 psi, 20 psi for 4 min, 5 psi 
min-1 to 40 psi, 40 psi for 7 min 

   Headpressure 65 kPa 70 kPa 
Sample amount 100 mg 100 mg 

Solvent  100µL Dimethylsulfoxide 100µL Benzyl alcohol + 40µL 
Dimethylsulfoxide 

 

All samples were conditioned under continuous shaking, and all data was acquired with 

Chrom-Card for Windows Version 1.19-2B, validated software (CE Instruments, Milan, 

Italy). 
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2.4 Results and Discussion 
2.4.1 Method Development and Optimization  

 
For solvents pertaining to Class III the Q3C(M) ICH guideline is not limiting their 

content in drug and drug products. Because of that, modern drug manufacturing practice 

use Class III solvents for recrystallization and conditioning solvents, and their 

concentrations in the final product is usually as high as 0.5%. This fact rise difficult 

analytical challenges, because for efficient separation of such high Class III solvent 

contents together with much lower quantities of Class I and II solvents analytical columns 

with large sample capacity are needed. In order to assure suitable sample capacity, two 

long columns were chosen, with thick films of stationary phase, as highlighted in Table 3. 

In Figure 3 is presented a typical chromatogram in experimental conditions for Method 1.1, 

using solvent concentrations from Table 2.  

 

 

Fig. 3. Chromatogram of residual solvents in limit concentrations from Table 2, in optimal 

conditions for Method 1.1. 

 

As can be seen, excellent separation was obtained, allowing selective separation of large 

amounts of Class III solvents together with low amounts of Class I and II solvents. At the 

same time, an optional pressure program was developed for Method 1.2, in order to allow 

complete separation of usual residual solvents used in manufacturing in drug products.  
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The acquired separation is presented in Figure 4, but in this case the total analysis time in 

more than 60 minutes, reducing throughput by a factor of two. Regulatory agencies 

request that method development to be made only for the residual solvents used during 

manufacturing of specific drug product (and in some cases only for the solvents used in 

the last five steps of the manufacturing process), that’s why such complete and exhaustive 

separation is often unnecessary.  

 
Fig. 4. HS-GC-FID chromatogram of residual solvents system suitability standard for 
proprietary drug substance 2 using Method 1.2 conditions with the optional pressure 
programming, where 1: methanol, 2: ethanol, 3: diethyl ether, 4: 1,1-dichloroethene, 5: 
acetone, 6: 2-propanol, 7: acetonitrile, 8: dichloromethane, 9: t-butanol, 10: t-butyl-methyl 
ether, 11: hexane, 12: di iso-propyl ether, 13: propanol, 14: ethyl-methyl ketone, 15: ethyl 
acetate, 16: tetrahydrofurane, 17: chloroform, 18: 1,1,1-trichloroethane, 19: c-hexane,  
20: benzene, 21: 1,2-dichloroethane, 22: i-propyl acetate, 23: heptane, 24: butanol,  
25: 1,4-dioxane, 26: i-butyl-methyl ketone, 27: pyridine, 28: toluene,  
29: tetrachloroethylene, 30: N,N-dimethylformamide, 31: chlorbenzene, 32: ethylbenzene, 
33: p-xylene, 34: o-xylene. 

 

During Method 1.1 and 1.2 development we used a constant carrier gas velocity with 

hydrogen as a carrier gas, in order to reduce total analysis time to 30 min, which is the 

optimum turnaround time of headspace extraction, improving dramatically the throughput. 

Ideally an analytical method should be able to analyze a complete autosampler tray in a 

period of time which is less than sample and standard solution stability, demonstrated 

during method validation.  
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For most cases, used solutions are stable over more than 18-hour period, which means 

that with a 30 minutes turnaround time a minimum of 36 samples (a complete autosampler 

tray for used GC) can be analyzed. 

In Figure 5 is presented the separation obtained using the experimental conditions for 

Method 1.2 from Table 3 using the optimization standard with concentrations from Table 2. 

It can be seen that separation on DB-624 is not giving the same performance as on the 

Rtx-624 analytical column. For separation comparison purposes the main separation 

parameters (system suitability data) for both methods are presented Table 4.  

 
Fig. 5. Chromatogram of residual solvents in limit concentrations from Table 2, 

in optimal conditions for Method 1.2. 

 

As can be seen from the data from Table 4, the DB-624 column has higher selectivity, 

which generates better resolution between acetonitrile and dichloromethane.  

At the same time, higher selectivity can be reached by a slight enhancement of second 

order molecular interactions, which will on the other side slightly worsen peak shapes for 

alcohols or nitrogen-containing analytes. On DB-624 methanol, ethanol, acetonitrile and 

N,N-dimethylformamide have worse peak shapes, with higher tailing factors than those 

observed on Rtx-624. Peak tailing generate lower detection limits and worse repeatability, 

as can be seen from Table 4.  

The Rtx-624 on the other side has slightly less selectivity but very high efficiency, peaks 

have better shapes, tailing factors are lower, and reproducibility data are slightly better. 
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The Rtx-624 column has much better sample capacity, but with slightly worse separation 

of acetonitrile and dichloromethane. 

We found that Rtx-624 (105m x 0.53mm I.D. with 3 µm film thickness) provided by Restek 

Corporation gives slightly better results as compared to DB-624 (60m x 0.32mm I.D. with 

1.8 µm film thickness) provided by J&W Scientific in terms of peak shape, detection limits 

and repeatability. 

Besides all minimal differences experienced using the two columns, it can be stated that 

the two capillary columns are interchangeable. 
 

Table 4. System suitability data for Method 1.1 and Method 1.2. 

 tR (min) k’ T N (plates) RSD (%) 

Method 1.1 1.2 1.1 1.2 1.1 1.2 1.1 1.2 1. 1 1. 2 

Methanol 4.92 4 0.491 0.429 0.84 1.77 61578 51057 3.6 4.8 
Ethanol 6.7 5.5 1.030 0.964 1.06 1.31 58745 66426 3.6 5 
Acetone 7.92 - 1.400 - 0.96 - 50041 - 2.3 - 

Acetonitrile 8.97 7 1.718 1.500 1.05 2.18 117305 116756 3.5 5.3 
Dichloromethane 9.2 7.4 1.788 1.643 0.95 0.95 105504 120802 2.7 4.2 
tert-Buthyl methyl 

ether 9.73 - 1.948 - 0.98 - 50778 - 1.6 - 

Hexane 10.32 - 2.127 - 0.95 - 92191 - 2.2 - 
Ethyl acetate 12.33 - 2.736 - 0.93 - 199455 - 2.4 - 
Chloroform 12.93 10.4 2.918 2.714 0.89 1.02 180425 320128 1.2 3.6 

Isopropyl acetate - 11.6 - 3.143 - 0.97 - 297329 - 3.8 
Cyclohexane 13.2 - 3.000 - 0.91 - 123961 - 1.7 - 

Benzene 14.11 - 3.276 - 0.96 - 205001 - 2.7 - 
Toluene - 15.4 - 4.500 - 1 - 823835 - 5.4 

Dimethylformamide 21.01 17.5 5.367 5.250 1.01 2.05 718896 838638 2.9 4.6 
tR: retention time, T: asymmetry factor, N: number of theoretical plates, k’: retention factor, RSD (%): peak area reproducibility 
for 6 injections, t0 (dead time) was 3.3 min for Method 1.1 and 2.8 min for Method 1.2. 
 

The headspace autosampler parameters were found to have a critical influence on method 

precision, needing careful optimization. All parameters show an optimum threshold value, 

presented in Table 3. Syringe temperature influence the system carry-over, and was found 

that over 120 °C the carry-over value was less than 0.1%. It was found that syringe filling 

should be done slowly, at a maximum speed of 20 ml/min (to compensate for needle flow 

restriction effects, otherwise irreproducible filling will result), and after a filling cycle, the 

syringe equilibration time should be not less than 5 s (otherwise the syringe and vial 

headspace pressure will not be equilibrated). 

The injection speed was found to be the most important parameter of injection 

reproducibility. From our data, the injection speed should be less than the sum of column 

flow and split flow, otherwise the sample will expand over the split liner volume, producing 

band broadening and backflush. A minimum of 1 s pre-injection delay should be allowed, 

in order to allow the syringe needle to heat up at injector temperature. After injection, some 

time should be allowed for the sample band to leave the injector, before syringe needle is 

removed from injector. If syringe is removed before this time passed, the needle could 
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draw also some of the vaporized sample from the liner volume, leading to severe bias of 

analytical data. 

At the same time the injector temperature should be kept at a minimum value, in order to 

minimize sample expansion into the injector. The optimum value for injector temperature 

was found to be 210 °C. All optimum found parameters are presented in Table 3. 

The next step of method development was choosing the solvent.  

A batch of substance 1 was analyzed in five different solvent systems (dimethylsulfoxide, 

dimethylsulfoxide/water 1:1 mixture, N,N-dimethylformamide, N,N-dimethylacetamide and 

N,N-dimethylacetamide/water 1:1 mixture), as presented in Table 5.  
 

Table 5. Obtained residual solvents content in different solvents for a batch of Substance 1. 
Component Found Concentrations (ppm, mean of three independent weightings) 
 DMA (v)1 DMSO2 DMSO (v)3 N,N-DMF4 DMA5 

Methanol 76 127 17 14 2 
Ethanol 512 298 307 340 154 
Ethyl acetate 79 84 61 87 89 
N,N-DMF4 93 233 119 - 119 
1 N,N-dimethylacetamide/water mixture (1:1) 

2 Dimethylsulfoxide 

3 Dimethylsulfoxide/water mixture (1:1) 

4 N,N-dimethylformamide 

5 N,N-dimethylacetamide 

  

For all these systems, the accuracy was investigated in three different concentrations, and 

the recovery it was found to be over 90% for all components. Two independent standards 

were used for quantitative purposes. The residual solvent contents show large differences 

for methanol, ethanol and N,N-dimethylformamide between investigated solvent systems. 

For ethyl acetate the results for investigated solvent agree fairly well.  

The activity coefficient, which influences the partition coefficient above the sample, has an 

important role in the gas extraction of residual solvents and in certain cases can produce 

severe underestimation of residual solvent content. In order to improve detection limits, 

higher concentrations of dissolved drug in the solvent have to be employed, which 

generates solvent/drug associates and modifies solvent polarity. Any modification in the 

activity coefficient will generate also modifications of partition coefficient (equation 1.22), 

which becomes hardly predictable, requiring careful optimization. In the present case, for 

both methods, we used relatively concentrated test solutions for residual solvent 

determination, in order to be able to reach the low levels of detection and quantitation for 

Class I solvents. Because of this, by its polarity, the dissolved drug starts to actively 

influence the headspace extraction efficiencies.  

The solvent of choose for Substance 1 was dimethylsulfoxide.  

The optimization of sample volume using optimization standard 1 in concentrations from 

Table 2 is presented in Figure 6.  
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The phase ratio differences between investigated sample volume values show large 

differences, decreasing from a value of 99 for the 100 µL sample volume to a value of 9 for 

the 1 ml sample volume and respectively a value of 4 in the case of 2 ml sample volume.  

Fig. 6. Sample volume optimization for HS-GC Method 1.1. 

 

As can be seen from the figure, all components showed similar behavior. For methanol, 

ethanol, chloroform, benzene and N,N-dimethylformamide the sensitivity decreased by a 

factor of 8-10 with a ten times phase ratio reduction. For acetone, acetonitrile, 

dichloromethane and ethyl acetate the corresponding sensitivity reduction was around 5-6 

times with a ten times phase reduction.  

In the case of tert-butyl methyl ether, hexane and cyclohexane, their sensitivity is not very 

much influenced by the modification of the phase ratio. For these components decreasing 

the phase ratio by a factor of 10 is generating a sensitivity decrease by a factor of 2-3.  

 

For components with low FID sensitivity, as N,N-dimethylformamide and chloroform, for 

practical purposes the phase ratio influence on headspace extraction efficiency 

optimization could be an important parameter (as in this case a phase ratio increase of ten 

times generates a ten times increase in sensitivity) and might need a careful assessment. 
 

The next step was the estimation of temperature influence on extraction efficiency, 

classically considered the main driving force of headspace extraction efficiency [41, 42]. 
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For temperature optimization a more concentrated optimization standard was used, with 

some of the residual solvents in higher concentrations (as hexane and chloroform) in order 

to find if there are any losses caused by diffusion through septum. At the same time we 

investigated also if artifacts (caused by e.g. other residual solvents reaction with last 

reactive intermediates from investigated drug substances) are formed. The optimization 

standard might need adjustment for each drug substance investigated as different 

substances have different reactive intermediates with different chemical proprieties. The 

temperature influence on sensitivity for Method 1.1 is presented in Figure 7. 

 

       Fig. 7. Extraction temperature optimization for Method 1.1. 

 

Even if methanol, ethanol, acetone acetonitrile, tert-butyl methyl ether, ethyl acetate and 

benzene show slight sensitivity increase with temperature, it can be considered that the 

system reached saturation, as by increasing the conditioning temperature by 10% the 

sensitivity increase is less than 10%. The temperature has an insignificant effect on 

sensitivity of dichloromethane, hexane, chloroform, cyclohexane and N,N-

dimethylformamide. For these later components the sensitivity optimization can be done 

only by maximizing phase ratio. Chloroform and N,N-dimethylformamide behave in a 

similar way, having a local sensitivity maximum at 105°C. Unfortunately, over 95 °C, in the 

sample and spiked sample chromatograms of Substance 1 we observed the presence of 

two artifactual peaks, methanethiol and dimethyldisulfide, which peak areas increased with 

conditioning temperature. The identification of these peaks was done by Headspace-

SPME-GC-MS [44]. 
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Because of the formation of these artifactual peaks at high temperatures, and based on 

the fact that practically the temperature has no significant influence on system sensitivity, 

the optimum conditioning temperature for the Method 1.1 was selected at 90 °C. 

The temperature influence on sensitivity for Method 1.2 using a suitably modified 

optimization standard 2 is presented in Figure 8.  

Fig. 8. Extraction temperature optimization for Method 1.2. 

 

In this case, an increase of 20 °C in conditioning temperature has no influence on 

chloroform sensitivity, but for all other components almost doubles the method sensitivity. 

In the case of N,N-dimethylformamide, the sensitivity increase is of almost ten times. At 

the same time, in the case of Method 1.1 the sensitivity increase by 20 °C conditioning 

temperature rise was insignificant (less than 10%). The difference between the two 

methods is, besides minimal chromatographic differences, that for Method 1.2 a mixture of 

benzyl alcohol dimethylsulfoxide was employed as solvent, instead of dimethylsulfoxide 

only as for Method 1.1, fact that could eventually explain the observed behavior. Based on 

above observations, the optimum conditioning temperature for Method 1.2 was selected at 

105 °C. 

 

In the case of Method 1.2, the drug substance 2 was soluble only in benzyl alcohol, 

showing low solubility in all other high boiling point solvents. At the same time, 

dimethylsulfoxide addition to benzyl alcohol had no significant influence on Substance 2 

solubility, stated that the benzyl alcohol: dimethylsulfoxide volumes ratio was greater than 

1.  
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As the extraction efficiency of N,N-dimethylformamide from benzyl alcohol only was very 

low, the influence of added dimethylsulfoxide volume was studied, and the results are 

presented in Figure 9.  

Fig. 9. Added dimethylsulfoxide volume optimization for Method 1.2. 

 

By increasing the dimethylsulfoxide content in 100 µL benzyl alcohol, the extraction 

efficiency for N,N-dimethylsulfoxide increased, allowing at 40 µL added dimethylsulfoxide a 

sensitivity increase of 5 times. At the same time, isopropyl acetate sensitivity also 

increased, until 50 µL added dimethylsulfoxide, but after that, the extracted efficiency 

started to worsen. It can be observed from the graph that all components show a plateau 

at around 40 µL added dimethylsulfoxide, this value being the best compromise for the 

extraction efficiencies of all components. The added dimethylsulfoxide influence on 

extraction efficiency is a good example of what influence have matrix polarity modification 

on headspace efficiency.  

As highlighted above, in this case the matrix can be viewed as solute-solvent system, in 

which dissolving the drug product has modified original solvent physicochemical 

proprieties. In this case the solute is a synthetic steroid, with a non-polar steran structure, 

but with some polar groups, which can interact with the polar benzyl alcohol solvent. 

Adding dimethylsulfoxide enhances the non-polar character of the matrix, which helps the 

extraction of less polar analytes (N,N-dimethylformamide and isopropyl acetate), and at 

the same time reducing the extraction of analytes with more pronounced polar character 

(methanol, ethanol, acetonitrile).  
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In this way, partition coefficients can be finely tuned in order to enhance or reduce 

extraction of some analytes, by operating with solvent polarity and activity coefficients, and 

not with temperature, the classical way of manipulating extraction efficiencies [41, 42]. 

Headspace extraction time is one of the most important parameters, directly influencing 

the method sensitivity, stability and productivity. Modern headspace samplers come with 

continuous vial shaking option, which dramatically reduce the time required for the sample 

to attain equilibrium.  

Fig. 10. Headspace extraction time optimization for Method 1.1. 

 

As can be seen from Figure 10 the system attained equilibrium after 20 min of 

conditioning. For practical purposes we employed a 30 min conditioning time, as this value 

proved to work well for more headspace residual solvent methods.  
 

One of the parameters usually not taken into consideration or underestimated, for the 

samples dissolved in high boiling point solvents, is its water content. Usually water 

presence in organic solvents artifactually increases the headspace concentration of 

residual solvents by the modification of the partition coefficient, leading to bad accuracy 

data and overestimation of residual solvent content, if water is not added to standards 

used to simulate the drug water content. 

In some cases, can also dramatically increase the RSD data of less polar solvents (like in 

our case hexane and cyclohexane), leading to system unsuitability.  
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In Figure 11 is represented the water content influence on Method 1.1 extraction 

efficiency. All investigated residual solvents show after 7% water content a continuous 

increase in sensitivity.  

Fig. 11. Water content influence on Method 1.1 sensitivity. 

 

The biggest increase in sensitivity with 7% water content is shown by methanol, ethanol, 

tert-butyl methyl ether and benzene, in which case the recovery is very close to 115%. For 

Substance 1 the water content was around 3%, there it was not necessary to compensate 

for this effect, but as we have seen above, during method development water effect on 

extraction efficiencies is a necessary step to be evaluated, as each solvent-solute system 

is very different from case to case. 

 

2.4.2 HS-GC Methods Evaluation 

In pharmaceutical analysis, the residual solvent determination from drugs and 
pharmaceutical products use mainly external standard calibration for quantitative 
purposes. The reason why industry prefers this quantitation method instead of internal 
standard approach is three fold. First of all, for pharmaceutical samples, the chemical 
matrix is always the same; the investigated product must have the same composition and 
same assay. Then, when using internal standards, one have to choose an internal 
standard very similar to the analytes to be quantized, if possible, from the same chemical 
group; that means that more internal standards should be used for each chemical type and 
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volatility group of solvents used during manufacturing. There is a large variability in the 
chemical structure, polarity and volatility of solvents used in manufacturing, and following 
the above approach would lead a prohibitory large number of internal standards, 
generating separation problems. Regulatory agencies are not supporting internal standard 
approach for residual solvent determination, because internal standards can mask (by 
coelution or when the internal standard is Class I or II solvent) unknown and possibly toxic 
solvents present in the product. At last, but not at least, internal standards are useful when 
injection is imprecise and/or when matrix variability is expected. In our case we 
experienced good injection repeatability and inherently constant matrix, fact that supported 
the external standard calibration approach. 
The methods were validated, with the results from Table 6 respectively Table 7. As can be 
seen the methods are linear for all investigated analytes with excellent correlation 
coefficients (r > 0.999 for all residual solvents). The calibration line intercept confidence 
interval was found to contain the origin, and all residuals were randomly distributed. The 
intercept confidence interval for all analytes contains the origin.  
The accuracy data were assessed on samples spiked with known concentration of 
analytes. Accuracy was reported as percent recovery by the assay of known added 
amount of analyte into the sample. For N,N-dimethylformamide in Method 1.1 the recovery 
was 85%, because of the large affinity of substance 1 for it. For all other analytes in all 
methods the mean recovery was greater than 90%. 
Method 1.1 gave better reproducibilities than Method 1.2, by a factor of 1.5. In the case of 
chloroform and N,N-dimethylformamide the reproducibilities for Method 1.1 were 2 times 
less than for Method 1.1. For all analytes the RSD values were less than 5.5%. 
The intermediate precision data were consistent, and the assessed RSD of peak areas 
were similar to the repeatability ones. 
 
The quantitation limits (QL) were investigated by extracting spiked solutions as described 
above. The quantitation limit was performed by comparing measured signals from the 
chromatograms of samples with known low concentrations of analyte with those of blank 
samples. The acceptance criteria were a signal/noise ratio of minimum 10:1. For 
chloroform with ECD detection the quantitation limit was of 1ppm and for benzene the 
quantitation limit was 0.4 ppm. In the case of N,N-dimethylformamide the quantitation limit 
for Method 1.1 was 1.5 times lower. 
 
The detection limit was performed by comparing measured signals from the 
chromatograms of standard solutions with known low concentrations of analyte with those 
of blank samples. The acceptance criteria were a signal/noise ratio of minimum 3:1. For 
benzene (in Method 1.1 conditions) the detection limit was 0.1ppm, which compared to the 
ICH limit value of 2ppm it is 20 times less, allowing good detections.  
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2.5 Conclusions 
 
Two static headspace gas chromatographic methods for residual solvent determination in 
pharmaceutical products were developed, optimized and validated. The methods are 
sensitive (allowing detection limits of as low as 0.1ppm for benzene), accurate and 
precise. The developed method were applied to residual solvent determination for the 
release of proprietary substances 1 and 2 at Gedeon Richter Ltd., and offered unattended 
performance for more than 5 years under continuous operation, with more than 50 000 
samples analyzed without any method adjustment. The method development and 
validation documentation was inspected by regulatory agencies (OGyI, FDA, EU) and 
found to be conforming to modern GXP regulations and guidelines. 
 
We found that dissolving solvent have to be chosen with great care, as for certain drugs 
solute-solvent interactions can occur, generating in certain cases underestimation of 
residual solvents content in pharmaceutical products. 
 
During method optimization we found that sample volume, extraction temperature, solvent 
composition and pharmaceutical product’s water content (reported for the first time by us) 
have a critical influence on method sensitivity and accuracy. From our data is beneficial to 
choose low sample volume, if sample solubility in the organic solvent allows it, the 
optimum sample volume is between 0.1-0.3 ml. For drug products with water content 
greater than 7%, the artifactual increase in sensitivity produced by water presence should 
be taken into consideration, otherwise inconsistent recovery data and underestimation of 
residual solvent content will happen. Great care should be taken when optimizing 
extraction temperature, as pharmaceutical products are heat sensitive materials, and 
overheating the sample can generate artifact peaks. 
 
We reported for the first time in literature that making slight adjustments in solvent polarity 
(by mixing to the solvent used to dissolve the sample other solvents with different 
polarities) can efficiently improve headspace extraction of residual solvents, and in this 
way to “finely tune” headspace extraction efficiency. For instance by adding 40 µL of 
dimethylsulfoxide (solvent used for solvent “polarity tuning”) to 100 µL of benzyl alcohol 
(dissolving solvent) generated 5 time increase in N,N-dimethylformamide sensitivity. 
Significant pressures into the headspace vial could have detrimental effects on sensitivity 
and reproducibility of analytical data, therefore care should be taken on choosing 
headspace vial volume. 
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Table 6. The validation data for Headspace-GC Method 1.2. 
 

 Methanol Ethanol Acetonitrile DCM1 Chloroform i-Pr-Ac2 Toluene DMF3 

Linearity data          

Correlation coefficient 0.9998 0.9998 0.9994 0.9991 0.9994 0.9998 0.9995 0.9995 

Slope 4946 6426 4659 2674 12306 8382 14622 439 

  Standard error  44 54 66 45 179 66 183 6 

Intercept -49085 -10245 -28480 -30590 9514 -72597 -88245 -12126 

  Standard error 58633 72615 18490 17872 6941 45442 105887 3659 

  Confidence interval  

                          (95%) 

-192557,  

94387 

-187929,  

167439 

-73725,  

16764 

-74322,  

13142 

-7469,  

26499 

-183791, 

38596 

-347340,  

170851 

-21079,  

3173 

Concentration range (ppm) 10-3000 10-3000 10-620 10-890 3-85 10-1500 10-1250 100-1400 

Number of standards  16 16 16 16 16 16 16 16 

Accuracy data         

Mean recovery (%) 97 96 100 102 95 95 92 104 

Concentration range (ppm) 45-3000 45-3000 30-620 30-890 3-85 15-1500 15-1250 100-1400 

Number of standards 16 16 16 16 16 16 16 16 
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 Methanol Ethanol Acetonitrile DCM1 Chloroform i-Pr-Ac2 Toluene DMF3 

Precision         

 Repeatability         

   Concentration (ppm) 450 500 85 155 15 220 200 250 

   Number of replicates 10 10 10 10 10 10 10 10 

   RSD of peak areas (%) 3.1 3.0 3.4 3.7 2.6 2.7 3.2 8.1 
         

Intermediate precision4         

   Concentration (ppm) 450 500 85 155 15 220 200 250 

   Number of replicates 7 7 7 7 7 7 7 7 

   RSD of peak areas (%) 3.3 3.7 3.9 2.8 2.9 2.9 3.4 6.5 

   variance between groups 648.8 643.2 29 25.3 0.514 15.5 12.2 52.3 

   variance within groups 187.9 331.6 8.81 18.2 0.156 44.3 47 323.8 

   Fcalc      (Fcrit=3.5545) 3.4527 1.9400 3.2938 1.3911 3.2968 0.3499 0.2589 0.1644 

Detection limit (ng) 300 300 300 300 100 300 300 3000 

Quantitation limit (µg) 1 1 1 1 0.3 1 1 10 
1 Dichloromethane 
2 Isopropyl acetate 
3 N,N-Dimethylformamide 
4 During three consecutive days, by one analyst on the same instrument 

Table 6. continued 
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Table 7. The validation data for Headspace-GC Method 1.1. 
 
 Methanol Ethanol Acetone ACN1 DCM2 t-BME3 Hexane Ethyl  

acetate 

Chloroform Cyclohexane Benzene DMF4 

Linearity data              

Correlation coefficient 0.9995 0.9997 0.9998 0.9993 0.9998 0.9998 0.9994 0.9999 0.99902 0.9999 0.9992 0.9995 

  Slope 4314 5645 15275 6329 3380 28734 47052 12509 1424 47418 25850 811 

  Standard error  54 52 128 98 27 215 688 84 26 293 420 10 

Intercept -72932 -43362 -81274 -43137 -15233 -212715 -313440 -132388 -4976 -306719 1571 -15932 

  Standard error 35912 34494 42650 26935 10830 143693 133281 55903 1198 196089 721 6006 

  Confidence interval  

                     (95%) 

-160808,  

14942 

-127467, 

41042 

-185634,

23087 

-109045, 

22772 

-41734,

11268 

-564319,

138888 

-639567, 

12687 

-269178, 

4403 

-7907, 

2044 

-786531, 

173094 

-193, 

3334 

-30629, 

1235 

Concentration range (ppm) 10-1500 10-1500 10-750 10-6150 10-900 10-1500 10-435 10-1500 20-90 10-1500 0.3-3 60-1320 

Number of standards  16 16 16 16 16 16 16 16 16 16 16 16 

Accuracy data             

Mean recovery (%) 95 107 95 99 101 95 95 97 101 94 92 85 

Concentration range (ppm) 45-1500 45-1500 30-750 30-615 30-900 15-1500 15-435 30-1500 20-90 15-1500 0.9-3 60-1320 

Number of standards 16 16 16 16 16 16 16 16 16 16 16 16 
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 Methanol Ethanol Acetone ACN1 DCM2 t-BME3 Hexane Ethyl 

acetate 
Chloroform Cyclohexane Benzene DMF4 

Precision             

 Repeatability             

   Concentration (ppm) 250 250 120 100 150 240 70 250 35 250 1.4 250 

   Number of replicates 10 10 10 10 10 10 10 10 10 10 10 10 

   RSD of peak areas (%) 3.0 1.8 1.8 2.4 1.7 2.3 4.1 1.8 1.6 2.6 4.0 2.8 
             

Intermediate precision5             

   Concentration (ppm) 250 250 120 100 150 240 70 250 35 250 1.4 250 

   Number of replicates 7 7 7 7 7 7 7 7 7 7 7 7 

   RSD of peak areas (%) 2.1 1.6 1.1 1.6 1.1 1.3 2.4 1.2 1.9 1.5 3.5 1.5 

   variance between groups 8.62 27.40 2.19 1.03 4.74 24.53 8.96 20.88 0.046 38.44 0.0009 4.92 

   variance within groups 25.81 19.10 1.75 2.81 2.15 7.55 2.67 6.01 0.48 11.07 0.021 10.54 

   Fcalc      (Fcrit=3.5545) 0.3340 1.4345 1.2540 0.3670 2.2052 3.2488 3.3618 3.4774 0.0951 3.4722 0.4363 0.4667 

Detection limit (ng) 300 300 300 300 300 300 300 300 300 300 1 2000 

Quantitation limit (µg) 1 1 1 1 1 1 1 1 1 1 0.003 6 
1 Acetonitrile 
2 Dichloromethane 
3 tert-Butyl methyl ether 
4 N,N-Dimethylformamide 
5 During three consecutive days, by one analyst on the same instrument 

Table 7. continued 
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 3. SPME-GC-MS residual solvents determination and identification of 

unknown components in pharmaceutical drug products  
 

3.1 Literature review 

3.1.1 General remarks 

 
The Headspace-SPME technique, in which a coated fused silica fiber is used to trap and 

concentrate analytes from a static or dynamic headspace process, was developed by 

Pawliszyn in 1993 [45] and has experienced strong growth in research interest over the 

past decade. This technique can also now be automated routinely and has been validated 

for numerous applications. SPME is generally applied to samples with concentrations in 

the ppb-low ppm range, while some applications in the ppt range have been described 

[46]. SPME has shown pleasantly surprising versatility and has been employed for a 

tremendous variety of analytical problems. Its main application fields are environmental 

analysis, food analysis, botanical applications and in the field of clinical and forensic 

applications. Pawliszyn and its research group made an exhaustive reference database 

with almost 600 most interesting SPME publications from all above fields, and made it 

accessible on their website [47]. 

 

 
 

                           Fig. 12. Schematic diagram of a SPME extraction device. 

 

 Figure 12 shows a schematic diagram of SPME extractor, which consists of a SPME 

holder and the silica fiber itself, on which is deposited the absorbing/adsorbing media as a 

thin polymeric layer. 
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Figure 13 shows a schematic diagram of Headspace SPME sampling procedure from the 

headspace of liquid samples. 

3.1.2 History and scope 
 
The SPME based techniques experienced a slow start from its first introduction in 1990 

[48], as can be seen from Figure 2, in between 1990 and 1995 few publications were 

presented to the scientific community. This can be easily explained taking into 

consideration the fact that only in early 1994 Supelco made fibers commercially available. 

The “first generation” fibers were quite fragile; the polymer layer was not cross-linked and 

thus unstable, leading to fiber breakage, film stripping and severe injector contamination.  

 
Fig. 13. Schematic diagram of Headspace SPME extraction procedure, 

where 1 is extraction from agitated liquid sample headspace, 2 is fiber 

retraction into SPME device and 3 is the sample introduction in the GC 

injector by fiber thermal desorbtion. 

 

At that time, the commercially available fibers were polymeric films allowing mainly 

absorption processes, using coatings like polydimethyl siloxane (PDMS), Polyacrilate 

(PA), polydimethyl siloxane/divinylbenzene (PDMS/DVB) and carbowax/divinylbenzene 

(CW/DVB). The reported Headspace-SPME applications employed mainly extraction over 

aqueous solutions. The attempts made to use Headspace-SPME for extraction above 

organic solvents caused phase swelling and short fiber lifetime. Method development and 

optimization was made mainly for environmental and water pollution analysis [49-53] and 

employed three main parameters, extraction time, extraction temperature and parameters 
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related to agitation of liquid phase. It took almost two years to perfection fiber 

manufacturing, and indeed, after 1997, Headspace-SPME related publications number 

started to increase. After the commercial introduction of “second generation” fibers with 

better ruggedness, and of Carboxen/polydimethyl siloxane based adsorbing layers in late 

1999, the number of publications on Headspace-SPME started its exponential increase. 

Strong fundamental development followed, as Gorecki et all investigated the effect of 

sample volume on quantitative analysis [55-56], partition and phase distribution processes 

were exhaustively investigated [57-61] and Henry's law coefficients were determined 

using equilibrium partitioning in closed systems using solid phase microextraction 

techniques [62]. Headspace-SPME in nonequilibrium conditions theory was explored and 

some applications were given [63-66]. Yang et. al. presented a comparison on adsorption 

versus absorption of low-volatility components onto SPME coatings [67]. Saraullo et. al. 

introduced an approach of SPME extraction based on physical chemical properties of the 

coating [68], Pan et al. introduced on fiber SPME derivatization for extraction of polar 

analytes [69]. Methodologically, many advances were made after 1996, the SPME 

parameters and related gas chromatographic injecting parameters were identified and 

strategies for method development and optimization were published [70-79]. At the same 

time, the quantitative aspects of SPME extraction were carefully assessed [80-81]. The 

search for new kind of coatings continued, and sol-gel coatings with enhanced thermal 

stability [82, 83], polycrystalline graphites [84], polypyrrole films [85], new PVC-activated 

charcoal fiber coated on silver wire [86], polymethylphenylvinyl siloxane [87], modified 

copper wire for selective extraction of some amines [88], hydroxyfullerene [89], crown 

ethers [90, 91] and anodized zinc wires [92] were proposed as new developments in this 

area. 

Researchers in several areas, including environmental, pharmaceutical, food and natural 

products analysis, have enthusiastically used headspace-SPME for many difficult 

analyses. The examples presented here provide a sample of the hundreds of publications 

that have recently appeared in a relatively short time. In an environmental application, 

Cancho, Ventura and Galceran [93] used in-situ derivatization followed by headspace-

SPME-GC-ECD to determine aldehydes in treated drinking water. After optimizing a 

number of experimental parameters, they found this method to be comparable to liquid-

liquid micro-extraction, proposed in US EPA method 556. This paper follows the example 

of much of the literature in HS-SPME, as it makes a thorough comparison to a compendial 

method employing a traditional extraction technique. In natural products analysis, Shang, 

Hu and Deng [94] used headspace-SPME-GC to determine the aroma components of 

fresh, frozen and withered Michelia alba flowers and were able to determine the 

differences in the compounds present in each case. Yang, Huang and Smentena [95] 

optimized a headspace-SPME method for determination of the volatile components of 
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tobacco. In food and flavor analysis, headspace-SPME was used by Pinho et al. [96] to 

determine the components in the volatile fraction of ewe cheese, and by Alonso and 

Fraga [97] to quantitate flavor compounds in yogurt. Characteristic of SPME methods, 

these papers describe methods that generated large amounts of information from 

relatively straightforward procedures. Some users have complained of difficulties in 

method validation with SPME, including problems with extraction reproducibility as a result 

of instrumental issues, such as difficult automation, sample agitation, temperature control 

and fiber aging and reproducibility. But all recent advances in instrumentation should 

propel headspace-SPME into the mainstream of routine GC analysis. Several options for 

automating and rapidly optimizing SPME extractions are now available. A recent research 

example is the development by Pham-Tuan, Vercammen and Sandra [98] of new robotic 

arm for use with SPME that allows for easy transportation of the sampler, simplifying 

analysis from many sizes and types of sample containers and at remote locations. 

Commercially, there are several SPME auto-injectors available. An SPME variant, stir-bar 

sorptive extraction (SBSE) was demonstrated recently [99]. In one application, Bicci et al. 

used headspace-SBSE to analyze the flavor components of various coffees [100]. This 

new technique employs a phase coated stir bar that is placed in the headspace of the 

sample, then transferred by thermal desorption to a GC inlet. SPME and SBSE provide 

examples of an interesting trend in the increased use of both selective and non-selective 

sorbent traps as concentrators in both static and dynamic headspace sampling [101]. 

 

3.1.3 Headspace-SPME in pharmaceutical analysis 
3.1.3.1 Headspace-SPME for pharmaceutical products soluble in water  

The headspace-SPME applications in residual solvents determination from 

pharmaceutical analysis are much less than from any other field [102], mainly because of 

pharmacopoeia and regulatory agencies conservative attitude towards new techniques, 

and because these techniques are still far from assuring the same regulatory assurance 

that modern static headspace offer.  

Between all developed SPME sample preparation technique, headspace-SPME is the 

only practically feasible variation that can be employed, mainly because residual solvent 

determination must be done from relatively concentrated drug solutions, which eliminates 

from the start the use of immersion, SPME “in-tube” or stirbar techniques, otherwise 

severe fiber and injector contamination will happen. Together with Scypinski [103], in 1998 

we pioneered the headspace SPME application in pharmaceutical analysis. Recently, in 

residual solvent analysis of pharmaceuticals, Coran et al. described a headspace- SPME-

GC method, using isotope dilution (without mass spectrometry) for several solvents in 

ketoprofen raw material and tablets [104], and Chiarotti et. al. used headspace-SPME for 



 38

source identification of illicit cocaine by monitoring residual solvent residues [105]. 

Raghani et. al. [106] presented a  methodology for very fast (total analysis time under 3 

minutes) residual solvent determination in process analytical samples, using two different 

fibers. Frost et. al [107] used automated headspace SPME for the trace analysis of some 

volatile pharmaceutical process-related toxic impurities by GC with FID detection. 

Carboxen/polydimethyl siloxane/divinylbenzene fiber showed excellent sensitivity towards 

investigated analytes. The linearity of the method covered one order of magnitude. The 

narrower linear dynamic range is attributed largely to the limited number of adsorption 

sites on the Carboxen/PDMS/DVB fiber. Legrand et. al [108] used a 

Carboxen/polydimethyl siloxane fiber in the headspace of the aqueous solution of drug for 

the determination and quantification of residual solvents in drugs. In order to enhance 

extraction of triethylamine the pH was set to 9.6 with a concentrated phosphate buffer. 

The extraction temperature, the ionic strength and the volume of the aqueous solution 

were optimized. Liu et. al [109] reported an interesting determination method for volatile 

residual solvents in traditional Chinese medicines by headspace solid-phase 

microextraction and cryogenic gas chromatography with flame ionization detection. Yeung 

et. al. [110] developed a method  using solid-phase microextraction (SPME) and gas 

chromatography to monitor the peppermint flavor loss in a taste-masked tablet 

formulation, by headspace sampling of two major components of peppermint: menthone 

and menthol. They found that the excipients from the tablet produced an important matrix 

effect and that standard addition analysis was necessary for improved accuracy of the 

determination. Sides et. al. [111] used headspace-SPME coupled to GC/MS for the 

identification of ethyl-2-mercaptoacetate as a pharmaceutical packaging off-odor. 

Even if the analytical capabilities of Headspace-SPME, reported until now, conform to 

current regulatory expectancies [112], the technique was still not accepted by regulators 

(FDA, EMEA, MLHW) as a valid replacement of static headspace for residual solvents 

determination for release purposes. 

 

3.1.3.2 Headspace-SPME for pharmaceutical products soluble in organic solvents  

Until the introduction of Carboxen/Dimethylpolysiloxane coated fibers, residual solvent 

extraction form organic solvents was impracticable, because of coating swelling in the 

presence of organic solvents. This swelling process produced short fiber lifetimes, fiber 

stripping, contamination of injector and capillary column, generating extraneous peaks 

and unreliable chromatography. In a try to avoid such unwanted effects, in early 1998 

Gorecki et al. [114] used a custom made polar fiber, coated with Nafion perfluorinated 

resin to analyze polar components from gasoline and organic solvents. They observed a 

non-linear response of analyte amounts extracted with this fiber at long sampling times. 
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Indeed, since the coating surface has a limited number of adsorption sites, analytes with a 

lower affinity for the fiber are eventually displaced by the other analytes. 

 

After the commercial introduction Carboven/Dimethypolysiloxane coated fibers in late 

1999, we applied for the first time these fibers for the residual solvents determination from 

organic solvents [115,116]. We presented a method development approach, and applied 

the developed method for polar residual solvents determination from pharmaceutical 

products insoluble in water, but soluble in organic solvents. Later on, we developed a 

method to support identification of unknown residual solvents to support our static 

headspace methods for release, working from organic solutions. These fibers proved to 

be stable in the presence of organic solvents, allowing more than five thousand injections 

before their performance started to worsen. Our methodology was followed by other 

researchers, who applied and adapted the methodology to their practical needs. Raghani 

et. al. [117] presented a  methodology for very fast (total analysis time under 3 minutes) 

residual solvent determination in process analytical samples, using two different fibers. 

Frost et. al [118] used automated headspace SPME for the trace analysis of some volatile 

pharmaceutical process-related toxic impurities by GC with FID detection. 

Carboxen/polydimethyl siloxane/divinylbenzene fiber showed excellent sensitivity towards 

investigated analytes. The linearity of the method covered one order of magnitude. The 

narrower linear dynamic range is attributed largely to the limited number of adsorption 

sites on the Carboxen/PDMS/DVB fiber. Legrand et. al [119] used a 

Carboxen/polydimethyl siloxane fiber in the headspace for the determination and 

quantification of residual solvents in drugs.  

 

3.2 Theoretical aspects 
In SPME the analytes are extracted into a stationary phase, which is attached to a 

length of fused silica fiber. The fiber is contained into a micro syringe for protection and 

ease of sampling. In SPME an exhaustive extraction does not occur but equilibrium is 

established as analytes partition between the stationary phase and the aqueous phase or 

its headspace phase. By sampling from the headspace above the sample matrix, SPME 

can extract a wide range of organic compounds from various matrices [120-126]. At 

equilibrium, in headspace SPME [120] the number of moles n f of an analyte extracted by 

the fiber coating is given by the expression: 
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where Vf , Vh and Vs are the volumes of the fiber coating, the headspace and the sample 

respectively; Co is the initial concentration of the analyte in the sample and K1 and K2 are 

coating-headspace and headspace-sample partition coefficients. 

 For very volatile compounds, static headspace can provide excellent sensitivity. For less 

volatile target analytes, however the sensitivity deteriorates. For static headspace 

sampling with a gastight syringe, the number of moles of an analyte extracted, ng is: 

sh
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g VVK
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02                                                                                                     (2.2) 

where Vg is the volume sampled by the gastight syringe from the headspace, Vh and Vs 

are the volume of the headspace and sample, respectively, Co is the initial concentration 

of the analyte in the sample and K2 is the headspace sample partition coefficient. 

Headspace SPME and the static headspace techniques are complementary, the former 

extracting higher boiling-point compounds better and the latter favoring compounds with 

lower boiling points. 

For the gastight SPME (the device which include both the gastight syringe with a volume 

Vg and SPME with a coating volume Vf) the amount of analytes extracted n by this device 

is  

gf nnn +=                                                                                                               (2.3) 

Generally speaking, the volume of the fiber is ca. 0.6 µl and usually, the volume of the 

aqueous sample is 2-7 ml. For the compounds analyzed the product K1K2 is less than 

1000. As a consequence, the product K1K2Vf  is negligible.. From the equation (4)-(6) we 

have: 

fg

ff
f VKV

VK
n
n

r
1

1

+
==                                                                                                 (2.4) 

and  
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where rf and rg are the normalized sensitivities for headspace SPME and gastight syringe 

sampling respectively ( in this case and for all analytes n is normalized to 1). 

 

Equations (2.4) and (2.5) show that although the sensitivity of each method depend on the 

Henry’s constant of an analyte, the normalized sensitivity of the headspace SPME and 

gastight syringe techniques compared with gastight SPME is determined only by the 

coating-headspace partition coefficient K1, of the target analyte. Because very volatile 

components have usually smaller K1 values, the gastight syringe technique gives quite 

better sensitivities than does SPME. As K1 increases, the sensitivity of the SPME 

improves whereas that of the gastight syringe decreases. 
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Based on theoretical considerations, when the used fibers employ polymeric layers with 

absorption, it can be expected that gastight SPME combines the complementary nature of 

static headspace and headspace SPME. 

 

In the case of Carboxen based fibers, the polymeric layer contains at least two 

components, an adsorptive layer of active carbon, which is stabilized to the silica rod by a 

polymer, a polydimethyl siloxane layer, which after conditioning becomes mixed with the 

carbon layer. In this way, Carboxen-based fibers mimic very well the gastight-SPME 

behavior, as Carboxen has a high affinity for compounds with high volatility, and 

polydimethyl siloxane has high affinity for compounds with lower volatility.  

 

3.3 Experimental 

 
There is a certain difference between the methodologies of the six developed methods, 

caused by their inherent scope. Method 2.1 was intended for possible release 

applications, Method 2.1 was intended for confirmation applications, and Method 2.3 was 

intended for identification type applications from pharmaceutical products soluble in water. 

Method 3.1 was intended for method development, Method 3.2 was intended for 

confirmation/quantitation type applications, and Method 3.3 was intended for identification 

type applications from pharmaceutical products soluble in organic solvents. 

 

3.3.1 Samples and standards for Method 2.1 

 
 An International USP 467 Mixture in methanol (Restek Corporation, 110 Benner Circle, 

Bellefonte PA 16823) was used for this study as a primary stock solution with 

concentrations presented in Table 8.  

Working standards were prepared by dilution of 100 µl (first dilution), respectively 10 µl 

(second dilution) of the primary stock solution in 10 ml methanol for spiking purposes. The 

third dilution solution was prepared by adding 100 µl of first dilution solution in 10 ml 

methanol. Aqueous samples in 10 ml headspace amber vials were prepared by mixing 2 

ml de-ionized water with 1 g sodium chloride. 

There were also prepared aqueous samples by mixing 2 ml de-ionized water with 1 g 

sodium chloride and with 100 mg proprietary drug substance 3 (synthetic peptide type 

compound, with high polarity and heat sensitive, used for hypertension treatment, Gedeon 

Richter proprietary substance) and drug substance 4 (synthetic heterocyclic compound, 

proton pump blocker, Gedeon Richter proprietary substance).  
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Analytes from the working standards were spiked into the vials to produce the 

concentration desired. When the sample concentration was calculated, the weight of the 

sodium chloride was excluded because it was used as a matrix modifier to achieve a 

salting out effect.  

 

Table 8. Analyzed residual solvents and stock solution concentrations 

Component Concentrations of stock solutions 
 Method 2.1 Method 2.2 Method 2.3 
 µg/ml µg/ml mg/ml 
Acetonitrile 50 - - 
Dichloromethane 500 - - 
Chloroform 50 20 - 
Trichloroethylene 100 - - 
1,2-Dichloroethane 100 90 - 
Benzene 100 10 - 
1,4-Dioxane 100 - - 
Pyridine 100 - - 
1,1-Dichloroethene - 80 - 
n-Hexane - 70 - 
Acetone - - 3.6 
1-Propanol - - 10 
2-Propanol - - 3.6 
t-Butanol - - 3.9 
Methyl acetate - - 5.6 
Ethyl acetate - - 5.9 
Di isopropyl ether - - 2.2 
t-Butyl methyl ether - - 2.2 
Ethyl methyl ketone - - 4.8 

 

3.3.2 Samples and standards for Method 2.2 

 
In all experiments a primary stock solution containing chloroform, 1,2-dichloroethane, 

benzene, hexane and 1,1-dichloroethene, in concentrations presented in Table 8 (Merck, 

Uvasol and LiChrosolv grade, E.Merck 64371 Darmstadt, Germany) was prepared in 

methanol.  

Working standards were prepared by dilution of 100 µl (first dilution), respectively 10 µl 

(second dilution) of the primary stock solution in 10 ml methanol for spiking purposes. The 

third dilution solution was prepared by adding 100 µl of first dilution solution in 10 ml 

methanol. 

Aqueous samples in 10 ml headspace amber vials were prepared by mixing 5 ml de-

ionized water with 2 g sodium chloride. VOCs from the working standards were spiked 

into the vials to produce the concentration desired. When the sample concentration was 

calculated, the weight of the sodium chloride was excluded because it was used as a 

matrix modifier to achieve a salting out effect. There were also prepared aqueous samples 
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by mixing 5 ml de-ionized water with 2 g sodium chloride and with 100 mg proprietary 

drug substance 3 (synthetic peptide type compound, with high polarity and heat sensitive, 

used for hypertension treatment, Gedeon Richter proprietary substance). Analytes from 

the working standards were spiked into the vials to produce the concentration desired. 

When the sample concentration was calculated, the weight of the sodium chloride was 

excluded because it was used as a matrix modifier to achieve a salting out effect. 

 

3.3.3 Samples and standards for Method 2.3 

 
Individual organic solvents (1-propanol, 2-propanol, t-butanol, diisopropylether, acetone, 

methylacetate, t-buthylmethylether, ethylmethylketone and ethylacetate) were obtained 

from Merck (E. Merck, 64271 Darmstadt, Germany) and were of 99.5% purity. A single 

standard of the nine organic solvents was prepared in Merck Uvasol spectroscopic grade 

methanol (E. Merck, 64271 Darmstadt, Germany) and was used for this study as a 

primary stock solution at the concentration from Table 8. Working standards were 

prepared by dilution of 1 ml of stock solution in 10 ml (first dilution) respectively 1 ml from 

the first dilution was added in 10 ml methanol (second dilution). Headspace aqueous 

standard solutions were prepared in 10 ml headspace amber vials by mixing 6.8 ml 

deionized water with 1 g natrium sulphate. There were also prepared aqueous sample 

solutions by mixing 6.8 ml deionized water with 1 g natrium sulphate and with 50 mg 

proprietary drug substance proprietary drug substance 3 (synthetic peptide type 

compound, with high polarity and heat sensitive, used for hypertension treatment, Gedeon 

Richter proprietary substance), drug substance 5 (synthetic heterocyclic compound, 

proton pump blocker, Gedeon Richter proprietary substance) and drug substance 6 

(synthetic steroid with polar character, with good solubility in water, Gedeon Richter 

proprietary substance). Organic solvents from the working standards were spiked into the 

vials to produce the concentration desired. 

Immersion standard solutions were prepared in 10 ml headspace amber vials by spiking 

the working standards in 9 ml deionized water. 

When the sample concentration was calculated, the weight of the natrium sulphate was 

excluded because it was used as a matrix modifier to achieve a salting out effect.  

 

3.3.4. Samples and standards for Headspace-SPME extraction over organic 

solutions 
 
   Individual organic solvents (ethanol, 1-propanol, 2-propanol, t-butanol, acetonitrile, 

chloroform, dichloromethane, hexane, hexane-d14, cyclohexane, ethyl acetate, methyl 

acetate, isopropyl acetate, diisopropylether, t-buthyl methyl ether, acetone, ethyl methyl 
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ketone, 1,1-dichlorethylene, 1,2-dicholorethane, trichloroethylene, benzene, benzene-d6 and 

N,N-dimethylformamide) were obtained from Merck (E. Merck, 64271 Darmstadt, 

Germany) and were of 99.5% purity.  
 

Table 9. The investigated Residual Solvents, their limits and concentrations of standards. 
 

 ICH 
Class ICH Limit Method 3.1 

Stock Solution 
Method 3.2 
Standard 

Method 3.3 
Standard 

  (ppm) (mg/ml) (ppm) (ppm) 

Ethanol 3 N.L. - - 50 
1-Propanol 3 N.L. 10.0 - - 
2-Propanol 3 N.L. 3.6 - - 
t-Butanol 3 N.L. 3.9 - - 
Acetone 3 N.L. 3.6 - 50 
Ethyl methyl ketone 3 N.L. 4.8 - - 
Acetonitrile 2 410 - - 30 
Dichloromethane 2 600 - - 30 
tert-Butyl methyl ether 3 N.L. 2.2 - 20 
Diisopropylether 3 N.L. 2.2 - - 
Hexane 2 290 - 3.5 30 
Hexane-d14 - - - 3.5 - 
Methyl acetate 3 N.L. 5.6 - - 
Ethyl acetate 3 N.L. 5.9 - 30 
Chloroform 2 60 - 25 20 
Cyclohexane 2 3880 - - 15 
1,1-Dichlorethylene 1 8 - 4 - 
1,2-Dicholorethane 1 5 - 15 - 
Trichlorethylene 2 80 - 5 - 
Benzene 1 2 - 0.25 1 
Benzene-d6 - - - 0.25 - 
N.N-Dimethylformamide 2 880 - - 80 
N.L. not limited 
 

Standards of organic solvents were prepared in Merck Uvasol spectroscopic grade 

methanol (E. Merck, 64271 Darmstadt, Germany) and were used for this study, as a 

primary stock solutions, at the concentration from Table 9.  

Dimethyl sulfoxide and N,N-dimethylformamide were obtained from Merck (E. Merck, 

64271 Darmstadt, Germany) and were of 99.5% purity. The sample preparation 

parameters are presented in Table 11.  
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3.3.5 Sampling devices 

3.3.5.1 SPME device 

 

The solid phase microextraction (SPME) extractor and the fibers used in this study were 

purchased from Supelco (Bellefonte, PA). The silica fibers were coated with a 100 µm film 

of polydimethylsiloxane (PDMS), 65 µm of polydimethylsiloxane/divinylbenzene 

(PDMS/DVB), 65 µm of carbowax/divinylbenzene (CW/DVB), 85 µm of Polyacrilate (PA) 

and 75 µm of Carboxen/polydimethylsiloxane (CX/PDMS).  
 

For Method 2.1, Method 2.2, Method 2.3 and Method 3.1, all sampling was conducted at 

room temperature while the aqueous/organic phase was under constant magnetic stirring 

of 900 rot/min. For Method 3.2 and Method 3.3 no agitation was used.  

The sampling time for both headspace SPME and immersion SPME was 30 min based on 

the optimization of SPME extraction. 

During desorbtion the temperature of the analytical column was kept at a low value in 

order to achieve a focusing effect. Each day a column blank was followed by a fiber blank 

and a water blank to determine the extent of any laboratory contamination. The SPME 

fibers were conditioned at their corresponding maximum operation temperature overnight.  
 

The adsorbed VOCs were desorbed in the injector at their optimum desorbtion 

temperature (for CX/PDMS at 300°C and for all other fibers at 250°C ) [58-61] for 1 min. 

The carry-over was found to be less than 1% for all analytes, and was determined by 

running consecutive fiber blanks to determine the fraction of the original mass desorbed 

remaining on the fiber. 

The volume of the polymer film was approximately 5 x 10-5 cm3, and its surface was about 

0.06 cm2.  

 

3.3.5.2 Gastight SPME device 

The in-house constructed gastight SPME device is presented in the Figure 14.  

A fused silica fiber of 1 cm long coated with a 65 µm film of polydimethyl 

siloxane/divinylbenzene (PDMS/DVB) was connected to 30 gauge stainless steel (SS) 

tubing and the other end of this SS tubing-fiber assembly was then mounted on the 

plunger of a Hamilton 500 µl gastight syringe (Supelco, Mississauga, ON, Canada) [15, 

113].  

When the tubing-fiber assembly was withdrawn into the syringe needle, a certain volume 

of gas could also be withdrawn into the gastight syringe through the needle opening. 
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During sampling, the fiber was first withdrawn into the syringe needle, which was then 

used to punch trough the sample vial septum. 

The fiber was then exposed to the headspace by depressing the plunger for a 

predetermined period of time to establish equilibrium between headspace, the coating and 

the sample matrix. The plunger was then withdrawn to a 

predetermined mark, thereby effecting withdrawal of 200 µl of 

headspace gas into the gastight SPME device. 

The extracted analytes (in the gaseous phase as well as those 

adsorbed on the coating) were immediately injected into the 

GC injector by depressing the plunger, the headspace gas 

being forced from the syringe, as the plunger was depressed. 

The analytes adsorbed by the fiber coating were thermally 

desorbed in the hot injector. During desorbtion the temperature 

of the column was kept at a low value in order to achieve a 

focusing effect. 

Each day a column blank was followed by a fiber blank and a 

water blank to determine the extent of any laboratory 

contamination. 

The fibers for headspace SPME as well as for gastight SPME 

were conditioned at its corresponding maximum operation 

temperature overnight.  

The fiber coating was desorbed in the injector at its optimum temperature for 1 min. The 

carry-over was found to be less than 1% for all VOCs and was determined by running 

consecutive fiber blanks to determine the fraction of the original mass desorbed remaining 

on the fiber. 

 

3.3.6 GC-MS 

The GC-ion trap mass spectrometer (GC-MS) used in this study was a Finnigan MAT 

GCQ system (Finnigan MAT, Austin, Texas, USA). The GC was equipped with a TPI 

injector. The injector was equipped with a 1.5 mm I.D. liner (in order to get better peak 

shapes) and was operated in split or split/splitless mode. Further heating of the column 

was necessary for the “cleaning” of the SPME bleeding components. All other 

experimental parameters are presented in Table 10 and Table 11. 

 

The external EI ion source was operated at 70eV electron energy, with a filament 

emission of 200 mA. The ionization waveform was set On. The ion trap was operated at a 

target value of 50, a trap offset of 10 V and at a sampling rate of 2 scans/s. The multiplier 

Fig. 14. Gastight –SPME device 
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was set at a gain of 3.9 E5. The system gave unit resolution. The ion trap manifold 

temperature was set at 180 °C and the transfer line was set at a temperature of 200 °C. 

The ion trap was calibrated automatically with FC-43 standard substance using the m/z 

69, 131, 264, 414 and 502 by the autotune routine of the GCQ software.  

All data was acquired with GCQ MS/MS Version 2.0, March 1996 (Finnigan MAT, Austin, 

TX USA) validated software. 

 
3.3.6.1 SPME GC-MS experimental parameters for methods intended for SPME 

extraction over aqueous solutions 

All used experimental settings are presented in Table 10. The GC-MS data acquisition 

started after the elution of used solvent for spiking purposes. 
 

Table 10. Experimental parameters for SPME-GC-MS methods for extraction over 

aqueous solutions. 

Parameter Method 2.1 Method 2.2 Method 2.3 

Column (WCOT) 50m x 0.32mm I.D. 30m x 0.25mm I.D. 
Stationary phase 5µm of CP-SIL 5CB 1µm of SPB1 

Manufacturer Chrompack, Middleburg 
EA, The Netherlands Supelco, Supelco Park, Bellefonte PA, USA 

 
Temperature program 

40 °C 1 min, 3°C min-1 to 
130 °C, 30 °C min-1 to 

180 °C, 180 °C for 15 min

30 ºC 1min, 7 ºC 
min-1 to 130 ºC, 30 
ºC min-1 to 180 ºC 

30 ºC 3min, 7 ºC min-1 
to 60 ºC, 40 ºC min-1 to 

250 ºC, 250 ºC for 4 
min 

Injector type Split-splitless TPI, split-splitless 
Injector temperature 200 ºC 220 ºC 300 ºC 
Split-Splitless 
conditions 1 min splitless 1:10 split 1 min splitless 

Liner I.D. 4 mm 2 mm 1.5 mm 
Carrier gas Helium 
Linear velocity 35 cm s-1 
Ion source EI, 70eV 
Ion source 
temperature 180 ºC 120 ºC 180 ºC 

Filament emission 200mA 
Transfer line 
temperature 200 ºC 220 ºC 250 ºC 

Ion trap target 50 
Ion trap offset 10V 
Sampling rate 2 scan s-1 1 scan s-1 2 scan s-1 
Electron multiplier gain 3.9 105 
 

 

3.3.6.2 SPME GC-MS experimental parameters for methods intended for SPME 

extraction over organic solutions 

All used experimental settings are presented in Table 11.  
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Table 11. Experimental parameters for SPME-GC-MS methods for extraction over organic 

solutions. 

 Method 3.1 Method 3.2 Method 3.3 
Parameter For method development For quantitative purposes For Identification purposes 

Column (WCOT) SPB-1, 30m x 0.25mm I.D. 1µm film thickness DB-624, 60m x 0.32 mm I.D., 1.8 µm 
film thickness 

Manufacturer Supelco, Bellefonte PA, USA J&W Scientific, Folsom California, 
USA 

Temperature 
program 

30 ºC for 3 min, 7ºC min-1 
to 60 ºC, 40 ºC min-1 to 
250 ºC, 250 ºC for 5 min 

35 ºC for 1 min, 7ºC min-1 
to 130 ºC, 30 ºC min-1 to 
180 ºC, 250 ºC for 5 min 

38 ºC for 6 min, 13 ºC min-1 to 90 ºC, 
90 ºC for 3 min, 15 ºC min-1 to 140 
ºC, 140 ºC for 3 min, 30 ºC min-1 to 

200 ºC, 200 ºC for 4 min 
Injector split-splitless 

Temperature 300 ºC for CX/PDMS, 280 
ºC for all other fibers 280 ºC 300 ºC 

Split ratio splitless, 1min Constant, 1:10 split ratio 
Carrier gas Helium, constant linear velocity at 35cm s-1 

Sample amount 50 mg 20-30 mg 10 mg 
Solvent 100-150 µl organic solvent 20 µl Dimethylsulfoxide 10 µl organic solvent 
Fiber 75 µm of Carboxen / polydimethylsiloxane (CX/PDMS) 

Headspace vial 10 ml 1.5 ml 
Injection depth Minimum 2 cm inside the injector body 

Evaluation method External standard Internal standard External standard 
 

3.4 Results and discussion 

The obtained results discussion will be assessed in two different chapters, as we 

employed two different approaches for pharmaceutical products soluble in water and for 

products soluble in organic solvents.  

 

3.4.1 SPME-GC-MS for pharmaceutical products soluble in water 

 
3.4.1.1 SPME sample preparation techniques using “first generation” fibers (Method 

2.1) 

In 1997 [128], we applied for the first time the SPME-based sample preparation 

techniques (Headspace-SPME and Gastight-SPME) in the residual solvents determination 

and identification from pharmaceutical products with “first generation” fibers. At that time 

the main application field was in the determination and identification of water pollutants in 

environmental analysis. Our main goal was to test the headspace-SPME applicability for 

residual solvents determinations from pharmaceutical products for release type 

applications. Because of that, the column of choice was a long one, with a thick stationary 

phase film, as this type of WCOT column showed best behavior for release type 

applications (when Class III solvents are in large quantities, together with much lower 

quantities of Class II solvents). The available literature at that moment highlighted [121-
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124] extraction temperature, extraction time, fiber type and adding salts to the sample 

solution as the main parameters to be taken into consideration during SPME method 

development.  

 

       
Fig. 15.  Extraction time optimization for     Fig. 16.  Extraction time optimization for 

Gastight-SPME.          Headspace-SPME. 

 

For headspace-SPME, heating the sample will favor the gas extraction of volatile 

components in the headspace, but higher temperatures strongly inhibit analyte absorption 

on fiber. Because of that, literature data agree on room temperature as the best 

compromise for volatile compounds SPME extraction. 

For Method 2.1, we used an International USP 467 Mixture as target analytes in the 

investigation of SPME-GC-MS as this mixture contains Class 1 and Class 2 solvents in 

suitable concentrations.  

We have found that saturation of the aqueous phase with sodium chloride increased the 

extraction efficiency of each analyte. The percent increase ranged from about 20% to 

almost 300%.  

The first step in our headspace SPME method development was to establish the time 

required for all target analytes to reach a equilibrium. In order to maximize the sensitivity 

of this technique the thickest available polydimethyl siloxane coated fiber (100 µm) that 

could be accommodated into the syringe needle was used. The Figures 15 and 16 show 

that all analytes attained equilibrium after 30 min for both headspace SPME and gastight 

SPME. For dichloromethane the gastight SPME showed to be almost twice more sensitive 

than headspace SPME.  

 

The difference between the headspace SPME and gastight SPME is clearly illustrated by 

the relative behavior of chloroform and 1,2-dichloroethane. The investigated residual 

solvents main physicochemical parameters, which directly influence headspace-SPME 
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extraction efficiency, are presented in Table 12. Chloroform being more volatile is better 

extracted by gastight SPME and 1,2-dichloroethane is better extracted by headspace 

SPME, supporting the expected behavior. The more polar compounds, like acetonitrile, 

pyridine and 1,2-dioxane have longer equilibration times and worse sensitivities, mainly 

because their stronger affinity to the aqueous phase, as these components are highly 

miscible with water. 
Table 12. Main physicochemical parameters for investigated residual solvents [127]. 

  Log Kow 
   Henry's law 

constant 
Boiling 
point 

Vapor 
Pressure 

Solubility 
in water 

    atm m3/mole °C mm Hg (25 °C) mg/L 
Acetone  -0.24 3.97E-05 55.2 232.00 1000000 
Acetonitrile -0.34 3.45E-05 59.6 88.80 1000000 
Ethanol -0.31 5.00E-06 78.2 59.30 1000000 
1-Propanol 0.05 8.10E-06 82.3 45.40 1000000 
2-Propanol 0.25 7.41E-06 97.2 21.00 1000000 
t-Butanol 0.35 9.05E-06 82.0 40.70 1000000 
Methyl acetate 0.18 2.78E-04 92.0 216.00 243000 
Ethyl acetate 0.73 1.34E-04 77.1 93.20 80000 
Isopropyl acetate 1.28 3.09E-04 88.6 60.40 30900 
Isopropyl ether 1.52 2.28E-03 68.5 149.00 8800 
t-Butyl Methyl ether 0.94 5.87E-04 55.2 250.00 51000 
Ethyl methyl ketone 0.29 5.69E-05 79.5 90.60 223000 
Hexane  3.9 1.80E+00 68.7 151.00 17 
Cyclohexane 3.44 1.50E-01 80.7 96.90 55 
Dichloromethane 1.25 3.25E-03 40.0 435.00 13400 
Chloroform 1.97 3.67E-03 61.1 197.00 7950 
1,2-Dichloroethane 1.48 1.18E-03 83.5 78.90 5100 
1,1,2-Trichloroethane 1.89 8.24E-04 113.8 23.00 4590 
Trichloroethylene 2.42 9.85E-03 87.2 69.00 1280 
Benzene 2.13 5.55E-03 80.0 94.80 1790 
Toluene 2.73 6.64E-03 110.6 28.40 526 
Pyridine 0.65 1.10E-05 115.2 20.80 1000000 
1,4-Dioxane -0.27 4.80E-06 101.5 38.10 1000000 
N,N-Dimethylformamide -1.01 7.40E-08 153.0 3.87 1000000 
 

In the following experiments a 30 min extraction time was chosen. 

After establishing the equilibration time, the detection limits were investigated by 

extracting spiked aqueous solutions as described in the experimental part. The detection 

limit was performed by comparing measured signals from the selected ion chromatogram 

of samples with known low concentration of analyte with those of blank samples. The 

acceptance criteria were a signal/noise ratio of minimum 3:1.  

 

  Three different fibers with different coatings polydimethylsiloxane/divinylbenzene 

(PDMS/DVB), polydimethylsiloxane (PDMS) and carbowax/divinylbenzene (CW/DVB) 
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were compared in order to find the most sensitive coating for all analytes under study. The 

Table 13 shows a comparison on employed methods detection limits.  

Between the investigated fibers the PDMS/DVB coated fiber showed the best sensitivity 

toward all analytes, being almost ten times more sensitive than the PDMS coated fiber 

and almost four times more sensitive than CW/DVB. For acetonitrile, chloroform and 1,2-

dichloroethane the PDMS/DVB coated fiber showed to be only two times more sensitive 

than the CW/DVB coated fiber. For dichloromethane, chloroform, dioxane and pyridine the 

PDMS/DVB coated fiber was five times more sensitive than the PDMS coated fiber. 

The PDMS coated fiber showed better behavior than CW/DVB coated fiber only in the 

case of pyridine when it was two time more sensitive. For dichloromethane and dioxane 

the CW/DVB and PDMS fibers showed similar sensitivities. 
 

Table 13. The detection limits of employed methods. 

 Detection limits for employed methods [ng] 

Component Headspace SPME Gastight 

 PDMS/DVB1 CW/DVB2 PDMS3 SPME 

Acetonitrile 0.2 0.4 2 0.1 

Dichloromethane 0.02 0.08 0.12 0.01 

Chloroform 0.02 0.04 0.1 0.014 

Trichloroethylene 0.02 0.06 0.2 0.02 

1,2-Dichloroethane 0.02 0.04 0.2 0.04 

Benzene 0.01 0.08 0.2 0.02 

1,4-Dioxane 4 20 20 4 

Pyridine 1 10 6 1.4 
1 Polydimethylsiloxane/Divinylbenzene fiber 
2 Carbowax/Divinylbenzene fiber 
3 Polydimethylsiloxane fiber 
 

Between the investigated sample preparation techniques, the gastight SPME showed to 

be the most sensitive mainly because its inherent selectivity. For volatile components (like 

dichloromethane and acetonitrile) the gastight SPME was almost twice more sensitive 

than headspace SPME and almost one hundred times more sensitive than static 

headspace. For less volatile compounds, headspace SPME and gastight SPME showed 

similar sensitivities, both of them being almost ten times more sensitive than static 

headspace. For polar compounds (like 1,2-dioxane) the headspace SPME was more 

sensitive than static headspace and gastight SPME.  

Both headspace SPME and gastight SPME showed excellent sensitivities for all 

investigated compounds.  

The Table 14 shows the repeatability of the developed method for headspace-SPME and 

gastight SPME techniques.  
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The repeatability of the method was investigated by extracting spiked aqueous solutions 

with concentrations given in the Table 14.  
 

Table 14. The repeatability of analytical data. 

 Concen- Quantifi- Repeatability of peak areas 
Component tration cation mass RSD [%] of 5 replicates 

 ng/ml m/z G-SP1 H-SP2 

Acetonitrile 50 41 2 3 

Dichloromethane 500 49 2 3 

Chloroform 50 83 3 2 

Trichloroethylene 100 130 5 2 

1,2-Dichloroethane 100 63 3 2 

Benzene 100 78 4 2 

1,4-Dioxane 100 88 5 2 

Pyridine 100 79 7 2 
1 gastight SPME 
2 headspace SPME 
 
The repeatability data were calculated from the analytes peak areas of five replicates, 

within one day and by one analyst. Acceptable RSD of peak areas were obtained for all 

sample preparation techniques used. For volatile components, the gastight SPME showed 

better repeatability than for less volatile/more polar components. The pyridine gave the 

worst repeatability (RSD 7%) as expected taking into consideration its polarity and boiling 

point. The headspace SPME gave the best repeatability for all components. We found that 

consistent stirring is one of the most important factors for repeatable SPME analysis. 

The headspace SPME equipped with a polydimethylsiloxane/divinylbenzene coated fiber 

was chosen because of its better precision as sample preparation method for the 

determination of residual solvents in a proprietary drug product 3 by GC-MS.  

The validation data of the selected method are presented in the Table 15. As can be seen, 

the method is linear for all investigated analytes with excellent correlation coefficients over 

the whole linear range. The intercept confidence interval for all analytes does contain the 

origin. The accuracy data were assessed on samples spiked with known concentrations of 

analytes. Accuracy was reported as percent recovery by the assay of known added 

amount of analyte in the sample. For all analytes the mean recovery was greater than 

90%. Acetonitrile, dioxane and pyridine gave less recovery mainly because their polarity 

(affinity to the aqueous solution). The best recoveries were given by tricholoroethylene 

and benzene mainly because their high affinity to the polymer film. 



 53

The intermediate precision data were consistent and the assessed RSD of peak areas 

were similar to the repeatability ones. 

 
  Fig. 17.  The headspace SPME chromatogram of a 100 ng ml-1 standard solution. 
 

The quantitation limits were investigated by extracting spiked aqueous solutions as 

described in the experimental part. The quantitation limit was performed by comparing 

measured signals from the selected ion chromatogram of samples with known low 

concentration of analyte with those of blank samples. The acceptance criteria was a 

signal/noise ratio of minimum 10:1. 

From the chromatographic point of view, gastight SPME gave better peak shapes than 

headspace SPME. In the Figure 17 is shown the headspace SPME chromatogram of a 

100 ng/ml standard solution in which the peak at 6.46 min is a coelution of an water 

impurity and benzene.  
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Table 15. The validation data for Headspace SPME method. 

 Acetonitrile DCM1 Chloroform TCE2 1,2-DCE3 Benzene Dioxane Pyridine 

Linearity data         

Correlation coefficient 0.9992 0.9998 0.9994 0.9999 0.9994 0.9999 0.9990 0.9995 

Slope 1168 2149 12251 21779 3567 21975 35 2097 

  Standard error  14 9 103 71 30 62 0.6 19 

Intercept 1521 1767 5400 15639 2508 12624 53 3081 

  Standard error 935 5481 6118 8730 3720 7613 84 2922 

  Confidence interval  (95%) -538 , 3580 -9916, 13449 -7640, 18441 -3086, 34365 -5470, 10488 -3704, 28953 -140, 247 -3528, 9692 

Concentration range [ng/ml] 0.4-200 0.04-2000 0.04-200 0.04-400 0.04-400 0.04-400 8-400 2-400 

Number of standards  11 18 16 16 16 16 10 10 

Accuracy data         

Mean recovery [%] 93 95 97 99 96 99 92 93 

Concentration range [ng/ml] 0.5-200 5-2000 0.5-200 1-400 1-400 1-400 1-400 1-400 

Number of standards 7 7 7 7 7 7 7 7 

Precision         

 Repetability         

   Concentration [ng/ml] 50 1000 50 100 100 100 100 100 

   Number of replicates 7 7 7 7 7 7 7 7 

   RSD of peak areas [%] 3 3 2 2 2 2 2 2 
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Table 15. Continued. 

 Acetonitrile DCM1 Chloroform TCE2 1,2-DCE3 Benzene Dioxane Pyridine 

 Intermediate precision4         

   Concentration [ng/ml] 50 1000 50 100 100 100 100 100 

   Number of replicates 3 3 3 3 3 3 3 3 

   RSD of peak areas [%] 4.1 3.1 3.9 3.3 2.9 2.7 2.9 1.62 

   variance between groups 0.7778 1103.4 1.3333 0.7778 1.4444 1.3333 1.0000 0.6411 

   variance within groups 1.0000 784.9 1.2222 2.6667 0.6667 0.5556 1.0000 7.2455 

   Fcalc      (Fcrit=5.143) 0.778 1.406 1.091 0.292 2.167 2.400 1.000 0.088 

Quantitation limit [ng] 0.8 0.08 0.08 0.08 0.08 0.08 16 4 
1 Dichloromethane 
2 Trichloroethylene 
3 1,2-Dichloroethane 
4 During three consecutive days, by one analyst on the same instrument 
 



 56

As can be seen in the Figure 18, showing the chromatogram of a gastight SPME extraction 

of a 100 ng/ml standard solution, the previous critical pair was quite well resolved.  
 

 
  Fig. 18. The gastight-SPME chromatogram of a 100 ng ml-1 standard solution. 

 

Unfortunately, even if it looks like a very promising technique, gastight-SPME did not gain 

many supporters and users, mainly because shortly after its introduction, Carboxen-based 

mixed adsorbents were introduced, which compensated for the inherent selectivity of 

gastight-SPME technique.  

 

The second reason, which influenced further development of gastight-SPME based 

approach, was there are some serious challenges regarding the fabrication of these 

devices. The gastight-SPME device needs that coated silica fiber attachment tubing to be 

glued to the Teflon plunger of a Hamilton gastight syringe. 

 

This attachment is prone to significant mechanical wear, which caused a low lifetime of this 

device. During fabrication of these devices, we penetrated the Teflon plunger with the 

stainless steel fiber stainless steel tubing, and after that we glued externally with high 

temperature polyimide glue. Unfortunately after a few hundred injections the polyimide layer 
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loosed its adherence to the plunger, and injections became irreproducible mainly because 

the vapors were loosed at the plunger stainless steel junction.  

 

Re-gluing the junction did not solve the problem, requiring the fabrication of a new device. 

Supelco failed to make commercially available such devices, which greatly hindered its 

further use and development. 

 

 
Fig. 19. Gastight-SPME chromatogram of proprietary drug substance 3  

spiked with 100 ng ml-1 standard solution. 

 

The Figure 19 shows a gastight SPME chromatogram of proprietary drug substance 3 

spiked with 100 ng/ml standard solution. As can be seen from the chromatogram, even in a 

strong matrix (peptide matrix, polar) the extraction could easily happen with recoveries (by 

assay of known added amount of analyte in the sample) greater than 90%. At the same 

time, the peak shape remained very good. 

 

In the Figure 20 a gastight SPME chromatogram of proprietary drug substance 3 is shown, 

in which three unknowns were extracted and identified by their mass spectrum. All mass 

spectra of unknowns were checked against NIST mass spectral library and the fit between 

measured and find spectra were bigger than 94 %. The identified compounds were found to 
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be impurities of solvents used during synthesis, which concentrated into the products. Their 

concentrations were close to their detection limits. 

 

 
Fig. 20. Gastight SPME chromatogram of proprietary drug substance 3. 

 

Figure 21 shows the gastight SPME chromatogram of proprietary drug substance 4 (a 

heterocyclic compound, proton pump inhibitor, Gedeon Richter proprietary substance). The 

investigation was required because some tablets containing drug substance 4 had a bad 

smelling odor.  

 

In this case two unknown components appeared in the residual solvents chromatogram of 

this substance. The headspace SPME did not give detectable signal for the first unknown. 

After analyzing the residual solvent profile of this substance by gastight SPME-GC-MS we 

identified the two unknowns as being methanethiol and dimethyl disulfide. The mass 

spectral quality of methanethiol peak was very good, allowing easy identification. The 
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methanethiol presence clearly explains the bad smelling odor, as the organoleptic 

detectability of methanethiol (methyl mercaptane) is in the low ppm range.  

 
Fig. 21. Gastight-SPME chromatogram of proprietary drug substance 4. 

 
 

In this particular case it can be seen from the chromatogram a loss of chromatographic 

resolution due to peak broadening caused by the slow thermal desorbtion of the 

components from the polymer film. This slow mass transfer happens because the initial 

concentration of analytes in the aqueous phase was around 100 µg/ml, which causes 

diffusion of the components deep into the polymer film and slow thermal desorbtion into the 

gas chromatographic injector.  



 60

3.4.1.2 SPME sample preparation techniques using “second generation” fibers (Method 

2.2), for confirmation type applications (quantitative purposes) 

 

In early 1999, Supelco commercially introduced some a new SPME fiber, a mixture of 

Carboxen and polydimethylsiloxane. This new fiber combined the advantages of classical 

polydimethyl siloxane coatings with a high selectivity for more volatile analytes due to the 

active carbon layer. At the same time, the “older” fibers coatings matured, and Supelco 

made them available in cross-linked versions, which dramatically improved their stability 

and ruggedness.  

 
Fig. 22. Desorbtion temperature effect on chromatographic peak shape. 

 

During application of the developed method to residual solvents determination of some drug 

substances for benzene confirmation studies in drug substance 3, we observed higher RSD 

values for some batches of investigated drugs, fact unexplainable at the moment [129]. We 

decided to investigate more thorough the influence of gas-chromatographic parameters, the 

extraction conditions and the thermal desorbtion parameters from GC injector. 

Our first step was the optimization of chromatographic system, when we changed the 

previous column with one better suited to GC-MS measurements, we lowered the GC 

column temperature program starting point under 40 ºC, to achieve a focusing effect during 
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sampling, and changed injector liner from 4 mm I.D. to a 2 mm I.D. liner. Using the new 

experimental set-up we investigated what influence has thermal desorbtion temperature on 

peak width, and we got the results from Figure 22. 

If injector temperature is lower than 150 ºC, then peak broadening occurs, because of slow 

thermal desorbtion. For injector temperatures bigger than 200 ºC, the peak symmetry is 

acceptable. 

The next step was to investigate other headspace-SPME extraction parameters, which can 

have an influence on sensitivity and reproducibility of the previously developed method. 

During next experiments, based on Method 2.1 optimization, a 30 min extraction time was 

kept.  
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               Fig. 23. Headspace volume optimization for Method 2.2. 

 

We found that headspace volume has a big effect on extraction sensitivity, and its influence 

is presented in Figure 23.  

In the case of benzene and 1,2-dichloroethane, headspace volume increase has a very 

pronounced detrimental effect on sensitivity. Because of the geometric limitations of the 

fiber and headspace vial, the minimum headspace volume was 3 ml, otherwise fiber 

becomes immersed in the liquid phase. In the case when we employed the 3 ml headspace 

volume we got the biggest sensitivities together with an unwanted process, a dramatic 

increase of RSD of measured peak areas [54]. 

The 4.6 ml (caused by the contraction of 5 ml water upon addition of 2 g NaCl) headspace 

volume assures reproducible analysis, and this volume was further on used. The other 

investigated residual solvents showed less influence of headspace volume on sensitivity. 
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For the first time in the literature we found that total volatile content of the sample has the 

biggest influence on method sensitivity and reproducibility. Taking into consideration that all 

other components are present in negligible amount compared to methanol (solvent used for 

sample spiking), in Figure 24 is highlighted the methanol concentration effect on 

headspace-SPME extraction efficiency. The methanol influence on sensitivity is 

approaching a hyperbolic shape, at low concentration can be seen a drastic increase in 

sensitivity, which is slowly saturating the extracting efficiency at higher concentrations.  
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              Fig. 24. Total organic content influence on headspace-SPME extraction efficiency. 

 

Total organic volatile content has bigger influence on the extraction of benzene and 1,2-

dichloroethane, and with lower effect on chloroform and 1,1-dichloroethene. The extraction 

of hexane is not influenced by the total organic content of the sample. This behavior 

possibly is caused by differences in components polarities, methanol as a  

non-protic polar solvent is changing the partition coefficients of extracted compounds. 

If the total organic content is bigger than 5%, then the system could become unstable, 

because the organic phase can swell the polymer which coats the fiber, generating “ghost 

peaks” and shortening fiber lifetime. Because of that we found useful to keep total organic 

content between 0.1% and 1% as repeatability is constant and stable on this interval.  

 

The total organic content have a significant influence on system reproducibility, as can be 

seen from Table 16, when at 0.1% methanol content the obtained reproducibility data are 

significantly lower than those obtained at 0.05% methanol content.  
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Table 16. The repeatability of analytical data. 

 Concen- Quantifi-       Repeatability of peak areas  

Component tration  cation mass          RSD [%] of 5 replicates  

 ng/ml m/z 0.05% Methanol1 0.1% Methanol1 

1,1-Dichloroethene 50 96 8 2 

n-Hexane 40 56 7 1 

Chloroform 10 83 7 3 

1,2-Dichloroethane 50 62 7 2 

Benzene  6 78 7 2 
1 percent of methanol added into the sample 
 

This fact explains very well the behavior observed, when some batches of drug substance 3 

showed significantly higher RSD data than other batches. Indeed, the data correlated very 

well with investigated batches total volatile organic content, which varied from 0.03% to as 

high as 2%. For all batches having low total organic volatile content, RSD values of 

headspace-SPME measurement were high.  
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Fig. 25. Added salt amount influence on headspace-SPME extraction efficiency. 

 

Evidently, the total organic content is influencing the residual solvent determination 

precision (in our case the most precise determination is given by hexane and the most 

imprecise is given by chloroform), that’s why test samples and standard solutions should be 

kept in the 0.1%-1% total volatile content and assuring that both have VOC’s in similar 

concentrations. 

The added salt amount was investigated in Figure 25, and as expected, the salt presence in 

the aqueous system improves the headspace-SPME extraction efficiency of higher boiling 
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point solvents, like benzene and 1,2-dichloroethane. For all other components salt effect 

was insignificant. The optimum salt amount to be added to 5 ml sample was set to 2g.  
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               Fig. 26. Injector temperature optimization for Method 2.2. 

 

The next step was to investigate the injector thermal desorbtion parameters, namely what 

influence has the injector temperature and the desorbing depth into injector on headspace-

SPME extraction efficiency. These two parameters are closely interconnected, as usually 

gas chromatographic injectors temperature profile is not a constant one. Ideally, the fiber 

coating should be positioned in an injector region where temperature is not having sharp 

gradients. Usually this can be checked with thin high-temperature platinum sensors and a 

calibrated digital thermometer. In our case the injector thermal profile along the liner lacked 

sharp thermal gradients and was reasonably constant.  

As was experienced before, too low injector temperatures would cause peak (injection 

band) broadening, and too high injector temperature would generate thermal decomposition 

and fiber low lifetime. As can be seen from Figure 26, the optimum injector temperature for 

hexane was 200 ºC, and for all other components was 220 ºC, which was chosen as 

optimum injector temperature.  

The next investigated parameter was injection depth influence on desorbtion of analytes 

absorbed on the fiber polymeric film. Different instruments have different temperature profile 

in their injectors, that’s why we tried to find the injector “hottest” point.  
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It can be seen from Figure 27 that even if the temperature profile of employed injector can 

be considered uniform, still an injection depth of minimum 2 cm from injector cap is 

required. 
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           Fig. 27. Injection depth optimization for Method 2.2. 
 

After optimization we determined the detection limits of investigated analytes for different 

fiber coatings, by extracting spiked aqueous solutions as described in the experimental part. 

The detection limit was performed by comparing measured signals from the selected ion 

chromatogram of samples with known low concentration of analyte with those of blank 

samples.The acceptance criteria were a signal/noise ratio of minimum 3:1, and the obtained 

results are shown in Table 17. 
 

Table 17. The detection limits on various fibers. 

                 Detection limits for employed methods [ng] 
Component PDMS/DVB1 CW/DVB2 Polyacrilate3 Carboxen/PDMS4 

1,1-Dichloroethene 0.5 1 5 0.4 

Chloroform 0.05 0.1 2. 5 0.04 

n-Hexane 0.05 0.15 5 0.05 

1,2-Dichloroethane 0.05 0.1 5 0.1 

Benzene 0.05 0.2 0.5 0.05 
1 Polydimethylsiloxane/Divinylbenzene fiber 
2 Carbowax/Divinylbenzene fiber 
3 Polyacrylate fiber  
4 Carboxen/ Polydimethylsiloxane fiber 
 

The CX/PDMS coating gave the best sensitivities, but for this fiber peak symmetry was not 

as good as in the case of PDMS/DVB fiber. More, CX/PDMS were found to give higher RSD 
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values and to have significant bleeding at their optimum desorbtion temperature (280-300 

ºC). 

 

For quantitative purposes we further used PDMS/DVB fiber, as we previously validated a 

headspace-SPME method using the later fiber, and we didn’t want to drastically modify 

system selectivity.  

 
Fig. 28. Typical chromatogram of benzene determination from drug substance 3. 

 

The main application field of headspace-SPME in pharmaceutical analysis was for 

confirmation studies, as SPME based techniques are still not accepted by regulatory 

agencies, in spite of their inherent selectivity and sensitivity. For residual solvents pertaining 

to Class I the acceptance limits are low, in the few ppm concentration range. These 

solvents are not used in drug products manufacturing processes, but sometimes can 

appear as impurities of commonly used solvents or in some cases as by-products from 

synthesis. In such cases their concentration is very low, usually under 0.1 ppm, and in such 

cases SPME based sensitivity is a must. 

The developed method was applied to benzene confirmation in drug 4, and a typical 

chromatogram is presented in Figure 2.8. The modifications made on previously developed 

method did not change the validated parameters, that’s why only a short verification of 

method suitability main parameters was necessary. 



 67

The developed method was employed in Gedeon Richter LTD. QC department for benzene 

presence confirmation (under 0.1 ppm) and quantitation in drug 3, giving efficient 

performance and unattended throughput for more than 3 years.  

 

3.4.1.3 SPME sample preparation techniques using “second generation” fibers (Method 

2.3) for identification purposes 

3.4.1.3.1 Method development 
 

We choose as model analytes in this study polar solvents, because their extraction from 

water presents greatest difficulties, based on their good miscibility with water. Previously we 

have found that saturation of the aqueous phase with salt increased the extraction efficiency 

of each analyte. The % increase ranged from about 20% to almost 300%.  

 

The optimized chromatographic conditions (low starting temperature of the column, narrow 

bore injector liner, 1 min. splitless time), together with the optimum desorbtion parameters 

(optimum injection depth into the injector of 2.5 cm, respectively optimum desorbtion 

temperature - for CX/PDMS of 300 °C and for all other fibers of 250 °C) are not influenced 

by the type of the extracted compounds and were kept constant during our study.  

 

    
Fig. 29. Extraction time optimization for    Fig. 30. Headspace volume optimization 

Method 2.3      for Method 2.3 

 

In order to maximize the sensitivity of this technique based on our previous experience we 

used the 75 µm CX/PDMS (Carboxen/ polydimethylsiloxane) coated fiber as this fiber 

showed the best sensitivities for all investigated compounds [130]. 
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The first step in our Headspace SPME method development was to establish the time 

required for all target analytes to reach equilibrium. Figure 29 shows that all analytes 

attained equilibrium after 30 min.  

The Immersion SPME from aqueous solutions sample preparation methods showed the 

same behavior. 

 

After establishing the equilibration time, we were interested to examine the effect of 

headspace volume on the sensitivity of analyzed components. Figure 30 shows that low 

headspace volumes improve sensitivity, probably because reducing headspace volume 

shortens the diffusion path in the gaseous phase. The best sensitivity is given for a 

headspace volume of 3 ml in respect to a vial volume of 10 ml. At the same time the use of 

low headspace volumes (under 4 ml) increased the RSD [%] of the measured peak areas 

by around 1.5 times. In cases when sensitivity is not critical, headspace volumes of 5 ml 

can be used without significant loss in sensitivity and with a gain in precision. In this case as 

the extraction efficiency of the investigated compounds was quite low a low headspace 

volume was chosen in order to maximize the extraction efficiency. 

 

      
Fig. 31. Total volatile organic content    Fig. 32. Effect of added air volume on  

Optimization for Method 2.3    sensitivity for Method 2.3 

 

The most important parameter regarding the extraction efficiency was found to be the total 

volatile organic content of the aqueous phase. As can be seen from Figure 31 the sensitivity 

decreases drastically with the increase in volatile organic content. When the working 

aqueous solutions contain more than 0.5% volatile organics, the extraction efficiency is very 

low, or even no extraction (in the case of alcohols) occurs. The optimum working range for 

the total volatile content (TVC) was found to be between 0.01% and 0.1%. In this range the 

extraction efficiency can be considered constant.  

When preparing standard and sample solutions with large differences in total volatile 

organic content the better approach was to dilute the sample until it reaches the optimum 
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range and then to add methanol to the standards in order to bring its total organic content 

as close as possible to the sample TVC value.  

During our study we observed the fact that slightly pressurizing the headspace vial 

improves the overall extraction efficiencies for aqueous and organic systems. We added 

with gastight syringe different volumes of air in the headspace vial and we extracted the 

pressurized test solutions. The maximum added air volume was of 3 ml test solutions. As it 

can be seen from Figure 32 for aqueous systems the pressurization have an insignificant 

influence on the extractions efficiencies of 2-propanol, ethyl acetate and diisopropylether, 

the gain being around 1.2 times.  

For 1-propanol, ethylmethylketone and t-butanol the gain in sensitivity was about 2.5 times. 

A significant effect on the extraction efficiencies was observed in the case of methylacetate 

and t-butylmethylether when the observed sensitivity gain was around 4 times and 

respectively in the case of acetone, when the gain was around 5 times. We observed also 

the fact that slightly pressurizing the headspace vials is enough to generate the reported 

sensitivity increase, and that because after adding more than 2 ml of air no further increase 

can be observed. The optimum air volume to be added to a headspace vial with a 

headspace volume of 3 ml was 2 ml of air. 

 
Fig. 33. Total ion chromatogram of spiked aqueous standard solution under 
optimum conditions for Method 2.3  

 

In Figure 33 is presented the chromatogram of the optimized CX/PDMS Headspace SPME 

of aqueous spiked test substance. It can be seen from chromatogram that the peak shape 

is quite good, and even if acetone and 2-propanol are not resolved, the inherent selectivity 

of the GC-MS does compensate for that partial coelution. 
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3.4.1.3.2 The Headspace SPME method evaluation 
The first step in method evaluation was the determination of detection limits (DL) for all 

investigated compounds and systems and the comparison with the detection limits of other 

polymer coated fibers. Detection limits were investigated by extracting spiked aqueous 

standard. The detection limit was performed by comparing measured signals from the 

selected ion chromatogram of samples with known low concentration of analyte with those 

of blank samples . The acceptance criteria was a signal/noise ratio of minimum 3:1.  

 

Five different fibers with different coatings: polydimethylsiloxane/divinylbenzene 

(PDMS/DVB), polydimethylsiloxane (PDMS), carbowax/divinylbenzene (CW/DVB) 

polyacrylate (PA) and Carboxen/polydimethylsiloxane (CX/PDMS) were compared under 

same experimental parameters in order to find the most sensitive coating for all analytes 

under study. Table 18 shows the method detection limits for the headspace SPME method 

for all investigated fibers and also for the two organic systems. The reported detection limits 

for acetone and 2-propanol are consistent with the data from literature [103].  

 
Table 18. Detection limits of the employed methods in the case of Headspace SPME sampling. 

 Detection Limits for the employed methods [µg] 
Component headspace SPME sampling 

 DVB1 PDMS2 CW3 PA4 CX5 

2-Propanol 5.4 10.2 5.4 3.4 0.07 
1-Propanol 219.6 265.9 117.0 398.5 1.4 
Ethylmethylketone 2 8.2 0.68 3.4 0.007 
t-Butanol 8.8 30.6 7.5 12.24 0.2 
Ethyl acetate 0.7 2.7 0.34 1.4 0.003 
Methyl acetate 2 7.5 1.4 2.72 0.007 
Diisopropylether 0.14 0.14 0.14 0.41 0.005 
t-Butylmethylether 0.27 0.41 0.68 0.7 0.05 
Acetone 3.4 10.9 2.04 2.04 0.034 
1 Polydimethylsiloxane/Divinylbenzene fiber 
2 Polydimethylsiloxane fiber 
3 Carbowax/Divinylbenzene fiber 
4 Polyacrylate fiber 
5 Carboxen/ Polydimethylsiloxane fiber over aqueous solutions 
 

The CX/PDMS coated fiber showed the best sensitivity toward all investigated components. 

For 2-propanol and t-butanol the CX/PDMS fiber was more that 30 times more sensitive, for 

acetone and 1-propanol was more than 50 times more sensitive and for ethyl acetate, 

methyl acetate and ethylmethylketone was more than 100 times more sensitive than all 

other fibers. For t-butylmethylether the CX/PDMS coated fiber gave similar results as 

PDMS/DVB and PDMS coated fibers.  
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Table 19. Detection limits of the employed methods in the case of Immersion SPME sampling. 

 Detection Limits for the employed methods [µg] 
Component  immersion SPME sampling   

 DVB1 PMS2  CW3  PA4 CX5 

2-Propanol 7.2 24.3 14.4 15.3 0.045 
1-Propanol 163.8 484.2 400.5 430.2 5.4 
Ethylmethylketone 9.0 30.6 5.4 55.8 0.09 
t-Butanol 56.7 64.8 27.9 95.4 0.9 
Ethyl acetate 2.7 9.9 0.18 30.6 0.009 
Methyl acetate 10.8 27.0 6.3 30.6 0.054 
Diisopropylether 0.36 0.9 0.27 7.2 0.063 
t-Butylmethylether 1.35 1.8 1.8 23.4 0.18 
Acetone 14.4 13.5 6.3 25.2 0.18 
1 Polydimethylsiloxane/Divinylbenzene fiber 
2 Polydimethylsiloxane fiber 
3 Carbowax/Divinylbenzene fiber 
4 Polyacrylate fiber 
5 Carboxen/ Polydimethylsiloxane fiber in aqueous solutions 
 
All five fibers were also compared using the Immersion SPME sample preparation 

technique, as described in the experimental part. The optimized parameters were kept 

constant during their evaluation. The detection limits for Immersion SPME sampling are 

presented in Table 19. In can be seen from presented data that Immersion SPME gives less 

sensitivity than its headspace counterpart. 

The repeatability of the method was investigated by extracting spiked aqueous solutions 

with concentrations given in the Table 20.  

The repeatability data were calculated from the analytes peak areas of five replicates, within 

one day and by one analyst. The repeatability of the developed methods was investigated 

for three systems, two aqueous with a total volatile organic content of 0.06% respectively 

0.1%. Acceptable RSD of peak areas were obtained for all sample preparation techniques 

used.  

It can be seen that for low volatile organic content the repeatability of the analytical method 

was much worse than for higher volatile organic content. Between the investigated 

components 1-propanol and t-butanol gave the biggest RSD values close to 9 %, the 

method being the most precise for ethyl acetate, methyl acetate and acetone, with a RSD 

around 5%. Using higher volatile organic contents, close to 0.1%, the sensitivity of the 

method will be reduced by almost 20% but the repeatability of the analytical method will be 

improved by 50%. For identification purposes when the sensitivity is the most important 

parameter, then low volatile organic environments should be used. For routine/quantitative 

purposes a 0.1 % volatile organic content should be used, because in this case the 

analytical method is more precise. 
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Table 20. The repeatability of analytical data. 

 Concentrations Quantifi-       Repeatability of peak areas  
Component             ng/ml cation mass          RSD [%] of 5 replicates  

 CX1 m/z CX/0.062 CX/0.13 

2-Propanol 152 45 7.3 4.9 
1-Propanol 429 59 8.7 4.3 
Ethylmethylketone 206 43 4.5 2.4 
t-Butanol 165 59 9.1 4.6 
Ethylacetate 251 61 4.8 3.2 
Methylacetate 239 75 5.9 3.1 
Diisopropylether 93 45 7.8 3.9 
t-Butylmethylether 95 73 6.8 3.8 
Acetone 152 58 4.5 2.5 
1 Carboxen/ Polydimethylsiloxane fiber over aqueous solutions 
2 Carboxen/ Polydimethylsiloxane fiber over aqueous solutions with a total volatile content of 0.06% 
3 Carboxen/ Polydimethylsiloxane fiber over aqueous solutions with a total volatile content of 0.1% 
 

The headspace SPME equipped with a Carboxen/polydimethylsiloxane coated fiber was 

chosen because of its better precision and sensitivity as sample preparation method for the 

determination of residual solvents in two proprietary drug product of the Gedeon Richter 

LTD by GC-MS.  

 
Fig. 34. Total ion chromatogram of aqueous spiked sample solution of 
Drug 3 with concentrations from Table 20. 

 

Figure 34 shows the CX/PDMS aqueous headspace SPME chromatogram of spiked 

sample solution of Drug 3 with concentrations presented in Table 20. 
 

As can be seen from the chromatogram, even in a strong matrix (peptidic matrix, polar) the 

extraction could easily happen with recoveries ( by assay of known added amount of 

analyte in the sample) greater than 90%. Near the methyl acetate peak we found also an 
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unknown, which was identified and quantitated. The identified compound was found to be 

methylene chloride, a solvent used during the synthetic route.  

The developed headspace-SPME method was applied to unknown residual solvents 

identification from drug substances and pharmaceutical preparations.  

 
Fig. 35. Headspace-SPME of drug substance 5 

 

In Figure 35 is shown a headspace-SPME chromatogram of drug substance 5, from 

aqueous solutions. During release, an unknown residual solvent was observed, and using 

headspace-SPME GC-MS, was identified as isopropyl alcohol, based on the spectrum 

presented in Figure 36.  

 
Fig. 36. Isopropyl alcohol mass spectral identification 

In Figure 37 is presented the headspace-SPME chromatogram of tablets containing drug 

substance 6, and where chloroform was the unknown residual solvent. 
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Fig. 37. Headspace-SPME chromatogram and residual solvents spectra from 

tablets containing drug substance 6. 
 

All mass spectra of unknowns were checked against NIST mass spectral library and the fit 

between measured and find spectra were bigger than 94 %. 

 

3.4.2 SPME-GC-MS for pharmaceutical products soluble in organic solvents 

3.4.2.1 Preliminary method development for Method 3.1 

The first step was to estimate the critical parameters for the residual solvent extraction from 

organic solvents. We found that the Carboxen/Polydimethylsiloxane coated fibers have low 

affinity for dimethyl sulfoxide (further on DMSO) and N,N-dimethylformamide (further on 

DMF), allowing the extraction of volatile residual solvents, without swelling. All other 

polymer-coated fibers are swelled by the organic solvent, which drastically shortens the 

fiber lifetime. 

The optimized chromatographic conditions (low starting temperature of the column, narrow 

bore injector liner, 1 min. splitless time), together with the optimum desorption parameters 

(optimum injection depth into the injector of 2.5 cm, respectively optimum desorption 

temperature - for CX/PDMS between 280 and 300 °C) [129] are not influenced by the type 

of the extracted compounds and were kept constant during our study.  

In order to maximize the sensitivity of this technique based on our previous experience 

[129] we used the 75 µm CX/PDMS (Carboxen/ polydimethylsiloxane) coated fiber as this 

fiber showed the best sensitivities for all investigated compounds. 

The Headspace SPME from organic solvents showed a 30 minutes optimum extraction 

time.  
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We investigated the influence of solvent volume on extraction efficiency. In the case of 

DMSO it can be seen from Figure 38 that increasing the added DMSO volume indeed 

reduce the extraction efficiency but not at the extent experienced when increasing the total 

volatile content (further on TVC) in aqueous phases. For low (around 100µl DMSO) solvent 

volumes the ethyl acetate is better extracted than methyl acetate and ethyl methyl ketone. 

At higher DMSO volumes methyl acetate is better extracted and ethyl acetate shows a 

significant decrease in extraction efficiency. At the same time di-isopropylether starts to be 

better extracted than ethyl methyl ketone, and for DMSO volumes bigger than 300µl their 

extraction efficiencies become practically the same. The DMSO volume does not 

significantly influence the extraction efficiency for more polar components like 1-propanol, 2-

propanol, t-butanol, t-butyl methyl ether and acetone. The optimum DMSO volume is 

around 100 µl, which as a matter of fact is enough to dissolve 50 mg of some water 

insoluble substances. 

      
Fig. 38. DMSO sample volume optimization  Fig. 39. DMF sample volume optimization 

 

In the case when the solvent is DMF, the overall extractions efficiencies are much less than 

in the previous case. As can be seen from Figure 39, the extraction efficiencies decrease 

when DMF volume increases, and for DMF volumes larger than 300 µl the system reaches 

saturation. At low DMF volumes (around 100 µl) acetone and t-butyl methyl ether have good 

extraction efficiency, which decreases significantly with DMF volume. The methyl acetate 

has the best extraction efficiency.  

The optimum DMF volume is around 100 µl. 

During our study we observed the fact that slightly pressurizing the headspace vial 

improves the overall extraction efficiencies. We added with gastight syringe different 

volumes of air in the headspace vial and we extracted the pressurized test solutions. The 

maximum added air volume was of 5 ml for DMSO test solutions.  

As can be seen from Figure 40, in DMSO test solutions, a continuous increase in sensitivity 

was observed with the increase in pressure inside the headspace vial. For ethyl methyl 

ketone this effect was not observed and the gain in sensitivity for was around 1.6 times. For 



 76

all other components the sensitivity gain was almost constant, around 2.5 times. For 

practical purposes the optimum volume of air to be added to a headspace vial with DMSO 

or DMF standard and sample solutions was 5 ml of air. 

 

 
Fig. 40. Influence of pressurization on extraction efficiency 

 

 
Fig. 41. Total ion chromatogram of standard solution extraction from DMF solutions. 

 

In Fig. 41 is presented the chromatogram of the optimized CX/PDMS Headspace SPME of 

organic (DMF) spiked test substance. It can be seen from the chromatogram that peak 

shape are much better than in aqueous systems, as the tailing of the late eluting 

components was substantially improved. 
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From the preliminary method development we found that each time a Headspace SPME 

method is developed extensive optimization is necessary. We found that headspace 

volume, added organic solvent volume, and in some cases the pressure inside the 

headspace vial are very important parameters. These parameters need to be reoptimized 

each time when a new component is added to the analytical method. We found that 

sensitivity and reproducibility are inversely related parameters. When maximizing sensitivity 

(using low headspace volumes with low total volatile organic contents) the reproducibility 

worsens. For routine purposes, larger headspace volumes and more organic solvent should 

be used.  

Between the investigated polymeric films the Carboxen/polydimethylsiloxane coated fiber 

showed by far the best sensitivities for all compounds. The fiber was able to extract 

compounds with different polarity and volatility from organic environments. The 

Carboxen/polydimethylsiloxane coated fiber showed very good stability in organic media. 
 

Table 21. The method evaluation analytical data. 

 Concentra-
tions Quantifi- Repeatability of peak 

areas 
Detection Limits for the 

employed methods 

Component Ng/ml cation mass RSD [%] of 5 
replicates [ng] 

 CX/O11 m/z CX/O11 CX/O22 CX/O11 CX/O22 

2-Propanol 254 45 3.1 2.8 5 6 

1-Propanol 714 59 5.7 3.5 100 115 

Ethylmethylketone 342 43 3.3 3.0 2 10 

t-Butanol 275 59 4.2 4.0 20 10 

Ethyl acetate 418 61 2.2 3.2 1 5 

Methyl acetate 399 75 5.6 4.5 0.5 3 

Diisopropylether 155 45 6.2 3.8 1 3 

t-Butylmethylether 159 73 3.3 3.1 2 5 

Acetone 254 58 2.5 3.0 1 2 
1 Carboxen/ Polydimethylsiloxane fiber over dimethylsulfoxide solutions 
2 Carboxen/ Polydimethylsiloxane fiber over N,N-dimethylformamide solutions 
 

   The first step in method evaluation was the determination of detection limits (DL) for all 

investigated compounds and systems. Detection limits were investigated by extracting 

spiked organic solutions as described in the experimental part. The detection limit was 

performed by comparing measured signals from the selected ion chromatogram of samples 

with known low concentration of analyte with those of blank samples. The acceptance 

criterion was a signal/noise ratio of minimum 3:1.  

The Table 21 shows the method detection limits for the headspace SPME method for two 

organic systems.  
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The extraction from DMSO was superior in terms of sensitivity but worse in terms of 

reproducibility, compared to extraction from DMF.  

The repeatability of the method was investigated by extracting spiked aqueous solutions 

with concentrations given in the Table 21. The repeatability data were calculated from the 

analytes peak areas of five replicates, within one day and by one analyst.  

It can be seen that the organic system repeatability vary from 2% to 6%. In this case the 

worst repeatability were encountered in the case of 1-propanol, methyl acetate and 

diisopropylether, and the best repeatability were given by ethyl acetate and acetone.  

 

 
Fig. 42. Total ion chromatogram of drug substance 2 from DMSO 

spiked with residual solvents in concentrations from Table 21.  

 

The headspace SPME equipped with a Carboxen/polydimethylsiloxane coated fiber was 

chosen because of its better precision and sensitivity as sample preparation method for the 

determination of residual solvents in a proprietary drug product of the Gedeon Richter LTD 

by GC-MS.  

From the chromatographic point of view, the organic system gave better peak shapes than 

the aqueous. The Figure 42 shows the CX/PDMS organic (DMSO) headspace SPME 

chromatogram of spiked sample solution of drug substance 2 with concentrations presented 
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in Table 21. Around the methyl acetate peak we identified two unknown components, which 

showed to be dimethyl sulfide and 1-propanethiol, two impurities of the solvent (DMSO). 

The identified impurities were also observed during the optimization of the method, but in 

much less quantities. The better extraction of these impurities can be attributed to the matrix 

effect of drug substance 2. The extraction recoveries for all components (by assay of known 

added amount of analyte in the sample) were greater than 90 %. All mass spectra of 

unknowns were checked against NIST mass spectral library and the fit between measured 

and found spectra was bigger than 94 %. 

 

3.4.2.2 Optimization approaches for identification type qualitative methods (Method 3.3) 

 
Based on previous experience with SPME extraction from organic solvents, this time the 

most important driving force was to accomplish maximum sensitivity for extracted residual 

solvents. In Chapter 1 we developed and validated a static headspace gas chromatographic 

(HS-GC) method for the determination of residual solvents in pharmaceutical products.  
   Fig. 43. Headspace volume optimization for headspace SPME Method 3.3. 

 

This method needs an SPME-GC-MS method able to extract residual solvents present in 

drug products from organic solvents for the identification of possible unknown residual 

solvent components. Method 1.1 was adapted for the identification of unknown components 

in drug products. Instead of striving for system stability (the RSD to be as low as possible) 

we were interested in maximizing extraction efficiency. Between the commercially available 

fibers, for residual solvent extraction from organic media Carboxen/Polydimethylsiloxane 
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showed to give best results, and at the same time having excellent stability with prolonged 

contact with high boiling solvents.  

Our first step was to determine the optimal headspace volume. We used five different types 

of headspace vials, with septa and capping possibilities. The investigated volumes were  

1.5 ml, 3 ml, 5 ml, 10 ml and 20 ml. In Figure 43 is presented the influence of headspace 

volume on headspace SPME extraction efficiency. As can be seen, the extraction perform 

better at low headspace volumes, fact which was expected, because in the case of 

headspace SPME the components needs to be desorbed from liquid phase, diffuse to the 

fiber adsorbent and adsorb on it  

    Fig. 44. Sample volume optimization for headspace-SPME Method 3.3. 

 
 

Methanol, ethanol, dichloromethane and N,N-dimethylformamide shows almost the same 

behavior (50% decrease from 1.5 ml to 10 ml headspace volumes), as their partition 

coefficients are at the extremes. For hexane the sensitivity decrease from 1.5 ml to 10 ml 

headspace volume is dramatic, being by a factor of 3.  

If for the other components the interplay between headspace volume and partition 

coefficient compensate each other, hexane desorption from liquid phase and adsorption of 

SPME fiber are defavorized, fact which leads to such behavior. 

For all other components, the effect of headspace volume increase is not so pronounced as 

in the above cases. Based on these observations, in order to maximize sensitivity, we used 

a 1.5 ml headspace volume.  

The next important parameter to be optimized was the sample volume. Taking into 

consideration that the extraction is done above organic solutions, for practical purposes is 
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useful to minimize the organic solvent volume as it adsorbs on the SPME fiber, and being in 

large quantities it swells it, reducing its lifetime. The sample volume optimization is 

presented in Figure 44.  

Fig. 45. Added air effect on method sensitivity for Method 3.3. 

 

It can be seen that increasing sample volume has a detrimental effect on extraction 

efficiencies of all compounds. Previously we found that for quantitative purposes in order for 

the method to be stable, sample volumes between 50 µl and 100 µl should be used, as in 

this case the RSD are less than 6%. The sensitivity decrease between 10 µl sample volume 

and respectively 100 µL in the case of chloroform and N,N-dimethylformamide is by a factor 

of 10 times. For ethanol, acetone, acetonitrile, dichloromethane, ethyl acetate and benzene 

the corresponding decrease in sensitivity between 10 µl and 100 µl sample volume was 

around three times.  

The sample decrease is not influencing the t-butyl methyl ether, hexane and cyclohexane 

extraction efficiency. All curves present an inflection point around 40 µl sample volume, 

which means that for identification purposes, when the sensitivity is important, the optimum 

sample volume is between 10 and 30 µl. In our work we used a 10 µl sample volume. 

Previously we observed that when using 10 ml headspace vials with 100 µl organic sample 

volume, adding air to the vial, and in this way slightly pressurizing it, have beneficial effect 

on extraction efficiencies. In this case, as it can be seen from Figure 45, the air addition to 

the vial has no substantial effect on analyte extraction and that mainly because of the low 

headspace volume.  
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For low volume headspace vials the diffusion path is much shorter than for bigger vials, and 

in this case pressurizing the vial is not showing the same improvement as for larger vials. 

Previously we observed that agitation has an important effect on reproducibility and on the 

time required to attain equilibrium. As seen before, we found that the best results were 

obtained with low headspace volumes, and taking into consideration that the employed 

sample volume was low, a 1.5 ml headspace vial was employed. For these types of vial and 

for the low sample volume, magnetic stirring is not any more applicable. Following that, we 

investigated the extraction time effect on recovery of residual solvents, in conditions when 

no magnetic agitation of sample solution was used. The time influence on headspace 

extraction efficiency is presented in Figure 46.  

Fig. 46. Extraction time optimization. 

 

From the presented data can be seen that the system reach equilibrium after 20 minutes, 

and the previously observed and employed extraction time of 30 minutes is enough for 

suitable residual solvent extractions. 

 

The observed phenomenon can easily be explained taking into consideration that 

headspace vial size reduction generates much shorter headspace diffusion path. At the 

same time, instead of 100-150µl of diluting solvent, in the present case we use 20µl of 

solvent, and in this way decreasing the diffusion path in the solution. 

 

A typical residual solvents headspace SPME chromatogram of a standard solution in 

concentrations from Table 22 is presented in Figure 47. 
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Fig. 47. Headspace-SPME total ion chromatogram of optimization standard. 

 
The method evaluation data are presented in Table 22.  
 
Table 22. The repeatability and detection limits for Headspace SPME method. 
 Amount Quantifi- Repeatability of peak areas Detection limit 

Component ng cation mass RSD (%) of 5 replicates (pg) 

  m/z Solvent I Solvent II Solvent I Solvent II 

Ethanol 800 45 7.9 8.5 700 500 
Acetone 500 43 8.3 4.1 50 40 
Acetonitrile 400 41 9.2 4.6 50 40 
Dichloromethane 600 49 6.5 3.0 10 30 
tert-Butyl methyl ether 600 43 8.1 5.1 500 300 
Hexane 250 41 5.5 4.7 250 250 
Ethylacetate 600 43 4.3 3.7 70 50 
Chloroform 230 83 5.7 7.8 500 500 
Cyclohexane 600 43 10.3 5.7 500 500 
Benzene 10 78 7.2 5.6 20 10 
N.N-Dimethylformamide 800 79 7.7 6.9 600 500 
 

The repeatability was calculated from five consecutive injections of optimization standard. 

Compared with previous values, the repeatability data are significantly (2-3 times) higher, 

fact which was to be expected, as in the case of headspace SPME, the sensitivity and the 

reproducibility are opposite. Increasing sensitivity will worsen the reproducibility.  

More, it can be seen that the repeatability data are bigger when benzyl alcohol (Solvent I) 

was used, compared to the values when dimethylsulfoxide (Solvent II) was the organic 
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media. For acetone, acetonitrile, dichloromethane and cyclohexane the repeatabilities from 

Solvent I are 2 times bigger than the ones from Solvent II. Probably the solvent polarity 

influence both analyte desorption from liquid phase and analyte adsorption on SPME fiber, 

by polar modifications.  

 

The detection limits for the two employed solvents are similar, and both of them in the low 

pg range. Dichloromethane was better extracted from Solvent I, and at he same time 

benzene showed better extractions from Solvent II. The detection limit for benzene, for a 

10mg drug product weighting, is 1ppb, around 100 times better than static headspace 

methods. The best sensitivity was shown by benzene and dichloromethane, two 

compounds with large partial vapor pressure (for dichloromethane) and high affinity for the 

SPME fiber adsorbent (in the case of benzene).  
 

Then we were interested how well the reported detection limits can be reproduced for 

different fibers. The testing was done on three different fibers by injecting optimization 

standard five times and reporting the mean peak area value of injections. The mean peak 

area values are given in Table 23.  
 

Table 23. Headspace-SPME fiber-to-fiber reproducibility. 
Component           Mean Peak Areas of 5 injections 
 Fiber 1 Fiber 2 Fiber 3 

Ethanol 217342 915177 931896 

Acetone 1249304 667120 898574 

Acetonitrile 986862 1538795 1790449 

Dichloromethane 2519966 1565210 2347975 

tert-Butyl methyl ether 52398 55629 62154 

Hexane 42242 8290 6826 

Ethylacetate 1448956 467283 433434 

Chloroform 18001 13155 14556 

Cyclohexane 48551 19317 12250 

Benzene 151929 49157 50452 

N.N-Dimethylformamide 341818 77997 95304 
 

It can be seen that there are very large differences between investigated fibers, even if all 

three were conditioned, extracted and used in the same way. This fact reduce the 

applicability of headspace SPME in the routine determination of residual solvent content in 

pharmaceutical products, as the reported detection limit values cannot be kept with fiber 

change. Still the method is suitable for qualitative, identification purposes by GC-MS. 
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The developed method was applied to unknown residual solvents identification in 

pharmaceutical products. Previously we developed, optimized and validated a method for 

residual solvent determination from proprietary drug substance 1, which is a synthetic 

peptide type compound, by static headspace gas chromatography. The developed routine 

method needs a fast and sensitive headspace method for the identification of unknown 

components.  

 

In Figure 48 is presented the total ion chromatogram of residual solvents of drug substance 

1, by headspace SPME-GC-MS. The unknown component is eluting between 

dimethylsulfoxide and a fiber impurity. The unknown residual solvent was found to be 

toluene, which is an elimination product from the synthesis. All mass spectra of unknowns 

after identification were checked against NIST mass spectral library, and the fit between 

measured and found spectra was considered to be acceptable if it was greater than 90%.  

 

 
Fig. 48. Headspace SPME total ion chromatogram of residual solvents identification 

for drug substance 1. 

 

The toluene spectral search results are presented in Figure 49. 
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Fig. 49. Mass spectrometric data for toluene (identified unknown component). 

 

 

3.4.2.3 Optimization approaches for confirmation type quantitative methods (Method 

3.2) 

 

Previously we found that method sensitivity and its reproducibility are inversely related 

parameters. This time we strived for enhancing method stability without loosing too much of 

its sensitivity. In order to accomplish this particular goal, a few difficult analytes were 

chosen, some of which pertain to Class I of residual solvents (which require the lowest 

detection limits), like 1,1-dichlorethene, 1,2-dichloroethane and benzene, then components 

with low extraction efficiency, like hexane, and compounds with very high extraction 

efficiency, as chloroform.  

 

All chromatographic conditions (low starting temperature of the column – under 40 °C, 

narrow bore injector liner), together with the optimum desorbtion parameters (optimum 

injection depth into the injector of 2.5 cm, respectively optimum desorbtion temperature - for 

CX/PDMS between 280 and 300 °C) are not influenced by the type of the extracted 

compounds and need no reoptimization.  

 

A fast WCOT analytical column was chosen in order to assure a good sample turnaround 

and good method throughput.  

 



 87

The first step was to estimate headspace volume influence on method sensitivity, presented 

in Figure 50.  

It can be seen that the 1.5 ml headspace vial gives far best sensitivity for all compounds, 

and it has a large influence on the extraction of investigated residual solvents. The 

headspace volume influence on individual extraction efficiency can be grouped in three 

representative classes. For components pertaining to the first group, formed by chloroform 

and benzene, analytes with high affinity for the fiber adsorbent and relatively high vapor 

pressure over the organic solvent because of their relative polarity to the solvent, 

headspace volume increase has a low influence on extraction efficiency, namely increasing 

headspace volume from 1.5ml to 20ml is generating a 1.5 times decrease in sensitivity.  
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  Fig. 50. Headspace volume optimization for Method 3.3.  

 

The second group is formed by 1,1-dichloroethene and hexane, compounds with a relatively 

less polar character related to the solvent, with lower vapor pressure over the solvent, and 

for which headspace volume increase generates a large decrease in extraction efficiency. 

When increasing headspace volume from 1.5 ml to 20 ml we observe a 4.4 and 8.8 times 

decrease in sensitivity for respectively 1,1-dichloroethene and hexane.  

The third group is formed by 1,2-dichloroethane, compound with good solubility in the 

organic solvent and with a relative polarity to solvent between the first two groups. For this 

group the headspace volume influence on extraction efficiency is similar with the first group 

(a 1.5 decrease in sensitivity with headspace volume increase from 1.5 ml to 20 ml), but in 

this case its curve starts to rise again at higher headspace volumes.  
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As we employed for this approach deuterated internal standards, from which better method 

stability was expected, in order not to loose too much sensitivity, a headspace volume of 1.5 

ml was the optimal choice. 
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Fig. 51. Sample volume optimization for Method 3.3. 

 

Following the general approach, the next step was to optimize the sample volume, 

presented in Figure 51. In this case, the solvents pertaining to the first and second group, 

formed by chloroform, benzene and 1,2-dichloroethane, increasing sample volume from 20 

to 100µL in generating a 3 times reduction in sensitivity. For the third group, formed by 1,1-

dichloroethene and hexane, the decrease in sensitivity in only 1.5 times. More, the curves 

show an early saturation, which suggests that in this case larger sample volumes can be 

used without a significant loss in sensitivity. For practical purposes a 20µL sample volume 

was selected. 

 

Taking into consideration that the conditions employed use short a diffusion path and low 

headspace volumes, we checked the time necessary for extraction, with no agitation, 

presented in Figure 52. As observed previously, an extraction time of 30 minutes was 

sufficient for all solvents to reach equilibrium. 
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A chromatogram of optimization standard with concentrations from Table 24 is presented in 

Figure 53.  
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Fig. 52. Extraction time optimization for Method 3.3. 

 

In order to improve method stability and reliability, for quantitation purposes internal 

standards were employed. Taking into consideration intrinsic mass spectrometric 

capabilities, the deuterated counterparts of investigated solvents were taken into 

consideration. 

 

It was found that more internal standards are necessary; ideally analytes can be classified 

by their volatility and chemical structure, and each volatility and chemical group needs its 

own internal standard. Unfortunately, the practice of using of many internal standards is not 

supported by regulatory agencies, as internal standards can eventually mask components 

co eluting with them. Because of that, we employed only three internal standards, hexane-

d12 for hexane, benzene-d6 for benzene, and trichloroethylene for all other compounds. 

 

The chromatogram of quantitation standard with concentrations from Table 24 is presented 

in Figure 54. From the chromatogram it can be seen that hexane is baseline resolved from 

his deuterated analogue, but benzene is showing partial co-elution with benzene-d6. Taking 

into consideration that detectection was made by mass spectrometry, it was not necessary 

to achieve complete separation of analytes.  
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                              Fig. 53. Headspace SPME chromatogram of optimization standard 

 

When very volatile compounds are to be analyzed, also acetone-d6 or ethanol-d6 can be 
also used, but in presented case it was found that these internal standards are not 
necessary. 
 
Table 24. Repeatability, accuracy and detection limits data for Method 3.2. 

  Concen- Repeatability of peak areas  Accuracy data  Detection limits
  tration RSD [%] of 5 replicates    for Method 3.3 [%] for Method 3.3
  ng EXT1 INT2 EXT1 INT2 pg 
1.1-Dichloroethene 80 7.1 0.9 91.4 99.6 100 
Hexane 70 5.8 1.7 82.9 99.4 450 

Choloroform 500 4.6 1.8 98.1 99.9 700 

1.2-Dichloroethane 300 5.6 1.6 96.7 100.5 250 

Benzene 5 7.5 1.7 78.1 100.1 30 
      1with external standard evaluation 
      2 with internal standard evaluation: benzene d6 for benzene. hexane d14 for n-hexane and  
        trichloroethylene for all others 
 

The developed method analytical parameters are presented in Table 24, in which results 

from both external standard and internal standard quantitation methods are presented.  
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From the presented data is evident that the use of internal standards significantly improved 

method reproducibility and accuracy. The use of separate internal standards for benzene 

and hexane was needed because of their low accuracy values during optimization studies, 

together with low reproducibility performance. After using internal standards, the accuracy 

and reproducibility data were significantly improved.  

 

 
                              Fig. 54. Headspace SPME chromatogram of quantitation standard 

 
Trichloroethylene showed to be a good choice for chloroform, 1,2-dichloroethane and 1,1-

dichloroethene, even if its volatility is lower than the previous analytes. With external 

standard quantization, these components show good accuracy values but low 

reproducibility performance, which was significantly improved by using trichloroethylene as 

internal standard.  

The obtained detection limits for investigated residual solvents are around two times less 

compared with Method 3.2 ones, showing that sample volume increase made slightly less 

sensitive the extraction method.  
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3.5 Conclusions 
 

We pioneered headspace-SPME and gastight-SPME extraction techniques for residual 

solvent determination and identification in the pharmaceutical analysis of drug products and 

pharmaceutical preparations soluble in aqueous solutions. We followed the development of 

commercially available fibers and studied the main parameters influencing efficiency of 

headspace-SPME based techniques. Between the investigated sample preparation 

techniques gastight-SPME proved to be more sensitive and headspace-SPME proved to be 

more precise. The most important difference between the two techniques is that the 

gastight-SPME showed better behavior towards very volatile impurities, thus allowing lower 

detection/quantitation limits. Compared with the static headspace technique both SPME 

methods showed superior results in terms of sensitivity, being from all points of view 

compatible with the pharmaceutical samples, demonstrated by successful validation of one 

developed method. 

 

Between the investigated polymeric films the polydimethylsiloxane/divinylbenzene coated 

fiber and later on Carboxen/polydimethyl siloxane showed by far the best sensitivities for all 

compounds. The fibers were able to extract compounds with different polarity and volatility. 

Extensive optimization is necessary each time a headspace SPME method is developed. 

We found that the extraction time, total volatile content, headspace volume and the 

pressure inside the headspace vial are very important parameters. These parameters need 

to be reoptimized each time a new component is added to the analytical method.  

 

At the same time, we found that chromatographic conditions (low starting temperature of the 

column, 30°C; narrow bore injector liner, 1 min splitless time), together with the optimum 

desorbtion parameters (optimum injection depth into the injector of 2.5 cm; optimum 

desorbtion temperature for CX/PDMS of 300°C, and for all other fibers of 250°C) are not 

influenced by the type of the extracted compounds and do not need to be reoptimized.  

 

We also found that sensitivity and reproducibility are inversely related parameters. When 

maximizing sensitivity (using low headspace volumes with low total volatile organic 

contents), the reproducibility worsens. For routine purposes, larger headspace volumes and 

higher (around 0.1%) total volatile contents should be used. At the same time, when routine 

measurements are done, care should be taken that sample solutions and test solutions 

have similar total volatile organic contents, in the range 0.01–0.1%.  

 

The headspace-SPME GC-MS proved to be a powerful technique in the identification and 

determination of unknown solvent residues in pharmaceutical products. With this technique, 
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we were able to identify residual solvents in our proprietary pharmaceutical products. Even 

if SPME techniques are not yet accepted as sample preparation methods by 

Pharmacopoeias, taking into consideration their precision, accuracy and speed of analysis, 

we can state that they are suitable for quantitative residual solvent determination in 

pharmaceutical products. 

 

We applied for the first time the headspace-SPME technique for the extraction of residual 

solvents from organic solutions, thus being able to identify and determine residual solvents 

from pharmaceutical products soluble in organic solvents. 

We developed a method for release type activities, but we found that Carboxen/dimethyl 

polysiloxane have low fiber-to-fiber reproducibility, which made the method unsuitable for 

validation. The phenomenon is related to immature fiber production technologies, and 

important breakthroughs are to be expected in this area. 

We developed a method for identification type activities, in order to support the static 

headspace methods developed and validated in Chapter 1. Using the method we were able 

to identify some unknown components from drug products. 

 

We developed a method for confirmation purposes, in order to allow determination of Class 

I solvents at much more lower levels than the static headspace methods developed and 

validated in Chapter 1. In this method we employed more deuterated internal standards, in 

order to improve method precision and accuracy. 

 

We found that each time a Headspace SPME method is developed extensive optimization 

is necessary. We found that headspace volume, added organic solvent volume, and in 

some cases the pressure inside the headspace vial are very important parameters. These 

parameters need to be reoptimized each time when a new component is added to the 

analytical method. We found that sensitivity and reproducibility are inversely related 

parameters. When maximizing sensitivity (using low headspace volumes with low total 

volatile organic contents) the reproducibility worsens. For routine purposes, larger 

headspace volumes and more organic solvent should be used.  

 

Other researchers, who applied and adapted the methodology to their practical needs, 

followed our methodology and approaches. 

 

Headspace-SPME using Carboxen/dimethylpolysiloxane fibers showed to be a powerful 

sample preparation method for residual solvents extraction from organic solvents. 
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5. Summary of new and original contributions  
 

For the first time we developed, optimized and validated two methods for residual 

solvents determination from pharmaceutical products soluble in organic solvents, that 

comply with modern regulations for pharmaceutical analysis and is fully supporting the 

selectivity and detection limits required by the ICH Q3C(M) guideline. The methods are 

sensitive (allowing detection limits of as low as 0.1ppm for benzene), accurate and precise.  

For the first time we reported that sample volume and solvent polarity (through its 

composition) have a critical influence on static headspace sensitivity. For the first time we 

applied Risk Management approaches to method development and showed that care 

should be taken when choosing dissolving solvent and that drug product water content must 

be monitored and taken into consideration. For the first time we showed that that the 

injected volume and headspace vial volume have a critical influence on system precision. 

The developed method were applied to residual solvent determination for the release of 

proprietary substances 1 and 2 at Gedeon Richter Ltd., and offered unattended 

performance for more than 5 years under continuous operation, with more than 50 000 

samples analyzed without any method adjustment, being thus robust, rugged and very 

stable. The method development and validation documentation was inspected by regulatory 

agencies (OGyI, FDA, EU) and found to be conforming to modern GXP regulations and 

guidelines. The developed methodologies are currently under consideration of being 

introduced as official methods for residual solvent determination for drug products soluble in 

organic solvents in the United States Pharmacopoeia. 
 

We introduced the headspace-SPME and gastight-SPME extraction techniques coupled to 

GC-MS techniques in the pharmaceutical analysis, for the identification, confirmation and 

determination of residual solvents in pharmaceutical products soluble in water. We 

developed three methods and validated the one intended for residual solvent quantitative 

determination for drug products soluble in water. All methods showed much better 

sensitivities than static headspace. We identified all critical parameters related to SPME 

extraction and presented optimization approaches for these parameters.  
 

We applied for the first time the headspace-SPME technique for the extraction of residual 

solvents from organic solutions, thus being able to identify and determine residual solvents 

from pharmaceutical products soluble only in organic solvents. 

We developed a method for release type activities, but we found that Carboxen/dimethyl 

polysiloxane have low fiber-to-fiber reproducibility, which made the method unsuitable for 

validation. The phenomenon is related to immature fiber production technologies, and 

important breakthroughs are to be expected in this area. 
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We developed a method for identification type activities, in order to support the static 

headspace methods developed and validated in Chapter 1. Using the method we were able 

to identify unknown components from drug products soluble only in organic solvents. 

We developed a method for confirmation purposes, in order to allow determination of Class 

I solvents at much more lower levels than the static headspace methods developed and 

validated in Chapter 1. In this method we employed more deuterated internal standards, in 

order to improve method precision and accuracy. 

 

The headspace-SPME GC-MS proved to be a powerful technique in the identification and 

determination of unknown solvent residues in pharmaceutical products, and was applied for 

more than 7 years at Gedeon Richter with excellent results. The publicized approaches and 

methodologies were followed by other research groups and successfully applied to their 

needs. Our publications are constantly cited as reference studies in this area. 

 

We succeeded to introduce in the pharmaceutical analysis a complete analytical package 

capable of solving the main challenges related with residual solvent determination 

from pharmaceutical products, which is internationally recognized and broadly 

employed by pharmaceutical industry all over the world. 
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7. Abbreviations 
 

ICH  - International Conference on Harmonization 

I.D.  - Internal diameter 

CX  - Carboxen 

CX/PDMS - Carboxen/Polydimethylsiloxane 

CW  - Carbowax 

DMF  - N,N-Dimethylformamide 

DMSO  - Dimethyl sulfoxide 

DVB  - Divinylbenzene 

ECD  - Electron Capture detector 

FID  - Flame ionization detector 

GC  - Gas chromatography 

GC-MS - Gas chromatography mass spectrometry 

HS  - Static Headspace sample preparation technique 

HS-GC - Static Headspace coupled to gas chromatography 

OOS  - Out of specification 

PA  - Polyacrilate 

PDMS  - Polydimethylsiloxane 

SIM  - Selected ion monitoring 

SPME  - Solid phase microextraction 

TIC  - Total ion chromatogram 


