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Abstract 

Scientific publications devoted to peroxide oxidation of hydrocarbons can be 

divided on three comprehensive parts – 1) ecological aspects, 2) biomimetic 

oxidation 3) industrial oxidation processes. This work reviews publications of last 

decade on oxidation of hydrocarbons by hydrogen peroxide within the framework 

of environmental aspect. Reviews of this kind seem to be relevant, as it allows a 

reader to examine contemporary publications on this subject in a concentrated form 

and draw appropriate inferences [1, 2]. The scientific newness of the review lies in 

the inherency of the presented material according to most up-to-date views on the 

chosen topic. This allows forming new scientific concepts. Virtually, all main 

contemporary articles covered by the Clarivate Analytics publications electronic 

database have been considered and analyzed 
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Introduction 

The scientific and technological progress achieved over the past 30 years is accompanied 

by a serious deterioration of the environmental situation as a result of technogenic impact on the 

environment. Currently, oil is one of the most widespread and toxic classes of environmental 

pollutants. The increase in oil production, transportation and processing increases the risk of 

environmental pollution. Our civilization based on oil is the most centralized form of energy 

transformation in the history of mankind. Of the whole complex of global problems facing 

humanity today, the most acute is the environmental one caused by the entry into the 

environment of significant amounts of harmful and dangerous substances of anthropogenic 

origin. Sources of pollution are emissions of combustion products of various fuels of industrial 

enterprises and vehicles, using mainly non – renewable energy sources-mainly natural gas, oil 

and coal. It should be noted that the main sources of environmental pollution in Azerbaijan are 

oil refining and petrochemical complexes, oil industry, vehicles, other fuel-burning industries, 

agriculture, construction and other industries [3].  

Absheron Peninsula is washed by the Caspian sea, which is the world's largest inland water 

body, also known for its oil and gas fields. For more than a century of exploitation of deposits, 
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the Peninsula is disturbed by oil pollution of thousands of hectares of soil, which, having lost the 

ability to self-purification, retains its lifelessness. Disturbance of Absheron Peninsula ecosystems 

in the environment in the past sharpens attention to environmental problems in the field of 

modern production (drilling, mining. oil transportation) and require for the prevention of 

environmental violations of radical restructuring of their technologies, and the problem of 

restoration of disturbed soil ecology remains relevant and relevant, as it is a priority of the 

Government of the Republic of Azerbaijan [4-7]. 

Of the three main components of natural environments − soil, water and air − the most 

difficult to recover contaminated soils, because they are able to accumulate and consolidate toxic 

substances. The soil is a planetary node of ecological relations responsible for the preservation 

and restoration of the natural-historical biosphere of the Earth.  Oil pollution leads to a sharp 

violation of the soil microbiocenosis. The natural recovery of oil - contaminated soils is an 

extremely slow process. With a high level of pollution (for example, oil spills), there is almost 

complete depression of the functional activity of flora and fauna, inhibits the vital activity of 

most micro-organisms and inhibits the self-cleaning ability of the soil. The problem of land 

disturbance under the influence of oil pollution is extremely important. However, despite the 

extreme urgency of the problem under consideration, many issues related to the assessment of 

the impact of oil pollution on the soil cover still remain unresolved and cause numerous 

discussions. As a result of technogenesis, ecotoxicants of organic origin, which include 

polycyclic aromatic hydrocarbons, organochlorine compounds, pesticides and others with 

varying degrees of carcinogenic, immunotoxic, genotoxic, toxidermal activity and causing a 

wide range of dangerous diseases in humans, contribute to soil pollution.  

The analysis of the conducted research on the problems of purification and elimination of 

heavy oil waste from soils shows that one of the promising and relevant areas of modern science 

is the use of hydrogen peroxide as one of the methods of purification of oil-contaminated lands, 

since H2O2 is a strong "green" oxidant and an active destructive agent of high-molecular 

polycyclic aromatic hydrocarbons [8-11]. 

The oxidation of soil organic matter (SOM) and total petroleum hydrocarbon were 

investigated in two soils at eight different hydrogen peroxide (H2O2) concentrations to determine 

the optimal H2O2 dosage for the efficient remediation of soils contaminated by crude oil with 

minimal SOM removal. In our study, H2O2 concentrations up to 1100 mM increased the SOM  

destruction up to 10%-15% in the two soils while no improvement of the crude oil removal 

efficiencies was observed. The results indicate that the destruction of SOM significantly limits 

the oxidation of crude oil because SOM might consume H2O2 more effectively than crude oil     

at H2O2 concentrations above 1100 mM. In addition, H2O2 concentrations higher than 1100 mM 

were not expected for both soils because of the extremely rapid H2O2 decomposition, and low 

H2O2 utilization, of both soils [12].  

In this research the feasibility of chemical oxidation with H2O2 and Fenton's reagent for  

degradation of petroleum hydrocarbons before and after composting of bottom sludge from 

crude oil storage tanks was investigated. Results showed that total petroleum hydrocarbons 

removal in composting reactor was 80.2%. In chemical oxidation steps, petroleum hydrocarbons 
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removal enhanced with increasing oxidant concentrations. Increasing oxidation time from 24 to 

48h had a little effect on petroleum hydrocarbons removal. The study showed that chemical 

oxidation as a pre-treatment step was more effective than post-treatment. It was also deduced 

that petroleum hydrocarbons in the sludge and composted mixture can be oxidized by hydrogen 

peroxide without adding supplementary iron [13]. 

Advanced oxidation processes (AOPs) constitute a promising technology for the 

remediation of soils contaminated with non-easily removable organic compounds. This review 

provides the reader with a general overview on the application of  AOPs to pesticides, polycyclic 

aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs) and total petroleum 

hydrocarbons (TPHs) contaminated soils remediation. Four types of AOPs including Fenton 

processes, TiO2 photocatalysis, plasma oxidation and ozonation were discussed. In particular, 

this paper focuses on the fundamental principles and governing factors of the two typical 

techniques − Fenton oxidations and TiO2 photocatalysis. Apart from the effect of chemical's 

dosage as a major influencing factor, selected information such as pollutant characteristics, light 

intensity, soil characteristics and pH are presented. Some innovations (e.g., chelating agents, 

surfactants) on the traditional AOPs and the combined utilization of AOPs  with other techniques 

(e.g., bioremediation, soil washing) are also documented and discussed. This review also 

highlights the effects of AOPs treatments on soil properties. (C) 2015 Elsevier B.V. All rights 

reserved [14]. 

This is the premier study designed to evaluate the impact of thermal pre-treatment on the 

availability of polycyclic aromatic hydrocarbons (PAHs) for successive removal by chemical 

oxidation. Experiments were conducted in two soils having different PAH distribution 

originating from former coking plant sites (Hom,court, H, and Neuves Maisons, NM) located in 

northeast of France. Soil samples were pre-heated at 60, 100, and 150 A degrees C for 1 week 

under inert atmosphere (N2). Pre-heating resulted in slight removal of PAHs (< 10 %) and loss of 

extractable organic matter (EOM). Then, these pre-heated soil samples were subjected to Fenton-

like oxidation (H2O2 and magnetite) at room temperature. Chemical oxidation in soil without any  

pre-treatment showed almost no PAH degradation underscoring the unavailability of PAHs. 

However, chemical oxidation in pre-heated soils showed significant PAH degradation (19, 29, 

and 43 % in NM soil and 31, 36, and 47 % in H soil pre-treated at 60, 100, and 150 A degrees C, 

respectively). No preferential removal of PAHs was observed after chemical oxidation in both 

soils. These results indicated the significant impact of pre-heating temperature on the availability 

of PAHs in contaminated soils and therefore may have strong implications in the remediation of 

contaminated soils especially where pollutant availability is a limiting factor [15]. 

Titanium centers grafted on hydrophobic silica bearing long chain silanes (octadecyl or 

octyl) are able to oxidize dibenzothiophene (DBT), as well as simpler sulfides and                  

2,6-dimethyldibenzothiophene, to the corresponding sulfone in hydrocarbon solution with 

aqueous hydrogen peroxide in only a slight excess over the stoichiometric amount, without using 

any surfactant or cosolvent. The productivity per gram of catalyst or per  Ti site can be optimized 

by tuning the silanization of the silica (or using a commercially available silanized silica) and the 
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Ti loading of the catalyst. The catalyst preparation and the oxidation reaction are compatible 

with the use of an industrial grade aromatic solvent [16]. 

Sediments are usually the sinks for many waterborne pollutants, and thus, contaminated 

sediments need to be remediated to prevent the release of pollutants into the water bodies.      

The objective of this study was to develop a three-stage system to cleanup total petroleum 

hydrocarbons (TPH)-contaminated sediments. Sediments were collected from the Kaohsiung 

harbor with a TPH concentration of 8, 105mg/kg. Results from the sediment analyses show that 

sediments were mainly fine-grained silts, and the sediment organic matter content was about 

19%. Thus, the surfactant washing method became an optimal option for the cleanup of        

TPH-contaminated sediments at this site. The three-stage scheme included the river water (RW) 

washing stage followed by the surfactant (Triton X-100) washing and Fenton-like oxidation 

stages. Batch experiments were conducted to evaluate the TPH removal efficiency by RW 

washing and surfactants washing with initial Triton X-100 concentrations of 0.5, 1, and           

5% (w/w). In these oxidation experiments, three different hydrogen peroxide (H2O2) 

concentrations (0.6, 1.05, and 6 vol.%) were used to evaluate the TPH oxidation efficiency. 

Based on the results  of the batch experiments, the three-stage operational process was performed  

using the optimal conditions from the batch experiments. The three-stage process was performed 

using 10 pore volumes (PVs) of RW washing followed by 30 PVs of Triton X-100 (0.5%) 

washing and 20 PVs of hydrogen peroxide (6%) oxidation. Results show that approximately    

6% of TPH was removed after the RW washing stage. Up to 71% of TPH was removed by 

surfactant washing through mobilization and solubilization mechanisms. Approximately, 8%  of 

TPH was removed through the Fenton-like oxidation, and a total of  86%  of  TPH  was removed 

after the three-stage processes. This implies that the Fenton-like oxidation could be used as a 

polishment method for the TPH-contaminated sediment treatment. Results indicate that the 

proposed sediment treatment scheme could provide an efficient and cost-effective alternative for 

TPH-contaminated sediment remediation [17]. 

It is suggested in this paper that recalcitrant organopollutants can be degraded efficiently 

by a hemoglobin-catalytic reaction in the presence of hydrogen peroxide (i.e., H2O2). The 

catalytic mechanism was studied with 5-aminosalicylic acid (5-ASA) as a compound for 

oxidation. Various evidence suggests that the catalytic mechanism is very similar to those of 

horseradish peroxidase and lignin peroxidase. The catalytic intermediates are known to oxidize 

various chemicals, indicating that the intermediates of hemoglobin can nonspecifically degrade 

many different types of organopollutants. To prove the hypothesis, an attempt was made to 

remediate polycyclic aromatic hydrocarbon (PAH)-contaminated field soil. The results showed 

that 98.5% of the PAHs compounds were removed by Day 42 and that seven of the 16 PAHs 

compounds analyzed were not detectable by the end of the research reported in this paper. 

Therefore, hemoglobin-catalyzed technology can be considered as a novel technology for 

remediation of soil contaminated with hazardous organopollutants [18]. 

Three chemical oxidation treatments (KMnO4, H2O2  and Fenton-like) were applied on 

three PAH-contaminated soils presenting different properties to determine the potential use of 

these treatments to evaluate the available PAH fraction. In order to increase the available 
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fraction, a pre-heating (100 degrees C under N-2 for one week) was also applied on the samples 

prior oxidant addition. PAH and extractable organic matter contents were determined before and 

after treatment applications. KMnO4 was efficient to degrade PAHs in all the soil samples and 

the pre-heating slightly improved its efficiency. H2O2 and Fenton-like treatments presented low  

efficiency to degrade PAH in the soil presenting poor PAH availability, however, the PAH 

degradation rates were improved with the pre-heating. Consequently H2O2-based treatments 

(including Fenton-like) are highly sensitive to contaminant availability and seem to be valid 

methods to estimate the available PAH fraction in contaminated soils [19].  

This study was carried out to investigate the removal of polycyclic aromatic hydrocarbons 

(PAHs) from municipal treatment sludge. The effects of temperature, sunlight, H2O2 and 

FeSO(4)7H(2)O concentrations on the PAH removal were determined. A UV apparatus was 

designed for the PAH removal experiments. All experiments were conducted in triplicate. The 

highest Sigma (11) PAH removal ratio (71%) was obtained with 4.9M H2O2 addition to sludge 

(without FeSO(4)7H(2)O addition) at 17 degrees C. It was concluded that ferrous (Fe
2+

) and ferric 

(Fe
3+

) addition was unnecessary because ferrous and ferric contents of the sludge acted  as 

catalysts.  Sigma (11) PAH concentration was reduced 23% with acid cracking. PAH  removal  

efficiency reached about 63% using the Fenton process. Sixty percent PAH was removed from 

the sludge with using sunlight in ambient air applications. PAH removal was hindered due to an 

increase in average temperature (17-36 degrees C) during Fenton and Fenton-like processes.      

It was determined that 3-rings compounds were removed from sludge easier than the heavier 

compounds. It could also be seen that phenanthrene and anthracene (3-ring compounds) were 

removed from sludge with evaporation as 20 and 35%, respectively. It was concluded that the 

evaporation mechanism became more effective with increasing temperature [20]. 

The removal of organic contaminants such as aliphatic and aromatic hydrocarbons, phenols 

and related compounds, halogenated compounds, polycyclic aromatic hydrocarbons, aldehydes, 

ketones, acids, detergents, fats, dyes etc. from water and sewage is still an interesting and 

significant problem in environmental engineering. Both household and industrial waste is a 

source of organic contaminants in the environment. Higher and higher requirements regarding 

treated waste that is directed to water or the ground require constant development of the waste 

treatment process.  

The literature data and implemented solutions indicate that more and more attention is now 

paid to the use of sorption and advanced oxidation processes for the removal of organic 

compounds. The highest significance and application among available sorbents has activated 

carbon. The sorption properties of activated carbon are dependent on its porous structure, 

produced by the system of interconnected macro-, meso- and micropores as well as the chemical 

composition of the surface resulting from the presence of oxygen functional groups. Activated 

carbon is especially useful as sorbents of phenol and chlorophenol. It has been shown that the 

adsorption ability of activated carbon depends on the specific surface area, porosity and surface 

chemical composition. High affinity of phenol to the surface of activated carbon is related to the 

creation of donor-acceptor complexes between alkaline locations on the sorbent's surface and the 

aromatic ring. Oxidation of activated carbon's surface leading to increased acidity lowers the 
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sorption capacity of activated carbon. While the presence of metals increases the sorption 

capacity of activated carbon in relation to phenol due to the donor-acceptor interaction of metal-

electrons of pi-aromatic ring in the phenol particle.  

Another method of successful oxidation of phenols is their oxidation especially with the 

AOP methods (Advanced Oxidation Processe)s.    A characteristic feature of these methods is 

oxidation of generally all organic compounds to  CO2, H2O and inorganic compounds with the 

use of the hydroxyl radical OH* (generated in the solution) of extremely high oxidising potential 

of 2,8 V. Phenols and the related compounds quite easily undergo oxidation, especially with 

Fenton and photo-Fenton reactions. 

Both sorption and oxidation of organic compounds (including phenols) with AOP methods 

have advantages (high output and efficiency) and disadvantages (treatment of used sorbents, 

significant use of oxidants and increased sewage volume). In order to focus on the advantages of 

sorption and advanced oxidation while limiting their disadvantageous effect a combination   of 

these two processes is considered. In this case the removal of contaminants is arranged as a two-

or one-stage process. In the first one the removal of organic compounds covers sorption and then 

oxidation of the adsorbed substances with the use of AOP, which leads to a simultaneous 

regeneration of activated carbon. While in the latter case simultaneous sorption and oxidation of 

organic compounds is considered. In these both cases activated carbon acts as a sorbent of 

organic compounds and catalyst in the production of hydroxyl radicals OH which are responsible 

for oxidation of organic compounds both in the solution and adsorbed on the activated carbon.   

It has been proven that in the presence of activated carbon in the environment of hydrogen 

peroxide, oxidation occurs of such organic compounds that do not undergo oxidation with the 

same oxidant in the aqueous solution. The applicability of activated carbon for the simultaneous 

removal of organic compounds is dependent on both their sorption and catalytic properties. 

Activated carbon should be alkaline, have high specific volume, pores' volume, iodine number 

and significant  dechlorination ability. The applicability of  oxidation of organic compounds with 

the use of hydroxyl radicals created on the surface of activated carbon for regeneration of the 

used sorbents has also been proven [21]. 

This study investigated the feasibility of nanoscale zero-valent iron(nZVI) as the source of 

catalytic ferrous iron for Fenton and photo-Fenton oxidation of petroleum aromatic 

hydrocarbons. The oxidation processes were able to degrade more than 99% of benzene, toluene, 

ethylbenzene, and xylene (BTEX) within 15min at pH 3.0, which the initial concentrations of 

BTEX, nZVI, and were 9mM, and, respectively. The average pseudo-first-order constants for 

BTEX degradation were 0.309 and at pH 3.0 for Fenton and photo-Fenton processes, 

respectively. Experiments revealed that by increasing pH, solubility of nZVI decreased 

significantly, while ultraviolet (UV) irradiation improved nZVI solubility and subsequently 

BTEX degradation. Cations and anions were found to reduce oxidation efficiencies of BTEX; 

among anions, and had the most negative effect on the removal efficiencies. On the other hand, 

and played a considerable inhibitor role among cations. The removal efficiencies of both systems 

declined when treating real polluted groundwater collected from the city of Tehran, Iran [22]. 
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The oxidative desulfurization of a straight-run, nonhydrotreated diesel fraction (boiling 

range 178-342A degrees C) containing benzothiophene, dibenzothiophene, their alkyl-

substituted derivatives, and thioxanthene by the action of hydrogen peroxide in the presence      

of  transition metal compounds (Na2MoO4, Na2WO4, NaVO3, WO3, tungstic acid, and heteropoly 

tungstate / molybdate H(3)PMo(6)W(6)O(4)0) in a biphasic system followed by the extraction of the 

oxidation products with dimethylformamide has been studied. The oxidation of the hydrocarbon 

fraction in the presence of  heteropoly tungstate / molybdate under biphasic conditions provides 

for the removal of up to 82%  of  total sulfur [23]. 

The performance of a photo-reactor packed with titanium dioxide (TiO2) immobilized on 

glass beads, initiated by irradiation with natural and artificial ultraviolet (UV) sources, was 

evaluated in terms of the degradation efficiency of petroleum aromatic hydrocarbons. The effects 

of parameters such as pH, reaction time, hydrogen peroxide (H2O2) concentration and some ions  

were investigated. Additionally, the degradation of total organic carbon (TOC) and the formation 

of byproducts were studied. Photodegradation rates of benzene, toluene, ethylbenzene and 

xylenes (BTEX) by processes of UV / TiO2 and UV / TiO2 / H2O2 were found to obey pseudo 

first-order kinetic models. Results indicated that the effect of pH value was negligible at the pH 

range of 5.5 to 8.5. TOC removal improved with addition of H2O2 demonstrating that a lack      

of hydrogen peroxide leads to incomplete mineralization. The effect of cations and anions on the 

photodegradation efficiencies of BTEX revealed that Mg
2+

 and Ca
2+

 caused the most 

deterioration in BTEX degradation efficiency. The degradation efficiencies of both systems were 

investigated for the treatment of real polluted groundwater collected from the city of Tehran. 

Results showed that the degradation efficiencies of BTEX declined in the presence of inorganic 

and organic competitor species [24]. 

The catalytic activity of titanate nanotubes in the oxidation of dibenzothiophene (DBT) by 

using hydrogen peroxide was investigated. Titanate nanotubes were synthesized by alkaline 

hydrothermal treatment of anatase TiO2 followed by washing either with water to produce 

titanates with high sodium content (Na-TiNTs) or with aqueous HCl to obtain protonated 

titanates (H-TiNTs). The materials were characterized by transmission and scanning electron 

microscopies, X-ray diffraction, Raman spectroscopy, and their textural properties were 

determined by nitrogen adsorption/desorption isotherms. The catalytic activity of the titanate 

nanotubes was found to be dependent on the counter ion. Sodium titanate nanotubes were 

inactive in DBT oxidation, whereas the protonated titanates were very efficient in removal of 

DBT under mild conditions. These results were correlated with the production of reactive 

radicals as observed by electron paramagnetic resonance and with DBT adsorption capacity.  

The effects of H2O2/DBT molar ratio and temperature on catalytic properties of H-TiNT 

were studied in detail. Favorable reaction conditions were found to be low temperatures (25 

degrees C)  and H2O2/DBT = 4. Reactions at elevated temperatures and H2O2 concentrations lead 

to significant reduction in catalyst activity, associated with partial phase transformation and 

premature deactivation of the catalytic sites. Under mild reaction conditions, H-TiNTs could be 

recycled four times without significant decrease in activity and the turnover number (TON) can 
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reach up to 30,000. N-compounds (quinoline) can be simultaneously removed in the same 

oxidation process. A mechanism was proposed to explain the oxidation process [25].   

New requirements for very low sulfur content (10 ppm) in liquid motor fuels demand novel 

approaches for ultra-deep desulfurization. For production of near-zero-sulfur diesel and low-

sulfur fuel oil, removal of refractory sulfur compounds, like 4,6-dimethyldibenzothiophene and 

other alkyl-substituted thiophene derivatives, is necessary. Elimination of these compounds by 

hydrodesulfurization (HDS) requires high hydrogen consumption, high pressure equipment, and 

new catalysts.  

Various oxidative desulfurization processes, including recent advances in this field for 

diesel fuels, and the drawbacks of this technology in comparison with HDS are examined and 

discussed. It is shown that the oxidation of sulfur compounds to sulfones with hydrogen peroxide 

allows for production of diesel fuels with a sulfur content of 10 ppmw or lower at atmospheric 

pressure and room temperature. The gas phase oxidative desulfurization of sulfur compounds 

with air or oxygen is feasible at atmospheric pressure and higher temperatures: 90-300 degrees C 

and offers better economic solutions and incentives [26]. 

Several attractive approaches toward oxidative desulfurization of fuel oils, such as using 

H(2)O(2) organic acids, H(2)O(2) / heteropolyacid, H(2)O(2) / Ti-containing zeolites, and other      

non-hydrogen peroxide systems (e.g., t-butyl hydroperoxide etc.) are reviewed. A new 

alternative oxidative desulfurization process using emulsion catalysts was developed mainly by 

our group, is introduced in detail. Limitations because of interphase mass transfer are greatly 

reduced in the emulsion reaction medium. The amphiphilic emulsion catalysts can selectively 

oxidize the sulfur-containing molecules present in diesel to their corresponding sulfones when 

using H(2)O(2) as the oxidant under mild conditions. Tie sulfones in the oxidized fuel oils can be 

removed by a polar extractant. The sulfur level of a prehydrotreated diesel can be lowered from a 

few hundred mu g/g to 0.1 mu g/g after oxidation and subsequent extraction whereas the sulfur 

level of a straight-run diesel can be decreased from 6000 to 30 mu g/g after oxidation and 

extraction [27]. 

This paper describes the oxidation of several model S-containing molecules with hydrogen 

peroxide in L-L phase system using a heterogeneous catalyst under atmospheric pressure in the 

333-353 K temperature range. Molybdenum and tungsten compounds are prepared by anion 

exchange with alkylammonium derivatives covalently anchored to silica gel. These solids are  

robust heterogeneous catalysts able to activate selectively hydrogen peroxide to  

remove sulfur compounds via oxidation (ODS). The influence of several reaction variables     

(the reaction temperature the nature of the substrate the solvent the molar ratio of the oxidant 

(H(2)O(2)) the S-containing molecule the catalysts nature and the reuse of the catalysts) on the 

performance was examined. The potential of this methodology is illustrated by the completes 

removal from a 0.2 wt % dibenzothiophene mixture at 353K in less than 1 h of reaction. 

Molybdenum catalysts exposed to hydrogen peroxide form peroxomolybdates moieties which 

are more active than acid precursors. The activated Mo catalysts are very active in ODS reaction 

and can be reused four times without lose of activity [28].  
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Environmental concerns have introduced a need to remove sulfur-containing compounds 

from light oil. As oxidative desulfurization is conducted under very mild reaction conditions, 

much attention has recently been devoted to this process. In this contribution, the developments 

in selective removal of organosulfur compounds present in liquid fuels via oxidative 

desulfurization, including both chemical oxidation and biodesulfurization, are reviewed.           

At the end of each section, a brief account of the research directions needed in this field is also 

included [29]. 

The application of several titanosilicates to the oxidation of aromatic sulfur compounds 

such as thiophene, benzothiophene, dibenzothiophene, and 4,6-dimethyldibenzothiophene with 

H(2)O(2) under mild conditions is reported. Superior to other titanosilicates, Ti-MWW 

demonstrates a higher activity for the oxidation of  4,6-dimethyldibenzothiophene owing to the 

unique pore structure of the MWW topology. The effects of solvent, temperature, catalyst 

amount, and H(2)O(2) / S ratio on the oxidation of  4,6-dimethyldibenzothiophene over this 

catalyst are studied in detail. The catalyst is also applied to the oxidative desulfurization of 

commercial diesel. The sulfur compounds in the commercial diesel were oxidized to the 

corresponding sulfones, which could be readily extracted by acetonitrile, resulting in a maximum 

sulfur removal of 88%  [30].   

Efficient removal of benzothiophene (BT), dibenzothiophene (DBT) and 4,6-dimethyl- 

dibenzothiophene (DMDBT) has been successfully achieved via oxidation with hydrogen 

peroxide in liquid phase using an amorphous silica-loaded titanium oxide catalyst. Both BT and 

DBT are easily oxidized to the corresponding sulfones, however in the case of DMDBT           

the steric hindrance of the alkyl groups makes the approach of the S-atom to the catalyst active 

centre (an isolated Ti(IV) species) difficult and therefore its reactivity is inhibited. The 

concentration of the organosulfur compound, the H2O2  concentration and the nature of the 

solvent play a key role in the rate of  S-removal [31].  

Titanosilicate (1.5 wt.% Ti) with very well-ordered MCM-48 mesostructure was 

synthesized using fumed silica and titanium isopropoxide as silicon and titanium sources, 

respectively. It was successfully used as a new catalyst for the mild oxidation of  S-containing 

organic compounds with H(2)O(2). Recent results obtained by our group in the sulfoxidation 

reaction using W-, V- and Mo-containing layered double hydroxides as catalysts are also 

reviewed in this paper. The catalytic materials were characterized by appropriate techniques such 

as X-ray diffraction, N(2) adsorption, thermal gravimetric analysis, diffuse reflectance ultraviolet 

spectroscopy in order to evaluate their textural properties and the nature of the metal species.   

To cite this article: V Hulea et al., C R. Chimie 12 (2009) [32]. 

Photocatalytic oxidation of dibenzothiophene with hydrogen peroxide using Ti-containing 

zeolite (TS-1) as photocatalyst at ultraviolet lamp irradiation has been studied.  The effect of the 

amount of photocatalyst and hydrogen peroxide concentration were investigated in detail. 

Optimal photocatalyst amount and hydrogen peroxide concentration were obtained at amounts of 

near 0.1 g/10 mL and 3 mL/10 mL, respectively. The oxidation proceeds in the oil phase and 

most of the oxidation products transfer to water phase, resulting in the successive removal of the 

dibenzothiophene from the n-octane phase without additional extraction by solvent. Kinetics 
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parameters of the photocatalytic oxidation of DBT were measured and calculated. The result 

shows the kinetics of  photocatalytic oxidation  of  DBT  is first-order.  

The activity of photocatalyst was not obviously decreased after reuse 5. Using this photocatalytic 

oxidation system can effectively reduce the sulfur content in diesel oil. The resulting oil 

contained less than 100 g/g sulfur, and this corresponds to 90% removal [33]. 

The liquid-phase oxidation of benzothiophene and dibenzothiophene by cumyl 

hydroperoxide in the presence of supported metal oxide catalysts was carried out in octane in an 

N
-2

 atmosphere at 50-80 degrees C. The cumyl hydroperoxide, benzothiophene, and 

dibenzothiophene conversions and the yield of sulfones were determined for catalysts of various 

natures. In the presence of MoO3 / SiO2, the most efficient and most readily regenerable catalyst, 

the benzothiophene conversion was similar to 60% and the dibenzothiophene conversion was     

as high as 100% upon almost complete consumption of cumyl hydroperoxide. The influence of 

unsaturated and aromatic compounds (oct-1-ene, toluene) on the catalytic effect was studied.  

The kinetics of substrate oxidation and cumyl hydroperoxide decomposition and an analysis      

of the cumyl hydroperoxide conversion products suggested a benzothiophene and 

dibenzothiophene oxidation mechanism including the formation of an intermediate complex of 

the hydroperoxide with the catalyst and the substrate and its transformation via heterolytic and 

homolytic routes [34]. 

This paper describes the oxidation of several model S-containing molecules with hydrogen 

peroxide in a two liquid-liquid (L-L) phase system with a phase transfer catalyst under 

atmospheric pressure in the 333-353K temperature range. The influence of the reaction 

temperature, the nature of the substrate, the solvent, the molar ratio of the oxidant (H2O2) and the 

S-containing molecule were examined. The reaction rates of the oxidative desulfurization (ODS) 

reaction were found to increase with the temperature, and with the molar ratio of  H2O2  and the 

S-containing molecule. The potential of this methodology is illustrated by the complete             

S-removal from a 5.0 wt%  dibenzothiophene mixture at  353K, under excess of H2O2  oxidant  

in less than three hours of reaction. In addition, the ODS reaction was strongly enhanced when 

the water solvent was replaced by acetonitrile. The very high ODS reaction rate observed with 

the acetonitrile solvent could be explained in terms of the much higher solubility of the sulfone 

reaction product in this solvent and also by its very low surface tension, which facilitates the 

transfer of products and reagents at the polar-apolar interface. Finally, the very mild 

sulfoxidation reaction was applied to a kerosene fraction. The results revealed that S-levels 

below  25 ppm are achieved at 353K upon using a H2O2 : substrate molar ratio of  2.5:1 [35]. 

This work reports the use of Fenton process for diesel degradation and addresses common 

aspects of real situations that can affect the soil remediation efficiency. It was observed that most 

of diesel hydrocarbons containing less than 14 carbon atoms were lost by volatilization prior to 

the treatment. About  80%  degradation  was  achieved in a loam soil,  while  less  than 20%  was  

observed in a clay loam soil. The multiple additions of H(2)O(2) resulted in 80% diesel 

degradation, while only 14% of diesel was degraded after a reaction time of 80 h using a single 

addition. The addition of soluble iron was essential to achieve high degradation levels.             

No significant increase in diesel degradation (t-test; P = 0.05) was observed using H(2)O(2)  
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dosages between  0.09 and  0.36 g/g(-1). Furthermore, the highest H(2)O(2)  dosage applied    

(0.36 g/g(-1)) degraded around 87% of the organic matter originally present in the soil [36].  

The use of the Fenton's reagent process has been investigated for the remediation of         a 

Brazilian soil contaminated by diesel. Laboratory experiments were conducted in batch 

experiments. Slurries, consisting of 10 g of diesel-contaminated soil and 30 mL of Fenton's 

Reagent (0.41 mol L(-1) H(2)O(2)  and  0.18 mol L(-1) FeSO(4)). The experiments were monitored 

during 24, 48 and 72 h. The efficiency of the Fenton treatment was dependent on the time of 

contact between soil and Fenton's reagents and matrix characteristics, probably iron content. 

Data suggested that no iron addition is needed for the application of  Fenton-like treatment for 

the remediation of  diesel-contaminated iron rich soils after  72 h reaction [37]. 

Naturally-occurring iron minerals, goethite and magnetite, were used to catalyze hydrogen 

peroxide and initiate Fenton-like reaction of silica sand contaminated with diesel and/or kerosene 

in batch system. Optimum reaction conditions were investigated by varying H2O2  concentrations 

(0, 1, 7, 15, and 35 wt%) and iron mineral contents (0, 1, 5 and 10 wt%). Contaminant 

degradation in silica sand-iron mineral- H2O2  system was identified by determining total 

petroleum hydrocarbon (TPH) concentration with gas chromatography. Iron mineral system was 

less aggressive in contaminant degradation but it was more efficient than FeSO4 system. 

Magnetite system provided more strong oxidation condition than goethite system due to 

coexistence of Fe
+2

 and Fe
+3

 and dissolution of iron. The results indicate that iron mineral 

catalyzed H2O2 system would have a promising application to site remediation since natural soils 

generally contain 0.5-5  wt%  of  iron minerals [38].  

Fenton's reagent, a strong oxidant, was evaluated for suitability to treat soils contaminated 

with 2-methylnaphthalene (an aromatic compound), n-hexdecane (an aliphatic compound) and 

diesel fuel (a complicated hydrocarbon mixture). Laboratory-scale results show that Fenton's 

reagent reacts rapidly with these materials in soil, and will completely mineralize them if enough 

hydrogen peroxide is added. The effectiveness of the reaction at neutral pH indicates that it 

should be easier and more cost-effective to apply this technology since no pH adjustment is 

required prior to soil treatment. Further investigation is required to identify the reaction 

mechanisms and optimize the parameters to attain the most cost-effective full scale application 

of this technology [39]. 

Polycyclic aromatic hydrocarbons (PAHs) are formed as a result of incomplete combustion 

and are among the most frequently occurring contaminants in soils and sediments. PAHs are of 

great environmental concern due to their ubiquitous nature and toxicological properties. 

Consequently, extensive research has been conducted into the development of  methods to 

remediate soils contaminated  with PAHs. Fenton's reagent or ozone  

is the most commonly studied chemical oxidation methods. However, the majority of 

remediation studies use soils that have been artificially contaminated with either one or a limited 

number of PAH compounds in the laboratory. Hence, it is essential to extend such studies to 

soils contaminated with multiple PAHs under field conditions.The objective of this study is to 

investigate the capacity of Fenton's reagent and ozone to degrade PAHs in soils. The soils have 

been collected from a number of different industrial sites and, therefore, will have been exposed 
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to different PAH compounds in varying concentrations over a range of time periods. The 

capacity of Fenton's reagent and ozone to degrade PAHs in industrially contaminated soils is 

compared to results obtained in studies using soils artificially contaminated with PAHs in the 

laboratory.Nine soil samples, contaminated with PAHs, were collected from five different 

industrial sites in Sweden. For the Fenton's reagent procedure, the pH of  the soil slurry samples 

was adjusted to pH 3 and they were kept at a constant temperature of  70 degrees C  whilst H2O2 

was added. For the ozone procedure, soil samples were mixed with 50% water and  50% ethanol 

and kept at a constant temperature of  45 degrees C. Ozone was then continually introduced to 

each soil sample over a period of four hours. Following the Fenton's reagent and ozone oxidation 

procedures, the samples were filtered to isolate the solid phase, which was then extracted using 

pressurized liquid extraction (PLE). The sample extracts were cleaned up using open columns 

and then analysed by gas chromatography-mass spectrometry (GC-MS). 

The relative abundance of the detected PAHs varied between soils, associated with 

different industries. For example, low molecular weight (LMW) PAHs were more abundant in 

soil samples collected from wood impregnation sites and high overall PAH degradation 

efficiencies were observed in soils originating from these sites. In the contaminated soils studied, 

PAHs were more effectively degraded using Fenton's reagent (PAH degradation efficiency        

of 40-86%) as opposed to ozone (PAH degradation efficiency of 10-70%). LMW PAHs were 

more efficiently degraded, using ozone as the oxidizing agent, whereas the use of Fenton's 

reagent resulted in a more even degradation pattern for PAHs with two through six fused 

aromatic rings. The degradation efficiency for both methods was largely dependent on the initial 

PAH concentration in the soil sample, with higher degradation observed in highly polluted soils. 

LMW PAHs are more susceptible to degradation than high molecular weight (HMW) PAHs. As 

a result of this the relative abundance of large (often carcinogenic) PAHs increased after 

chemical oxidation treatment, particularly after ozone treatment. Repeated Fenton's reagent 

treatment did not result in any further degradation of  soil PAHs, indicating that residual soil 

PAHs are strongly sorbed. The effectiveness of the two oxidation treatment approaches differed 

between industrial sites, thus highlighting the importance of  further research into the influence 

of soil properties on the sorption capacity of PAHs. 

This study demonstrates that the degree to which chemical oxidation techniques can 

degrade soil bound PAHs chemical degradation is highly dependent on both the concentration of 

PAHs in the soils and the compounds present, i.e. the various PAH profiles. Therefore, 

similarities in the PAH degradation efficiencies in the nine soil samples studied were observed 

with the two chemical oxidation methods used. However, the degradation performance of 

Fenton's reagent and ozone differed between the two methods. Overall, Fenton's reagent 

achieved the highest total PAH degradation due to stronger oxidation conditions. LMW        

PAHs showed higher susceptibility to oxidation, whereas high molecular weight (HMW) PAHs 

appear to be strongly sorbed to the soils and therefore less chemically available for oxidation. 

This study highlights the importance of including soils collected from a range of contaminated 

sites in remediation studies. Such soil samples will contain PAH contaminants of varying 

concentrations, chemical and physical properties, and have been aged under field conditions.     
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In addition to the chemical and physical properties of the soils, these factors will all influence the 

chemical availability of  PAHs to oxidation. In future chemical remediation work, the authors 

intend to investigate the potential influence of the chemical and physical properties of PAHs and 

soil parameters potential influence on the chemical oxidation efficiency in aged contaminated 

soils. Due to the vast number of contaminated sites there is a great need of efficient remediation 

methods throughout the world. This study shows the difficulties which may be experienced when 

applying remediation methods to a variation of contaminated sites [40].  

Conclusion 

Thus, it can be concluded that environmental problems tend to increase due to the 

extremely high anthropogenic impact on the Earth’s biosphere. Particularly dangerous for the 

future of mankind are highly toxic petroleum heavy fractions that pollute the soil. Therefore, the 

use of hydrogen peroxide for cleaning and removal of heavy oil waste from oil-polluted soils is 

promising both from an environmental and practical point of view. 

References: 

1. Sadigov O.A., Alimardanov H.M., Garibov N.I., Babayev N.R., Almardanova M.B. Liquid 

phase oxidative functionalization of organic compounds by hydrogen peroxide in a system 

inducing electrophilic reagents.   Processes of petrochemistry and oil refining, 2017, Vol.18, 

№ 2, pp.89-143 

2. Zeynalov E.B., Nagiyev T.M. Enzymatic catalysis of hydrocarbons oxidation “in vitro” 

(Review). Chemistry & Chemical  Technology,   2015, Vol.9, № 2, pp.157-164 

3. Rustamov M.I., Abbasov V.M., Mamedova T.A., Piriyev N.N.  Environmental problems of 

the Earth and alternative energy sources.  Baku: Elm, 2008, 717 p. 

4. Hasanov K.S., Abdullayev F.Z., Hasanov V.G., Ismailov N.M. To the question of oil 

disturbance of soil ecology. Journal of Chemical Problems, 2003, № 1, pp. 80-85 

5. Hasanov K.S. Reclamation of oil-contaminated soils of Absheron Peninsula. Rational 

approach. Journal of Chemical Problems, 2005, № 3, pp. 38-43 

6. Hasanov K.S. Restoration of oil-contaminated soil of the Absheron Peninsula. Journal of 

Environmental technologies and resource efficiency, 2007, No. 5, pp. 53-59 

7. Hasanov K.S., Abdullaev F.Z., Ismailov N.M. Akhmedov V.A. Investigation of environ-

mental conditions in oil producing areas of Absheron. Gradation of pollution levels and 

diagnostics of oil-contaminated soils. Journal of Chemical Problems, 2009, № 1,              

pp.13-26 

8. Zeynalov E.B. Carbon nano-dimensional catalysts for oxidation of hydrocarbons by 

hydrogen peroxide (a review).  Azerbaijan Chemical Journal, 2016, № 3, pp.175-183 

9. Zeynalov E.B., Huseynov E.R. Kinetics of thermic decay of hydrogen peroxide. Reports of 

Azerbaijan National Academy of Sciences, 2018, Vol.LXXIV, №1, pp.55-57 

10. Zeynalov E.B., Nagiyev T.M.  New approach to the effective cleaning of oil-contaminated 

soils.  Concept.  International scientific and technical conference "Petrochemical synthesis 

and catalysis in complex condensed systems", dedicated to the 100th anniversary of 

academician B.K. Zeynalov.  Baku,  2017, p.175 



E.B. ZEYNALOV, N.I. SALMANOVA, E.R. HUSEYNOV, … 

www.ppor.az 424 

11. Zeynalov E.B., Magerramova M.Ya., Salmanova N.I. Carbon nanostructures as catalysts for 

peroxide oxidation of alkyl aromatic hydrocarbons. 3
rd

 International Turkic World 

Conference on Chemical Sciences and Technologies. Baku, 2017, p.237                             

12. Wang W., Xu J., Huang F., Cui Y. Hydrogen peroxide (H2O2) requirement for the oxidation 

of crude oil in contaminated soils by a modified Fenton's reagent. Toxicological & 

Environmental Chemistry, 2015, Vol.97, № 3-4, pp.275-281   

13. Koolivand A., Naddafi K., Nabizadeh R., Jafari A.J., Nasseri S., Yunesian M., 

Alimohammadi M. Application of Hydrogen Peroxide and Fenton as Pre-and Post-treatment 

Steps for Composting of Bottom Sludge from Crude Oil Storage Tanks. Petroleum Science 

and Technology, 2014, Vol.32, № 13, pp.1562-1568  

14. Cheng M., Zeng G., Huang D., Lai C., Xu P., Zhang C., Liu Y. Hydroxyl radicals based 

advanced oxidation processes (AOPs) for remediation of soils contaminated with organic 

compounds: a review. Chemical Engineering Journal, 2016, Vol.284, pp.582-598  

15. Usman M., Chaudhary A., Biache C., Faure P., Hanna K. Effect of thermal pre-treatment on 

the availability of PAHs for successive chemical oxidation in contaminated soils. 

Environmental Science and Pollution Research, 2016, Vol.23, № 2, pp.1371-1380 

16. Fraile J.M., Gil C., Mayoral J.A., Muel B., Roldán L., Vispe E., Puente F. Heterogeneous 

titanium catalysts for oxidation of dibenzothiophene in hydrocarbon solutions with hydrogen 

peroxide: On the road to oxidative desulfurization. Applied Catalysis B: Environmental, 

2016, Vol.180, pp.680-686 

17. Yang Z.H., Sheu Y.T., Dong C.D., Chen C.W., Kao C.M. Application of a three-stage 

remediation process to cleanup petroleum-hydrocarbon contaminated sediments. 

Desalination and Water Treatment, 2015, Vol.56, № 2, pp.435-442 

18. Kang G., Park K., Cho J., Stevens D.K., Chung N. Remediation of polycyclic aromatic 

hydrocarbons in soil using hemoglobin-catalytic mechanism. Journal of Environmental 

Engineering, 2015,  Vol.141, №10, pp.401-425 

19. Biache C., Lorgeoux C., Andriatsihoarana S., Colombano S., Faure P. Effect of  pre-heating 

on the chemical oxidation efficiency: implications for the PAH availability measurement in 

contaminated soils. Journal of hazardous materials, 2015, Vol.286,  pp.55-63 

20. Karaca G., Tasdemir Y. Application of Advanced Oxidation Processes for Polycyclic 

Aromatic Hydrocarbons Removal from Municipal Treatment Sludge. CLEAN–Soil, Air, 

Water, 2015,  Vol.43, № 2, pp.191-196 

21. Dabek L. Application of Sorption and Advanced Oxidation Processes for Removal of 

Phenols from Aqueous Solutions. Rocznik Ochrona Srodowiska. 2015,  Vol.17,  pp.616-645 

22. Alizadeh Fard M., Torabian A., Bidhendi G.R., Aminzadeh B. Fenton and photo-Fenton 

oxidation of petroleum aromatic hydrocarbons using nanoscale zero-valent iron. Journal of 

Environmental Engineering, 2013, Vol.139, № 7, pp.966-974 

23. Rakhmanov E.V., Tarakanova A.V., Valieva T., Litvinova V.V., Maksimov A.L., Zaikov 

Y.P. Oxidative desulfurization of diesel fraction with hydrogen peroxide in the presence of 

catalysts based on transition metals. Petroleum Chemistry, 2014, Vol.54, № 1, pp.48-50 



OXIDATION OF HYDROCARBONS WITH HIDROGEN PEROXIDE … 

 

ISSN: print - 1726-4685; online - 2519-2876 425 

24. Alizadeh Fard M., Aminzadeh B., Vahidi H. Degradation of petroleum aromatic 

hydrocarbons using TiO2 nanopowder film. Environmental technology. 2013, Vol.34,     № 

9, pp.1183-1190 

25. Lorençon E., Alves D.C., Krambrock K., Ávila E.S., Resende R.R., Ferlauto A.S.,     Lago 

R.M. Oxidative desulfurization of dibenzothiophene over titanate nanotubes. Fuel. 2014, 

Vol.132, pp.53-61 

26. Ismagilov Z., Yashnik S., Kerzhentsev M., Parmon V., Bourane A., Al-Shahrani F.M., 

Koseoglu O.R. Oxidative desulfurization of hydrocarbon fuels. Catalysis Reviews. 2011, 

Vol.53, № 3, pp.199-255 

27. Jiang Z., Hongying L.Ü., Zhang Y., Can L.I. Oxidative desulfurization of fuel oils. Chinese 

Journal of Catalysis, 2011, Vol.32, № 5, pp.707-715  

28. Capel-Sanchez M.D.C., Perez-Presas P., Campos-Martin J.M.,, Fierro J.L. Highly efficient 

deep desulfurization of fuels by chemical oxidation. Catalysis Today. 2010, Vol.157, № 1, 

pp.390-396 

29. Campos‐Martin J.M., Capel‐Sanchez M.C., Perez‐Presas P., Fierro J.L. Oxidative processes 

of desulfurization of liquid fuels. Journal of chemical technology and biotechnology, 2010,  

Vol.85, № 7, pp.879-890 

30. Gao G., Cheng S., An Y., Si X., Fu X., Liu Y., He M.Y. Oxidative desulfurization of 

aromatic sulfur compounds over titanosilicates. ChemCatChem. 2010, Vol.2, № 4, pp.459-

466 

31. Capel-Sanchez M.C., Campos-Martin J.M., Fierro J.L. Removal of refractory organosulfur 

compounds via oxidation with hydrogen peroxide on amorphous Ti/SiO2 catalysts. Energy 

& Environmental Science, 2010, Vol.3, № 3, pp.328-333 

32. Hulea V., Maciuca A.L., Cojocariu A.M., Ciocan C.E., Dumitriu E. New heterogeneous 

catalysts for mild oxidation of S-containing organic compounds. Comptes Rendus Chimie, 

2009, Vol.12, № 6, pp.723-730 

33. Zhao D., Zhang J., Wang J., Liang W., Li H. Photocatalytic oxidation desulfurization of 

diesel oil using Ti-containing zeolite. Petroleum Science and Technology, 2009, Vol.27, 

№1, pp.1-11 

34. Kuznetsova L.I., Detusheva L.G., Kuznetsov N.I., Duplyakin V.K., Likholobov V.A. 

Liquid-phase oxidation of benzothiophene and dibenzothiophene by cumyl hydroperoxide in 

the presence of catalysts based on supported metal oxides. Kinetics and Catalysis. 2008, 

Vol.49, № 5, pp.644-652 

35. Campos-Martin J.M., Capel-Sanchez M.C., Fierro J.L. Highly efficient deep desulfurization 

of fuels by chemical oxidation. Green Chemistry. 2004, Vol.6, №11, pp.557-562 

36. Villa R.D., Trovó A.G., Nogueira R.F. Diesel degradation in soil by fenton process. Journal 

of the Brazilian Chemical Society, 2010, Vol.21, №6, pp.1089-1095 

37. Pereira C.A., Marques M.R., Pérez D.V. Evaluation of potencial fenton-like process to the 

remediation of contaminated soils by diesel. Química Nova, 2009, Vol.32, № 8, pp.2200-

2202 



E.B. ZEYNALOV, N.I. SALMANOVA, E.R. HUSEYNOV, … 

www.ppor.az 426 

38. Kong S.H., Watts R.J., Choi J.H. Treatment of petroleum-contaminated soils using iron 

mineral catalyzed hydrogen peroxide. Chemosphere. 1998,  Vol.37, № 8, pp.1473-1482 

39. Chen C.T., Tafuri A.N., Rahman M., Foerst M.B. Chemical oxidation treatment of 

petroleum contaminated soil using Fenton's reagent. Journal of Environmental Science & 

Health Part A.  1998,  Vol.33, № 6, pp.987-1008 

40. Van Bavel B. Comparison of Fenton's Reagent and Ozone Oxidation of Polycyclic Aromatic 

Hydrocarbons in Aged Contaminated Soils. Journal of Soils and Sediments, 2006, Vol.6, № 

4, pp.208-214. 

 

 

Received: 03.10.2018. 


