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Prototype of an Interface for Hyphenating Distillation 
with Gas Chromatography and Mass Spectrometry

Ya-Ru Tang, Hui-Hsien Yang, and Pawel L. Urban*
Department of Applied Chemistry, National Chiao Tung University, 1001 University Rd, Hsinchu 300, Taiwan

Chemical analysis of complex matrices—containing hundreds of compounds—is challenging. Two-dimen-
sional separation techniques provide an e�cient way to reduce complexity of mixtures analyzed by mass 
spectrometry (MS). For example, gasoline is a mixture of numerous compounds, which can be fractionated 
by distillation techniques. However, coupling conventional distillation with other separations as well as MS 
is not straightforward. We have established an automatic system for online coupling of simple microscale 
distillation with gas chromatography (GC) and electron ionization MS. �e developed system incorpo-
rates an interface between the distillation condenser and the injector of a fused silica capillary GC column. 
Development of this multidimensional separation (distillation-GC-MS) was preceded by a series of pre-
liminary o�-line experiments. In the developed technique, the components with di�erent boiling points are 
fractionated and instantly analyzed by GC-MS. �e obtained data sets illustrate dynamics of the distillation 
process. An important advantage of the distillation-GC-MS technique is that raw samples can directly be 
analyzed without removal of the non-volatile matrix residues that could contaminate the GC injection port 
and the column. Distilling the samples immediately before the injection to the GC column may reduce pos-
sible matrix e�ects—especially in the early phase of separation, when molecules with di�erent volatilities 
co-migrate. It can also reduce losses of highly volatile components (during fraction collection and transfer). 
�e two separation steps are partly orthogonal, what can slightly increase selectivity of the entire analysis.
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INTRODUCTION

�e term “petroleum” is used to describe both unpro-
cessed crude oil as well as crude oil re�ning products. Petro-
leum is a complex mixture of hydrocarbons with di�erent 
carbon numbers. It also contains small amounts of nitrogen, 
oxygen, sulfur, and metal compounds.1) Density, viscosity, 
and boiling points are the main physical properties deter-
mined for petroleum and its components. Depending on 
the percentage of the low-boiling-point (<200°C) or low-
speci�c-gravity components, petroleum can be classi�ed 
as light or heavy. Light petroleum contains larger share of 
low-boiling-point components (typically, 75%) than heavy 
petroleum (typically, 25%).1) �e fractions obtained while 
re�ning light petroleum are used to synthesize numerous 
consumer materials such as gasoline, asphalt and plastics. 
In fact, in the middle of the 19th century, gasoline was an 
unwanted by-product of petroleum distillation.2,3) Gasoline 
is a mixture of more than 100 compounds, mainly hydro-
carbons with 4–12 carbon atoms. �eir boiling points range 
from 35 to 200°C.1,4–6)

Distillation is commonly used for separation of mixtures 
of volatile compounds due to di�erences in their boiling 
points. It is used on an industrial scale for fractionation of 
petroleum (in re�neries) as well as in the laboratory-scale 
sample preparation (e.g., before chemical analysis of com-
plex samples). Beside simple distillation, several customized 
variants of this technique (including fractional distilla-
tion,7) vacuum distillation,8,9) molecular distillation,10) and 
simulated distillation11,12)) are in common use. For example, 
fractional distillation takes advantage of several vapor con-
densation steps taking place in one apparatus, providing 
enhanced separation of volatile components because of the 
high number of theoretical plates.7)

Chemical analysis of complex matrices—containing tens 
or hundreds of compounds—is challenging. Chromato-
graphic separations, frequently conducted prior to mass 
spectrometry (MS) detection, simplify compound identi�ca-
tion and quanti�cation—especially if low-resolution mass 
spectrometers are used. However, in some cases, a one-step 
separation before MS is not su�cient. Two-dimensional 
separation techniques provide an e�cient means to reduce 
complexity of samples introduced to the MS systems. Such 
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comprehensive separations are particularly useful when 
analyzing petroleum and its derivative products.13–15) Com-
plex mixtures of volatile compounds—including gasoline—
can be fractionated by distillation techniques. Analysis of 
distillate fractions by MS could potentially yield results with 
lower complexity than analysis of unprocessed gasoline 
samples. However, despite some developments (e.g., distil-
late monitoring by reversed-phase membrane inlet mass 
spectrometry16)), online coupling of conventional distil-
lation apparatuses with standard analytical instruments 
(chromatographs, mass spectrometers) has so far been prob-
lematic.

Here we propose an automated interface enabling hy-
phenation of simple microscale distillation with gas chro-
matography (GC) coupled with electron ionization MS. �e 
proposed interface enables seamless transfer of gasoline 
distillate fractions into the injection port of the gas chro-
matograph. Such hyphenation adds one more dimension 
to the conventional GC-MS analysis work�ows, facilitating 
analyses of complex samples in single runs, without any pre-
treatment. It reduces the risk of contamination of the chro-
matographic system (injection port, column) by non-volatile 
contaminants present in complex samples.

EXPERIMENTAL

Materials
Gasoline (research octane number: 92) was purchased 

from a local gas station (Hsinchu, Taiwan). Hexane (used 
in the initial tests) was purchased from Merck (Darmstadt, 
Germany). Ethanol (diluent), D-limonene and γ-terpinene 
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Instrumentation
�e proposed system for online coupling of simple mi-

croscale distillation with GC-MS is illustrated in Fig. 1. �e 
system incorporates an interface reservoir set between the 
distillation condenser (cat. No. D151814; Synthware Glass, 
Pleasant Prairie, WI, USA) and the injector of a fused-silica 
capillary GC column (length: 60 m in the o�-line tests, or 
30 m in the online tests; ID: 0.53 mm; stationary phase: 5% 
polydiphenyl/95% polydimethyl siloxane; cat. No. 25389 or 
25305-U; Supelco, PA, USA). �e funnel-shaped interface 
reservoir (height: 44 mm; inner diameter: 10 mm, diameter 
of the collar (upper part): 12 mm; diameter of the outlet sec-
tion (lower part): 1 mm) was fabricated by the glass blowing 
workshop in the National Tsing Hua University (Hsinchu, 
Taiwan). Very small volumes of sample condensate are au-
tomatically transferred from the interface into an interme-
diate tubing (ID: 0.25 mm; OD: 2.07 mm; cat. No. SC0002; 
IDEX Health & Science, WA, USA) by a peristaltic pump 

Fig. 1. Schematic illustration of the multi-dimensional online separation system incorporating simple distillation and gas chromatography:  
(A) distillation system interfaced with gas chromatograph; (B) simpli�ed schematic of the electronic control unit.
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(Ismatec ISM936D, IPC Series, 8 channels; IDEX Health & 
Science). Two pinch valves (12 V DC, P/N 075P2NO12-01S 
and P/N 075P2NC12-01S; Bio-Chem Fluidics; Booton, NJ, 
USA) direct several microliters of the condensate to the GC 
injector. �is part of the system has been adapted from the 
previous system used for monitoring reactions and extrac-
tions.17,18) �e distillate fraction components were separated 
by GC (TRACE GC; �ermo Fisher Scienti�c, Waltham, 
MA, USA), and detected by an electron ionization quadru-
pole mass spectrometer (ISQ; �ermo Fisher Scienti�c). Ions 
in the m/z range 25–200 were monitored over 3.5 min (or 
3.9 min in the o�-line test and �rst online test). �e initial 
GC temperature was 50°C (or 35°C in the o�-line test and 
�rst online test). It was ramped up to 170°C (or 180°C in the 
o�-line test and �rst online test) a�er 1 min of separation at 
a rate of 40°C min−1. In order to minimize possible column 
and detector overloading during the GC-MS analyses, the 
split ratio was set to 100 (or 200 in the o�-line test and �rst 
online test), while the carrier gas (helium) �ow rate was set 
to 1 mL min−1 (or 2.5 mL min−1 in the o�-line test and �rst 
online test). Moreover, a plug of glass wool was placed in 
the liner of the GC injection port to accommodate injection 
of large volume samples (∼2 µL). �e transfer of the distil-
late fraction aliquots from the condenser to the GC injector 
was controlled by a script created in the LabView so�ware 
(version 2015; National Instruments, Austin, TX, USA), a 
DAQ NI USB-6343 electronic interface (cat. No. 781439-01; 
National Instruments), and a relay board (R16; Shenzhen 
Keyes DIY Robot, Shenzhen, China).

Data acquisition and analysis
�e GC-MS data were acquired using the Xcalibur so�-

ware (�ermo Fisher Scienti�c). �e total ion currents 
(TICs) and the extracted ion currents (EICs) were exported 
from �ermo Xcalibur 2.1 Qual Browser (�ermo Fisher 
Scienti�c) to ASCII �les. �e time resolution was then set to 
0.01 min to enable further processing. �e chromatography 
data sets were then arranged into matrices for display in 
two-dimensional plots using OriginPro so�ware (version 8; 
OriginLab, Northampton, MA, USA).

RESULTS AND DISCUSSION

O�-line tests of distillation-GC-MS coupling
�e development of the multidimensional online separa-

tion (distillation-GC-MS) was preceded by a series of pre-
liminary o�-line experiments. �e gasoline sample (∼25 mL) 
was loaded into a 50-mL �ask. In the o�-line test, the �ask 
was heated to 110°C. �e hot plate temperature was gradu-
ally increased up to 180°C (with a 20°C increment). Using 
this temperature program, components with di�erent boil-
ing points were fractionated. �e fractions obtained manu-
ally (1–2 mL) were then analyzed by GC-MS without prior 
dilution (injection volume: ∼2 µL). �e collected data sets 
highlight the dynamics of the distillation process (Fig. 2). 
�e successive MS chromatograms reveal groups of numer-
ous analyte peaks. �e average retention times of the groups 
of peaks increase over time—from 1.0–2.5 min (fraction 1) 
to 2.5–4.5 min (fraction 8). As expected, the components 
with low boiling points (around 1–2 min) condensed faster 
than the components with high boiling points (∼4 min). 
Overall, the TICs reveal the presence of 30–40 features.

�e TICs and EICs of the signals of interest were con-
verted to 2D maps relating ion signal intensities with dis-
tillation times and retention times (Fig. 3). �ese 2D maps 
con�rm usefulness of coupling distillation with GC-MS. 
When viewing the 2D maps, one can realize that if the dark 
spots were arranged only along the diagonal lines, it would 
mean that the components could be separated by either 
distillation or GC-MS, and that there would be no bene�ts 
from the distillation-GC coupling. However, several signals 
(dark spots in Fig. 3) are located outside the diagonal line. 
Interestingly, beside the early elution of the molecules with 
low boiling points from the condenser, they also produce 
more low m/z fragments than the molecules with high boil-
ing points (Fig. 3).

Demonstration of online distillation-GC-MS
Following the o�-line proof-of-concept experiment (Fig. 

2), we further attempted coupling the distillation step online 

Fig. 2. O�-line GC-MS analysis of fractions of gasoline obtained 
during simple distillation. �e blue bars highlight four chro-
matographic (TIC) features that clearly change in the course 
of distillation.
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with GC-MS analysis (Fig. 1). Two major impediments of 
coupling distillation with GC-MS are: (i) non-constant �ow 
of the condensate, and (ii) requirement to match the dura-
tion of the GC separation with the time scale of the distilla-
tion process. �ey are addressed by incorporating an addi-
tional micro�uidic pump in the interface chamber (between 
condenser and GC inlet) to remove excess of condensate, 
and by optimizing the GC separation method to shorten 
the analysis, and to enable collection of multiple data points 
during the whole distillation process (∼70 min).

Overall, to achieve online distillation-GC-MS coupling, 
we incorporated two additional micro�uidic pumps (PP2 
and PP3; RP-Q1; Takasago Fluidic Systems, Nagoya, Japan) 
in the interface chamber (between condenser and GC in-
let) to introduce a diluent and standard compounds, and 
to remove excess of condensate. PP3 optionally delivers the 
diluent (ethanol solution of 10−5 M limonene and 10−5 M 
terpinene) at a rate of 145 µL min−1, while PP2 removes the 
excessive amounts mixture of the diluent and distillate at a 
rate of 131 µL min−1. In order to �t di�erent components into 
the interface, holders were manufactured of ABS polymer by 
3D printer (UP Plus 2; Beijing TierTime Technology, Beijing, 
China). �ese holders �xed the positions of the pumps and 
interface reservoir.

Similarly to the o�-line experiment, the result of the 
�rst online distillation-GC-MS analysis also reveals the 
dynamics of the distillation process (Fig. 4). �e four TIC 
chromatograms represent GC-MS analysis of the fractions 
leaving the condenser at 33.0, 42.5, 62.5, and 70.0 min. First 
online analysis of earlier and later fractions is problematic 
because the distillate �ow rate at the condenser outlet is not 
constant. In the above �rst online experiment, the diluent 
solution was not dispensed to the interface reservoir by PP3 
(cf. Fig. 1). �e experimental parameters (e.g., temperature 
program, column length, split �ow ratio, temperature set-
ting on the hot plate) were same as those in the o�-line test.

�e second online test (with diluent and hot plate tem-
perature program) was conducted following further opti-
mization of the system (Fig. 5). Importantly, to shorten the 
analysis time, the column length was reduced from 60 to 
30 m. �e initial and �nal temperatures of the GC program 

Fig. 3. Two-dimensional plots relating signal intensity with condensation time and GC-MS retention time: TIC and EICs for m/z 42, 92, and 120 
(selected ions related to gasoline hydrocarbons). �is �gure presents the same data set as Fig. 2.

Fig. 4. Gas chromatograms (TIC) obtained during online coupling 
of microscale distillation with GC-MS, applied to analysis of 
a gasoline sample (25 mL)—�rst test without fraction dilution 
and without automated temperature control. �e blue bars 
highlight four chromatographic features that clearly change 
in the course of distillation.
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were changed from 35 and 180 to 50 and 170°C, respectively. 
To enable control of distillation temperature, the hot plate 
was set to 180°C, and controlled by a power-switch tail (PN 
80136; PowerSwitchTail.com). Temperature was raised by 
triggering this power-switch tail with 5 V pulses. �is way, a 
temperature ramp could be applied to the sample subjected 
to distillation (Fig. 6). Moreover, in the second online analy-
sis, a diluent was added to the condensate accumulating in 
the interface reservoir (cf. Fig. 1).

�e non-constant �ow of condensate (Fig. 7) a�ects cou-
pling of distillation with GC system. Addition of the diluent 
to the condensate fraction can partly mitigate this problem. 

However, it also decreases the signal intensities in ion cur-
rents, and deteriorates separation of compounds leaving the 
distillation apparatus (Fig. 5). �erefore, if the dilution sys-
tem is used (as in the second online test), one cannot really 
take advantage of the separation capabilities of simple distil-
lation. However, the remaining advantage is separation of 
volatile compounds from non-volatile sample components 
prior to GC-MS analysis. Please also note that, in the second 
online test, no signal was recorded a�er about 50 min of 
distillation. �is is because, using the applied temperature 
program (Fig. 6), almost all volatile species have le� the 
sample �ask by that time. In this stage, even the addition of 
the diluent to the interface reservoir could not compensate 
for the small in�ux of the condensate.

�e standard compounds, mixed with the diluent, were 
used to verify stability of the automated injection system 
before the online tests (Fig. 8). �e system is generally 
stable but there is a dri� of injection volume. �is dri� may 
be attributed to heating of the sample transfer tubing in 
front of the GC injection port. �e increased temperature 
a�ects sample viscosity and the injected volume. If semi-
quantitative results are required, it may be possible to use 
the standard peaks to correct for the injection volume 
dri�. However, in this early demonstration, the standard 
compounds were chemically unrelated to the analytes. For 
further application work, it is suggested to use isotopologue 
standards, which are chemically identical with the target 
analytes.

Final remarks
For years now, high-resolution and tandem mass spec-

trometry have been the “gold standard” in the characteriza-
tion of complex samples such as petroleum and its products 
(e.g., refs. 19–21). However, high-resolution mass spectrom-
eters are still inaccessible for many analytical laboratories. 
On the other hand, automation of sample preparation in 
analysis of complex hydrocarbon-rich matrices has received 
relatively little attention in the scienti�c literature. Distil-
lation of petroleum products can be conducted by one of 
the accepted procedures.22) �e distilled fractions obtained 
in such procedures are occasionally analyzed by GC-MS to 
determine their composition.23) While distillation can be 

Fig. 5. Two-dimensional plot (TIC) obtained during online coupling 
of microscale distillation with GC-MS, applied to analysis of 
a gasoline sample (25 mL)—second test with fraction dilution 
and with automated temperature control.

Fig. 6. Temperature program applied by the hot plate during distilla-
tion (second online test). Red zones: hot plate on. Blue zones: 
hot plate o�.

Fig. 7. Variability of the distillate output. Fractions were collected 
during 1-min intervals, and weighed. Experimental condi-
tions are the same as in the second online test.

Fig. 8. Stability of the automated injection system (cf. Fig. 1). Peak 
areas of limonene and terpinene (standard spiked into dilu-
ent, 10−5 M). Labels: ( ) limonene; (■) terpinene.
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done o�-line, fraction collection and their manual transfer 
to gas chromatograph increase the risk of analyte losses (in 
the case of highly volatile compounds). In fact, since the in-
troduction of the “purge-closed loop” and the related tech-
niques,24) online sample introduction to GC columns has 
been recognized as an e�cient way of conducting analyses 
of complex and matrix-rich samples. �is trend is re�ected 
in the present work.

Although the feasibility of hyphenating distillation equip-
ment with gas chromatograph has been demonstrated, the 
e�ciency of fraction transfer should further be improved in 
future work. In one imaginable modi�cation, the dilution 
factor could be sustained by real-time monitoring of the 
condensate �ow-rate and dynamic adjustment of the dilu-
ent �ow rate. Such routines require feedback from a sensor 
and additional programming. Moreover, the simple distil-
lation implemented in this work does not warrant e�cient 
separation of the sample components. �us, a new version 
of the distillation-GC-MS system should implement frac-
tionating distillation rather than simple distillation. In this 
prototype, we used a commercial research-grade electronic 
control system to co-ordinate distillation, dilution, sample 
injection, and analysis. To decrease the size and lower the 
cost of the distillation-GC-MS interface in the routine 
“screening” applications, it is appealing to use open-source 
electronic modules, which have recently been incorporated 
into the prototypes of various analytical instruments.25,26) 
On the other hand, in the case of discovery-oriented appli-
cations, it would be desirable to couple this interface with 
detectors possessing a higher discriminatory power—i.e., 
high-resolution and tandem mass spectrometers—to enable 
identi�cation and quanti�cation of individual components.

CONCLUSION

Microscale distillation has been coupled online with GC-
MS to enable chemical pro�ling of complex samples without 
laborious sample preparation. An important advantage of 
this multidimensional analysis (distillation-GC-MS) over 
conventional one-step capillary GC (e.g., simulated distilla-
tion GC) is that raw samples can be directly analyzed with-
out removal of the non-volatile matrix residues that could 
contaminate the GC-MS system. Distilling the samples right 
before the injection to the GC column reduces possible ma-
trix e�ects (especially in the early phase of separation, when 
the separated components co-migrate in the GC column). 
Samples of gasoline containing non-volatile contaminants 
can be screened, possibly reducing the risk of contaminating 
the GC system. Moreover, the two separation steps are part-
ly orthogonal, what—following further development—may 
increase the selectivity of the entire analysis process.
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