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Abstract 

 

Thiophene was taken as a model compound for investigations on the efficiency of a 

continuous process of the vacuum-ultraviolet- (VUV-) photochemically initiated 

oxidation and mineralization of sulfur containing organic compounds in the gas phase. 

In the presence of molecular oxygen, atomic oxygen and ozone were photochemically 

generated and are assumed to initiate or participate in the (thermal) oxidation network. 

Addition of water vapor for an additional initiation of the oxidation by hydroxyl radicals 
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did not accelerate the process. For comparison, thiophene was exposed to ozone and 

oxidized under otherwise the same experimental conditions, but complete mineralization 

was only found in the photochemical process and for relatively small concentrations of 

the substrate. The result may be explained by low rates of secondary thermal reactions 

of a number of identified intermediate products. Combining already published results 

and mechanistic hypotheses with the results of the present work, pathways of oxidative 

degradation are proposed. The photolysis of thiophene in molecular nitrogen confirmed 

earlier findings. 

 

 

1. Introduction 

 

The continuously increasing emission of hazardous volatile organic (VOC’s) and 

inorganic compounds in industrial and urban areas calls for restrictive measures but also 

for the development of new methods of air purification that could be installed in a 

decentralized manner at the sources of pollution as well as in spaces to be particularly 

protected.  

Both, TiO2-photocatalyzed and vacuum-ultraviolet- (VUV-) photochemical oxidation of 

gaseous pollutants exhibit rather high efficiencies, and continuous processes may be 

developed and installed at different scales. They are attractive alternatives to 

conventional methods of air purification, like adsorption and subsequent incineration or 

wet-chemical treatment of pollutant-loaded adsorbants [e.g. 1]. Both processes exhibit 

specific advantages and constraints that merit to be investigated in detail [e.g. 2, 3], and 

the combination of the two methods of air treatment might have a very high application 

potential for the abiotic treatment of polluted air [4 - 10].  

After exploring the VUV-photochemical oxidation of hydrocarbons, halogen as well as 

N- and O-containing organic substrates chosen as model pollutants [11 - 16], this work 

focuses on thiophene (TP, Scheme 1) as a S-containing organic compound. Among the 

different volatile organic compounds (VOCs) present in industrial and urban emissions, 

TP is one of the most important because of its presence in fossil fuels [e.g. 17]. As a S-

organic compound, it is an important contributor to acid rain due to its oxidative 
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degradation in the troposphere. Its toxicology and effects on some metabolic processes 

were demonstrated [18]. At the same time, TP is widely used as a building block in 

agrochemicals and pharmaceuticals, dyes and resins [19].  

The VUV-photochemical oxidation of gaseous TP in the presence of O2 is at least in 

part a VUV-photochemically initiated oxidation consisting essentially of the thermal 

oxidation of the substrate initiated by reactive oxygen species. Depending on the 

experimental conditions chosen, four major reaction pathways may be differentiated: (i) 

initiation by atomic oxygen (O) that is generated by the VUV-photolysis of molecular 

oxygen (O2) as a component of the bulk gas phase (reactions (1) [27], (ii) oxidation by 

ozone (O3) produced by reaction (2) [21, 22], (iii) initiation by hydroxyl radicals (HO
.
) 

[23 - 26] formed by the VUV-photolysis of water (H2O) vapor contained in the gas 

phase (reaction (9)), and (iv) photolysis of TP and subsequent trapping of radical 

intermediates  by O2.  

Earlier work demonstrated the high efficiency of oxidative pollutant degradation as a 

result of the combination of the two VUV-photochemical processes [14]. In particular, 

alkanes, alkenes, arenes and oxygen containing organic compounds could be 

mineralized in continuously driven processes. Depending on the concentration of TP in 

the gas phase, electronic excitation of the substrate might be possible, and investigations 

on the photochemical reactivity were published [27 -30] and related reactions taking 

place in the troposphere [e.g. 31]. 

 
1.1. VUV-photochemical initiation of oxidative degradation 

Upon excitation at wavelengths λexc < 200 nm, O2 homolyzes to atomic oxygen (O, 

reaction (1)) [20], the latter adding to O2 to produce O3, (reaction (2)) or reacting with an 

organic molecule by H-abstraction (reaction (3)) or by insertion into a σ-bond (e.g. C-H 

(reaction (4)). 

 

O2 + hν  2 O (1) 

O + O2             O3 (2) 

O + RH            HO. + R. (3) 
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O + RH            ROH (4) 

 

Generated efficiently by reactions (1) and (2) [32], O3 is not photolyzed by VUV-

radiation emitted by a Xe-excimer lamp (λexc: 172 nm). The oxidant is an electrophile 

and adds in the case of the present study either to C=C-bonds to yield ozonides that 

subsequently fragment into carbonyl and/or carboxyl compounds depending on substrate 

structure and experimental conditions [33] or to the S-function (s. § 1.4.).  

For the gas phase reaction of O with TP, a rate constant kO/TP  = 1.2 x 10-11 cm3 

molecule-1 s-1 was reported [34, 35], and, based on hypotheses published in the latter 

reference, it may be assumed that O might insert into the α-C-H bond (reaction (5), 

Scheme 1) or add to one of the free electron pairs of S (reaction (6), Scheme 1). C-H 

bond insertion and addition to a C=C bond (reaction (7), Scheme 1) [36] with 

subsequent proton shift would lead to the same 3- and 5-thiolen-2-ones (3H-2-

thiopheneone (2) and 5H-2-thiopheneone (3), respectively, Scheme 1). As far as addition 

to the S-function is concerned, the inverse reaction of generating O by electronic 

excitation was reported for thiophene-1-oxide (4, reaction (8), Scheme 1), and some of 

its derivatives [36 - 38]. 

 

 

 

 

 

 

 

 

Scheme 1. Reactions of atomic oxygen with thiophene (TP, s. references in the text). 

 

H2O in condensed and gaseous phases is known to homolyze into atomic hydrogen (H.) 
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and HO. upon excitation at λexc < 190 nm (reaction (9)) [39]. While the first is 

efficiently trapped by O2 to yield hydroperoxyl radicals (HO2
., reaction (10)), the latter 

reacts with organic substrates by H-abstraction (reaction (11)) or by addition to π-

systems (e.g. aromatic moieties, reaction (12)) [40].  

 

H2O + hν            H. + HO. (9) 

H. + O2            HO2
. (10) 

HO. + RH            H2O + R. (11) 

 

 

 (12) 

 

In the gas phase, the rate constant of the addition of HO. to TP ( ) was determined 

to be between 1.1 x 10-11 and 9.5 x 10-12 cm3 molecule-1 s-1 [22a, 26]. Subsequent 

reaction pathways were, however, so far not investigated, and the results of the 

experiments made in the presence of a defined concentration of H2O will be discussed 

with reference to data obtained in condensed aqueous phase [41]. 

 

1.2. VUV-photolysis  

Depending on the experimental conditions (bulk gas, wavelength(s) of irradiation, 

concentrations of VOCs and gaseous H2O), the VUV-photolysis of the VOCs might 

compete with the VUV-photochemically initiated oxidation processes. Within the 

spectral region of interest, the absorption spectrum of gaseous TP shows two absorption 

bands at approx. 225 and 176 nm (Figure 1)) being assigned to π,π* transitions [42, 43]. 

The absorption cross section at 172 nm (σ TP,172 ) is calculated from the spectrum shown 

in Figure 1 to be 6.3 x 10-17 cm2. Excitation at 172 nm, corresponding to an energy of 7.2 

eV photon-1, cannot ionize TP whose lowest ionization potential is 8.9 eV [44].  

 

k HO∗/TP

HO  +.
OH.
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Figure 1. VUV- and UVC-spectrum of gaseous thiophene (TP), adapted from [45]. 

 

The lowest energy absorption band being located in the UV-C spectral domain and 

assuming that Kasha’s rule is valid in the case of TP, the results of the UV-C photolysis 

of gaseous TP might serve as a lead for the interpretation of the results presented in this 

paper. In the absence of O2, irradiation in the spectral domain between 214 and 229 nm 

led to C-S-bond homolysis as the major reaction path (reaction (13), Scheme 2) 

generating the corresponding 1-thiapenta-2,4-diene-1,5-diyl biradical (5) from which 1-

buten-3-yne (6), atomic sulfur, ethyne (8), thioethenone (9), propyne (14), carbon 

monosulfide and 1-thia-2-propene-1,3-diyl (7), cyclobutadienyl (10), sulfanyl (11), 

propargyl (12), thioformyl (13 radicals (reactions (13a - e)), Scheme 2) as well as non-

identified polymers were produced [27]. Similar experiments in the presence of O2 

yielded O-containing organic products that were not identified, but the production of 

carbon dioxide (CO2), carbon monoxide (CO) and carbonyl sulfide (OCS) confirmed the 

oxidation of primary intermediates. Although SO2 was found, its qualitative analysis 

alone was considered insufficient to conclude on the priority of S-oxidation within the 
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network of a photochemically initiated oxidative degradation of TP [27]. Experiments 

with IR multiphoton excitation [46] and by VUV-laser photolysis at 193 nm [28] 

confirmed the earlier results of Wiebe and Heicklen [27]. An observed transient with 

absorption between 377 to 417 nm was tentatively assigned to 10 (reaction (13c), 

Scheme 2) [47]. The reaction network (reactions (13a - e) in Scheme 2 is taken from a 

detailed analysis of the products upon photo-fragment translational spectroscopy (λexc: 

193 nm) [48]. All reactions are subsequent to the formation of 5 (reaction (13), 

formation of sulfur (reaction (13a)) and elimination of 8 (reaction (13b)) being most 

favored, whereas the homolysis of hydrogen was excluded [48, 49].  

In O2-containing gas phases, intermediate C- and S-centered radicals are trapped 

yielding the corresponding peroxyl radicals (reaction (14), s. § 1.3.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2. Products of the primary reaction (13) upon electronic excitation of thiophene 

(TP, λexc: 193 nm) [48]. 

 

1.3. VUV-photochemical oxidation and mineralization  

The C-and S-centered radicals formed in reactions (3), (11), (13) and (13b-d) may react 

with O2 to form peroxyl radicals (reaction (14)) which are considered to be the key 
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intermediates in subsequent thermal oxidation reactions leading ultimately to complete 

oxidation of the organic carbon, i.e. mineralization [40].  

 

R. + O2            RO2
. (14) 

 

The present work focuses on the VUV-photochemically initiated oxidation of gaseous 

TP, and more specifically on the efficiencies of continuous oxidative degradation 

processes depending on the initiating species. The intermediate products and the overall 

rates of the oxidation are compared with those of the oxidation by ozonolysis.  

 

1.4. Ozonolysis of thiophene (TP) 

The rate constant of the reaction of O3 with TP ( kO3/TP ) was determined to be 6 x 10-20 

cm3 molecule-1 s-1 [22]. Ozonolysis was reported to yield almost quantitative 

desulfurization (analysis of sulfur dioxide (SO2)) and rather high quantities of CO2. 

Consequently, a major reaction channel producing intermediate butadiene and/or butene 

may be assumed, both intermediates being subsequently either mineralized, or 

polymerized and thus sequestered from gas analysis  [21]. 

 

 

2. Experimental Part 

 

2.1. Photolysis equipment  

Scheme 3 shows a complete view of the experimental set-up consisting of three main 

parts: (i) the photochemical reactor, (ii) the flow control and mixing system and (iii) the 

gas analyses. 
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Scheme 3. Scheme of experimental set-up for a continuous VUV-photochemical 

oxidation of thiophene (TP) in the gas phase. 1: Digital flow controls, 2: 3-way valves, 

3: H2O-saturation, 4: Thermoregulation, 5: Controlled introduction of thiophene, 6: 

manual flow controls, 7: Gas mixing, 8: Ozonizer, 9: Thermoregulated space, 10: 

Photochemical reactor, 11: Power supply for Xe2-excimer radiation source (200 W), 12: 

Reservoir and heat exchanger for closed cooling circuit with de-ionized water, 13: 

Pump, 14: Filter, 15: UV-photometer, 16: Manometer, 17: Reducing valve, 18: GC-

analysis with automatic injection, 19: exit for off-line analyses, 20: hood. 

 

 
2.1.1. Photochemical reactor 

The photochemical reactor consisted of an outer tube made of Duran® with an inner 

diameter of 10.5 cm. The co-axially mounted water-cooled Xe2-excimer radiation source 

(Lichttechnisches Institut, Universität Karlsruhe, Germany) was enwrapped with a 

potential bearing net-electrode (steel) and inserted into a Suprasil® protection tube with 

an outer diameter of 5.8 cm leaving an optical path length ( ) of approx. 2.3 cm. rext − rint
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The grounded electrode was placed into the inner tube of the radiation source through 

which the cooling water (deionized) was introduced.  The radiation source was operated 

with an ENI power supply (5000 V, 180 kHz) with an electrical power of 200 W. The 

volume containing the potential bearing electrode was continuously purged with N2 

during irradiation experiments.  Condensation of the gaseous components of the reaction 

system was avoided by maintaining an overall reactor temperature of 80 °C. Gases were 

introduced into and taken from the reactor by lateral connections placed toward the ends 

of the outer reactor tube. The length of the reactor was 19 cm to yield a reactor volume 

of approx. 1150 cm3. 

 

2.1.2. Flow-control and gas-mixing system  

The flow-control and gas-mixing system allowed the monitoring the flows of different 

gas streams to be irradiated and to vary their content of TP, O2 and H2O using N2 as the 

bulk gas.  

Experiments in the absence of H2O were carried out with a total gas flow of 500 cm3 

min-1 that was composed of three gas streams: 

(a) 245 cm3 min-1 of O2 (99,995%, Messer Griesheim) 

(b) 225 cm3 min-1 of N2 (99,999%, Messer Griesheim) 

(c) 30 cm3 min-1 of N2 (99,999%, Messer Griesheim) containing a defined concentration 

of TP ( ). 

Experiments in the presence of H2O were carried out with a total gas flow of 500 cm3 

min-1 that was composed of three gas streams: 

(a’) 120 cm3 min-1 of H2O-saturated O2, prepared by passing O2 through a gas-washing 

bottle containing tri-distilled water. The bottle was immersed in a water bath maintained 

at 80°C. 

(b’) 225 cm3 min-1 of N2 and 125 cm3 min-1 of O2 

(c’) 30 cm3 min-1 of N2 containing a defined concentration of TP ( ).  

Experiments in N2 were carried out with a total gas flow of 500 cm3 min-1 that was 

composed of two gas streams: 

(b’’) 470 cm3 min-1 of N2  

cTP

cTP
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(c’’) 30 cm3 min-1 of N2 containing a defined concentration of TP ( )- 

The partial gas-flows were continuously checked by flow controllers. With a reactor 

volume of 1150 cm3, the residence time for all experiments was 2.3 min. 

A defined concentration of TP was introduced into the stream of the carrier gas by 

means of a diffusion cell [50]. It consisted of a thermoregulated reservoir containing 

liquid TP in equilibrium with the gas phase. Gaseous TP diffused through a calibrated 

glass tube into a mixing sphere, from where it was carried by the stream of N2 toward 

the mixing zone to prepare the reaction system. The amount of TP in the gas phase is a 

function of the temperature of the bath, the dimensions of the calibrated glass tube 

(diameter and length) and the flow of the carrier gas (N2). The concentration ( ) 

introduced by streams (c), (c’) or (c’’) may be calculated from the mass of the substrate 

mixing with the carrier gas per unit time ( , s. Electronic supplementary information 

(ESI)). The calculated concentrations and the stability of  introduced into the 

continuously irradiated reaction system were independently checked by gas 

chromatography (Figures ESI 1 and ESI 2). Calibration was made with standard 

solutions of TP in n-hexane using concentrations within the working range (s. § 2.1.4).  

 

2.1.3. Evaluation of photolysis conditions 

s. Electronic supplementary information (ESI).  

 

2.1.4. Ozonolysis  

Ozone (O3) was produced from synthetic air (Messer-Griesheim) by an ozonizer (Labor-

Ozonizer 301, Sander, Uetze-Eltze, Germany) and fed with N2 into the dark 

photochemical reactor. Fluxes of N2 and O2 during ozonolysis into the reactor were 

adjusted to the total gas flow of 500 cm3 min-1. The ozone concentration ( cO3 ) in the 

dark photochemical reactor was analyzed at the exit by UV (254/255 nm) absorption 

measurements (s. [16]) and adjusted to the concentration that was measured during 

irradiation of oxygen/nitrogen mixtures in the absence of TP to 1650±35 ppm (v/v). 

 

  

cTP

cTP

QTP
 

cTP
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2.1.5. Analytical Techniques 

The gaseous mixture exiting the reactor (500 cm3 min-1) was divided into a flow of 20 

cm3 min-1 used for on-line analysis of gaseous organic compounds by gas 

chromatography (GC) and a flow of 480 cm3 min-1 to be used for the off-line analyses by 

GC/MS and of CO2 and SO2 by Fourier Transform Infrared Spectroscopy (FTIR) and 

ion chromatography (IC). 

Gas chromatography (GC) analyses of TP were performed with a HP 5896 Series II 

equipped with a FID detector (Agilent Technologies). Samples were automatically 

collected via a 6-way valve by a calibrated loop (sampled volume: 0.25 cm3, 180ºC) and 

injected (220ºC, Figure ESI 2a). An INNOWAX® column (30 m x 0.32 mm x 0.25 µm) 

was installed and operated at 30ºC with a He flow of 2.4 cm3 min-1 (split: 1/10). The GC 

analysis of TP was calibrated with standard solutions of TP in n-hexane, and, within the 

concentration range used for the photochemical experiments, a linear response was 

obtained (Figure ESI 3). Each standard solution was analyzed three times, and a 

reproducibility with the error of < 5% was found. Figure ESI 1 shows a good agreement 

between the calculated and the experimental values of  within the experimental 

range of 30 ± 10ºC. The stability of  exiting the diffusion cell, of the mixing of gas 

streams (c), (c’) and (c’’) with the carrier gas streams and of the automatic injection into 

the GC equipment depended strongly on the pressure stability and represented a major 

technical problem of the equipment conceived for this work. Satisfactory pressure 

stability was achieved by maintaining an overall overpressure of 14 mbar. (Figure ESI 

2b). Integration of the GC-peaks representing TP (Figure ESI 2a) and conversion of the 

respective areas by means of the calibration curve (Figure ESI 3) yielded  (Figure 

ESI 2b) exiting the reactor. 

The GC-analyses of CO2 were performed with a HP 3365/5890I Series II equipped with 

a TCD detector (Agilent Technologies). Samples were automatically collected via a 6-

way valve by a calibrated loop (sampled volume: 0.25 cm3, 180ºC) and injected (220ºC). 

A GS-GasPro column (60 m x 0.32 mm x µm) was installed and used at 50ºC with a He 

flow of 1.4 cm3 min-1 (split: 1/10). The analyses were calibrated with flow controlled 

mixtures of 1.51% of CO2 in N2 (99,999%,, Messer-Griesheim) and N2 (99,999%,  

cTP
cTP

cTP
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Messer-Griesheim) to obtain the same flux conditions as chosen for the irradiation 

experiments. The resulting linear function between the values of the integrated areas of 

the chromatographic peaks and the moles of CO2 contained in the injected samples 

(Figure ESI 4) allowed the determination of the number of moles of CO2 produced by 

the VUV-photochemically initiated oxidative degradation of TP. 

Gas chromatography/mass spectrometry (GC/MS) analyses for product identification 

were made with a HP 5973 GC/Selective MS-Detector combination (Agilent 

Technologies). A VOC® column (60 m x 0.2 mm x 1.1 µm, Agilent Technologies), was 

used at 30°C with a He flow of 2.4 cm3 min-1. For identification, mass spectra were 

compared with those available in the library of the software ChemStation G1701BA, 

version B.01.00 (Agilent Technologies). 

Ion Chromatography was used for the quantitative analysis of SO2. For this purpose, the 

exiting gas flow was introduced during a sampling time of 6 min  (fR: 480 cm3 min-1, 

sampling volume (Vs): 2880 cm3) into a gas-sampling bag containing 50 cm3 of a 

solution made from 30 cm3 of (30% v/v) H2O2 and 0.1 cm3 of 0.6 M HCl and diluted to 

1 L. The SO2 is absorbed and oxidized to SO3 and passes into the solution as SO4
-2 to be 

subsequently analyzed using a HP 1050 Ti-Series liquid chromatograph (Agilent 

Technologies) equipped with a precolumn AG12A 4 mm (10-32) (Dionex GmbH, 

Germany), an anionic exchange column AS12 A 4mm (10-32) and a Dionex CD20 

conductivity detector. A solution of 2.4 x 10-3 M of Na2CO3 and 0.3 x 10-3 M of 

NaHCO3 served as eluent with a flow of 0.10 cm3 min-1. Calibration was made with 

aqueous solutions of Na2SO4 in the range of 2.7 x 10-5 to 3.1 x 10-4 M. 

Fourier Transform Infrared (FTIR) Spectroscopy was also used for the quantitative 

analysis of CO2, but experiencing interferences with other triatomic gases like SO2, H2O 

or O3, the on-line IR-analysis of small values of 𝑐!"!was not viable. For sampling, the 

exiting gas mixture was led through a cold-trap and a drying tube (CaCl2) before filling 

the FTIR spectroscopic cell. The cell consisted of a cylindrical glass tube (length: 23 cm, 

i.d.: 2.5 cm) with two KBr windows and two connections for the gas sampling 

controlled with valves. Before each analysis, the FTIR spectrometer (Bruker, Equinox 

55) equipped with a DTGS (Deuterated Triglycine Sulfate) detector had to be purged 
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with N2 for 2 hours to eliminate atmospheric CO2 that would interfere with the 

measurement. CO2 was quantified by measuring the absorption of the double-band 

between 2200 - 2400 cm-1, after calibration with standard mixtures of CO2 in N2 

(Messer-Griesheim). A FTIR-spectrum of N2 served as a blank. 

 

 

3. Results and Discussion 

 

3.1. Efficiency of the VUV-photochemically initiated oxidative degradation 

There are few studies on abiotic photochemical oxidative degradation of both 

benzothiophene [52] and TP [53]. Continuing exploratory work on the use of VUV-

photochemical processes for the oxidative degradation of organic materials, the present 

study evaluates the efficiency of this technique for the oxidative degradation of TP as a 

model compound for the class of S-containing VOCs. The -data provided (§2.1.3) 

show that under the given experimental conditions, three to four parallel pathways of 

oxidation are to be taken into account: 

• absorbing species O2: initiating oxidation of TP by O (reactions (3) and/or (4)) 

e.g. [20, 34, 35], 

• absorbing species O2: initiating oxidation of TP by O3 [33, 54], 

• absorbing species TP: oxidation by addition of O2 to intermediate radicals 

generated by the photolysis of TP (reaction (13)) [27], 

• absorbing species H2O: initiating oxidation of TP  by HO. (reactions (11) and 

(12)) [39, 55]. 

Figure 2 shows a typical series of (ppm (v/v), 1 ppm (v/v) = 1.25 x 10-5 mole cm-3 

(80ºC)) profiles as a function of time of the continuous photochemical process. 

Approximately one minute after the radiation source was switched-on, TP entering into 

the photochemical reactor could no longer be detected at the exit. The chosen residence 

time of 2.3 min was more than sufficient for a quantitative oxidation of the substrate (up 

to e.g. 53 ppm (v/v), Figure 2). In fact, quantitative oxidation of TP was tested and 

A172
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established until an initial of 170 ppm (v/v) was reached. When the radiation source 

was switched off, increased slowly to reach the initial values.  

 

 
 

Figure 2. Continuous VUV-photochemically initiated oxidation of gaseous thiophene 

(TP) in the absence of H2O. Evolution of  in function of reaction time for initial  

ranging from 18 to 53 ppm (v/v). Diffusion cell:  = 30 cm3 min-1, fT = 500 cm3 min-1, 

residence time: 2.3 min, Xe2-excimer lamp: 200 W. 

 

Quantitative consumption of TP does not necessarily mean that the organic substrate is 

completely mineralized. In order to evaluate the efficiency of the process to mineralize 

the organic substrate, CO2-analyses of the gaseous mixtures exiting the reactor were 

made and allowed the investigation of the evolution of CO2 in the presence and absence 

of water vapor. Complete mineralization could not be observed during the time of the 

experiment (20 min, Figure 3). The results indicate, however, that the consumption of 

TP was less efficient in the presence of H2O, quantitative oxidation of TP being reached 

after approximately 5 times the process time needed in the absence of gaseous H2O. 

 

cTP

cTP

cTP cTP

fN2
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Figure 3.  Continuous VUV-photochemically initiated oxidative degradation of gaseous 

thiophene (TP). Evolution of  and 𝑐!"! in the presence and absence of H2O. : 14 

ppm, diffusion cell:  = 30 cm3 min-1, fT = 500 cm3 min-1, residence time: 2.3 min, 

Xe2-excimer lamp: 200 W. :  during VUV-photolysis in the presence of O2 and in 

the absence of H2O; :  during VUV-photolysis in the presence of O2 and H2O; : 

𝑐!"! during VUV-photolysis in the presence of O2 and in the absence of H2O; : 𝑐!"! 

during VUV-photolysis in the presence of O2 and H2O. 

 

Right after the introduction of the substrate into the reactor, mineralization in the 

presence of H2O seemed most efficient, but the process slowed down considerably after 

the first 5 minutes, and the rate of mineralization was found generally higher in the 

absence of H2O (Figure 4). Complete mineralization could only be observed in the 

absence of H2O until an initial  ≤ 22 ppm. With increasing , the rate of 

mineralization dropped to approximately 20% for = 90 ppm. For values of < 50 

ppm, the lower rates of TP oxidation and mineralization obtained in the absence H2O 

might be surprising, because the -data favor reaction (9) in comparison to reactions 

cTP cTP

fN2

cTP

cTP

cTP cTP

cTP cTP
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(1) and (13), and the rate constant of reaction (15), kO/H2O  = 2.3 x 10-10 cm3 molecule-1 s-

1 [51], is similar to those expected for reactions (14),  e.g. [1.5 x 10-10 cm3 molecule-1 s-1 

[3] but higher than that of O with TP ( kO/TP  = 1.2 x 10-11 cm3 molecule-1 s-1 [34, 35]). 

However, the high value of confines the primary radicals H. and HO. (reaction 

(9)) to an extremely small irradiated volume [56] within which rapid depletion of the 

concentrations of O2 and TP (reactions (10) and (14), respectively) occurs, while a more 

important fraction of the gas mixture passes the reactor unreacted. Given the constant 

rate of H. and HO. generation [55], the local concentrations of O2 and TP depend on the 

rate of their diffusion into the irradiated volume. It may therefore be assumed that the 

rate of consumption of TP readjusted within a few minutes of process time to these 

conditions, and the less efficient mineralization would be due to local O2-deficiency. 

 

O + H2O  2 HO. (15) 

 

 
 

AH2O,172
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Figure 4. Oxidative degradation of thiophene (TP). Efficiency of mineralization 

(maximum 𝑐!"! analyzed, in % of the stoichiometric initial ) depending on the mode 

of initiation (VUV-photochemical initiation in the presence and absence of water vapor 

or ozonolysis). Diffusion cell:  = 30 cm3 min-1, fT = 500 cm3 min-1, residence time: 

2.3 min, Xe2-excimer lamp: 200 W, 𝑐!!: 1650±35 ppm (v/v). : VUV-photolysis in the 

presence of O2 and in the absence of H2O; : VUV-photolysis in the presence of O2 and 

H2O; : Ozonolysis. 

 

All three oxidants (O, O3 and HO.) also react with the S-function of TP [33 - 35, 54, 57] 

to form the corresponding sulfoxide (thiophene 1-oxide (15)) and sulfone (thiophene 

1,1-dioxide (16), Scheme 4), the latter being assumed to eliminate SO2 in the course of 

an oxidative degradation. SO2-analyses exhibit decreasing concentrations of SO2 

(𝑐!"!)  for initial  increasing from 39 to 235 ppm (v/v) (Table 1). For all 

investigated, values of 𝑐!"!   were found higher than those of the corresponding 𝑐!"!. The 

result is, however, no indication that formation of 16 and subsequent SO2-elimination is 

the predominant pathway of the oxidative degradation of TP. In fact, Table 1 indicates 

that, even in the case of a quantitative oxidation of TP, relatively important fractions of 

intermediate oxidation products remain in the exit gas, some of them still containing a S-

function.  

 

Table 1. Maximum 𝑐!"! (ppm (v/v and % of the stoichiometric initial ) found in gas 

mixtures exiting the photochemical reactor during the VUV-photochemical oxidative 

degradation of thiophene (TP) in the absence of H2O. Comparison with 

stoichiometrically corrected results of corresponding CO2-analyses. 

 

Initial  

 [ppm] 

𝑐!"!analyzed 

 [ppm] 

% SO2 
±10% 

% CO2 
a)  

±10% 

20   100 

30   60 

cTP

fN2

cTP cTP

cTP

cTP
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39 30 77  

46   43 

50 35 70  

82   30 

96 56 58  

149 69 46  

235 103 44  

 a) Values taken from Figure 4. 

 

 
3.2. Intermediate products of the reaction pathways to the mineralization of thiophene. 

The kinetics of oxidation and mineralization of gaseous TP and the analyses of CO2 and 

SO2 yielded information on the effect of the addition of H2O on the importance of the 

oxidation of the S-function and the mineralization of the substrate. In order to obtain 

more insight into the different pathways of oxidation depending on the mode of 

excitation and/or initiation, an investigation on the intermediate products of the 

oxidative degradation might be helpful. However, all three initiators (O, O3 and HO.) 

being electrophiles, the primary pathways of oxidation might lead to identical primary 

products of oxidation.  

With O2 present in the initial gas mixture, VUV-radiation generates O (reaction (1)) as 

one of the agents initiating the oxidation network. Furthermore, O3 is produced (reaction 

(2)) and known to react with the substrate. The rate constant of the reaction of O3 with 

TP ( kO3/TP  =  6 x 10-20 cm3 molecule-1 s-1 [22]) is approximately 108 times smaller than 

the corresponding rate constant of the reaction of O ( kO/TP  = 1.2 x 10-11 cm3 molecule-1 s-

1 [34, 35]). Nevertheless, oxidation and mineralization of TP by O3 occur on a 

comparable timescale (Figure 5), a result most probably due to the relative high 𝑐!!, its 

relatively long lifetime and the larger reaction volume since ozonolysis takes place 

within the entire reactor volume. The results shown in Figure 4 confirm the earlier 

reported high rate of mineralization of the ozonolysis of TP [21], and in the absence of 

H2O, oxidation by O3 might contribute to the overall rate of mineralization of the VUV-
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photochemical process. Under the given experimental conditions, O3 oxidized TP ( ≤ 

18 ppm (v/v)) quantitatively but did not lead to complete mineralization. At higher , 

the major intermediate products of the oxidative degradation were separated and 

analyzed by GC/MS. The gas phase exiting the reactor contained primarily unreacted 

TP and 3, their content depending on the initial  (compounds drawn in red in 

Scheme 4). O3 reacts by an electrophilic addition to the S-function of TP [58], and a 

dipolar intermediate (17, originally proposed to be the biradical generating a bicyclic 

primary ozonide [27]) might rearrange to yield 3 in eliminating O2 (Scheme 4). A 

progressive oxidation of the S-function might compete with that reaction path. However, 

neither 15 nor 16 could be found, although the latter was generally assumed to be a 

stable product of TP-ozonolysis. Nevertheless, both pathways of reaction must finally 

lead to desulfurization (e.g. desulfoxidation) and oxidation of the remaining C4-fragment 

(e.g. maleic dialdehyde (18)), to the formation of a number of low molecular weight 

alcohols, aldehydes and carboxylic acids and finally to CO2.  
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Scheme 4. Proposed pathways of reaction of the ozonolysis of thiophene (TP) to yield 

5H-2-thiopheneone (3) and partial mineralization. 

 

In addition to TP and 3, 2-thiophene carboxaldehyde (19) and 2-formyl-2,3-dihydro-

thiophene (20) were found in the exit gas of the ozonolysis ((compounds drawn in red in 

Scheme 5). Aldehydes are particularly interesting intermediate products, as they are 

needed to explain the presence of acylated TP-derivatives as well as compounds 

originating from subsequent reactions. TP is known to undergo condensation with 

carbonyl compounds, the corresponding reaction with formaldehyde (21) leading to 2-

(hydroxymethyl)thiophene (22) that is oxidized to yield 19. 2-Thiophene carboxylic acid 

(23) was not found as the compound might easily decarboxylate [59] to yield TP. A 

reductive step is needed for the production of 20 and might occur via 2,3-epoxy-

thiophene (24). Acylation products indicate that upon introduction into the reactor, TP 

brought into or close to the irradiated volume was rapidly oxidized and degraded to 

desulfurized fragments containing carbonyl or carboxyl groups. These compounds are 

subsequently mixed with the substrate that remained outside of the irradiated volume 

and some of them may react within the time of residence or during sampling for 

analysis. During ozonolysis, a brown colored oil deposited in the annular reactor [60] 

which could be dissolved in acetonitrile for GC/MS-analysis. It contained, in addition to 

the oxidation products already mentioned, 2,2´-methylendithiophene (25), 3-(2-thienyl)-

2-propenal (26) and diethylsulfone (27, compounds drawn in red in Schemes 5 and 6). 

The first may be obtained via acylation of TP with 19; however, neither the resulting 

bis(2-thienyl) methanol (28) nor its oxidation product (bis(2-thienyl) ketone (29)) could 

be found. The reduction of 28 or 29 to 25 in the gas phase might be possible by redox 

reactions involving CO and H2O with sulfides as promoters [e.g. 61]. 3-(2-thienyl)-2-

propenal (26) is the acylation product of the reaction of malondialdehyde (30) with TP.  

 

 

 

 

 

Page 21 of 32 Photochemical & Photobiological Sciences

P
ho

to
ch

em
ic

al
&

P
ho

to
bi

ol
og

ic
al

S
ci

en
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t



 

 

 

 

 

 

 

 

 

 

 

 

Scheme 5. Proposed pathways to yield products of aldehyde condensation during the 

oxidative degradation of thiophene (TP). 

 

Ozonolysis of TP will also lead to 15 and subsequently to 16 (Scheme 4) [27]. A similar 

pathway of oxidation can also be drawn for 3 and other thiophene derivatives. However, 

no sulfoxides and, with the exception of diethylsulfone (27, Scheme 6), no sulfones 

could be identified and it may be assumed that the sulfoxides were oxidized 

instantaneously to the corresponding sulfones that reacted very fast via desulfoxidation 

to finally yield carbonyl and carboxyl compounds. There is no evident explanation for 

the formation of 27.  

The major intermediate products of oxidation found in the VUV-photochemically 

initiated oxidative degradation are the same as those found in the ozonolysis of TP.  

In the presence of O2, reaction (2) competes with the reaction of O with TP. In a first 

approximation, it might be assumed that the two reactions obey pseudo-first order 

kinetics. Under these conditions, the calculated rate rO/O2  = kO/O2 cO2  = 2.8 x 10-12 cm3 

molecule-1 s-1 [21, 62] x 3.4 x 1022 molecule cm-3 is much higher than rO/TP  = kO/TP  = 

1.2 x 10-11 cm3 molecule-1 s-1 [34, 35] x 2 x 1018 molecule cm-3 and favors largely the 
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production of O3. However, comparing the rates of the two pathways of TP-oxidation, 

the rate of oxidation by O3 ( rO3/TP = kO3/TP   = 6 x 10-20 cm3 molecule-1 s-1 x 2 x 1018 

molecule cm-3) is much smaller than the rate of the oxidation by O ( rO/TP  = kO/TP  = 

1.2 x 10-11 cm3 molecule-1 s-1 x 2 x 1018 molecule cm-3). Therefore, the contribution of O3 

to the overall rate of oxidation and oxidative degradation might not be prominent, even 

when a 104 times faster constant production of O3 is taken into account. Since both 

reactions yield 3 as a relatively stable intermediate product of oxidation, the two 

pathways cannot be differentiated. As already shown in Schemes 1 and 4, reactions (5) 

to (7) and (16) (Scheme 4) lead to 3 as well as to 15, and it may be assumed that these 

compounds represent the first intermediate products of the sequence of oxidative 

degradation. 

Figure 4 shows that the rate of mineralization of the ozonolysis is about 30 to 40% 

compared to that of the VUV-photochemically initiated oxidative degradation. Since O3 

is not known to react with low-molecular weight carbonyl or carboxyl compounds, the 

higher rate of mineralization could be assigned to the high reactivity of O. 

Beside the products of oxidation already mentioned, the presence of furan derivatives 

(2,5-furandione (maleic anhydride, 31), 5H-2-furanone (4-Hydroxy-2-butenoic acid γ-

lactone, 32)) could be definitively established in the exit gas of the VUV-

photochemically initiated process in the presence of water vapor. Maleic anhydride (31) 

might be formed from maleic acid in the hot gas phase (80 to 220ºC) passing the process 

and analytical equipments. The latter is thought to be produced by the oxidation of 

maleic dialdehyde (18) by HO. in the presence of H2O. In a similar way, 5H-2-furanone 

(31) is most probably produced from 4-hydroxy-2-butenoic acid (33) that in turn is the 

product of an intramolecular Cannizzaro reaction of 18. Dialdehydes are thought to be 

also typical products of desulfoxidation and subsequent addition of O2 to the radical 

intermediates. 
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Scheme 6. Proposed pathways do yield furan derivatives during the VUV-

photochemically initiated oxidative degradation of thiophene (TP). 

 

The VUV-photolysis of gaseous TP in the absence of molecular oxygen and H2O 

(nitrogen atmosphere) yielded carbon disulfide (CS2), benzene, propyne (14), 1,5-

hexadiyne (34, Scheme 6) and butadiene as major products. The result is in accord with 

the findings already published (Scheme 2), the C6-compounds being due to 

combinations of radical intermediates. Small concentrations of benzene found in the 

presence of molecular oxygen indicate that the VUV-photolysis of TP was also taking 

place under experimental conditions of a photochemically initiated oxidation, where the 

primary intermediate radicals are trapped by O2. 

 

 

4. Conclusion 

 

Total elimination of thiophene (TP) from the gas phase could be achieved by a VUV-

photochemically initiated oxidation. The continuous process of TP-oxidation was 
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successful for substrate concentrations of up to 200 ppm (v/v). Under the same 

experimental conditions, total mineralization was found for TP-concentrations of less 

than 22 ppm (v/v). This is most probably due to the high values of absorbance at 172 nm 

of O2, TP and H2O and a too large optical path length of the annular photochemical 

reactor chosen resulting in large ratio of reactor to irradiated volumes. Under these 

conditions, “short circuiting” (s. ESI, 2.1.3. Evaluation of photolysis conditions) is 

favored and cannot be compensated by the oxidation of TP with O3 that is thought to 

diffuse over the whole reactor volume due to its longer lifetime. Addition of H2O did not 

enhance the rate of neither oxidation nor mineralization.  

The main intermediate products of the reaction network of oxidative degradation 

included 5H-2-thiopheneone (3), 2-thiophene carboxaldehyde (19), 2-formyl-2,3-

dihydro-thiophene (20) and 3-(2-thienyl)-2-propenal (26). These products were formed 

by ozonolysis as well, and their production can be explained by the different pathways 

of oxidation initiated by O, O3 and HO., respectively. In addition, furan derivatives (2,5-

furandione (31) and 5H-2-furanone (32)) were identified in VUV-photochemical 

processes in the presence of water vapor. Proposals for the sequences of reactions 

leading to these products have been presented. For 2,2´-methylendithiophene (25) and 

diethylsulfone (27), steps of reduction would be required that cannot be explained by the 

results obtained.  

The absence of sulfoxides and sulfones in the exit gas and kinetic data based on the 

results of SO2-analyses indicate that the oxidation pathway via desulfurization (e.g. 

desulfoxidation) is as important as oxidation initiation by electrophilic addition or C-H-

bond insertion in the 2-position of TP.  

The results of this work indicate that the VUV-photochemically initiated oxidation is a 

technically valid process for the removal of TP. However, absorbance data require very 

small optical path lengths to achieve high efficiencies of mineralization. Under these 

conditions, the treatment of large fluxes of contaminated air needs multi-reactor 

installations that may not be economically feasible. Changing the length or height of a 

photochemical reactor finds its limits in the availability of VUV-radiation sources. 

Incomplete mineralization might lead to an exposure to products of oxidation that might 

be equally or even more toxic than the substrate. A VUV-photocatalyzed process might 
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have the potential to resolve this problem due to the combination of the photocatalyzed 

oxidation and the extended time of exposure of the adsorbed organic compounds to the 

highly reactive gaseous oxidants. 
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