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Abstract
An accurate, precise, robust and sensitive method was developed for residual solvents determination by fast static head-
space gas chromatography (HSGC) with flame ionization detector in Imatinib Mesylate API. Residual solvents in drug 
substances are quantified using gas chromatography with headspace. As per regulatory guidelines, residual solvents must 
be controlled for release any batches of active pharmaceutical ingredients (API). This paper includes the development and 
validation of HSGC method for the determination of residual solvents specifically methanol, acetone, dichloromethane, 
n-hexane, ethyl acetate and pyridine in Imatinib Mesylate API. Imatinib Mesylate is a specific inhibitor of BCR-ABL tyrosine 
kinase. DB-624 capillary column, 30 m long × 0.53 mm internal diameter, the 3 µm film thickness was used for analysis. To 
minimize degradation, injector temperature was set at 170 °C. The initial oven temperature was kept at 35 °C for 2 min 
and used ramp 1 at a rate of 4 °C  min−1 to temperature of 80 °C hold for 0 min and used ramp 2 at a rate of 40 °C  min−1 
to a final temperature of 230 °C for 12 min hold time. Nitrogen was selected as a carrier gas. 1-Methyl-2-Pyrrolidinone 
(NMP) was used as a sample solvent. The method can be readily used to determine defined residual solvents present in 
a various range of APIs, intermediates, excipients and drug products.

Keywords Residual solvents · Imatinib Mesylate · Headspace gas chromatography · Flame ionization detector · Method 
validation

1 Introduction

Residual solvents or volatile organic solvents are used or 
formed during the manufacturing of pharmaceutical drug 
substances, intermediates, excipients or pharmaceutical 
drug product [1]. The solvents are toxic, have no thera-
peutic importance and affect the quality and stability of 
drug substances and drug products so they are not desir-
able in the final product [2–4]. Although it is difficult to 
remove completely with the common techniques used in 

practical manufacturing process such as increased process 
temperature or/and decreased pressure, they need to be 
minimized. However, depending on the nature of the API, 
residual solvents and drying condition of the process, 
some amount of residual solvents traces can be retained 
in the final drug substances or drug product. Thus, accept-
able levels of many residual solvents are included in regu-
latory guideline; particularly in guideline Q3C issued by 
the International Conference on Harmonization of tech-
nical requirements for registration of pharmaceuticals for 
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human use (ICH) [5, 6]. ICH has also included daily expo-
sure limit of many solvents it has classified these solvents 
into four classes on the basis of the toxicity level and the 
degree to which they can be considered an environmental 
hazard [6]. Class I solvents (which covers 5 residual sol-
vents) are known or suspected human carcinogens and 
environmental hazards, the use of these solvents should 
be avoided. Class I solvents should be identified and quan-
tified. Class II solvents (which covers 29 residual solvents) 
are non-genotoxic animal carcinogens or possible causa-
tive agents of other irreversible toxicity such as neuro-
toxicity or teratogenicity. Use of these solvents should 
be limited. Class II solvents have individual limits. Class III 
solvents (which covers 26 residual solvents) having low 
toxic potential to man; no health-based exposure limit is 
needed. Class 3 solvents have PDEs of 50 mg or more per 
day. Finally, Class 4 solvents are those for which no ade-
quate toxicological data have been found [7]. Therefore 
determination of residual solvents becomes a necessary 
procedure for quality control of drug substances and drug 
product to meet regulatory guideline and ensure patient 
safety [8, 9].

Head space gas chromatography (HSGC) is generally 
used to determine residual solvents because of its high 
separation efficiency and sensitivity for organic volatile 
solvents [10]. However head space bounds the analysis 
to those solvents being evaporated from HS only, it also 
requires larger sample load and analysis time should be 
longer due to sample equilibration. Headspace sam-
pling is preferred because of its ability to avoid direct 
liquid or solid injection [11, 12]. HSGC methods mini-
mize any possible interference caused by non-volatile 
substances or by the degradation/decomposition prod-
ucts of the non-volatile components. While comparing 
to headspace, direct injection method requires rela-
tively low sample concentration, but the high boiling/
melting point components of the sample may not be 
eluted through GC Column and they may contaminate 
the GC injection port and leads to poor chromatography. 
HSGC with FID detection has been mainly used for the 
analysis of organic volatile solvents present in the phar-
maceutical drug substances and drug products [13–16]. 

Battu et al. have developed the residual solvent method 
where ethyl acetate and hexane has not been sepa-
rated [17], while Adepu et al. have reported a method in 
which acetone and DCM has not been separated [18]. In 
addition, Puranik et al. have described the study on few 
residual solvents [19]. However, this method has some 
drawbacks, for example: dimethyl sulfoxide was used as 
diluent, which decomposes thermally to produce dime-
thyl sulfide; resolution between solvents is less than 1.5 
and has been injected at low concentration; standard of 
residual solvents were not prepared as per ICH limit, etc.

This report describes the separation of six residual sol-
vents, among which two pair of solvents were critical i.e. 
n-hexane and ethyl acetate, and DCM and acetone using 
headspace gas chromatography (HSGC) with flame ioni-
zation detector (FID) in Imatinib Mesylate API. Moreover, 
method was developed considering sample matrix and 
accuracy, precision and linearity were established.

Imatinib Mesylate is a tyrosine kinase inhibitor, used 
to treat patients with hematological malignancies or 
malignant sarcomas such as gastrointestinal stromal 
tumors, chronic myeloid leukemia, acute lympho-
blastic leukemia, gastrointestinal stromal tumors [20, 
21]. Imatinib Mesylate is designated chemically as 
4-[(4-methylpiperazine-1-yl)methyl]-N-(4-methyl-3-{[4-
(pyridin-3-yl)pyrimidin-2-yl]amino} phenyl) benzamide 
methanesulfonate (Fig. 1), is a specific inhibitor of the 
tyrosine kinase in BCR-ABL+ cell [22]. It is an approved 
drug for treatment of gastrointestinal stromal tumor 
since 2002 [21] and for chronic myelogenous leukemia 
since 2011 [23] from the United States food and drug 
administration. Six solvents are required for the synthe-
sis of Imatinib Mesylate i.e. methanol, acetone, dichlo-
romethane, n-hexane, ethyl acetate and pyridine [24] 
and these should be controlled in final API.

In this research article, we have been described a 
development and validation of an HS-GC analytical 
method for determination of six residual solvents used in 
the route of synthesis to produce the Imatinib Mesylate 
drug substances. Incorporated Residual solvents Permis-
sible daily exposure limit and ICH class categories are 
described in Table 1.

Fig. 1  Chemical structure of Imatinib Mesylate
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2  Experimental

2.1  Chemical, material, and reagents

Imatinib Mesylate API was synthesized in Cadila Health-
care Ltd. (Ahmedabad, Gujarat, India) [25]. Methanol, 
acetone, dichloromethane (DCM), n-hexane, ethyl acetate 
and pyridine were purchased from Merck (India). 1-Methyl-
2-Pyrrolidinone (NMP) was purchased from Spectrochem 
(Mumbai, India).

2.2  Instrumentation

HSGC system of an Agilent technologies 6890N equipped 
with a flame ionization detector with a headspace sam-
pler (Agilent technologies G1888) was used for method 
development and method validation studies. A 2 mm I.D. 
deactivated direct split liner was used as an inlet liner and 
chemstation software was used for data acquisition and 
chromatographic data integration. A Sartorius micro bal-
ance CP225D (Germany) and micro-pipette (100–1000 µL 
from Borosil) were used.

2.3  Gas chromatographic conditions

30 m × 0.53 mm I.D., 3.0 µm film thickness DB-624 (bonded 
6% cyanopropylphenyl-94% dimethylpolysiloxane) capil-
lary GC column to achieve proper Separation in a devel-
oped method. DB-624 column was manufactured by J&W 
Scientific (Agilent Scientific Technologies, Wilmington, 
DE, USA). The GC method parameters, headspace sam-
pler conditions, and oven temperature programming of 
the method have been mentioned in Table 2. 

2.4  Preparation of standard and sample solution

Standard solution of residual solvent was prepared accord-
ing to respective ICH limit. A composite standard stock 
solution of all the known residual solvent was prepared 
in such a way that it contains a final concentration of 
300 ppm for methanol, 500 ppm for acetone, 60 ppm for 

dichloromethane, 29 ppm of n-hexane, 500 ppm for ethyl 
acetate and 20 ppm for pyridine in NMP.

The blank vial was prepared with 1.0 mL of NMP, the 
standard vial was prepared with 1.0 mL of the standard 
solution and the sample vials were prepared with 100 mg 
per 1.0 mL NMP.

2.5  Method validation

The method validation was performed by evaluating spec-
ificity, limit of detection (LOD), limit of quantitation (LOQ), 
linearity, accuracy, intermediate precision, system suitabil-
ity and method precision of residual solvents as specified 
in the ICH harmonized tripartite guideline (2005).

3  Result and discussion

3.1  Gas chromatographic analytical method 
development

Method development by HSGC involves critical parame-
ter such as selection of sample solvent, detector, column, 
carrier gas, optimization of headspace condition and 
chromatographic conditions. Developed method should 
be specific, sensitive, robust and QC friendly. The critical 
parameter of the developed method is discussed below.

3.1.1  Selection of detector and carrier gas

A flame ionization detector (FID) was used for this method 
because FID has good sensitivity. The carrier gas was 
selected as nitrogen because it is economical as compared 
to helium.

3.1.2  Selection of column

The GC Column is a crucial parameter for developing an 
efficient and sensitive HSGC method. The residual solvents 
were commonly determined by bonded 6% cyanopropyl-
phenyl-94%dimethylpolysiloxane (624) column due to 

Table 1  Class of the residual 
solvents of Imatinib Mesylate 
as per the ICH guidelines

S. no Name of residual 
solvent in Imatinib 
Mesylate

Class of 
solvent

Permissible daily 
exposure (PDE) (mg/
day)

ICH Limit (ppm) Density (kg/m3)

1 Methanol II 30.0 3000 791.80
2 Acetone III 50.0 5000 791.00
3 Dichloromethane II 6.0 600 1326.00
4 n-Hexane II 2.9 290 659.1
5 Ethyl acetate III 50 5000 897.00
6 Pyridine II 2.0 200 981.90
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its mid-polar nature, higher temperature limit than other 
polar columns (DB-Wax), and higher retention of polar sol-
vents compare to non-polar column (DB-1). The retention 
of polar solvents on a DB-624 column is relatively stronger 
at high temperatures and could provide high separation 
between solvents which has minor differences in boiling 
points. Since the objective was to develop an efficient 
HSGC method, a DB-624 column (30 m × 0.53 mm, 3.0 µm 
film thickness) was selected, which is commonly used for 
residual solvent determination [26–29]. As shown in Fig. 2 
of the representative chromatograms for the method using 
DB-624 column, all residual solvents present in Imatinib 
Mesylate API were well separated from each other and 
from diluent also. To separate dichloromethane and ace-
tone was highly critical by HSGC. Resolutions of this criti-
cal pairs were 6.3 in a developed method. To define the 
effect of the stationary phase on the resolution, a non-polar 
GC column DB-1 (100% dimethyl polysiloxane) used with 
the same chromatographic conditions of the developed 
method. Resolution of a critical pair was decreased to 1.2 
from 6.3 with DB-1 Column. These results clearly indicated 

that the DB-624 column is the best choice for the separa-
tion of all six residual solvents in Imatinib Mesylate API. 

3.1.3  Selection of sample solvent

Several solvents were tried mainly DMF, DMSO and NMP 
for sample solvents and it was observed that NMP gave 
smooth baseline with no interference at the retention 
times of the targeted solvents. DMS Peak was formed 
during heating in an oven when using DMSO as sample 
solvents. DMF gave baseline interference at the reten-
tion time of Pyridine. So finally NMP was used as the 
standard and sample solvent because of its ability to 
dissolve a wide variety of drug substances. It has a high 
boiling point (202 °C) that does not interfere with the 
analysis of volatile solvents.

3.1.4  Chromatographic conditions

To develop an HSGC method, there are two strategies for 
selecting oven programs. The first strategy was to keep 

Table 2  Experimental condition for determination of residual solvents of Imatinib Mesylate API

Components Parameters Requirements

Headspace condition Injection volume 1 ml
G.C cycle time 40 min
Oven temperature 80 °C
Loop temperature 90 °C
Transfer line temperature 110 °C
Sample equilibration time 30 min
Loop equilibration time 0.20 min
Loop fill time 0.10 min
Inject time 1 min

Injector Carrier gas Nitrogen
Injector temperature 200 °C
Gas flow (constant pressure) 2.3 psi
Injection mode Split 1:2
Liner Glass liner

Column DB-624 (30 m long × 0.53 mm I.D × 3 μm film thickness) 6% cyanopropylphenyl and 94% dimethylpolysiloxane
Oven temperature program Increment rate (°C/min) Temperature (°C) Hold time (min)

– 35 2
4 80 0
40 230 12

Detector Total program time 29.0 min
Type FID
Temperature 260 °C
Hydrogen flow 40 ml/min
Airflow 400 ml/min
Make up flow (N2) 25 ml/min
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initial oven temperature low and then gradient elution 
and in second strategy isothermal elution at relatively 
high oven temperatures. We wanted to increase the reten-
tion time of methanol, so we choose the first strategy to 
start our method development and finalized 35 °C Temp 
as initial oven temp with Hold time for 2 min. After that 
in ramp 1, a slow gradient was applied i.e. 4 °C/min to 
80 °C to resolve the critical pairs, dichloromethane and 
acetone. To elute other high boiling unknown impuri-
ties and NMP, which is having 202 °C boiling point, oven 
temp set at 40 °C/min increment to 230 °C with 12 min 
Final hold time. The flow rate of nitrogen was finalized 
at 3.3 mL/min which is equivalent to 24 cm/s of linear 
velocity. Finally, the method was developed with a total 
run time of about 29 min.

3.1.5  Optimization of headspace parameters

The sensitivity of the HSGC method was directly impacted 
by headspace oven temperature, Headspace oven Tem-
perature should be kept same or above the boiling point 
of the residual solvents but below the boiling point of 
the sample solvents. To minimize the carryover problems 
Loop temperature has been kept 10–15 °C higher than 
oven temperature and the transfer line temperature also 
has been kept 10–15 °C higher than the loop tempera-
ture [30]. Headspace oven temperature was kept at 80 °C 
because among all residual solvents pyridine has a high-
est boiling point of 80 °C. The boiling point of the NMP is 
202 °C. Therefore, the headspace oven, loop, and trans-
fer line temperatures were selected at 80 °C, 90 °C and 
110 °C, respectively. The vial equilibration time was set to 
30 min. Other headspace parameter has been described 
in Table 2.

3.2  Method validation

The final method was validated per requirements pre-
scribed in ICH guidelines [31].

3.2.1  Specificity

The method specificity was demonstrated by injecting 
the Blank, individual residual solvents standard solution 
(chromatogram has been attached in Fig. S-2) and speci-
ficity solution (composite standard solution of all residual 
solvents). In the developed chromatographic method, no 
interference was observed at the retention time of tar-
geted residual solvents from each other and from sample 
solvents or other unknown peaks. The retention time of 
methanol, acetone, dichloromethane (DCM), n-hexane, 
ethyl acetate and pyridine was found to be 4.10, 6.07, 
6.92, 7.99, 9.61 and 14.69 min, respectively. The retention 
time of sample solvent (NMP) was found to be 18.0 min. A 
typical chromatogram of the standard solution is shown 
in Fig. 2.

3.2.2  Linearity and range

The linearity of the method was determined using 7 con-
centration level over the range 20–150% of ICH Limit 
Level. The calibration curve was found to be linear within 
the range and correlation coefficient  (r2) values for all six 
residual solvents were found to be higher than 0.99. Line-
arity curve and values for the residual solvents have been 
provided in Fig. 3 and Table 3. Each residual solvent was 
easily passed acceptance criteria for accuracy, system pre-
cision, method precision and linearity from the low con-
centration to high concentration, therefore the range of 
the method was 60–450 ppm for methanol, 100–750 ppm 
for acetone, 15–100 ppm for dichloromethane, 6–50 ppm 

Fig. 2  Typical chromatogram of the six composite standard solution
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for n-hexane, 100–750  ppm for ethyl acetate and 
5–35 ppm for pyridine.

3.2.3  Method sensitivity

The LOQ were determined based on a signal-to-noise 
ratio of 3:1 and 10:1 respectively. Based on validation 
results, LOQ limit was found to be 60.3 ppm for metha-
nol, 100.6 ppm for acetone, 15.1 ppm for dichlorometh-
ane, 6.7 ppm for n-hexane, 99.6 ppm for ethyl acetate and 
4.8 ppm for pyridine. Accuracy at LOQ level was confirmed 

by injecting three different preparations of Imatinib spiked 
with each residual solvents at LOQ level and calculated % 
recoveries of each solvent.

3.2.4  Accuracy (recovery)

The accuracy of the method was determined by spik-
ing of all solvents at four different level i.e. LOQ Level, 
50% level, 100% level, and 150% level of ICH limit in 
a triplicate analysis. Recovery for all six solvents was 
found within the range of 80–120%. Recovery study and 

Fig. 3  Linearity plot of residual solvents

Table 3  Linearity sample concentration and results

Solvent name Conc. range (µg/ml) Regression equation (Y = ax + b) Correlation 
coefficient

LOQ 30% 50% 80% 100% 120% 150%

Methanol 60.3 90.4 150.7 241.2 301.5 361.8 452.2 Y = 2.8677x − 12.273 0.9996
Acetone 100.6 150.9 251.4 102.3 502.9 303.5 754.3 Y = 12.01x + 57.252 0.9997
Dichloromethane 15.1 22.6 37.7 60.3 75.4 90.5 113.1 Y = 2.613x + 1.6003 0.9997
n-Hexane 6.7 10.0 16.6 26.6 33.3 39.9 49.9 Y = 72.831x + 4.9268 0.9994
Ethyl acetate 99.6 149.4 249.1 398.5 498.1 597.7 747.2 Y = 7.6815x + 41.985 0.9997
Pyridine 4.8 7.2 12.0 19.3 24.1 28.9 36.1 Y = 2.1041x + 0.9255 0.9996
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method precision results were reported in Table 4 and 
indicate that the method was accurate.

3.2.5  Precision

The precision of the method was determined by system 
precision (six replicate injection of standard solution) 
and method precision (six different preparation of spike 
solution) studies. In both the studies %Relative Standard 
Deviation of peak areas for all the solvents were less than 
5.0%. The results were provided in Table 5. These results 
proved that the system suitability was passed and method 
is precise (Table 5).

3.2.6  System suitability

The system suitability criterion was taken to be the reso-
lution between the closely eluting pairs, i.e. acetone and 
dichloromethane. The system suitability was checked by 
injecting the standard solution before starting any analysis 
of residual solvents. The criterion for system suitability was 
that the resolution between the closely eluting pair should 
not be less than 1.5 and it was found that optimum resolu-
tion 6.3 was achieved (Table 5). Other system suitability 
parameter chromatogram has been attached in Fig. S-1.

3.2.7  Robustness

Robustness of the method was performed by slightly 
changing carrier gas flow rate, oven temperature and split 
ratio. The following parameters were changed: column 

Table 4  Accuracy and method 
precision data

Accuracy level Methanol Acetone Dichlo-
romethane

n-Hexane Ethyl acetate Pyridine

LOQ recovery
 LOQ R-1 99.0 103.6 104.4 106.3 105.8 98.8
 LOQ R-2 99.4 102.9 104.9 106.1 106.2 95.7
 LOQ R-3 96.4 104.2 105.9 106.9 107.2 93.0

50% level recovery
 50% level R-1 100.3 106.2 106.4 109.6 108.4 98.7
 50% level R-2 97.9 105.0 105.8 108.4 107.5 100.9
 50% level R-3 100.3 105.8 106.8 109.9 108.5 102.8

100% level recovery (method precision)
 Spike solution-1 97.4 93.1 103.7 108.2 105.2 98.0
 Spike solution-2 98.9 93.3 103.5 107.7 104.9 100.0
 Spike solution-3 99.5 93.8 104.2 108.9 105.5 101.4
 Spike solution-4 97.5 93.2 103.6 108.6 105.1 99.9
 Spike solution-5 99.1 93.8 104.0 109.5 105.6 100.8
 Spike solution-6 100.1 94.2 104.5 109.6 106.0 101.3

150% level recovery
 150% level R-1 99.0 101.7 102.5 106.7 103.9 99.3
 150% level R-2 99.2 102.1 102.7 108.2 104.2 96.9
 150% level R-3 97.7 100.6 101.3 107.0 102.9 93.9

%RSD overall 1.3 1.9 1.8 1.3 1.9 3.3

Table 5  System precision and 
system suitability parameter

Solvent name RT (min) USP resolution USP tailing factor USP theo-
retical plate

%RSD (n = 6) 
of peak area

Methanol 4.10 – 1.292 20,863 4.6
Acetone 6.07 16.0 1.028 33,847 1.9
Dichloromethane 6.92 6.3 1.065 42,971 2.5
n-Hexane 7.98 7.3 1.003 39,627 2.1
Ethyl acetate 9.61 10.4 0.996 62,912 2.3
Pyridine 14.69 45.0 1.162 652,171 4.3
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oven temperature ± 3 °C from the ideal conditions (initial 
column oven temperature at 32 °C and 38 °C), the flow 
rate ± 5% from the ideal conditions (flow rate 2.0 psi and 
2.5 psi), the split ratio ± 10% from the ideal conditions (the 
split ratio of 1:1.8 and 1:.2.2. The results have been men-
tioned in Table 6. No significant difference in % RSD, reso-
lution and elution order which indicate that the method 
is robust. Results of robustness study were reported in 
Table 6.

4  Result

Residual solvents analysis was performed on developed 
and validated method for commercial batch of Imatinib 
Mesylate API in triplicate. Results were reported in Table 7 
and chromatogram has been attached in Fig. S-3.

5  Conclusion

A selective and sensitive fast static HSGC method has been 
successfully developed for the determination of metha-
nol, acetone, dichloromethane, n-hexane, ethyl acetate 
and pyridine in Imatinib Mesylate API through consid-
eration of route of synthesis and solvents nature. The 

developed method was successfully validated as per regu-
latory guideline and found to be precise, accurate, linear, 
robust and specific. Additionally, our method is suitable 
for analysis of pyridine and other solvents in one single 
method, which is accurate, precise and linear in presence 
of sample matrix. However only a limited number of sol-
vents are used in Imatinib Mesylate API, this method may 
be used to separate the residual solvents present in other 
drug substances and can be used for routine analysis to 
monitor in-process drying and in quality control for bulk 
drug manufacturing. Taken together, our developed HSGC 
method demonstrated precise, economical and commer-
cially viable quantitative technique for residual solvents 
determination in Imatinib Mesylate API which will also be 
advantageous for industrial scale manufacturing.
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