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Abstract—This study investigated the separation selectivity for C1–C10 aromatic and aliphatic hydrocarbons (both 
saturated and unsaturated) and methanol contained as contaminants in n-butane (>99% pure). It was shown that a 
30 m × 0.32 mm porous-layer capillary column with a 1.55 μm poly(1-trimethylsilyl-1-propyne) film (PTMSP032) 
provides a significantly higher peak resolution for C1–C2 hydrocarbons and structural isomers (o-, m-, and p-) of 
xylene, than a commercial 30 m × 0.32 mm column with a 10 μm polydivinylbenzene layer (Rt-Q-BOND). A 
PTMSP032-based GC method was developed, which avoids the need for an extra sample-preparation step and 
assures the rapid and accurate identification of hydrocarbon and methanol impurities in an n-butane gas sample. 
The FID detection limit was evaluated to range from 3.21 × 10–12 to 6.68 × 10–12 g/s for hydrocarbons and to be 
2.78×10–11 g/s for methanol. The repeatability, determined as the root-mean-square deviation (RMSD) of peak area, 
amounted to 4.20% for hydrocarbons, and varied from 4.96 to 0.29% for methanol in concentrations of 0.06×10–3 
to 1.01×10–2 mg/mL, respectively.

Keywords: poly(1-trimethylsilyl-1-propyne), residual hydrocarbons and methanol in n-butane, repeatability, 
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The rapid advances in the chemical and petrochemical 
industries have stimulated a growing demand for crude 
oil, not only to enhance the output of fuels and oils, but 
also to obtain valuable feedstocks for the production of 
synthetic rubbers, fibers, plastics, surfactants, detergents, 
plasticizers, additives, dyes, etc. Among such feedstocks 
derived from crude oil, the following hydrocarbons have 
been used most widely: paraffins (methane, ethane, 
propane, butanes, pentanes, and hexanes); naphthenes 
(cyclohexane); aromatics (benzene, toluene, xylenes, 
and ethylbenzene); mono-olefins and diolefins (ethylene, 
propylene, and butadiene); and acetylene.

One of the most valuable hydrocarbons is n-butane. 
It is used for various purposes: (i) in the chemical and 
petrochemical industries, as a raw material to obtain 
butylene, as well as to synthesize butyl alcohols, methyl 
ethyl ketone, and butadiene-1,3 in the production 

of synthetic rubbers; (ii) as fuels (in a mixture with 
propane) for household heating stoves and vehicles;  
(iii) as a refrigerant gas (more environmentally friendly 
than freons) for refrigerators; and (iv) to prepare gasoline 
with a high octane number (a measure of detonation 
resistance, i.e. the fuel’s ability to resist self-ignition 
under pressure) [1, 2].

n-Butane is generally recovered during the treatment 
and separation of natural gas and associated petroleum gas 
(APG), as well as during oil refinery and the cracking of 
petroleum products. Both commercial and target n-butane 
products may contain (as impurities) C1–C10 aromatic and 
aliphatic (both saturated and unsaturated) hydrocarbons, 
as well as methanol––added as an inhibitor to prevent 
hydrates from being formed during the production and 
treatment of natural gas. Therefore, the proper quality 
control of n-butane is critical for its further efficient use. 
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For example, the presence of isobutane as an impurity in 
n-butane increases the yields of low-value products such 
as acetone and methyl acetate, whereas the presence of 
butenes and propene lowers the yield of acetic acid [3].

The proper control of impurities, in particular 
aromatics and methanol, in n-butane is also essential 
to prevent atmospheric chemical pollution and adverse 
impacts on humans [4, 5].

Currently, various methodological approaches are 
employed to identify the composition of feedstocks 
and products in gas and oil refining. When developing 
relevant analytical methods, gas chromatography is 
used extensively. To identify the feedstock and product 
compositions, researchers utilize packed columns based on 
porous polymers, silica gel, alumina, or on a Chromosorb 
P/W-NAW diatomite support modified with various 
stationary phases. Alternatively, capillary porous-layer 
columns are used with a layer of alumina, porous organic 
polymers [7], or silica gel [8, 9].

In accordance with applicable regulations (Russian 
national and Commonwealth of Independent States 
interstate standards, GOST), two or three chromatography 
columns (packed or capillary) must be used to identify 
hydrocarbons and methanol in refinery feedstocks and 
products, including n-butane [6–13].

To measure methanol in liquefied petroleum gases 
(LPG), gas condensate, and natural gas liquid (NGL), 
the procedure may either include the preparation of a gas 
sample [10] or omit the need for this step [11]. The sample-
preparation step, when utilized, involves concentrating 
methanol by water extraction from petroleum gases, 
followed by introducing the sample with a syringe into 
the GC injector [10]. To identify the LPG composition 
without preliminary sample preparation (i.e., without 
concentrating), the sample must be introduced into the 
column from a pipeline, sampling container, or cylinder 
using a sampling valve. The identification procedure 
must ensure that the total hydrocarbon composition of the 
LPG, including saturated and unsaturated hydrocarbons 
(the latter having one or two double bonds), is measured 
on PLOT Al2O3/S and HP PLOT Q capillary columns 
[7] or on a PoraPLOT U porous-layer column with a 
divinylbenzene/ethylene-glycol-dimethacrylate adsorbent 
and with a non-polar methyl-silicone stationary liquid 
phase [13]. It should be noted that none of the columns 
specified above can achieve the complete separation of 
xylene structural isomers, namely o-xylene, m-xylene, 
and p-xylene. The methanol content must be determined 

on a capillary column with an HP PLOT Q or similar 
organic adsorbent [7].

In recent years, a porous polymer such as poly(1-
trimethylsilyl-1-propyne) (PTMSP), which was originally 
used as a material for membrane technology, has been 
increasingly utilized as a chromatographic adsorbent 
for various separation applications. Due to its high 
gas permeability, this polymer serves as a material 
from which capillary columns [14], packed columns 
(with an adsorbent that combines Chromosorb W and  
10 wt % PTMSP) [15], and multicapillary columns [16] 
are fabricated. PTMSP has proven to be a promising 
chromatographic adsorbent due to its anomalously large 
free volume and relatively high solubility in organic 
solvents (e.g., toluene or chloroform) [17–21]. Research 
on PTMSP as a chromatographic stationary phase has 
shown that this material is well suited for analytical 
purposes, in particular to measure silicon, phosphorus, 
germanium, and arsenic hydrides [22], thiophene in target 
benzene products [23], structural isomers of hydrocarbons, 
and chlorine-based compounds [24], as well as to analyze 
the products of the catalytic reduction of sulfur dioxide 
by methane or syngas, the catalytic dehydrogenation of 
isobutane, and the catalytic pyrolysis of ethylbenzene 
[25–28]. Further, the promising applicability of 0.32 
and 0.53 mm capillary columns with different PTMSP 
film thicknesses has been demonstrated for the analysis 
of model mixtures with a composition similar to that of 
natural gas [29]. 

The high separation selectivity for various classes 
of compounds achieved with PTMSP-based capillary 
columns suggests that the analytical method applied to 
identify hydrocarbons in propane and butane products 
[19], which currently involves the simultaneous operation 
of two or three packed or capillary columns [7–13], can 
be substantially improved.

Thus, the purpose of the present study was to develop 
a GC method to identify residual C1–C10 aromatic and 
aliphatic hydrocarbons and methanol simultaneously 
present in n-butane on a single capillary column with a 
porous layer of poly(1-trimethylsilyl-1-propyne).

EXPERIMENTAL

Reagents. We used poly(1-trimethylsilyl-1-propyne) 
synthesized at the BIC SB RAS facilities according to the 
method described in references [30, 31].

Column. A capillary column 0.32 mm in diameter 
was prepared by a static high-pressure method. For this 
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purpose, a 0.32 mm fused silica capillary was filled with a 
2.1% PTMSP solution in toluene. One end of the capillary 
was then sealed, while the open end was introduced into 
an air thermostat at a constant rate at 200°C [29, 32]. The 
prepared capillary column was 30 m long and 0.32 mm 
in diameter, with a 1.55 μm polymer film on the inner 
capillary surface (PTMSP032).

A commercial Rt-Q-BOND 30 m × 0.32 mm  × 10 μm 
capillary column (Restek, USA) with a polydivinylbenzene 
adsorbent was used as a reference column. This 
choice was motivated by the fact that, like PTMSP, 
polydivinylbenzene is a non-polar stationary phase. 
Both columns exhibit similar chromatographic propeties 
[25–29, 33].

Model mixtures. Mixture I: a calibration gas mixture 
of C1–C10 aliphatics prepared in a 10 L cylinder by OOO 
PGS-Service in Zarechnyi, Sverdlovsk oblast, Russia. 
The composition of the mixture is presented in Table 1.

Mixture II: n-butane (>99%, OOO Pure Gases, 
Novosibirsk, Russia) + mixture I + methanol, benzene, 
toluene, o-, m-, and p-xylene. The mixture was prepared 
in a 500 mLgas-tight syringe (Hamilton, USA). The base 
of mixture II was made up according to GOST 33012-
2014 [9], followed by the addition of the aromatics and 
methanol.

Mixture II was sampled with a 1 mL syringe (SGE, 
Australia) and introduced into the GC injector. The 
retention times and peak areas of the mixture components 
were then measured. 

Chromatography. The separation performance 
of both the PTMSP032 and Rt-Q-BOND capillary 
columns was examined. To develop the analytical 
method, evaluate the detection limit, and estimate the 
precision of the retention times and peak areas for 
mixture II components, PTMSP032 was used in a FID-
equipped Crystal 2000 chromatograph (manufactured 

Table 1. Compositions of mixture I and mixture II

Mixture I Content, mol % Mixture II Content, mol % Detection limit, × 10–12 g/s
Methane 0.0097 Methane 0.0097 3.21
Ethylene 0.0098 Ethylene 0.0098 5.82
Ethane 0.0097 Ethane 0.0097 6.05
Acetylene 0.0101 Acetylene 0.0101 5.95
Propane 0.0099 Propane 0.0099 6.46
Propylene 0.0097 Propylene 0.0097 6.54
Isobutane 0.0100 Isobutane 0.0100 6.68
n-Butane 0.0100 n-Butane >99 6.37
But-1-ene 0.0099 But-1-ene 0.0124 6.52
trans-But-2-ene 0.0098 trans-But-2-ene 0.0099 6.63
cis-But-2-ene 0.0010 cis-But-2-ene 0.0010 4.92
Neopentane 0.0099 Neopentane 0.0099 6.20
Isopentane 0.0099 Isopentane 0.0099 6.39
n-Pentane 0.0101 n-Pentane 0.0101 6.46
n-Hexane 0.0119 n-Hexane 0.0119 4.27
n-Heptane 0.0108 n-Heptane 0.00108 4.56
n-Octane 0.0030 n-Octane 0.00030 4.10
n-Nonane 0.0030 n-Nonane 0.00301 5.13
n-Decane 0.0020 n-Decane 0.0020 4.63
Nitrogen Balance Benzene 0.00060 3.65

– – Toluene 0.00100 4.79
– – o-Xylene 0.00020 4.85
– – m-Xylene 0.00035 4.54
– – p-Xylene 0.00013 5.48
– – Methanol 0.00130 2.78
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by the KUPOL electromechanical plant, Izhevsk, 
Russia) under temperature-programmed conditions, at 
injector and detector temperatures of 250 and 230°C, 
respectively, with nitrogen as a carrier gas. The column 
oven temperature was maintained with an accuracy of 
±0.5°C. NetChrom software (designed by Meta-Chrome) 
was used to process the chromatography data.

Preparation of methanol/nitrogen gas–vapor 
mixture. To prepare the gas–vapor mixtures, we used 
methanol (99.9%, Fluka), commercial nitrogen (99.6%, 
with 0.4% oxygen and 0.009% moisture, manufactured by 
SIBTEHGAZ, Novosibirsk, Russia), a 1 µL microsyringe 
(SGE, Australia), and 50 mL gas syringes (Hamilton, 
USA).

A calibration gas–vapor mixture was prepared with 
a methanol concentration of 1.01×10–2 mg/mL under 
the following procedure. Nitrogen was taken from the 
cylinder through a short connecting hose by a 50 mLgas 
syringe, after which the hose was tightly clamped, and 
0.64 µL of methanol was added (at 760 mmHg and 22°C). 
After five minutes (required for the complete vaporization 
and mixing of methanol and nitrogen), the gas–vapor 
mixture was taken with a 1 mLgas syringe and introduced 
into the injector.

To calibrate the detector, calibration gas–vapor 
mixtures with methanol concentrations of 1.01×10–2, 
5.05×10–3, 2.50×10–3, 1.25×10–3, and 0.06×10–3 mg/mL  
were prepared in a similar manner. Each newly-prepared 
calibration gas–vapor mixture was subjected to five 
parallel measurements. The repeatability precision 
for the retention times and peak areas of the mixture 
II components was calculated according to the CIS 
(Commonwealth of Independent States) Standardization 
Recommendation No. 61-2010 [34].

RESULTS AND DISCUSSION

Separation performance of PTMSP032 and  
Rt-Q-BOND capillary columns. It was noted above that 
to measure the qualitative and quantitative compositions 
of natural gas, APG, and gas condensate, and to 
identify hydrocarbons and methanol as impurities in a 
refinery product, the common method of choice is gas 
chromatography using columns prepared from selective 
adsorbents such as alumina, silica, or porous polymers 
[6, 7, 9, 10]. The n-butane product quality is normally 
tested by one of the two methods defined by the 
applicable interstate standard (GOST), as appropriate 
[6]. The first method is designed to analyze propane, 

butane, and their commercial mixtures that contain C2–C5 
saturated/unsaturated hydrocarbons, provided that the 
concentration of the tested components is at least 0.1 wt %.  
This method employs packed columns prepared from 
Chromosorb P and a di-n-butyl maleate stationary phase 
(represented either by 1,8-dicyanoctane or white paraffin 
oil). The second method is designed to measure the weight 
concentrations (at least 0.001 wt %) of methane, C2–C5 
saturated/unsaturated hydrocarbons, and C6 hydrocarbons. 
This method uses a 30 m×0.53 mm porous layer capillary 
column prepared from Al2O3/KCl. The referenced standard 
is not applicable to aromatics or methanol. The Russian 
national standard provided in reference [7] requires two 
columns to be used to analyze hydrocarbons: a 30 m × 
0.53 mm capillary column with an Al2O3/S adsorbent for 
C1–C5 hydrocarbons, and a 30 m×0.53 mm HP PLOT Q 
column with a polydivinylbenzene adsorbent for C1–C4 
hydrocarbons and methanol. Reference [35] describes 
a test method that measures C1–C4 hydrocarbons and 
methanol by multidimensional gas chromatography, also 
on two capillary columns, specifically HP-INNOwax and 
Alumina HP-PLOT M. 

Multidimensional gas chromatography is designed 
to measure methanol in crude oil in the concentration 
range of 15 ppm to 900 ppm [36]. The combined limit of 
quantification is 15 ppm. An improved analytical method 
(based on low-temperature sample injection, the operation 
of a CP-Sil 5 CB pre-column, and backpurging) identifies 
methanol down to as low as 0.8 ppm in crude oil. In this 
case, hydrocarbons are analyzed on a 60 m × 0.53 mm × 
5 μm capillary column with dimethyl polysiloxane, and 
methanol on a 10 m × 0.53 mm × 10 μm Varian CP-Lowox 
column [36, 37]. Satisfactory separation at similar C1–C5 
hydrocarbon concentrations was demonstrated on an  
Rt-Q-BOND column [38].

One of our previous studies was focused on the 
selective separation of a model hydrocarbon mixture 
similar to natural gas in composition (particularly, a 
methane content above 90%), which was tested on a 
capillary column with a porous PTMSP layer [29]. 
Based on that work, in order to measure the concomitant 
impurities in n-butane, we initially selected appropriate 
test conditions and compared the separation performance 
of two column types that exhibit similar chromatographic 
parameters, namely PTMSP032 and Rt-Q-BOND. One 
milliliter of mixture II was introduced into the injector 
and analyzed under temperature-programmed conditions 
(see Figs. 1 and 2).
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The chromatogram for Rt-Q-BOND (Fig. 1) clearly 
shows that but-1-ene, trans-but-2-ene, and cis-but-2-ene 
are not separated from the macrozone of n-butane, the 
purity of which exceeds 99%, whereas m-xylene and 
o-xylene are eluted as a single peak. The PTMSP032 
column (Fig. 2) achieves the complete separation of 
mixture II, including the structural isomers of n-butane 
and n-pentane, as well as o-, m-, and p-xylene. The peak  
resolution (Rs) for pairs such as n-butane/trans-but-2-
ene, trans-but-2-ene/cis-but-2-ene, p-/m-xylene, and  
m-/o-xylene is near to or greater than 1 (Fig. 2).

On the PTMSP032 column, an asymmetric methanol 
peak is eluted to baseline, and well-resolved nearly-
Gaussian peaks of propylene and n-propane are on the 
tail of the methanol peak. It is worth noting that the 
large amount of methanol in the tested sample does not 
impede the measurement of propylene or n-propane. At 
a concentration of 0.06×10–3 mg/mL, methanol is eluted 
as a separate peak after propane (Fig. 4). PTMSP032 
exhibits high selectivity, as indicated by the good 
separation of but-1-ene, isobutane, trans-but-2-ene, 

and cis-but-2-ene, as well as neopentane, isopentane, 
and n-pentane, from n-butane’s macrozone. Therefore, 
to develop a method for the identification of residual 
hydrocarbons and methanol in n-butane (>99% pure), 
we used a 30 m × 0.32 mm PTMSP032 capillary column 
with a 1.55 µm poly(1-trimethylsilyl-1-propyne) film on 
the inner capillary surface.

Identification of hydrocarbon and methanol 
impurities in n-butane (>99%). Mixture II was 
introduced repeatedly and sequentially into the injector. 
Figure 2 shows a chromatogram of the components 
of model mixture II. The root-mean-square deviations 
(RMSD) for the retention times and peak areas of the 
mixture II components do not exceed 0.3 and 4.2%, 
respectively (Table 2). The data indicate the satisfactory 
repeatability of the experimental results, as well as the 
stable operation of this column.

The detection limit, Cmin (g/s), for hydrocarbons and 
methanol analyzed on PTMSP032 and detected by the 

Fig. 1. Chromatogram of mixture II components in  
Rt-Q-BOND column. Temperature programming: initially 
hold at 35°C for 3 min, heat to 180°C at a rate of 7°C/min, 
and hold at 180°C until all components are completely eluted. 
The carrier gas was nitrogen: (1) methane; (2) acetylene;  
(3) ethylene; (4) ethane; (5) propylene; (6) propane;  
(7) methanol; (8) isobutane; (9) n-butane + but-1-ene + trans-
but-2-ene + cis-but-2-ene; (10) neopentane; (11) isopentane; 
(12) n-pentane; (13) n-hexane; (14) benzene; (15) n-heptane; 
(16) toluene; (17) n-octane; (18) p-xylene; (19) m-/o-xylene; 
(20) n-nonane; and (21) n-decane.

Fig. 2. Chromatogram of mixture II components in PTMSP032 
column. Temperature programming: initially hold at 40°C for 
11 min, heat to 85°C at a rate of 7°C/min, hold for 0.5 min, 
heat to 220°C at a rate of 10°C/min, and hold at 220°C until 
all components are completely eluted. The carrier gas was 
nitrogen: (1) methane; (2) acetylene; (3) ethylene; (4) ethane; 
(5) methanol; (6) propylene; (7) propane; (8) but-1-ene;  
(9) isobutane; (10) trans-but-2-ene; (11) cis-but-2-ene;  
(12) n-butane; (13) neopentane; (14) isopentane;  
(15) n-pentane; (16) n-hexane; (17) benzene; (18) n-heptane; 
(19) toluene; (20) p-xylene; (21) m-xylene; (22) o-xylene;  
(23) n-octane; (24) n-nonane; and (25) n-decane.
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FID (see Table 1) was calculated by formula (1) as defined 
by the relevant Russian national standard [39]:

Table 2. Chromatographic parameters for mixture II components (>99% n-butane): average retention time (<tR>, min), average 
peak area (<S>, mV min), and repeatability precision (RMSD, %)  (n = 6, P = 0.95)

Component
PTMSP032 column

Component
PTMSP032 column

<tR>, min <S>, mV min <tR>, min <S>, mV min
Methane 2.06 6.78 Isopentane 25.46 7.89
Acetylene 2.32 3.42 n-Pentane 26.01 7.69
Ethylene 2.63 3.60 Benzene 28.11 2.57
Ethane 3.14 3.56 n-Hexane 29.96 1.66
Methanol 5.53 45.65 Toluene 32.13 7.71
Propylene 6.91 18.21 n-Heptane 33.45 4.37
Propane 8.99 16.32 p-Xylene 36.20 1.40
But-1-ene 18.53 10.81 m-Xylene 36.49 2.66
Isobutane 19.03 11.61 o-Xylene 37.28 0.82
trans-But-2-ene 19.42 6.01 n-Octane 38.16 4.49
cis-But-2-ene 19.68 0.42 n-Nonane 46.04 3.22
n-Butane 20.34 2076.13 n-Decane 60.28 3.14
Neopentane 23.99 8.83 RMSD, % 0.3 4.2

(1)

0.01 ,
( 273)

rPMYVG
KR t

=
+

(2)

Table 3. Chromatographic parameters for methanol: average retention time (<tR>, min), average peak area (<S>, mV min), and 
repeatability precision (RMSD, %)  (n = 5, P = 0.95)

Sample

Methanol concentration, mg/mL

1.01×10–2 5.5×10–3 2.05×10–3 1.25×10–3 0.06×10–3

tR S tR S tR S tR S tR S
1 3.58 107.48 3.75 47.50 4.05 22.59 4.62 8.01 5.97 1.80
2 3.60 107.64 3.75 47.52 3.99 22.41 4.59 8.6 6.06 1.79
3 3.59 107.61 3.75 47.49 4.02 21.66 4.65 8.29 6.13 1.77
4 3.60 107.80 3.74 48.01 4.03 21.77 4.66 8.41 6.08 1.63
5 3.59 108.28 3.72 47.15 4.01 21.61 4.60 8.08 6.15 1.60

<tR> and <S> 3.59 107.76 3.74 47.53 4.02 22.01 4.62 8.28 6.08 1.72
RMSD, % 0.16 0.29 0.33 0.65 0.56 2.08 0.66 2.91 1.04 4.96

where σ is the FID’s background signal (mV); σav =  
0.152 mV; <S> is the average peak area for the component 
(mV s); G is the component’s weight (g), which was 
calculated taking into account the split ratio of the sample 
in the injector as per applicable GOST [39]:

where Vr is the volume of the sample (mL); P is the 
atmospheric pressure (Pa); M is the molecular weight of 
the component (g/mol); Y is the volumetric concentration 
of the component in the gas sample (vol %); R is the gas 
constant; t is the ambient temperature (°C); and K is the 
split ratio in the injector (in this case, K = 20).

For the FID calibration, we prepared a methanol/
nitrogen gas–vapor mixture by a static method (see 
above). Figures 3 and 4 show the retention time, peak 
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area, and peak shape as functions of the methanol 
concentration in the calibration mixtures and in the 
sampled model mixture II.

As the methanol concentration in the calibration 
mixture increases from 0.06×10–3 to 1.01×10–2 mg/mL, 
the peak maximum shifts towards lower retention times 
(see Figs. 3 and 4 and Table 3). The peak has a tail, which 
ends in about the 10th min. Given that the heating is 
programmed to start from the 11th min, the significant 
asymmetry of the methanol peak does not prevent it from 
being quantified within an adequate margin of error.

Based on the data obtained, a primary calibration curve 
was plotted. The regression coefficient for the curve built 
using the least squares method equaled 0.9987 (Fig. 5, 
Table 3). 

If the calibration is performed at 40°C (Tcol = 40°C), 
the peak areas may differ by about 2% from the values 
presented.

Table 3 summarizes the precision values for the 
calibration gas–vapor mixtures derived from five parallel 
measurements of peak areas and retention times in the 
methanol concentration range of 0.06×10–3 to 1.01× 
10–2 mg/mL.

For a concentration of 0.06×10–3 mg/mL, the root-
mean-square deviation of peak area in the calibration 

methanol gas–vapor mixtures is 4.96%. For higher 
concentrations, the RMSD is somewhat lower.

Thus, over the course of the study, we developed a 
GC method based on simple procedures for preparing 
the calibration mixture (avoiding the need for an extra 
sample-preparation step) and calibrating the instrument. 
This method utilizes a 30 m × 0.32 mm capillary column 
with a 1.55 μm poly(1-trimethylsilyl-1-propyne) film 

Fig. 3. Chromatograms of calibration gas–vapor mixtures in 
PTMSP032 column for methanol concentrations of 1.01×10–2, 
5.05 × 10–3, 2.50 × 10–3, 1.25 × 10–3, and 0.06 × 10–3 mg/mL 
(Column temperature 50°C; nitrogen as a carrier gas).

Fig. 4. Methanol migration as a function of its content in 
mixture II in PTMSP032. Sample volume 1 mL. Temperature 
programming: initially hold at 40°C for 11 min, heat to 85°C 
at a rate of 7°C/min, hold for 0.5 min, heat to 220°C at a rate 
of 10°C/min, and hold at 220°C until all components are 
completely eluted. The carrier gas was nitrogen.
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(PTMSP032), which exhibits high separation selectivity. 
Consequently, the method rapidly and accurately identifies 
impurities in an n-butane (>99% pure) sample, including 
C1–C10 hydrocarbons and their structural isomers, o-, m-, 
and p-xylene, and methanol. 

For hydrocarbons, the peak areas are measured 
within a margin of error of 6.4%. For methanol in the 
concentration range of 0.06×10–3 to 1.01×10–2 mg/mL, 
the peak area measurement error (from 4.96 to 0.29%) 
does not exceed the measurement uncertainty observed 
in the existing GC methods employed to identify the 
components of n-butane or other gaseous fluids.
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