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The wax, originated as a by-product of Fisher-Tropsh synthesis, can be converted to liquid 

engine fuel via a circulating mode of radiation-thermal cracking. The method is based on indirect 
action of radiation upon the wax dissolved in methane or in other gaseous hydrocarbons. Exposure 
time of feedstock components in radiation area depends on their fugitiveness. The method provides the 
higher yield of gas fixation. High-octane gasoline is the main fraction of final product.  

Високо-температурна радиолиза на алкани: синтез и декомпозиция (А. Пономарев, А. 
Метрвели, А. Блуденко, В. Чулков). Восъкът, който е страничен продукт от синтеза на Фишер-
Тропш, може да бъде преобразуван в течно гориво за двигатели, чрез разпространяващ се процес на 
радиационно-термичен кракинг. Методът се базира на индиректното действие на радиацията върху 
разтворен в метан или друг въглеводород восък. Времето на облъчване в радиационната зона на 
суровинните компоненти зависи от тяхната летливост. Методът позволява по-висока степен на 
фиксиране на газа. По този начин високооктановият бензин се явява основна част от крайният 
продукт. 

 

Introduction 
Studying of hydrocarbons radiolysis gives the 

helpful information to extend knowledge on carbon 
transformations in earth interiors and in outer space 
and to find new technologies for organic matter 
processing. Till now hydrocarbons are still base of 
fuel energetics. However traditional oil and gas 
resources compete with new unusual raw materials 
sources, such as shale oil, native bitumen, gas 
hydrates, mine gases and others. The assortment of 
alternative technologies of hydrocarbons production 
grows at the expense of such methods as Fisher-
Tropsh synthesis [1], fast pyrolysis of a biomass [2], 
conversion of lipids [3], and others. Respectively, 
searching new methods of all-inclusive conversion of 
hydrocarbons becomes rather pressing task. 

First of all, it concerns processing of the heaviest 
and lightest alkanes at hard-to-reach oil fields, for 
example, fixation of associated petroleum gas as well 
as fragmentation of the dewaxing products or high-
molecular wax forming by Fisher-Tropsh process [1]. 
The oil-compatible liquid hydrocarbons suitable for 
pipelining should be target product of such 
conversion. Till now this dual task had no united 

solution. One of the task parts - gas fixation - could be 
solved via electron-beam GTL-conversion (gas-to-
liquid) [4], whereas the second part - decomposition 
of heavy paraffins - via radiation-thermal cracking [5]. 

As the united solution, the method of the combined 
high-temperature conversion of methane-wax 
mixtures to liquid hydrocarbons under the influence of 
the accelerated electrons via circulating mode is 
considered in the present work. The method is waste-
less and consists in controlled formation of high-
quality gasoline and diesel fuel at moderate pressure 
and temperature. 

Experimental 
Radiation-thermal cracking has been investigated 

using new feedstock - Fisher-Tropsh synthesis by-
product (wax) representing a solid mixture of С17-С120 
linear paraffins (final boiling point ≈ 1000 K; average 
number of carbon atoms per molecule nС = 28.6). The 
total content of ectogenic impurities was about 0.11 
wt %. Methane (99.9 % СН4) served as diluent and 
the secondary feedstock.  

The intermittent irradiation was applied in the 
latter case - the scan width was 20 times more than 
width of sample processed. Phenazine dye-doped 
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copolymer film standard reference material SO 
PD(F)R-5/50 [GSO (Certified Reference Material) no. 
7875-2000] was used as dosimeter.  

The one-fill quartz vessel (40 mm diameter, 250 
mm height) and the steel horizontal reactor (diameter 
of 300 mm, length of 700 mm) were applied for 
irradiation. Dose rate was varying from 0.1 to 1.0 kGy 
s-1. Range of electrons was 1.0 - 4.0 g/cm2. 
Respectively, the electron beam was penetrating into a 
reactor through thin wall (≤ 0.5 g/сm2; a glass or a 
titanium foil). Therefore pressure in radiation area was 
≤ 0.13 МПа, and temperature ≤ 665 K. 

Results and Discussion 
Radiation-thermal cracking (RTC) is the advanced 

version of radical-chain thermal degradation of the 
hydrocarbons. Moderate temperatures and low yield 
of coke formation are distinctiveness of RTC [5]. At 
the same time, RTC is quite often accompanied by 
polymerization [6] and, accordingly, its inhibition 
should be found. 

Initial variant of RTC (the mode A) in the present 
work consisted in a stationary beaming of wax in 
quartz reactionary vessel at 620 - 665 K, accompanied 
by simultaneous distilling-off fragmentation products 
and their condensing outside of radiation area. This 
rather simple mode of wax decomposition served, first 
of all, for the analysis of merits and demerits of RTC. 

Accumulation rate and composition of condensate 
remained practically invariable up to about 70 % 
conversion of wax. The obtained condensate consisted 
of alkanes and alkenes mixture (Fig. 1) whose third 
belonged to gasoline fraction (Table 1). Gaseous 
compounds also were detected as tenth part of wax 
fragmentation products. Composition of the 
condensate in mode A corresponded to the 
conventional schema of RTC including stages of 
formation, thermal degradation and an exchange of 
alkyl radicals (alkyl end-groups are designated as R, r 
and r ′, provided that R> r> r ′): 

(1) R r R r
-H

 

(2) R r' R r'
+

 

(3) R rR R r R
+ +

 

Radiolytic reactions mainly result in formation of 
the secondary radicals [7, 8], i.e. radicals whose 
unpaired electron is localized on an internal C atom of 
carbon skeleton. Just the secondary radicals possess 
lower thermal resistance. 

Reactions (2) and (3) form a propagation stage of 
cracking chain process and give maximum output of 
final products. At this stage the secondary radicals 
undergo transformation into terminal radicals which, 
in turn, possess higher thermal stability. The decay of 
terminal radical occurs via H abstraction reaction 
leading to production of new secondary radical. The 
Fig. 1 testifies that molecules of alkenes, on the 
average, are shorter than alkanes. Thus, the following 
rule [5] is embodied in reaction (2) - smaller fragment 
is eliminated as alkene whereas unpaired electron 
remains at terminal C atom of heavier fragment. 

 
Fig. 1. Components of condensate obtained via mode A (n - 

number of C atoms per molecule) 

Gas evolution lasted during further irradiation via 

mode A, but the condensate accumulation rate was 
decreasing gradually, becoming 10 times less. At the 
same time, the distillation residue in reactor was 
sluggishly darkening. Ultra dispersed carbonized 
particles were occurring in the residue. Composition 
of a distillation residue (filtered off; 12 weights. %) 
shown on Fig. 2 testifies, that during an irradiation the 
paraffins of the initial sample are almost half replaced 
with alkenes. Apparently, such replacement brings 
corrective amendments into alternation of the 
reactions (2) and (3). Reaction (3) receives an 
increasing competition from combination reaction (4): 

(4) R r' R r'
+
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Table 1 
Parameters of condensate in mode A: C - content of 
fraction; nC - average number of carbon atoms per 

molecule; Og - octane value of gasoline fraction (motor 
method);  G - initial yield of product formation. 

Fraction C, wt % nC 
alkanes (sum) 
isoalkanes 
alkenes (sum) 
gasoline 

61.5±0.5 
3.7±0.1 
38.5±0.4 
32.3±0.3 

14.7±0.2 
17.8±0.2 
11.0±0.2 

Оg 
G, kg/kWh 
nC, average 

73±3 
1.2±0.1 
13.0±0.2 

 
Unlike the ionic mechanism (corresponding to 

Markovnikov's rule), at the reaction (4) the radical is 
seating to the least substituted C atom of olefin bond 
[7], i.e. to terminal one, whereas unpaired electron 
becomes localized at the secondary C atom. 

Per se, reaction (4) destroys the products of 
reaction (2) and aggravates "cage effect" [5] typical of 
condensed phase radiolysis. As a result of reaction (4), 
terminal radical is replaced with heavier secondary 
radical. Thus, unpaired electron in an arising radical 
product is localized at the shorter end of a carbon 
skeleton. As consequence, the alternating such radical 
exchange reactions and radical thermal degradation 
reactions results in consecutive formation of more and 
more light alkenes and more and more heavy terminal 
radicals. The alternation intermits by formation of the 
fugitive alkenes, leaving radiation area. The Fig. 2 
testifies that upon terminating the irradiation and 
heating, all light components C<12 in a distillation 
residue are presented by alkenes. Collaterally with 
reaction (4), bulky terminal radicals participate in 
disproportionation and combination reactions, forming 
termination stage of chain process and reproducing 
heavy alkenes and alkanes in the irradiated sample. 
Besides, the long exposure of components in radiation 
area is accompanied by their gradual radiolytic and 
thermal dehydrogenation forming carbonized 
particles. 

Thus, presence of back reactions retards complete 
decomposition of wax in a mode A. Gas and 
excessively heavy hydrocarbons are forming along 
with target liquid products of wax fragmentation. The 
negative scenario of the cracking final stage is caused, 
first of all, by accumulation of heavy alkenes in the 
reactor and their involving into radiolytic 
transformations. 

Undoubtedly, destruction depends, in particular, on 
reactivity of the radicals participating in initiation, 
propagation and termination of RTC chain process. 

The reaction of terminal radicals (3), providing 
reproduction of thermally-unstable secondary radicals, 
is rather slow [8]. Heavy terminal radicals participate 
in recombination more actively than in hydrogen 
abstraction from other hydrocarbons. Hydrogen 
abstraction is more peculiar to small radicals, such as 
⋅Н, ⋅СН3 and ⋅С2Н5 [7, 8]. However radiolysis of 
heavy linear paraffins provides low yield of small 
radicals; the higher yield is observed in gaseous 
alkanes С1-С5 [5, 7]. 

Thus, wax dilution by gaseous alkanes would 
allow, on the one hand,  to extend assortment of free 
radicals and, on the other hand, to decrease wax 
density, thereby attenuating "cage effect" and a 
negative role of heavy alkenes. However conventional 
bubbling by gas is insufficient - mass fraction of gas 
in such mixtures, even at high-intensity bubbling, is 
too small - so the gas absorbs too low irradiation dose. 
The irradiation of wax via mode A at the bubbling by 
methane has shown that compositions of a condensate 
and a distillation residue change insignificantly. 

 
Fig. 2. Components of distillation residue in mode A (n - 

number of C atoms per molecule). 

The schema of the laboratory installation for high-
temperature radiolysis of wax/gas solutions at an 
excess of gas (mode B), is shown on Fig. 3. The gas-
jet pump (2) was injecting a wax melt from the feed 
chamber (1) into temperature-controlled reactor (3). 
Then the gas/vapor flow (as sol and/or a molecular 
solution), enriched by radiolysis products, was 
moving through a trap (4) into the condenser (5) and 
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further into gas-liquid separator (6). The condensed 
liquid was collecting in reception container (7) 
whereas gases were returning by the pump (8) into 
ejector (2). The reactor (3) was exposed to electron 
beam generated by the accelerator (9). Methane 
inflow compensated the pressure loss caused by 
condensation of target products. 

The trap (4) combines functions of a vapors 
separator and a reflux condenser - heavier components 
irrelevant to fractional composition of target liquid 
fuel (gasoline and diesel fuel) were condensing and 
returning into reactor (3) and ejector (2). Gas 
recycling occurs in the circulation loop consisting of 
units 2-6 and 8. In turn, the second recycling takes 
place in units 2-4 (arrow 10) - excessively heavy 
components are remaining in radiation area. 

 
 

 
Fig. 3. The schematic diagram of the laboratory converter: 
1 – feed chamber, 2 – ejector (gas-jet pump), 3 - reactor, 4 
- trap, 5 - condenser, 6 - separator, 7 – reception container, 
8 - circulating pump, 9 - accelerator; 10 - returning heavy 

components. 

Wax concentration in methane was ≤ 5 wt %. 
Thus, gas underwent direct radiation effect, whereas 
wax was exposed to indirect [5] radiolysis. 
Respectively, primary radiolytic products - the ions, 
excited molecules and radicals - were forming from 
gas. Excess energy and the charge, initially belonging 
to gas intermediates, then were transferring partially 
to the wax molecules as gaseous alkanes possess 
higher potentials of ionization and excitation. Such 
transfer results in wax decomposition (via mechanism 
of indirect action of radiation) with formation of the 

large radicals similar to radicals participating in 
reactions (2) and (3) at mode A. Thus, lighter radicals 
(from gas) and heavier radicals (from wax) were 
present simultaneously in irradiated system at mode 
B. However, excess of gas provided dominance for 
the lighter radicals. 
Fig. 4. Components of condensate obtained via mode B (n - 
number of C atoms per molecule) 

Table 2  
Parameters of condensate in mode B (see designations in 

Table 1). 

Fraction С, wt % nC 
alkanes (sum) 
isoalkanes 
alkenes (sum) 
gasoline 

79.1±0.4 
43.2±0.3 
20.9±0.3 
90.2±0.5 

9.4±0.2 
8.9±0.2 
7.8±0.2 

Оg 
G, kg/kWh 
nC, average 

94±3 
1.5±0.2 
9.1±0.2 

 
 
Composition of the condensate obtained via mode 

B from 4.5 wt % wax solution at 625 K is shown on 
Fig. 4 and in Table 2. Unlike a mode A, the mode B 
does not produce a waste. Besides, almost 80 wt % of 
the condensate consists of saturated hydrocarbons 
among which isoalkanes dominate. As consequence, 
gasoline fraction of the condensate possesses high 
knock value. Both gasoline fraction and its knock 
value increase with decrease of wax concentration in 
mixture. 

As shown [4], gaseous alkenes actively participate 
in synthesis of the branched gasoline hydrocarbons 
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from gaseous alkanes. In particular, light alkenes 
provide conversion of light radicals and ions to 
heavier intermediates. As a matter of fact, alkylating 
unsaturated compounds takes place. Thus synthesized 
gasoline does not practically contain alkenes, and the 
synthesis in itself does not form a waste. Apparently, 
similar processes occur in wax/methane solutions at 
mode B. 

Certainly, high concentration of light alkyl radicals 
raises probability of their involving into 
recombination with the heavier radicals of wax origin. 
It reduces average molar mass of recombination 
products and, as consequence, contributes to a 
condensate accumulating. At the same time, light 
alkyl radicals initiate destruction of heavy alkenes: 

(5)      R
CH3 R R+ +  

As a result of reactions (5) the small radical 
transforms into light alkene. The same reaction 
produces alkyl radical whose skeleton length is less in 
comparison with initial heavy alkene. Thus, the mode 
B allows transforming multicomponent mixture of 
high-molecular paraffins into gasoline and diesel fuel. 
The mode B is waste-less and produces gasoline of 
higher knock value. 

At the same time, the mode B has one more 
important feature - it stimulates gas fixation. As 
shown [4, 9], the gas irradiation gives high-quality 
gasoline, however a yield of gasoline formation is low 
enough (0.08 kg/kWh in methane). In particular, low 
efficiency of gasoline synthesis in light alkanes takes 
place because of the back processes resulting in partial 
regeneration of initial gas. Regeneration processes 
weaken effectively in the presence of alkenes however 
conventional radiolysis of light alkanes, in itself, gives 
few alkenes. 

The important advantage of mode B is that it gives 
additional alkenes - thermal degradation of the large 
radicals (forming from wax) serves as their source. As 
consequence, a yield of methane fixation at mode B is 
three times higher (≥0.24 kg/kWh) in comparison with 
the gas radiolysis in absence of wax. As known [5], 
both gain in yield and increase in products molar mass 
promote gain in economic efficiency of a radiation-
chemical process. In the practice, similar increase in 
gas fixation degree [9] could be reached at use of oil 
heavy fractions instead of wax. 

Conclusions 
Thus, conversion of gaseous and solid paraffins to 

liquid fuel hydrocarbons can be carried out by a high-
temperature irradiation of their mixes at a circulating 
mode. High-temperature electron-beam conversion of 

wax in the presence of gas excess is waste-less. 
Presence of the dissolved wax gives gain in gas 
fixation yield and, on the other hand, excess of gas 
precludes formation of unsaturated compounds from 
wax and promotes formation of lighter liquid fuel. The 
conversion technique at mode B provides: high degree 
of feedstock fragmentation; absence of "cage effect"; 
oligomerization inhibition; low secondary destruction 
of target products; decrease in alkenes fraction and 
increase in isoalkanes fraction of final product. 
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