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The electron-beam irradiation influences thermal decomposition of vegetative biomass. This 
influence is indicated by several effects. First, the initial thermal degradation temperature of both 
lignin and cellulose decreases. Secondly, the irradiation attenuates formation of wood charcoal and 
semi-chared compounds. In the third, the fraction of liquid organic products increases in distillate 
driven away. These effects result from radical processes initiated by radiation. In comparison with 
initial molecules the thermal stability of radicals is lower. The radicals originated both from cellulose 
and from lignin are involved into chain reactions. For example, chain decomposition of cellulose 
includes dehydration, decarboxylation and release of furan molecule simultaneously with 
reproduction of shorter radical capable to similar chain decomposition. Destruction of biomass under 
simultaneous influence by radiation and heat demands a smaller dose than post-radiation pyrolysis.  

Декомпозиция на растителни биомаси с електроннолъчево облъчване и нагряване (А. 
Пономарев, П. Метревели, А. Метревели, А. Бледенко, В Чулков). Електронното облъчване 
влияе на термичната декомпозиция на растителни биомаси. Това влияние се проявява чрез 
няколко ефекта. Първо, първоначалните температури на термична деградация на лигнина и 
целулозата намаляват. Второ, облъчването забавя формирането на дървени въглища и полу-
овъглени съединения. Трето, частта на течни органични продукти нараства в отведения 
дестила. Тези ефекти са резултат на радикалните процеси, започнати от радиацията. В 
сравнение с първоначалните молекули термичната стабилност на радикалите пада. 
Радикалите, произхождащи от целулоза и от лигнин са замесени във верижни реакции. 
Например, верижната декомпозиция на целулозата включва дехидриране, декарбиксилация и 
освобождаване на фюранови молекули, едновременно с репродукция на къси радикали, 
способни на подобна декомпозиция на веригите. Деструкцията на биомаси под едновременно 
влияние на облъчване на радиация и топлина изисква по-ниски дози отколкото при след-
радиационен пиролиз. 

 

Introduction 
The lignocelluloses containing in municipal and 

industrial wastes are subject to processing and re-
using. The high-temperature conversion of 
lignocelluloses is considered quite a promising 
process for producing various chemicals and fuel. 
Consequently, a search for the most productive 
conditions of the thermolysis of biomass in order to 
obtain valuable products in high yields is a problem of 
considerable current interest. 

Earlier, it was shown that ionizing radiation affects 
considerably the molecular-weight distribution of 
cellulose and lignin [1, 2]. Various versions of a 
combination of radiation and thermal actions can be 
considered. As recently it has been shown [1], high 
temperature radiolysis of wood-biopolymers results in 

effective chain process of organic liquid and gases 
formation. These results displayed, that electron-beam 
processing of lignocelluloses can play a progressive 
role in creation and upgrading of actual technologies 
of a vegetative biomass conversion. 

The present work deals with analysis of the mech-
anism of chain destruction of cellulose and lignin. 
Processes of pyrolysis and radiolytic decomposition 
are compared.  

Experimental 
Experiments were performed using the 8 MeV 

linear accelerator UELV-10-10 T (6 µs pulses with 
frequency 300 Hz, mean beam current 0.8 mA, beam 
scanning angle ±17°, and scanning frequency 1 Hz). 
For conventional distillation (i.e., pyrolysis), a vessel 
with sample was inserted into preheated muffle oven 
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(600 W), then was heated under rising temperature till 
distillation has been completed. Distillation under 
irradiation was carried out at the installation [3] 
including 100 ml quartz reactor, vapor condensers, 
and collecting vessels. A system of three consecutive 
condensers was used: cooled by air at 17±2 °C, by 
water at 15±2 °C, and by ice/water mixture at ~0 °C; 
the system being situated out of radiation area. 

Pine lignin (from «ScienTech») and micro-
crystalline cellulose (from «Alfa Aesar») were used 
for investigation. The primary analysis of products 
was carried out on a Perkin Elmer AutoSystem XL 
GC–MS using the Q-Mass program package, which 
includes the NIST library of mass spectra. 

Results and discussion 
At present time, except for biological treatment 

(fermentation), pyrolysis is the most developing 
process for industrial conversion of biomass [4, 5]. 
Pyrolysis is subdivided into fast, intermediate, slow 
pyrolysis, and gasification. Maximal yield of liquid 
fraction gives fast pyrolysis. 

In spite of rather good results being obtained in 
laboratory and industrial applications of fast pyrolysis 
of biomass, it has some disadvantages, the most 
substantial of which is low quality of pyrolysis 
product: large amount of water, suspended organic 
phase that needs many stages of following treatment 
(cracking, hydrogenation, hydrotreatment, etc.) to 
obtain suitable end product. 

The idea of electron-beam treatment is to enhance 
the quality of treatment product, thereby to reduce the 
price of consequent operations. The action of ionizing 
radiation itself, i.e., at ambient temperatures, has little 
effect because of rather low radiation-chemical yields 
of the process, however being sufficient to promote 
subsequent chemical or biological transformations [1, 
2]. At elevated temperatures, above ~100 °C, the 
yields of radiation decomposition of biomass increase, 
which is due to chain process of thermal fragmenta-
tion of radiation induced radicals [1]. 

Heating is one of the results of irradiation, because 
a major part of absorbed energy is converted to ther-
mal vibrations (all the energy, except for that spent for 
chemical transformations in a matter under irradia-
tion). At low dose rates it has no significant effect 
because of heat exchange with surrounding. But when 
the dose rate is high enough, e.g., under the action of 
intensive electron beams, the rise of temperature 

during irradiation can amount to several hundreds 
degrees centigrade. That may be used for electron-
beam distillation (EBD). Fig. 1 illustrates electron-
beam heating of biomass at high dose rate in the 
process of electron-beam dry distillation (high-
temperature decomposition of oxygen-free substance). 
 

Fig. 1. Typical dynamics of electron-beam heating of pine 
biomass at bulk specific gravity 150 g/dm3 and beam 
current density 0.12 mA/cm2 (8 MeV, P = 1–3 kGy/s). 

The figure shows that in the region of intensive 
fuming and vaporization the slope of temperature 
curve decreases due to endothermic processes. Further 
irradiation is realized in just a heating of charcoal 
formed. It is worth to mention that EBD terminates at 
temperature below a pyrolysis threshold (indicated by 
dotted line). 

Another mode of EBD, with additional heating 
(by, e.g., electro-heater), appeared to be more effec-
tive, for it does not need powerful accelerators, to save 
thereby on capital costs, and allows separate control of 
dose rate and heating, which facilitates choosing the 
conditions for optimal composition of the product of 
EBD. Absorbed dose in this case is ~50 kGy contrary 
to ~500 kGy in the case of just EBD. 

Fig. 2 demonstrates phase distribution in products 
of EBD of cellulose at additional electro-heating. The 
curves for gaseous, liquid, and solid (char) products 
show that there is optimal value of heat power when 
organic liquid yield reaches a maximum. At further 
increase in heat power, an overheating takes place, 
which shifts the process of thermal-radiation decom-
position to a region where just a pyrolysis prevails, the 
yield of organic liquid being decreased. 
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Fig. 2. Phase yields of cellulose distillation products at 
additional electro-heating (N). Dose rate 0.22 kGy/s. 

 

Cellulose 

Comparison of primary products of pyrolysis and 
electron-beam distillation shows a difference between 
two kinds of cellulose treatment. Contrary to pyroly-
sis, product of EBD contains a minimum of water and 
a maximum of liquid organic products. It is due to 
another mechanism of decomposition in the case of 
EBD which results in higher content of oxygen-
containing compounds in organic phase, where furans 

are dominating organic products, and the main repre-
sentatives of furans are furfural and furfuryl alcohol. 
Furfural can be produced by pyrolysis only from 
pentosan fraction, not from pure cellulose. 

Chain process of furfuryl alcohol formation as well 
as process of furfural formation can proceed according 
to the following scheme (Fig. 3) as result of thermal 
transformation and fragmentation of radiation induced 
radicals and strained structures (in the figures “Pyr” 
stands for pyranose cycle).  

Initial action of radiation on macromolecule of 
cellulose results in elimination of H-atom and 
formation of the radicals with unpaired electron 
localized at C1 or C4 carbon atoms. Both radicals are 
unstable, because configuration of molecular unit does 
not conform to configuration of the radical center, and 
decay by cleavage of C–O bond and formation of 
hydroxyalkyl radicals; all the radicals being observed 
and identified by ESR [1]. One of the radicals, 
referred to as I in Fig. 3, undergoes thermostimulated 
decay resulting either in chain formation of furfuryl 
alcohol (pathway a) or in formation of furfural 
(pathway b). Radical Ia has the same structure as 
radical I, being shorter by one pypanose cycle. 
Radical Ib has another structure than radical I, and 
chain process of furfural formation, however possible, 
is not evident. Higher observed yield of furfural under 
EBD may arise also from further oxidation of furfuryl 
alcohol (or its nearest precursors) via thermal 
dehydrogenization. 

Recently the US Department of Energy has pub-
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Fig. 3. Scheme of chain formation of furfuryl alcohol and furfural in the process of electron-beam distillation of cellulose. 
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lished the top list of the most demanded products from 
a biomass [6]. Furfural and other furans take second 
place, right after ethanol. It makes EBD of cellulose 
rather promising method of high throughput furans 
production from widespread feedstock. 

Lignin 

Due to aromatic structure of lignin, just a radioly-
sis of the compound has rather low effect. However, 
when combined with heating, the radiolytic decompo-
sition is significantly enhanced. Unlike a pyrolysis, 
which results predominantly in charcoal or oligomeric 
pyro-lignin [7], the EBD of lignin produces three 
times more liquid methoxy-phenols, mainly guaiacol 
and creosol. 

Formation of the compounds can be realized in the 
process, which scheme is presented in Fig. 4. The 
main precursor of guaiacol and creosol formed upon 
EBD of lignin is phenoxyl radical I. Appearance of 
such radicals as the major short-lived product of 
excitation and ionization has been observed in ESR 
study of irradiated lignin [1, 2]. Phenoxyl radical 
exists in several resonant structures, further transfor-
mations of which determine the composition of final 
products. In particular, resonant structures II and III 
can undergo thermal-stimulated cleavage of β-bond in 
alkyl chain. Resulting isolated radical by scavenging 
an H-atom from neighboring molecule is converted 
correspondingly to guaiacol or creosol. 

It is worth to mention that the phenolic tar pro-
duced by EBD of lignin is extremely good antioxidant 
and inhibitor. For example, such a tar inhibits thermal 
polymerization of styrene better than industrial inhibi-
tors and much better than pyrolysis tar. 

Post-radiation thermolysis 

The weights of the cellulose and lignin samples 
remained almost unchanged in the course of prelimi-
nary irradiation: a decrease in the weights was no 
greater than 0.1 wt % at absorbed doses D to 3 MGy. 
The samples remained in a solid state of aggregation, 
in this case, the microcrystalline cellulose acquired a 
yellowish nuance.  

Figures 5 and 6 show that, after irradiation, lower 
temperatures were required for the appearance of 
vapors in a distillation still and the appearance of the 
first drops of a distilled condensate in a receiving 
tank. At D = 2.2 MGy, the overpoints of lignin and 
cellulose decreased by ~80° and ~100°, respectively. 
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Fig. 5. Relationship between the distillation still tempera-
ture and the amount of condensate distilled from microcrys-
talline cellulose at a heater power of 100 W and absorbed 
doses of (1) 0, (2) 0.55, and (3) 2.2 MGy. 
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For the case of cellulose, a plot (curve 1 in Fig. 5) 
has a characteristic step, when the volume of the 
distilled condensate increased, but the temperature did 
not increase or even temporarily decreased. In this 
period, water was the main product distilled from 
nonirradiated microcrystalline cellulose. Regardless of 
D, a maximum condensate amount was distilled off in 
a temperature range of 300–370°С. The differential 
thermal analysis of distillation revealed intense exo-
thermic peaks between 330 and 350°C, which suggest 
the formation and volatilization of gaseous degrada-
tion products [8]. 

The intense color of the condensate and the ab-
sence of clearly pronounced steps from the distillation 
curves of the irradiated samples suggest a change in 
the range of distilled products: heavier organic com-
pounds with different vaporization temperatures 
appeared. 

 
Fig. 6. Relationship between the distillation still tem-

perature and the amount of condensate distilled from lignin 
at a heater power of 100 W and absorbed doses of (1) 0, (2) 
0.6, and (3) 2.0 MGy. 

Condensates from the irradiated and nonirradiated 
cellulose spontaneously separated into a transparent 
aqueous organic solution (F1) and a dark opaque tar 
(F2). The color of F1 from the irradiated samples was 
much darker. At the same time, F2 from the irradiated 
cellulose also separated into two phases: the major 
portion of tar settled at the bottom, and a portion came 
to the surface. The total tar volume was to 7% on a 

condensate volume basis. The composition of the 
bottom (heavier) fraction only slightly depended on D, 
and it was generally identical to the composition of tar 
distilled from nonirradiated cellulose. The major 
portion of this tar consisted of small oligomeric cellu-
lose fragments, which underwent partial dehydration 
and decarboxylation.  

The phase distribution of the products of cellulose 
changed only slightly: as the absorbed dose D was 
increased to 2.2 MGy, a monotonic decrease in the 
yield of charcoal to ~7 wt % with a simultaneous 
increase in the yield of condensate and an almost 
unchanged yield of gaseous products was observed. 

An important change in the component composi-
tion of F1 was observed: dissolved furfural and furyl-
methanol appeared, which were almost absent upon 
the dry distillation of nonirradiated cellulose. At a 
dose of 2.2 MGy, the yield of furans reached ~22% on 
a cellulose weight basis. The composition of the 
condensate remained almost unchanged as the time 
interval between irradiation and distillation was in-
creased from several minutes to several days. It is 
obvious that furans were predominantly formed in the 
process of the thermolysis of irradiated samples rather 
than on irradiation: the irradiated cellulose acquired 
only a slightly yellowish color, which is inconsistent 
with the observed amount of furans in the condensate. 
It is likely that, in the course of irradiation, com-
pounds that possess low thermal stability and can be 
easily converted into furans on subsequent heating 
were formed. 

An analysis of the product distillation sequence 
showed that, after the glycoside bond cleavage, the 
conversion of glucopyranose units into furans began 
from dehydration processes followed by decarboxyla-
tion. 

The decrease in the length of a polymer chain in 
cellulose did not cause effects  produced by radiolysis: 
the distillation of the low-molecular-weight analogs of 
cellulose (cellobiose and cyclodextrins) did not lead to 
a considerable increase in the yield of furans. Obvi-
ously, decomposition products containing new func-
tional groups (carbonyl, carboxyl, and allyl), which 
were formed in the process of radiolysis, played a key 
role in the formation of furans. The thermally unstable 
products of radical recombination or the allyl products 
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of glycoside bond cleavage can be the precursors of 
furans. For example, furfural can be obtained from the 
allyl product due to the thermally stimulated elimina-
tion of water and decarboxylation (See Fig. 7). 

Upon the distillation of lignin two immiscible liq-
uids were formed: a transparent aqueous organic 
solution with a yellowish brown nuance and increased 
acidity (pH 2.7–3.3) and a viscous dark brown organic 
liquid (tar). At D ≤ 1 MGy, a tendency toward in-
creasing the yield of tar was observed. However, as 
the dose was further increased, the yield of tar and the 
total yield of condensate decreased. At D = 3 MGy, a 
decrease in the yields reached 6–7 wt %.  

Chromatographic analysis indicated that guaiacol 
(2-methoxyphenol), creosol (2-methoxy-4-methyl-
phenol), and 4-ethyl-2-methoxyphenol were the 
predominant components of tar. Acyclic and cyclic 
carbonyl compounds, methanol, benzene, toluene, 
phenol, and alkylphenols, a total of about 30 com-
pounds with a total fraction of ~25%, were present 
along with methoxyphenols in the tar distilled from 
nonirradiated lignin. The fraction of methoxyphenols 
increased to 96% on a tar weight basis, as D was 
increased. At high doses, two compounds, guaiacol 
and creosol, predominantly formed the basis of tar. 
The bulk of the lignin condensate was distilled off at a 
temperature higher than 350°C. Under these condi-
tions, the cleavage of Сα–Сβ bonds and O–CH3 bonds 
in methoxy groups was observed [9]. 

Unlike cellulose, which belongs to polymers that 
are predominantly destroyed under irradiation [1, 2], 
lignin has other nature. For aromatic intermediates 
formed upon the ionization and excitation of lignin, 
crosslinking processes are more probable than frag-
mentation processes [2]. As a consequence, the more 
crosslinked structure of irradiated lignin can be re-
sponsible for the observed decrease in the yield of tar 
and the increase in the yield of carbon residue with the 
absorbed dose. 

Thus, irradiation differently affects the postradia-
tion distillation of cellulose and lignin; this is im-
portant from the point of view of wood distillation. 
Cellulose is characterized by an increase in the yield 
of liquid organic products, especially, the yield of 
furfural and its derivatives, with dose. In turn, a 
decrease in the yield of the liquid organic products of 
distillation is characteristic of lignin at 1 MGy ≤ D ≤ 3 
MGy. In this case, the aromatic units of lignin, which 
play a role of the acceptor of excitation, ions, and 
radicals, can weaken cellulose degradation in irradiat-
ed wood [2]. This effect was observed in the distilla-
tion of irradiated pine sawdust [10]. At D = 2 MGy, 
the yield of the distilled condensate was found to 5.5 

wt % lower than that from the nonirradiated sawdust; 
however, the furfural content of the condensate in-
creased (from 5.7 to 11.3 wt %). 

Conclusion 
Pyrolysis of cellulose and lignin may be upgraded 

by the use of an electron-beam irradiation. The radia-
tion-thermal destruction mode does more probable 
production of liquid low-molecular-weight products 
instead of solid pyrolitic oligomers. Furans and meth-
oxyphenols are dominant products of high-
temperature radiolysis of cellulose and lignine, respec-
tively. Electron-beam distillation as a method of 
biomass conversion has the following advantages: it 
can be performed at moderate heating and low dose 
rate; it is a single-stage conversion of the high produc-
tivity (~10 kg/kW h); the products being produced are 
highly demanded. 

Preliminary irradiation reduces initial temperature 
(overpoint) of thermal degradation of lignin and 
cellulose. Distillation of the irradiated lignin produces 
lower amount of tar but with higher fraction of meth-
oxy-phenols. In turn, dry distillation of the irradiated 
cellulose is characterized by higher yield of liquid 
organic products and higher fraction of furfural and 
furfuryl alcohol in condensate. However, such useful 
changes of lignine and cellulose demand rather high 
absorbed dose (2-3 MGy) of electron-beam radiation.  
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