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Abstract 

The remote, timely and in-field detection of sulfured additives in natural gas pipelines is a 

challenge for environmental, commercial and safety reasons. Moreover, the constant control of 

the level of odorants in a pipeline is required by law to prevent explosions and accidents. 

Currently, the detection of the most common odorants (THT = thiophane, and TBM = tertiary 

butyl mercaptan) added to natural gas streams in pipelines is made in situ by using portable gas 

chromatography (CG) apparatuses. In this study, we report the analysis of the ultraviolet (UV) 

spectra obtained by a customized UV spectrophotometer, named Spectra, for the in-field 

detection of THT and TBM. Spectra was conceived to accomplish the remote analysis of 

odorants in the pipelines of the natural gas stream through the adoption of technical solutions 

aimed to adapt a basic bench UV spectrophotometer to the in-field analysis of gases. The 

remotely controlled system acquires spectra continuously, performing the quantitative 

determination of odorants and catching systemic or accidental variations of the gaseous mixture 

in different sites of the pipeline. The analysis of the experimental spectra was carried out also 

through theoretical quantum mechanical approach aimed to detect and to correctly assign the 

nature of the intrinsic electronic transitions of the two odorants, THT and TBM, that cause the 
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UV absorptions. So far, these theoretical aspects have never been studied before. The absorption 

maxima of THT and TBM spectra were computationally simulated through the usage of selected 

molecular models with satisfactory results. The good matches between the experimental and 

theoretical datasets corroborate the reliability of the collected data. During the tests, also 

unexpected pollutants and accidental malfunctions have been detected and also identified by 

Spectra, making this instrument suitable for many purposes. 

Keywords: Portable ultraviolet spectrophotometer, natural gas odorants, field detection, 

thiphane, THT detection, vibronic structure, time-dependent density functional theory 

calculations, TD-DFT 

 

Introduction 

Natural gas is an odorless, colorless and flammable gas worldwide spread for civil uses.1 For 

safety requirements, suitable odorants are added in order to detect the presence of gas in air in 

concentrations below the lower explosive limit (LEL); besides the unpleasant smell, the odorant 

addition must not change the physical or chemical properties of natural gas.  Most common 

odorizing agents are linear or branched chain aliphatic sulfides such as ethyl mercaptan, 

dimethylsulfide (DMS), isopropyl mercaptan (IPM), tertiary butyl mercaptan (TBM), normal 

propyl mercaptan (NPM), methyl ethyl sulfide (MES), secondary butyl mercaptan (SBM) or 

cyclic such as thiophane (THT).2 In Europe the most common odorizing agent is the THT, which 

is known not to be easily oxidized or to have low odor impact that is at least not as pungent as 

TB, and exhibits poor soil penetration; it is usually used either as pure or in blends such as 50% 

THT with 50% TBM.2 There are many issues to take in consideration to set up the odorization of 

natural gas such as (i) the odor intensity of the selected odorant,3 (ii) the maintenance of its 

minimum concentration in gas,3 (iii) the choice of the device for the odorant’s detection 

according to these standards,2 given that a precise measurement of the concentration of the 

odorant is required mainly for civil safety but also for financial concerns. The demand to prevent 

unnecessary overloads of sulfur based odorants in natural gas is also related to environmental 

issues, as the combustion of odorized gas leads to the unavoidable production of pollutants that 

cause acid rains and other environmental consequences.1–4 This latter aspect puts the base for 

other additional needs, such as the constant and continuous control of odorant levels to avoid 

injecting exceeding amounts of THT or TBM. Efficient online analyses of natural gas streams 
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are highly desirable and, currently, these are mainly based on chromatographic methods,5 with all 

the limits and worries of this technique that, even suitable and reliable, is surely limited by 

technical concerns and high procedural costs.6 Many studies have been addressed to the 

challenging purpose of detecting and monitoring gaseous mixtures according to both 

chromatographic,7,8 as well as to spectroscopic methods.9,10 In particular, the recent development 

of portable gas chromatography (GC) systems created by the integration of micro fabricated 

components makes these tools suitable for rapid and on-site analysis of a number of complex 

chemical mixtures, including natural gas streams in pipelines.11 Portable gas chromatography 

(GC) systems, also equipped with mass analyzers,12 may be set up for the measurements of THT 

(5 ppm) or TBM (1–3 ppm range) directly in the pipeline with an accuracy and a precision of 

analysis in the range of bench-top instruments. Portable GCs afford to a shortening of the 

analysis’ time by avoiding the in-field sampling and the further delivery of the samples to remote 

laboratories. Currently, GC measurements are the most used and recognized as reliable for the 

detection of odorizing agents in natural gas.13,14 However, the use of this instrumentation with an 

automatized sampler and a permanent, continuous analyzer of the gaseous mixture stream 

directly in-field involves a series of problems, as in example, the constant need of a carrier gas, 

the maintenance of the columns and the operating conditions, whose variation due to climatic 

effects can cause the alteration of the measurement.6 By considering these issues, alternative 

analytical methods have been taken into account with further attention being drawn on 

spectroscopic methods. With the aim to develop a prototype for on-line measurements, we 

present here a novel approach to the TBM and THT detection in odorized natural gas. In 

particular, we investigated the application of a customized UV–visible (UV–Vis) 

spectrophotometer instrument in the detection and in the quantification of the two mentioned 

odorants, when they are dispersed in real matrices of natural gas that flow through pipelines. The 

acquired UV spectra, examined by both direct absorptiometry and a multiwavelength approach, 

were collected to serve as a database for the aforementioned applicative purposes. To clarify the 

relevance of the data, the definition of their electronic nature was studied using quantum 

mechanical techniques. The combination of the theoretical and experimental approaches supports 

the prototype herein proposed and puts the bases for its use in the quantitative determination of 

odorants in natural gas in the ppm range of concentration. 
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UV–Vis Spectral Analysis 

Background 

The most commonly used measurement technique in the detection of complex gaseous mixtures, 

so far, is the combination of gas chromatography (GC) with either a flame ionization detector 

(FID), mass spectroscopy15 or in combination with an array of highly integrated and selective 

metal oxide (MOX) sensors.16 However, the development of the UV spectrophotometry in the 

analysis of gas mixtures has prompted us to adopt this fast technique for the measurements of 

odorants.17,18 In the first place, in comparison with other optical methods, this technology 

presents some important features such as the ease and robustness of the optical technique and the 

analysis of low concentration range (from 10–3 to thousands mg/m3).19 Furthermore, methane, 

which is the largest component of natural gas, exhibits UV absorptions up to 140 nm,20 as well as 

propane21 and ethane, which exhibit a characteristic serrated band of absorption up to 150 nm.20–

22 Conversely, sulfur compounds adsorb UV light in the spectral region above 195 nm.23 

Moreover, UV spectral examination may be performed by direct absorptiometry or by means of 

a multiwavelength approach. In the former method, a single wavelength is used; hence, by 

knowing absorbance values at given concentrations of a species, it is easy to determine an 

unknown concentration of the same species; therefore, the selection of a characteristic 

wavelength must be carried out for the studied compound. In the multiwavelength approach, the 

analysis is based on spectral deconvolution, a classical multicomponent analysis carried out by 

using a deterministic approach which simultaneously evaluates the contributions of each species 

by computational and chemometric methods.24,25  

 

Materials 

All analytical gas samples for the in house analysis were obtained from Risam Gas with a 

concentration ranging from 10 to 50 mg/Sm3 in either Nitrogen or Methane. In-field gas samples 

were spilled directly from medium-pressure (3–5 bar) distribution pipelines with the consent of 

the distributors. 

 

Instrumentation 

Ultraviolet–visible spectra were acquired using a custom-built UV–Vis spectrophotometer 

prototype (later named Spectra). The optical path of the instrument consists of a UV deuterium 
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lamp, a custom stainless steel flow cell with built-in focusing lenses, a commercial UV 

spectrophotometer and two optical fibers with a 600 µm quartz core. The spectrophotometer is 

capable of analyzing light in the 180–450 nm wavelength range, but the measuring range was 

limited to 200–280 nm (unless otherwise specified) to obtain the best possible resolution over the 

wavelengths of interest. The instrument includes a particulate filter, a pressure reducer, valves, 

and pumps to control the gas flow through the cell. Every component is controlled by proprietary 

electronics. Validation of the measurements made with Spectra on the pipelines was carried  out 

by comparing them with the results of the GC analysis in different pipelines and with those 

obtained by Spectra on standard canisters at known concentrations (normed according to ISO 

6143). The prototype system is currently patent pending. 

 

Spectra Acquisition Method 

During the analyses, every analytical gas sample was kept at 2 bar pressure and at room 

temperature. The technical steps needed for each measurement may be summarized as follows: 

Each procedure starts with a systematic process of cleaning of the gas cell, followed by the 

introduction of the reference gas, a reading of the light transmitted through the reference gas 

(blank), the introduction of the odorized natural gas and another reading of the light transmitted 

(sample). Each reading is performed after letting the gas stabilize inside the gas cell. Each 

spectrum consists of the average of 50 subsequent 0.1 s acquisitions. No other mathematical pre-

processing is performed. Direct absorptiometry of THT was performed by comparing the 

absorbance of the gas mixture at 230 nm with the absorption of THT/methane standard canisters 

at the same wavelength. 

 The method of analysis is based on the well-known Beer–Lambert Law, where the 

experimental absorbance of a gas sample is calculated by considering a reference gas as blank:  

A
experimental

= A
sample

- A
blank

= -log
I

sample

I
blank

 (1) 

 If the reference gas is non-absorbing in the range of interest (200–280 nm), Aexperimental 

corresponds to Asample. Conversely, if the reference gas shows absorptions in the observed range, 

the attained spectrum might display negative bands, according to Eq. 1. Consequently, the choice 

of the reference gas is fundamental for this method of analysis. In this regard, the gas in pipelines 

is mainly composed by a mixture of light hydrocarbons consisting of 90–95% of methane. 
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Methane and other light aliphatic hydrocarbons do not show absorptions in the range of analysis 

chosen for the herein described purposes, therefore they might be used as reference gases; 

however, the acquisition of a blank measurement with a hydrocarbon matrix poses major 

problems for an in-field automated measuring system, because it implies the use of canisters of 

combustible gas in unsupervised environments, bringing up safety concerns and the need for 

frequent replacement of the hydrocarbon canisters. An alternative non absorbing gas to methane 

might be nitrogen, being safe and available in canisters; moreover, in the range 200–280 nm, no 

significant differences between spectra of a standard odorant–methane mixture and spectra of a 

standard odorant–nitrogen mixture were observed in laboratory trials. Using nitrogen would rule 

out the concerns arising from the use of combustible gas, but it would still defeat the whole 

purpose of achieving an in-field automated and independent machine because of the need of 

maintenance and replacement of the canisters. The concerns were removed by using atmospheric 

air. Atmospheric air does not show significant absorptions at wavelengths higher than 200 nm 

hence it represents a cheap and readily available reference gas to set up Spectra for the in-field 

analysis. In summary, above 200 nm, methane, nitrogen, and air appear to be equivalent as 

reference gases with regard to Eq. 1, but the choice of air allows the instrument to be completely 

independent. Since air was chosen as the reference gas, its characteristic absorptions (see Figure 

S1, Supplemental Material), attributed to the absorption of oxygen,26 may appear as negative 

peaks below 200 nm in the resulting spectra. In the same way, the occasional presence of 

unexpected UV-active pollutants in air, whose absorptions are in the range of interest, may 

originate negative bands in the final spectra. Nevertheless, the negative peaks due to oxygen do 

not affect the measurements because of the substantial wavelength difference between oxygen 

and odorant absorptions; in contrast, absorptions due to occasional pollutants in the reference gas 

might definitely interfere with the odorant measurements. This problem was observed in a 

specific booth placed near a polystyrene manufacturing industry; natural gas spectra acquired in 

that booth occasionally showed a large negative band centered at 235 nm that was tentatively 

assigned to styrene according to data reported in the literature.27 In practice, the issue was 

tackled by automatically checking every spectrum for unexpected signals, by discarding the 

faulty measurements and by triggering alerts for the user.  

 

UV–Visible Spectral Analysis of THT and TBM 
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UV–Visible Spectra 

The UV–Vis spectra of gaseous THT and TBM were recorded with Spectra in methane in 

different concentrations that averaged ~45 mg/Sm3 and ~18 mg/Sm3, respectively (corresponding 

to 0.00125%–0.0005% of odorant). The ultraviolet absorption spectrum of CH4 consists of a 

continuous absorption with two diffuse broad peaks in the 8.8–11.4 eV photon energy range 

assigned to Rydberg transitions,28–30 whereas the absorption spectrum of ethane (C2H6) shows 

considerable vibronic structures.29 Light alkanes, the largest components of natural gas, absorb in 

a UV region quite below 200 nm resulting suitable as dispersive medium for UV absorption 

analysis of sulfur containing compounds whose absorptions fall at higher wavelengths.31 The 

absorption profiles recorded for THT and TBM with Spectra on standard canisters at room 

temperature are reported in Figure 1 and their appearance is quite characteristic.  

 An interpretation of the absorption spectrum of THT shown in Figure 1 was attempted on 

the basis of the data reported in the literature.23 In the literature, the maxima for a not fully 

specified (CH2)4S compound are reported at 210 and 239 nm in ethanol solution. These data are 

comparable with those obtained by Tarbell and Weaver for an ambiguous related sulfur 

compound.32 In the spectrum shown in Figure 1, a quite intense serrated curve is observed with a 

maximum absorption at 209 nm attributable to a likely vibronic structure with peaks separation 

of 2.6–2.9 nm. The curve intensity falls at 211 nm and another less intense but broader 

asymmetric band appears at about 228 nm.  

 The spectrum obtained for TBM, shown in Figure 1, consists of a wide absorption band 

with a maximum at 204 nm, and a very broad and flattened band centered at about 230 nm, 

which ends with a tail around 260 nm. By comparing with the THT spectrum we observe a 

flattening of the low energy absorption band and in general, going from a closed ring structure 

for THT to an open branched chain of TBM, an overall change of the absorption curves. For 

TBM, an UV absorption spectrum has been reported by Haines et al.,33 who highlighted a 

narrower yet more intense band with a maximum absorption of around 215 nm, and a lower 

energy wider and less intense band at 230 nm.  

 From this preliminary study, the THT compound appears as the most suitable odorant for 

the application of the direct UV–Vis absorptiometry. In particular, the low energy absorption 

having the local maximum at 228 nm does not overlap with the signals due to other components 

of natural gas, even if its absorption coefficient is 4.8 times lower than that of the main peak.  
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DFT Calculations 

Given the scarcity of data in literature and in order to achieve a better comprehension of the 

nature of the electronic transitions of the odorants, the UV–Vis absorption spectra of TBM and 

THT have been investigated in details from a computational viewpoint. The UV–Vis absorption 

spectra are originated from electronic transitions from populated to vacant levels. The excitation 

may be accompanied by molecular vibrations determined by specific periodic motions of some 

selected atoms with respect to the others in the molecule. The computational analysis allows to 

define the nature of both the ground and excited states of the molecule providing useful pieces of 

information to be compared with the available experimental data. The task is today facilitated by 

the modern time-dependent DFT methods (TD-DFT).34 In the present study, the spectroscopic 

response of molecules such as tert-butyl mercaptan (CH3)3CSH (TBM) or tetrahydrothiophene 

(THT), whose presence is ascertained in the experimental gas mixture, was tested. Therefore, the 

molecules were firstly fully optimized and spectroscopically investigated, also using various 

combinations of functional and basis set in order to find the best spectroscopic agreement with 

the corresponding experimental data. For instance, the three different functionals B3LYP,35 

PBE0,36,37 and wB97xD,38 were used in association with either the 6–31+G(d,p) or the 

DEF2TZVP,39 with the most satisfactory response observed for the PBE0/6–31+G(d,p) 

combination. For the sake of simplicity, the first analyzed molecule was TBM molecule, which 

does not feature any vibronic structure in the experimental UV–Vis spectrum (Figure 1). The 

computed spectrum exhibits a single peak at 206.8 nm in satisfactory agreement (with ~3 nm of 

redshift) with the experimental spectrum, featuring a single asymmetric absorption peak at about 

204.4 nm (Figure S2, Supplemental Material). Once obtained the satisfactory agreement between 

the experimental and calculated spectra, we started evaluating the electronic transitions 

associated with the main peak. The major contributions involve in the descending energy order 

the HOMO→LUMO+2; HOMO→LUMO+1; HOMO→LUMO transitions with the probability 

of 12.6, 60.4, and 21.2%, respectively. The MO features of all the involved levels are depicted in 

Figure 2. In particular, it emerges that the orthogonal and almost pure p orbital of the S atom 

(HOMO) invariably transfers one of its electrons into the vacant S–C and S–H  level first two 

transitions, while the third is less crystalline clear). Noteworthy, the electronic transitions of the 
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mercaptan moiety are particularly energetic being the associated wavelength around 200 nm and 

the calculated energy differences larger than 6 eV. 

 The electronic transitions for TBM together with their nature were compared with those 

of simpler correlated compounds that feature a S–H grouping, such as H2S and MeSH. In no 

case, the absorption peaks significantly differ from that of TBM at 206.8 nm, given the 

progressive higher energy shifts (lower wavelengths) in going from TBM to MeSH and H2S. In 

particular, the most energetic peak is found for H2S (203.8 nm), while the shift is almost halved 

for MeSH (205.4 nm). The results for the three species are summarized in Table I, showing a 

rather strict similarity of the most important transition. 

 After these first assessments, the study was addressed to investigate a fourth S-based 

molecule, namely the tetrahydrothiophene C4H8S (THT), which, conversely to the precedent 

three mercaptan molecules, features a doubly substituted S atom in a cyclic arrangement. Its 

experimental spectrum significantly differs from the TBM one, both reported in Figure 1, for 

having a broad peak at 228.6 nm together with a structured one in the 200–210 nm region with a 

residual shoulder at 197 nm. An initial attempt of reproducing in details the fine structure of the 

spectrum of Figure 1 by using the standard TD-DFT method failed, because also the calculated 

spectrum shows a unique peak at 205 nm (Figure S2). In comparison to the previously studied 

cases, the peak in the simplest computed spectrum for THT corresponds totally to the HOMO→ 

LUMO+2 transition (weight of 96%). The corresponding departure and arrival levels are drawn 

in Figure S3 (Supplemental Material). In particular, the HOMO is, as in TMB, the p sulfur lone 

pair, with a somewhat reduced weight (from 92% to 86%), while the LUMO+2 is delocalized 

over the four CH2 groups of the ring with C–H * character mainly centered at the most distal 

positions with respect to S. Conversely to the case of the TBM, the electron transition appears to 

involve C–H * orbitals similarly oriented to the S lone pair. By comparing the pure electronic 

spectra (Figure S2), a most evident divergence appears in the region 200–215 nm, likely due to 

neglecting the vibronic components in the performed calculations. For this, we deemed necessary 

to take into account the Franck–Condon effect,40 by using the protocol available in the Gaussian 

16 package.41 In this case, the computed UV spectrum of THT was enriched by performing the 

full optimization of the excited state (still in the singlet), where one electron is actually promoted 

into the LUMO+2 level. The vibronic structure could be then derived by combining the results of 

the TD-DFT approach plus those of the excited state optimization. In fact, the final spectrum, 
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shown in Figure 3, exhibits an evident vibronic structure, rather consistent with the experimental 

one in Figure 1. The reliability of the result is corroborated by the five computed vibronic peaks 

with almost constant energy separations of ca. 3 nm. The electronic transition is associated with 

a series of vibrational modes, which are possibly due to the deformation trends of the ring 

including various C–H vibrations.  

 

UV–Visible Quantitative Analysis of THT and TBM Using Spectra 

Spectra was tested at different pressures by plotting the measured THT absorbance values at 230 

nm against increasing pressure between 1 and 6 bar (Figure A1a, Appendix). In this pressure 

range, the instrument showed no deviation from Beer–Lambert law and a reliable sensing of 

THT with reproducible spectral profiles; the plot, Figure A1 (inset image) exhibits a good fit of 

data with a value of determination coefficient, R2, of 99.98% showing the goodness of the linear 

regression to the set of experimental data up to an absorbance value of 0.2. In practice, a low 

pressure of 2 bar was chosen for the in-field acquisitions. In a similar way, the relationship 

between odorant concentration and absorbance was tested at a constant pressure of 2 bar, by 

plotting the measured THT absorbance values at 230 nm against increasing concentration of 

THT in methane (Figure A2, Appendix). In the studied concentration range, which is the typical 

range of concentration of odorant required by law, the signal shows good linearity with a value 

of R2 of 99.95%. Once set up for the quantitative analysis, each instrument installed in the 

pipeline was technically checked and calibrated in situ with odorant/methane canisters at 

different concentrations and the calibration line was calculated by the automatic system and used 

as reference. The prototypes were tested in natural gas pipelines in several areas of north Italy in 

agreement with national natural gas distributors. The aim of the tests was to observe the 

instrumental response to the variation of odorant concentration, either due to changes in the 

urban gas demand and/or to system failures. The results discussed in this work are based on the 

analysis of all the spectra recorded since March 2019 to January 2020 in different pipelines, and 

their key features are reported below. They might be summarized by dividing the spectra into 

three classes. The first class of spectra is the overwhelming majority and it consists of those 

spectra whose absorbance values, recorded in selected wavelengths, show linear relationship 

with the concentration of sulfur components with acceptable errors. The absorbance 

measurements were successfully compared to those obtained with standard canisters and, 
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occasionally, the concentrations were also verified by GC with an error, at worst, within  10%. 

Moreover, the absorption profiles do not undergo very large variations in the range of analysis, 

indicating an overall constant composition of the gas mixture. The second class corresponds to 

the spectra showing systematic anomalies in the absorption profiles of THT or TBM. These 

anomalies are present in hundreds of spectra but not in all the pipelines. The analysis of these 

spectra allowed the identification of some unexpected sulfured pollutants. The third class of 

spectra groups occasional new profiles of absorption. They are a couple of dozens of cases over 

thousands of records, and their accidental absorptions are due to pollutants at ppm concentration, 

mainly due to environmental pollution, or to impurities contained in the commercial odorant or 

in the upstream charge of natural gas. In this latter class, it is possible to include also those 

spectra due to some random technical accidents resulting to a sudden variation of the 

composition of the gaseous mixture; in example we reported the spectra recorded in a pipeline 

where the odorant injection pump failed (Figure S4, Supplemental Material). 

 In general, the recorded spectra show the typical absorptions for the THT or TBM, 

depending on the odorizing agents used in the pipeline, in addition to other components. Two 

selected groups of spectra recorded with the same experimental conditions in different pipelines 

are reported in Figure 4. 

 The spectral profiles reported in Figure 4 show variations of the concentration of THT 

and some peaks of additional components. In the range 230–235 nm the absorptions are mostly 

due to THT, endorsing this range as that suitable for the quantitative measurement of THT. The 

full discernment of the gaseous mixture is quite complex and should be corroborated for each 

single pipeline, however we have identified the most recurrent components. Firstly, we analyzed 

the peak at 228 nm which is present in Figure 4. The presence of sulfur based pollutants is 

plausible and we considered H2S, MeSH, and Me2S as possible responsible for the absorptions at 

228 nm.42 The comparative analysis of the spectral data available in literature for H2S,20,43 and 

for Me2S,44 ruled out the presence of H2S and MeSH, leading to the conclusion that the peak at 

228 nm might be attributed to the presence of Me2S with a concentration in the ppm range. As a 

matter of fact, unexpected traces of Me2S are occasionally found and tolerated in commercial 

odorizing agents especially for low cost products; also, blended odorants consisting of 20–30% 

of Me2S are commercially available, given its high odorant power and the low cost.2 Traces of 

Me2S may also be found in natural gas even after desulfurization. 
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 This hypothesis was corroborated by comparing the spectra of Me2S, of THT and of the 

natural gas presumably polluted with Me2S, in the range 190–280 nm (Figure 5). The plot 

displays quite a good match for the peaks at 195 nm and at 228 nm, supporting the attribution of 

these peaks to the adventitious presence of Me2S.  

 A careful analysis of the natural gas spectra in Figure 4 highlighted very weak peaks in 

the range 235–275 nm. A magnification of this range is reported in Figure 6 and it shows a 

system of peaks apparently due to vibronic structures. The finger-shaped peaks recall the E 

bands of benzene, with main peaks corresponding to 241, 247, 253, and 259 nm with a large 

correspondence with the data reported in literature.45,46 Considering that the two sets of bands of 

benzene have different molar absorptivity (maximum 256 nm,  = 200 L* mol–1 cm–1; 204 nm,  

= 7900 L* mol–1 cm–1; and 184 nm,  = 60000 L* mol–1 cm–1), its presence likely explains some 

discrepancy of the intensity of the bands observed in figure 4. Actually, an accurate analysis of 

the peaks at 235–275 nm highlights that it consists of overlapped E bands of different benzene-

like structures, with benzene as the largest component.47,48  

 In fact, some of the peaks shown in Figure 6 are slightly shifted with respect to those 

reported in literature for pure benzene.45 This fact suggests the likely co-presence of benzene, 

toluene and xylenes, as confirmed by the measurements with Spectra of standard samples of 

xylenes, toluene and benzene (Figures S5 and S6, Supplemental Material). It is reasonable to 

conclude that the peaks system may be attributable to traces of benzene, toluene, and xylenes in 

the pipeline. The xylenes are the lowest in concentration, and as concerns benzene and toluene 

their relative concentration was determined by comparing the signals obtained with standard 

canisters of pure benzene or toluene with those of the natural gas in pipelines as performed for 

THT and they generally range from 3–12.5 parts per million (ppm) for benzene, and 2.5–10.5 

ppm for toluene. 

 

Conclusion 

In this work the application of a customized UV spectrophotometer, Spectra, to the detection of 

THT and TBM in natural gas stream pipelines is presented. First, Spectra was involved in a 

preliminary study based on in house analyses using THT or TBM canisters in standard 

conditions to choose an adequate working pressure and to demonstrate the linear relationship 

between the absorbance and the concentration of the gas. Once the working pressure was chosen 
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and absorbance linearity was proven, Spectra instruments were connected through a direct access 

to the stream of several urban and non-urban pipelines furnishing spectra all day long. The 

automatic analysis of the spectra affords to a steady quantitative detection of THT and TBM. 

Additionally, a detailed computational investigation of the TBM and THT's electronic features 

was led; the calculations, beside addressing the electronic origin of the spectral results, allowed 

to determine the wavelength of the maximum absorption for THT and for TBM, with an 

uncertainty for TBM, which is as small as  2.4 nm. However, while the quantitative measures of 

THT performed at 230 nm result to be within an acceptable range of error of  10%, the 

straightforward quantitative measurement of TBM was not possible by direct absorptiometry; in 

fact, TBM shows the maximum of the absorption in a range of wavelengths where other 

components absorb, therefore its quantification requires a multiwavelength approach. 

Interestingly, the analysis of all the spectra herein discussed allows to conceive also further 

applications for this new device in the field of both environmental sensing and of pipeline's 

control. 
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Table I. The most probable electronic transition determined for H2S, MeSH, and TBM, 

respectively. 

Compound Transition 

energy 

(nm) 

Transition 

energy (f) 

Main MO 

transition 

Starting filled MO Arrival vacant MO 

H2S 203.8 0.0762 HOMO→LUMO 

  

MeSH 205.4 0.0377 HOMO→LUMO+

1 

 
 

tBuSH 206.8 0.0354 HOMO→LUMO+

1 
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Figure 1. UV–Vis spectra of THT (bold line) and TBM (dashed line) in canister at 46.9 mg/Sm3 

and 18.3 mg/Sm3, respectively, in methane (nitrogen as reference gas). 
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Figure 2. Plots of the molecular orbitals involved in the electronic transitions of the TBM. 
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Figure 3. Simulated spectrum for THT in the region between 200–280 nm. 
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Figure 4. Selected UV–Vis spectra recorded in booths of natural gas stream pipelines odorized 

with THT (top) or TBM (bottom), attained on different days within May or August 2019, 

respectively. The spectra show the variation of the odorant content. The arrow labels the 

adventitious presence of an unusual peak at 228 nm. 
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Figure 5. Overlapped spectra of Me2S (taken from literature, bold line), THT (obtained using  

Spectra, dashed line) and one selected spectrum of odorized natural gas (obtained using Spectra, 

dotted line). 
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Figure 6. Magnification of the 230–280 nm range of selected UV-visible spectra of natural gas 

streams odorized with TBM shown in Figure 4, highlighting typical bands attributable to 

benzene analogs. 
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Appendix  

 

Figure A1. In house measurements of THT in methane canister 54.7 mg/Sm3 with increasing 

pressure from 1 to 6 bar, and plot of the absorbance values against the pressure of the gas 

mixture (inset image). 

 



DOI: 10.1177/0003702820960737 

 

Figure A2. In house measurements of canisters of THT in methane with increasing 

concentration, and plot of the absorbance values against the concentration of THT (inset image). 
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Spectra of Reference Gases: The Case of Air and Polluted Air 

 

Figure 1S. UV–Vise spectrum of atmospheric air obtained using Spectra in the 190–280 nm 

range (the blank was acquired on nitrogen). 
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Computational Studies: Simulated Spectra for TBM and THT 

 

Figure S2. Calculated UV–Vis spectra of TBM and THT without excited state optimization. 

 

 

HOMO                         LUMO+2 

Figure S3. Molecular orbitals involved in the electronic transition of THT. 

 

 

UV–Vis Spectra Obtained Using Spectra. 
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Figure S4. Two selected spectra depicting an abrupt increase of odorant signal due to the 

malfunction of an injection pump. The inset image shows the measured concentration of odorant 

over a month of analysis in a booth affected by the malfunction: The increase of odorant levels 

from days 20 to 24 is notable. 
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Figure S5. Overlapped UV spectra recorded with canisters of benzene, xylenes and toluene in the 

range 200–280 nm. 
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Figure S6. UV spectra recorded with canisters of benzene, xylenes, and toluene in the range 230–

280 nm (offset between spectra = 0.007). 

 

 


