
ISSN 2070-0504, Catalysis in Industry, 2020, Vol. 12, No. 4, pp. 280–286. © Pleiades Publishing, Ltd., 2020.
Russian Text © The Author(s), 2020, published in Kataliz v Promyshlennosti.

GENERAL PROBLEMS OF CATALYSIS
Analysis of Light Hydrocarbons and Sulfur Compounds on Porous 
Layer Capillary Columns with a Nonpolar Phase

E. Yu. Yakovlevaa, * and Yu. V. Patrusheva, **
aBoreskov Institute of Catalysis, Siberian Branch, Russian Academy of Sciences, Novosibirsk, 630090 Russia

*e-mail: yakovl@catalysis.ru
**e-mail: patrush@catalysis.ru

Received January 13, 2020; revised January 30, 2020; accepted February 3, 2020

Abstract—Comparative estimation is performed for the repeatability of results from measuring the two main
parameters (peak areas and retention times) of components (carbon dioxide, sulfur compounds) of a model mix-
ture similar in composition to natural gas. The measurements are made on a capillary column prepared for the first
time with nonpolar phase poly(1-trimethylsilyl-1-propyne) (PTMSP) with dimensions of 30 m × 0.53 mm and a
sorbent film thickness of 2.82 μm, and a commercial Rt–Q–BOND column 30 m long and 0.32 mm in diameter,
with a nonpolar polydivinylbenzene sorbent layer 10 μm thick. The use of these columns ensures satisfactory
repeatability of the chromatographic characteristics of the analyzed compounds. The relative mean standard
deviation (RMSD) for retention times is no greater than 0.10%. The RMSD for the measured peak areas is less
than 1.92%. A slight difference between the peak areas for sulfur dioxide and carbon disulfide (five consecutive
injections) is observed on an Rt-Q-BOND capillary column. The corresponding values of the RMSD are 4.22
and 2.52%. The magnitude of the signal response of the analyzed compounds is recorded with a microcatarom-
eter. The limits for detecting sulfur-containing compounds on the PTMSP column change from 0.40 × 10−3 to
0.82 × 10−3 mg/mL. The possibility of selectively separating the macrozone of methane and the propane–butane
fraction from trace hydrocarbons, sulfur compounds that contain carbon dioxide, hydrogen sulfide, and mercap-
tans on a capillary column with a film thickness of 2.82 μm PTMSP is also demonstrated for the first time.

Keywords: porous-layer capillary column, poly(1-trimethylsilyl-1-propyne), divinylbenzene, hydrocarbons,
sulfur compounds, repeatability (convergence)
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INTRODUCTION
Many sources of natural gas and other hydrocarbon

fuels contain sulfur compounds, which not only have an
unpleasant odor but damage human health as well. In a
wide fraction of light hydrocarbons (C2–C5) impurities
contain carbonyl sulfide and carbon disulfide in addition
to hydrogen sulfide and mercaptans. Such sulfides cor-
rode equipment and poison catalysts in the processes of
petrochemical synthesis. In addition, substances are
added to natural gas to give it a distinctive odor, in order
to identify possible leaks. Sulfur-containing compounds
(mercaptans) are usually used as odorants [1].

Gas chromatography is the main way of determin-
ing the component composition of natural gas, prod-
ucts of gas and oil refining, anthropogenic contamina-
tion with sulfur compounds in the environment (the
atmosphere, the air of a workspace, soil, water). In
both domestic (GOST) and foreign (ASTM) proce-
dures, sulfur compounds are nowadays analyzed on
columns with polysiloxane stationary liquid phases,
silica sorbents, and porous polymers [2–5]. If all con-
ditions are met and determination of sulfur-contain-
ing compounds is done in the 0.00010 to 0.50% range

of measuring the mass fraction in natural gas on col-
umns with silica sorbents, the repeatability of the mea-
suring results should not exceed 12% [5].

Over the last decade, the use of different detectors
(flame photometric (FPD), pulsed f lame photometric
(FPPD), microcatarometer (μ-TCD), and differential
ion mobility (DPD)) and combinations of them has
allowed detection of sulfur compounds in natural gas,
in the range of 10 ppbv to 5 ppmv. When these com-
pounds are chromatographed on capillary columns
with dimethylpolysiloxane phases CP-Sil 5, DB-1.
and Optima 5, or on columns with such porous poly-
mers such as PoraPLOT U and PoraBOND Q, the
repeatability index for, e.g., hydrogen sulfide with a
concentration of 1–3 ppm is 2–8% [6].

The PAC Corporation offers the AC ASTM 5623
analytical system with a new SeNse chemilumines-
cence detector from Analytical Controls for analyzing
ultra-low concentrations of sulfur compounds in nat-
ural gas and gaseous fuels. When checking this system,
the methodology for analyzing sulfur-containing
compounds using a metering valve and a capillary col-
umn with a thick film of a polysiloxane stationary liq-
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uid phase, the maximum RMSD value for the reten-
tion time was 0.04% for hydrogen sulfide and carbonyl
sulfide. The maximum RMSD of the repeatability of
the results of the peak areas when a mixture of sulfur-
containing gases was introduced with a metering valve was
0.10% for hydrogen sulfide and methyl mercaptan [7].

The authors of [1, 8–11] described approaches to
analyzing complex matrices that contain hydrocarbon
and sulfur compounds in studying the reduction of
sulfur dioxide with methane or synthesis gas, the cata-
lytic dehydrogenation of isobutane, and the catalytic
pyrolysis of ethylbenzene on packed and capillary col-
umns prepared on the basis of glassy nonpolar porous
polymer poly(1-trimethylsilyl-1-propyne). The main
chromatographic parameters (retention characteris-
tics, selectivity of separation of pairs of components,
column efficiency) were determined. A capillary col-
umn 30 m long and 0.32 mm in diameter with a film
thickness of 0.8 μm PTMSP was used in studying the
composition of products of the catalytic pyrolysis of
ethylbenzene in [12]. The analysis proceeded one and
a half times faster using this column than on a com-
mercial Rt–Q–BOND (polydivinylbenzene non-
polar porous polymer) column of the same size with a
sorbent layer of 10 μm. However, the PTMSP column
is inferior to the commercial one in terms of separation
capacity for some aromatic hydrocarbon vapors. For
example, the resolution (Rs) of a styrene/ethylbenzene
pair was 0.9, while Rs = 1.25 for the same pair on the
Rt–Q–BOND column. Incomplete separation of the
butene-1/isobutane pair was also observed on a col-
umn with PTMSP with a layer thickness of 0.8 μm (for
which Rs = 0.45) when analyzing a mixture of hydro-
carbons with accompanying impurities of sulfur com-
pounds [1].

To improve the properties of separation, a capillary
column with dimensions of 30 m × 0.53 mm and a
layer of nonpolar poly(1-trimethylsilyl-1-propyne)
2.82 μm thick was prepared for the first time and used
in this work to analyze a mixture close in composition
to natural gas.

It is known from the literature that a sorbent (e.g.,
Porapak Q) obtained on the basis of a copolymer of
ethylstyrene and divinylbenzene contains active sites
in the amount of 1% of its surface. The authors asso-
ciate the presence of such sites with traces of the cata-
lyst that remain during synthesis (remnants of acid
anhydride) [13].

Since commercial Rt–Q–BOND with polydivinyl-
benzene sorbent was selected as the comparison column,
it was important to study the effect of possible acidic sites
on chemical behavior, relative to the areas of the chro-
matographic peaks of sulfur compounds.

Monitoring the accuracy of measuring the chro-
matographic parameters of the analyzed components
on a capillary column with PTMSP was also not stud-
ied earlier. The index of the repeatability of the results
from measuring the two main chromatographic
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parameters (peak area and retention time) for carbon
dioxide and light sulfur compounds was evaluated via gas
chromatography using a microcatarometer (μ-TCD).
The limits of detection for sulfur compounds analyzed
on the column with PTMSP were calculated. We also
compared the selectivity of the separation of these
compounds on a capillary column prepared on the
basis of poly(1-trimethylsilyl-1-propyne) with a film
thickness of 2.8 μm, and on a commercial Rt–Q–
BOND column with a polydivinylbenzene sorbent
layer 10 μm thick.

EXPERIMENTAL
Reagents

In this work, we used nonpolar poly(1-trimethylsi-
lyl-1-propyne) synthesized at the Boreskov Institute
of Catalysis [8, 9].

Column Preparation
The sorbent was applied to the inner surface of the

capillaries using the high pressure static procedure. A
solution of PTMSP in toluene was prepared with 0.2 g
of polymer dissolved in 9.4 mL of toluene. The proce-
dure for preparing the column was described in [9].

Column I with dimensions of 30 m × 0.53 mm and
a polymer film thickness of 2.82 μm was prepared on
the basis of PTMSP for the first time.

A commercial Rt–Q–BOND capillary (Restek,
United States) (column II) with dimensions of 30 m ×
0.32 mm × 10 μm and a polyvinylbenzene sorbent was
used as our comparison column. The choice of the
comparison column was due to polydivinylbenzene
sorbent, like PTMSP, being a nonpolar stationary
phase and displaying similar chromatographic proper-
ties [14–16]. It would probably be more correct to per-
form a comparative analysis with an Rt–Q–BOND
column having dimensions of 30 m × 0.53 mm. We
may assume, however, that (a) the period of elution of
the components would grow considerably and (b) the
efficiency of the column would fall, since broad peaks
of butane isomers were already observed on a 30 m ×
0.32 mm × 10 μm polydivinylbenzene column.

Preparing Model Mixtures
Mixture I for testing was prepared by mixing car-

bon dioxide, carbonyl sulfide, sulfur dioxide, and car-
bon disulfide. Mixture II was a calibration gas mixture
(Table 1) prepared at OOO PGS-service (Zarechny,
Sverdlovsk region). The butene–butane fraction
(BBF) was 1.3-butadiene, iso-butene, 1-butene, iso-
butane, trance-2-butene, cis-2-butene, and n-butane.
Mixture III was a mixture of light hydrocarbons C1–C4,
carbon dioxide, carbonyl sulfide, sulfur dioxide, and
carbon disulfide; a test gas mixture; and a butene-
butane fraction. The methane content in this mixture
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Table 1. Composition of the calibration gas mixture

* The limit of detection was calculated for sulfur compounds ana-
lyzed on a column with PTMSP (micro-TCD). The formula for
calculating the limit of detection is shown below.

Component Molar fraction
of the component, %

Limit of detection*,
mg/mL

H2S 0.0120 0.59 × 10−3

CH3SH 0.0130 0.48 × 10−3

C2H5SH 0.0123 0.48 × 10−3

i-C3H7SH 0.0135 0.40 × 10−3

C3H7SH 0.0121 0.50 × 10−3

i-C4H9SH 0.0111 0.47 × 10−3

C4H9SH 0.0126 0.82 × 10−3

He Other
was >90%. The composition of model mixture III was
close to the qualitative composition of natural gas,
with the exception of sulfur dioxide. Natural gas does
not contain sulfur dioxide.

Chromatographic characteristics (peak area S,
μV × min, and retention time t, min) were studied in
the separation of carbon dioxide, sulfur-containing
gases, and mercaptans.

Calculations of the convergence index under con-
ditions of repeatability relative to the measured peak
areas of the analyzed mixture components were per-
formed according to RMG 61–2010 [17].

Obtaining Chromatograms

To separate test mixtures I and II on columns I and
II, we used an Agilent 7890 chromatograph equipped
with a thermal conductivity detector (μ-TCD). The
Table 2. Retention times for components of mixture I (n = 5

Column number Analysis number
CO2 H

I 1 1.44 1.
2 1.43 1.
3 1.43 1.
4 1.42 1.
5 1.43 1.

Average 1.44 1.
RMSD, % 0.08 0.

II 1 1.71 1.
2 1.7 1.
3 1.71 1.
4 1.72 1.
5 1.73 1.

Average 1.77 1.
RMSD, % 0.64 0.
temperature of the injector was 200°С. That of the
detector was 180°C, and the carrier gas was helium. To
determine the values of the peak areas of mercaptans,
we used a Kristall 2000 chromatograph equipped with
a f lame ionization detector (FID) (Kupol, Izhevsk).
The injector temperature was 250°С. The detector tem-
perature was 230°C, and the carrier gas is nitrogen. Chro-
matography of the mixtures was done in the isothermal
mode and under conditions of temperature program-
ming. The temperature of the column oven was main-
tained with an accuracy of ±0.5°C. The ChemStation
(Agilent) and NetChrom (Metachromium) software
were used to process the chromatographic data.

RESULTS AND DISCUSSION

A metrological assessment of the repeatability
index for retention times and peak areas of the carbon
dioxide and sulfur compounds was performed using
model mixtures I, II, and III on column I with
PTMSP and on column II with polydivinylbenzene
sorbent. Model mixtures were taken with gas syringes
having capacities of 100 and 1000 μL and injected into
the injector of the chromatograph.

A chromatographic analysis of model mixture I was
performed on columns I and II under isothermal condi-
tions using an Agilent 7890 chromatograph (μ-TCD). A
chromatographic analysis of calibration mixture II was
performed on columns I and II under isothermal condi-
tions using a Crystal 2000 chromatograph (FID).

The repeatability of the retention times was mea-
sured over five successive analyzes of mixtures I and
II. The repeatability of the retention times of carbon
dioxide and sulfur compounds are given in Tables 2
and 3 along with their relative standard deviations
(RMSD).
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, P = 0.95)

t, min

2S COS SO2 CS2 (180°С)

52 2.91 2.26 2.39
51 2.92 2.25 2.38
52 2.92 2.26 2.38
51 2.93 2.27 2.37
52 2.92 2.26 2.38
53 2.91 2.25 2.39
09 0.04 0.06 0.23
77 3.32 7.14 4.6
76 3.31 7.15 4.61
77 3.32 7.16 4.61
78 3.33 7.14 4.59
76 3.33 7.15 4.6
77 3.32 7.15 4.61
47 0.25 0.12 0.18
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Table 3. Retention time for components of mixture II (n = 5, P = 0.95)

Column 
number

Analysis 
number

t, min

methyl 
mercaptan

ethyl 
mercaptan

isopropyl 
mercaptan

propyl 
mercaptan

isobutyl
mercaptan

butyl 
mercaptan

I 1 4.01 8.37 12.30 13.60 17.49 18.21
2 4.01 8.38 12.32 13.59 17.48 18.24
3 4.01 8.37 12.30 13.60 17.47 18.23
4 4.01 8.36 12.31 13.58 17.47 18.23
5 4.01 8.36 12.30 13.58 17.46 18.22

Average 4.01 8.36 12.30 13.58 17.46 18.22
RMSD, % 0.00 0.10 0.07 0.07 0.07 0.06

II 1 13.66 19.25 23.03 24.49 28.63 29.97
2 13.68 19.25 23.01 24.48 28.61 29.98
3 13.69 19.24 23.00 24.46 28.50 29.95
4 13.69 19.25 23.01 24.47 28.60 29.97
5 13.68 19.24 23.02 24.46 28.62 29.96

Average 13.68 19.25 23.01 24.47 28.61 29.97
RMSD, % 0.10 0.03 0.05 0.05 0.06 0.04
Figure 1 shows the repeatability of retention times
for mixture I (the overlapping of 5 chromatograms) on
a PTMSP column.

ASTM D5623 determine that chromatographic
parameters should ensure repeatability (convergence)
of retention times of 0.05 min (3 s) within the period
of analysis [7].
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Fig. 1. Repeatability of the retention time for mixture 1 (PTMS
tively recorded chromatograms.

2.5
Time, min

CS2

2.42.3

1.5

H2S

CO2

1.3 1.41.2
Analysis of the data presented in Tables 1 and 3 and
in Fig. 1 confirms the accuracy of our experiments and
the stable operation of the capillary column with
PTMSP, since the difference between the conver-
gence of the retention times is 2–3 s, and this meets
the requirements of ASTM D5623 (a capillary column
with polysiloxane stationary liquid phase).
P column). The curves were obtained by overlapping 5 consecu-

3.1
Time, min

COS

2.9 3.02.8

2.5

SO2

2.3 2.42.2
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Table 4. Repeatability with respect to the peak areas of the
components of mixture I (n = 5, P = 0.95)

Column Analysis
S, μV min

CO2 H2S COS SO2
CS2 

(180°C)

I 1 85.84 29.81 27.9 38.26 340.1
2 84.79 29.73 27.73 39.08 357.1
3 84.96 28.79 27.33 38.47 342.2
4 86.44 29.82 27.22 38.68 333.4
5 86.24 30.0 27.99 38.54 332.2

Average 85.65 29.63 27.63 38.61 341
RMSD, % 0.87 1.62 1.24 0.79 2.92

II 1 55.86 42.25 44.52 43.14 271.91
2 55.53 41.28 44.03 45.13 274.89
3 55.92 41.57 46.7 46.7 265.73
4 55.58 42.05 47.41 47.41 259.54
5 55.42 41.31 44.75 47.92 260.91

Average 55.66 41.69 44.58 46.06 266.60
RMSD, % 0.39 1.05 0.83 4.22 2.52
The repeatability of the concentration measure-
ments was estimated from the results of the areas of
chromatographic peaks (S, μV min) of the compo-
nents of mixtures I and II on columns I and II. Satis-
factory repeatability values were obtained (Tables 4
and 5).

We also calculated the limits of detection for sulfur
compounds analyzed on a column with poly(1-
trimethylsilyl-1-propyne) using μ-TCD (see Table 1).

The limits of detection (Cmin) for sulfur compounds
were calculated with the formula
Table 5. Repeatability with respect to the peak areas of the co

Column 
number

Analysis 
number methyl 

mercaptan
ethyl 

mercaptan

Column I 1 0.49 0.95
2 0.47 0.94
3 0.46 0.93
4 0.47 0.92
5 0.49 0.95

Average 0.48 0.94
RMSD, % 1.34 1.30

Column II 1 0.35 0.77
2 0.35 0.75
3 0.36 0.78
4 0.35 0.77
5 0.36 0.78

Average 0.35 0.77
RMSD, % 1.55 1.59
where
—σ is the background signal of the detector, μV;
—G is the content of the component, mg/mL;
—S is the area of the component’s peak, μV × min;
—V is the volume of injected sample, mL;
—Vgn is the velocity of the carrier gas, mL/min.
These results are in good agreement with the data

published in [6]. For example, when analyzed on a
Pora PLOT U capillary column in combination with a
micro-TCD, the limit of detection for hydrogen sul-
fide in natural gas was 0.50 × 10−3 mg/mL.

Figures 2 and 3 show chromatograms of a model
mixture of carbon dioxide, light hydrocarbons, sulfur-
containing gases, the butene–butane fraction, and
mercaptans, analyzed on two types of columns. Chro-
matography of the components of the model mixture
was done under conditions of temperature program-
ming with an initial temperature of 35°C, holding for
3 min, and then heating to 180°C at a rate of 7°C/min.
At a temperature of 180°C, they were held until there
was complete elution of all components. The carrier
gas was helium; P = 0.6 bar.

Carbonaceous and sulfur compounds were sepa-
rated satisfactorily in both columns. The components
of the butene–butane fraction eluted from the surface
of the polydivinylbenzene sorbent in broad peaks with
extended tails; n-butane and cis-2-butene were not
separated, and the resolution (Rs) for the two peaks of
1.3-butadiene/isobutene was considerably less than 1.

σ=min
gh

2 ,GVC
SV
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mponents of mixture II (n = 5, P = 0.95)

S, μV min

isopropyl 
mercaptan

propyl 
mercaptan

isobutyl
mercaptan

butyl 
mercaptan

1.52 1.39 1.65 1.69
1.53 1.36 1.65 1.72
1.54 1.38 1.65 1.70
1.5 1.39 1.67 1.69
1.55 1.4 1.64 1.69
1.53 1.38 1.65 1.70
1.92 1.52 1.10 1.30
1.3 1.12 1.29 1.25
1.29 1.11 1.32 1.27
1.30 1.12 1.29 1.26
1.2 1.13 1.29 1.25
1.27 1.12 1.28 1.28
1.29 1.12 1.29 1.26
0.95 0.63 1.17 1.03
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Fig. 2. Chromatogram of a model mixture of carbon dioxide, light hydrocarbons, sulfur-containing gases, the butene–butane
fraction, and mercaptans on a column with PTMSP: (1) methane, (2) carbon dioxide, (3) acetylene, (4) ethylene, (5) hydrogen
sulfide, (6) ethane, (7) sulfur dioxide, (8) COS, (9) propylene, (10) n-propane, (11) methyl mercaptan, (12) 1.3-butadiene,
(13) isobutene + 1-butene, (14) isobutane, (15) trans-2-butene, (16) cis-2-butene, (17) n-butane, (18) ethyl mercaptan, (19) CS2,
(20) isopropyl mercaptan, (21) propyl mercaptan.
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Fig. 3. Chromatogram of a mixture of carbon dioxide, light hydrocarbons, sulfur-containing gases, the butene–butane fraction,
and mercaptans on a commercial Rt–Q–BOND column: (1) methane, (2) carbon dioxide, (3) acetylene, (4) ethylene, (5) ethane,
(6) hydrogen sulfide, (7) water, (8) carbonyl sulfide, (9) propylene, (10) n-propane, (11) sulfur dioxide, (12) methyl mercaptan,
(13) isobutane, (14) 1,3-butadiene, (15) isobutene, (16) 1-butene, (17) n-butane + cis-2-butene, (18) trans-2-butene, (19) ethyl
mercaptan, (20) CS2, (21) isopropyl mercaptan, (22) propyl mercaptan.
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On the column with PTMSP, isobutene and 1-butene
appear as one peak, while the resolution for the other
components of the butene–butane fraction was close
to or higher than unity. Symmetric and narrow peaks
of the separated components were in this case
observed.
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CONCLUSIONS

We compared the indices of repeatability for the
main chromatographic characteristics measured in
analyzing a model mixture of carbon- and sulfur-con-
taining compounds on capillary columns with nonpo-
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lar stationary phases poly(1-trimethylsilyl-1-propyne)
(PTMSP) and commercial ones with polydivinylben-
zene sorbent. It was found that the standard deviation did
not exceed 0.10% for retention times, and was less than
1.92% for the measured peak areas. The minimum sig-
nals of the response of sulfur compounds, determined on
the column with PTMSP, were 0.40 × 10−3 mg/mL for
methyl mercaptan and 0.82 × 10−3 mg/mL for butyl
mercaptan. A differency between the values of the
peak areas of sulfur dioxide and carbon disulfide was
observed on an Rt–Q–BOND capillary column
(OCCO was 4.22 and 2.52%, respectively), due possi-
bly to the sorption of these components on a divinyl-
benzene sorbent.

The prospects of using a capillary column 30 m
long, 0.53 mm in diameter, and a sorbent film thick-
ness of 2.82 μm PTMSP for the analysis of natural gas,
refined products, and products of the catalytic dehy-
drogenation of alkanes and alkenes due to the high
selectivity of separation of light hydrocarbons (includ-
ing the butene–butane fraction) and sulfur com-
pounds were demonstrated for the first time.

The time needed for analyzing a mixture of carbon-
and sulfur-containing compounds on a column with a
2.82 μm PTMSP layer was approximately 1.4 times
shorter than on a commercial column with a film
thickness of 10.0 μm divinylbenzene sorbent.
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